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« La symétrie, c’est ['ennui. » Victor Hugo, Les Misérables
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Résume :

Les centrioles sont des structures cellulaires conservées au cours de 1'évolution. Ils sont formés
par des triplets de microtubules organisés selon une symétric en 9. Chez les animaux, les
centrioles forment le cceur du centrosome, le principal centre d'organisation des microtubules.
Les centrosomes sont des acteurs clés de l'organisation cellulaire, essentiels a des processus
fondamentaux tels que la division et la polarité cellulaires. Le plus 4gé des centrioles au sein du
centrosome permet aussi 1’assemblage du cil primaire, un organite sensoriel important pour de
nombreuses voies de signalisation. Des dysfonctionnements des cils sont impliqués dans une
classe de maladies génétiques appelées ciliopathies. Les centrioles sont présents dans tous les
principaux groupes eucaryotes, ce qui indique qu’ils ont une origine évolutive commune. Chez
nombre d’organismes unicellulaires, les centrioles présentent une asymétrie rotationnelle due a
des structures accessoires associées a des triplets spécifiques. Chez Il'algue flagellée
Chlamydomonas reinhardtii, la protéine Vf{llp contrdle I'asymétrie rotationnelle des centrioles.
Dans cette thése, nous montrons qu’un orthologue de Vfllp est aussi nécessaire a la polarisation
rotationnelle des centrioles dans les cellules multiciliées de la planaire Schmidtea mediterranea.
C’est aussi le cas pour VFL3, l'orthologue d’une autre protéine controlant la polarité
rotationnelle des centrioles chez C. reinhardtii. Chez la planaire, les centrioles sont arrangés en un
réseau présentant une asymétrie chirale. Nous avons identifié VFL1 et VFL3 comme étant des
composants des centrioles nécessaires a I'établissement de connexions asymétriques entre les
centrioles. En effet, ces protéines affectent 'assemblage des appendices centriolaires responsables
de l'ancrage des éléments de cytosquelette qui contrdlent la position des centrioles. Nous
montrons également que l'orthologue humain de VFL3 est présent au niveau d’appendices
centriolaires nécessaires a l'ancrage des microtubules et est nécessaire a cette fonction. Nous
réalisons ensuite I’analyse fonctionnelle de 'orthologue humain de VFLI1, aussi appel¢ LRRCCI.
Dans le contexte du centrosome humain, les centrioles ne présentent pas d'asymétrie rotationnelle
¢vidente. Le plus 4gé des deux centrioles qui composent le centrosome posseédes des appendices
organisés selon une symétrie en neuf comme le centriole lui-méme. En utilisant une technique
d’imagerie super-résolutive appelée expansion microscopy, nous montrons que l'orthologue
humain de VFL1 s'associe préférentiellement a deux triplets consécutifs a l'extrémité distale des
centrioles, comme cela avait été¢ observé chez C. reinhardtii. VFL1 co-localise partiellement et
affecte le recrutement d'un autre composant distal, C2CD3, dont nous montrons qu'il est
¢galement localisé de manicre asymétrique dans la lumiere du centriole. La localisation de VFL1
et C2CD3 dans les centrioles humains rappelle la forme d’une structure filamenteuse présente au
méme niveau dans les centrioles des flagellés. De plus, la déplétion de VFLI1 dans les cellules
humaines induit des défauts dans la structure du centriole, I'assemblage du cil primaire et la
signalisation par le cil. Ces résultats indiquent que VFL1 coopére avec C2CD3 pour organiser la
région distale des centrioles, et confirment le lien entre VFL1 et les ciliopathies suggéré par
I’identification il y a quelques années d’une mutation dans le géne LRRCC1 chez deux patients
atteints du syndrome de Joubert. Ainsi, nous mettons en évidence que I’asymétrie rotationnelle
des centrioles, une propriété ancienne chez les eucaryotes, est conservée au sein du centrosome
humain, et est liée a la fonction du cil primaire. L'ensemble de ces résultats apporte un éclairage
nouveau sur les bases moléculaires et les fonctions de la polarité rotationnelle des centrioles dans
différents contextes biologiques et au cours de 1’évolution.

Mots clefs : VFL1, C2CD3, centriole, centrosome, cil primaire, polarité rotationnel, ciliopathies,
VFL3, acorn, microtubules
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Investigating the molecular mechanisms associated with centriole rotational polarity in
animal cells

Abstract:

Centrioles are evolutionarily conserved cellular structures. In animals, centrioles form the
structural core of the centrosome, the main center of microtubule organization. Centrosomes are
key players in cell organization, essential for fundamental cellular processes such as division and
polarity. The oldest centriole within the centrosome also enables the assembly of the primary
cilium, a sensory organelle important for the transduction of many signaling pathways. Cilia
dysfunction is implicated in a class of genetic diseases called ciliopathies. Centrioles are present
in all major eukaryotic groups, indicating that they have a common evolutionary origin. In many
organisms, centrioles exhibit rotational asymmetry due to accessory structures associated with
specific triplets. In the flagellated alga Chlamydomonas reinhardtii, the protein V{llp (Variable
flagella number 1) controls the rotational asymmetry of centrioles. In this thesis, we show that an
ortholog of Vfllp called SMED-VFLI is also required for rotational polarization of centrioles in
multiciliated cells of the planarian Schmidtea mediterranea. This is also the case for VFL3, the
ortholog of another protein controlling centriole rotational polarity in C. reinhardtii. In
planarians, centrioles are arranged in a pattern generated by a network of centrioles with
asymmetric properties. We identified VFL1 and VFL3 as components of centrioles required for
the establishment of asymmetric connections between centrioles. These proteins affect the
assembly of centriolar appendages responsible for anchoring cytoskeletal elements that control
centriole position. We also show that the human orthologue of VFL3 is present at centriolar
appendages required for microtubule anchoring and is necessary for this function. We then
undertake a functional analysis of the human ortholog of VFLI1, also called LRRCCI1 (Leucine
Rich Repeat and Coiled-Coil containing 1). A mutation in the gene encoding this protein has
been linked to a specific ciliopathy, indicating its possible role in primary cilium function. In the
context of the human centrosome, the centrioles do not show obvious rotational asymmetry. The
older of the two centrioles that make up the centrosome has appendages organized in ninefold
symmetry like the centriole itself. Using a super-resolution imaging technique called expansion
microscopy, we show that the human ortholog of VFL1 preferentially associates with two
consecutive triplets at the distal end of the centrioles, as previously observed in C. reinhardtii.
VFLI1 partially co-localizes and affects the recruitment of another distal component, C2CD3,
which we show is also asymmetrically localized in the centriole lumen. The localization of VFLI
and C2CD3 in human centrioles is reminiscent of the shape of a filamentous structure present at
the same level in flagellate centrioles. Furthermore, depletion of VFLI in human cells induces
defects in centriole structure, primary cilium assembly and cilium signaling. These results
support that VFL1 cooperates with C2CD3 to organize the distal region of centrioles and confirm
the involvement of VFLI1 in ciliopathies. Thus, we demonstrate that rotational asymmetry of
centrioles, an ancient property in eukaryotes, is conserved within the human centrosome, and is
related to primary cilium function. Our results in planarian multiciliated cells also led us to
analyze the role of human VFL1 in microtubule anchoring. We observed that VFL1 depletion
induces a decrease in microtubule anchoring to the centrosome, in interphase and in mitosis.
Together, these results shed new light on the molecular basis and functions of centriole rotational
polarity in different biological contexts and during evolution.

Keywords: VFL1, LRRCCI1, Centriole, Centrosome, Primary Cilium, Polarity, VFL3, CCDC61,
C2CD3, Multiciliated cells
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Preface

My thesis project aimed to better understand the function of an evolutionarily conserved protein,
called VFLI, and a second protein with no sequence homology to the first, but often involved in
similar processes, called VFL3. Our team's interest in these proteins was initially sparked by a
genetic screen in the planarian Schmidtea mediterranea performed by my thesis supervisor
(Azimzadeh et al., 2012). The observed defects suggested that these proteins originally
characterized in the flagellated green alga Chlamydomonas reinhardtii could perform similar
roles in animal cells. The main contribution of my thesis work was to characterize the function of
human VFL1 at the centrosome. I also contributed to the study of human VFL3, as well as
planarian VFL1 and VFL3. For a better understanding of my thesis work, I will first detail the
structure of the centrosome, its involvement in the cell cycle and cell polarity, centrosome-related

diseases, the VFL1 and VFL3 proteins, and the microscopy techniques used in my study.

The centrosome is a non-membrane organelle composed of two centrioles embedded in a
pericentriolar material (PCM). It is found in animals, fungi, and several other eukaryotic lineages.
In animal cells, it serves as the main Microtubule organizing center (MTOC), as microtubules
(MTs) are nucleated from the PCM. In cells that do not divide, only one copy of the centrosome
is present, and it duplicates with each cell cycle to ensure that each daughter cell inherits a
complete centrosome. During this process, the centrosome contributes to the formation of the
mitotic spindle that separates the chromosomes. In quiescent cells, the older centriole within the
centrosome, called mother centriole, templates the formation of the cilium, a slender sensory
and/or motile organelle that projects to the periphery of the cell surface. In this context, the

centriole is called basal body (BB).

Centrioles are one of the most recognizable structures in electron microscopy. Their elegant 9-
fold symmetrical organization contrasts with the chaotic appearance of the cytoplasm (Figure 1).
Centrioles allow the formation of the centrosome, a key player in cell organization. Therefore,
centrioles are epitomes of clarity and order in their structure, but also in their function (Uzbekov

R.E. & Alieva IB., 2013).
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Figure 1: Transversal view of a centriole observed by electron microscopy in Human Umbilical
Vein Endothelial Cell by Ian White (unpublished).
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1. Introduction
1.1. Centrosome general introduction
1.1.1. History

Before the discovery of the centrosome, the cell, chromosomes and the mitotic spindle had
already been observed and described. The mitotic spindle was named so from its resemblance to
a spinning spindle, driving the passive chromosome to specific parts of the cytoplasm, the spindle
poles. In the 1870s, the poles of the mitotic spindle were first described as two symmetric
structures in dividing cells. Edouard Van Beneden is considered the first to have discovered the
centrosome, when in 1876 he described the anatomy and development of a mesozoan parasite
belonging to the phylum Dicyemidae. He identified granules at the poles of the mitotic spindle
and called them “polar corpuscles”. In 1887, he studied the fertilization in Ascaris
megalocephala, a parasitic nematode worm. He speculated that centrosomes, which by then he
called “central corpuscles”, were permanent self-replicating cellular organelles (Figure 2). The
same year, Theodore Boveri independently studied the centrosome in 4Ascaris eggs. He described
a differentiated sphere of cytoplasm at spindle poles from which astral and spindle fibers
emanated (Figure 2). It is Boveri that in 1895 coined the name centrosome and later, centriole.
Boveri confirmed Van Beneden’s observation that polar corpuscles do not disappear completely
at the end of mitosis, but are preserved in interphase, during which they are often located near the
geometric center of the cell. This discovery led both Van Beneden and Boveri to conclude that

these structures have an autonomous reproduction cycle (Gall, 2004).
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Figure 2: First studies of the centrosome, in the first cleavage division in the egg of the nematode
worm Ascaris megalocephala. (A)(B) Van Beneden’s drawings of Ascaris Eggs, taken from
(Gall, 2004). (A) The doubling of centrioles in anaphase (B) and their separation during early
interphase are represented. (C)(D) Photographs taken by Joseph G. Gall from Boveri’s slide of
Ascaris eggs, taken from (Gall, 2004). (C) Metaphase of the first cleavage, to be compared with
A. (D) End of the first cleavage division, where the two centrioles are separated from one another
and situated next to the nucleus, to be compared with B.

They both made the hypothesis that the centrosome is a permanent organelle that can only arise
via self-replication. To challenge this conclusion, other researchers later sought evidence of de
novo assembly of centrosomes. In 1925, E. B. Wilson studied marine invertebrate eggs induced
for parthenogenesis. The activated eggs contained distinct centrioles, which therefore could not
have been provided by sperm. But because he could not rigorously establish that the eggs did not
contain centrioles before activation, his conclusion that centrioles can be formed de novo was
insufficiently supported. De novo formation of centrioles was then documented in plants in a

more convincing manner. Unlike in animal cells, centrioles are not present at the spindle poles of
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dividing plant cells. Nevertheless, during the last divisions of the male gametophyte of some
plant species, giant centrosome-like structures, called blepharoblasts, can be observed at the
spindle poles. These structures can then form multiple centrioles at their surface, which then
template the assembly of motile cilia (Gall, 2004). Historically, cilia were actually discovered
first, before centrioles. They were identified by Antonie van Leeuwenhoek in 1676, who

described them as “incredibly thin feet, or little legs” (Choksi et al., 2014).

In parallel with the study of de movo centriole formation, about 50 years ago, researchers
considered the hypothesis that centrioles would contain their own DNA to explain their ability to
self-replicate. This assumption was based on the parallel with other organelles such as
mitochondria and chloroplasts, which self-replicate and contain their own DNA. Thus, DNA was
searched for by different methods in centrioles, such as Feulgen staining or incorporation of
DNA precursors during replication. In the end, these studies did not provide any tangible

evidence for the presence of DNA in centrioles (Sluder, 2014).

The hypothesis that the BBs, from which the cilia emanate, and the centrioles present in the
centrosome are in fact equivalent structures, was formulated very early on. However, it was with
the advent of electron microscopy (EM) in the 1950s that it became clear that their structures
were indeed very similar. This technical revolution allowed to describe with great precision the
structure of centrioles and BBs in many species, thus highlighting the high conservation of their
architecture. Nevertheless, to understand the replication of these organelles, it is also necessary to
elucidate their composition and to determine how each component is incorporated into the
structure. The remarkable technical advances of the last decades have given us a much more

complete view of these mechanisms, which will be presented in the following section.

1.1.2. Centriole structure

1.1.2.1. Centriole core and appendages

The centrosome is composed of two centrioles embedded in the PCM. Centrioles have the shape
of a cylinder composed of 9 blades and are polarized along their proximo-distal axis (Figure 3).
In EM, this gigantic protein complex is easily recognized by the symmetrical nine-fold
arrangement of the MTs triplets that compose it. The triplets are twisted counterclockwise when

viewed from the proximal end, making the centriole a chiral structure. The centriole measures
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about 450 nm in length and its outer diameter is about 250 nm, which is below the resolution
limit of conventional light microscopy. MTs triplets (Figure 3) are composed of only one
complete MT, the A-MT, which is composed of 13 protofilaments of linearly arranged o/[3-
tubulin dimers. The B-MT and C-MT are composed of only 10 protofilaments and form on the
wall of the A-MT and the B-MT, respectively. The C-MT is only present from the proximal part
to about the half of the centrioles, but the exact area where the C-MT stops is variable from one
triplet to another. The distal part is thus composed of doublets of MTs. It is worth noting that the
orientation of the MT doublets/triplets is not the same in the distal and proximal part of the
centriole. The angle formed by the doublets/triplets to the center of the centriole is about 120° in
the proximal region and 100° in the distal region, revealing that the triplets are tilted along their
length. The MT triplets act as a scaffold for the other proteins that compose the centrioles. The
centriole is one of the largest protein-based structures, containing over 100 different proteins
associated along the triplet wall. MT triplets are linked to the other by the A-C linker, a protein-
based structure connecting the A-MT of one triplet to the C-MT of the following triplet
(LeGuennec et al., 2020).

Within the centriole, the best characterized region is the cartwheel, a 9-fold symmetric structure
located in the lumen of the proximal region. The cartwheel is 100 nm long and consists of a stack
of circular elements surrounded by 9 spokes connected to the MTs wall by a pinhead. The
circular part and the spokes are formed by 9 homodimers of the SAS-6 protein. It has been
clearly established in models ranging from flagellate protists to animals that the self-assembling
properties of SAS-6 are responsible for the centriole 9-fold symmetry (Kitagawa et al., 2011)
(van Breugel et al., 2011). In the centrosome of vertebrate cells, proteins that connect the two
centrioles are also found in the proximal region. C-NAP1, a large protein located near the
cartwheel, serves as a platform to recruit other components of the inter-centriolar linker such as
rootletin. The inner scaffold, located distal to the cartwheel and up to the region where the MT
triplets become doublets, is another key centriolar structure that was only recently uncovered. It
consists of a ring-like structure bound to the luminal side of the MT triplets, and is composed of
at least five proteins: FAM161A, POCI1B, POCS, Centrin-2, WDR90. The inner scaffold was
shown to provide mechanical strength to the centriole and contributes to regulating centriole

length (Le Guennec et al., 2020) (Le Guennec et al., 2020).
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Figure 3: Structural view of the mother centriole, taken from (LeGuennec et al., 2020). (A)
Model of centrioles, complete and longitudinal cross section. Three regions can be differentiated:
the proximal region, the central core and the distal region. Known structural elements in the
lumen are highlighted in the cross section. The sub-distal appendages (SDAs) are represented in
red, and the distal appendages (DAs) in yellow. (B) Detailed view of a triplet showing the
individual protofilaments that compose the A, B and C-MTs. (C) Transversal view of the
proximal region of the centriole showing the AC linker connecting consecutive triplets (cyan),
and the cartwheel, with the central tube and spokes formed by SAS-6 (blue), and the pinheads
connecting the MT triplets (magenta).
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Continuing the journey towards the distal centriole end, there are two sets of fibrous appendages,
which are carried only by the mother centriole. First, the subdistal appendages (SDAs) are
conical structures that emerge from the MT triplet at a 90° angle. Reflecting centriolar symmetry,
up to 9 SDAs can assemble, but in reality, the number of SDAs is often less than 9 (Uzbekov &
Alieva, 2018). The outer diameter of the ring formed by the SDAs is approximately 600 nm
(Figure 3). Known SDA components include, from closest to the centriole wall to the tip of the
appendages: ODF2, CEP128, centriolin, ninein, and CEP170 (Figure 4). Ninein has been shown
to be capable of retaining y—Tubulin Rings Complexes (y—TuRC) that cap the minus end of MTs.
Part of the MTs formed and released in the cytoplasm are then stably anchored at the SDAs.
Directly after the SDAs are the distal appendages (DAs). The DAs, which are essential for
ciliogenesis, are tilted conical structures with a bulbous end, arranged in a 9-fold symmetry. The
outer diameter of the DA ring is about 550 nm, and each DA connects a pair of MT-
doublets/triplets. The DAs are not orthogonal to the centriole in longitudinal view but form a 34°
angle, with the tips pointing towards the distal extremity of the centriole. Protein known to
compose DAs are from the closer to the MT wall to the periphery: CEP83, CEP89, SCLTI,
FBF1, and CEP164 and ANKRD26 (LeGuennec et al., 2020) (Winey & O’Toole, 2014). At the
distal end of the centriole are several proteins specific to this region including C2CD3, CP110,
OFDI1, Talpid3, CEP290 (Figure 4). CP110 forms a sort of “cap” completely at the end of the
centriole, while C2CD3 is localized a little further inside the lumen, and OFDI, Talpid3, and
CEP290 are localized near the MT doublets (Thauvin-Robinet et al., 2014) (Kumar & Reiter,
2021) (L. Wang et al., 2018) (Tsai et al., 2019) (Kim et al., 2008).
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Figure 4: Localization of components of the distal region of the mother centriole. (A) Distal
appendages and subdistal appendages components, from (Tischer et al., 2020). (B) Distal cap
components.

While some aspects of centriole structure are highly conserved across species, such as the MT
triplets, the cartwheel or the DAs, others, such as the SDAs, are only found in vertebrates. Within
the eukaryotic tree of life, a variety of appendages or fibers associated with centrioles are indeed
observed. The unicellular green alga Chlamydomonas reinhardtii is one of the species in which
the structure of centrioles has been the best characterized. In C. reinhardtii, two centrioles (or
BBs) support the assembly of two motile flagella necessary for locomotion. A set of fibers and
microtubular roots links the centrioles to each other and to other cellular structures (Figure 5A).
These fibers and roots are attached to specific MT triplets, which provide the centriole an
inherent circumferential, or rotational asymmetry. In two studies published in 2004 and 2005,
Geimer and Melkonian described these structures in detail, and also uncovered structures located
asymmetrically within centrioles (Geimer & Melkonian, 2004) (Geimer & Melkonian, 2005).
First, they described a 10-nm diameter filament forming an annular structure associated to 5
consecutive doublets in the distal centriole lumen, which they called the “acorn” (Figure 5B and
A). Second, they observed a V-shaped filament linking the acorn to two triplets located opposite
to it. These two structures are situated at the same level as the transitional fibers (tf), which are
equivalent to the DAs. The acorn and V-shaped filament are early markers of rotational polarity
in C. reinhardtii centrioles since they are already found in procentrioles (or probasal bodies

(pbb)). The V-shape filament contains Centrin, but the composition of the acorn has not been
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elucidated. However, in their 2004 study, Geimer and Melkonian suggested that a protein named
VAllp might be a component of the acorn, as V{llp is located near the acorn on the triplets facing
the distal connecting fiber (dcf) (i.e., triplets 1, 2 and 9) (Silflow et al., 2001). The authors also
stated that structures resembling the acorn can be seen on electron micrographs obtained from
several other eukaryotic species, although these observations are nowhere near as conclusive as
their own data. Recently, however, an acorn-like structure was described in a more convincing
manner in Trypanosoma brucei centrioles (Vaughan & Gull, 2016). These findings therefore
suggest that, despite the variability of appendages associated with centrioles in different species,
there may be conserved structures within centrioles that generate molecular asymmetry between

the MT triplets (Kloc, 2019).

Figure 5: : Schematic representation of the basal apparatus of Chlamydomonas reinhardtii, from
(Geimer & Melkonian, 2005). The two basal bodies (BBs) are shown in longitudinal section (1 is
the older, 2 is the younger), including the transition region of the axoneme. Also shown are the
two probasal bodies (pbb), the distal connecting fiber (dcf) that connects the BBs, the four
flagellar roots with their microtubular and fibrous components (Striated Microtubule-Associated
Fibers (SMAF)), and the transition fibers (tf), which are equivalent to the distal appendages and
connect the centriole to the ciliary membrane. Centrin-containing structures form a continuous
filamentous scaffold (shown in blue) that extends from the two nuclear basal body connectors
(NBBCs) to the transition zone (TZ). Among them, the V-shaped filament is located at the distal
end of the basal and pbb, at the same level as the acorn (shown in red). (B)(C) Cross sections in
the distal part of the centriole at the level of the transition between triplets and doublets (B) or
slightly below (C). The acorn (in red) connects triplets 7, 8, 9, 1, and 2, and the V-shaped
filament (in blue) connects triplets 4 and 5 to the acorn and to other centrin-containing elements.
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1.1.2.2. The pericentriolar material

The second major component of the centrosome after the centrioles is the PCM, also called the
centromatrix, which surrounds the centrioles. The PCM is a dense and dynamic collection of
proteins often described as filamentous and insoluble. The major components of the PCM in the
human centrosome are pericentrin (PCNT), CEP192, CDK5RAP2, CEP152, centrosomal p4.1-
associated protein (CPAP) and y-tubulin. One shared feature among most of these different
proteins is the abundance of coiled-coil domains. These domains consist of intertwined a-helices
that mediate protein-protein interactions, creating a porous structural scaffold on which key
regulators of centrosome function are loaded. A well-known function of PCM is MT nucleation,
i.e., the initiation of de novo MT assembly. MTs nucleation is mediated by large protein
complexes called y-tubulin ring complexes (y-TuRCs), which are recruited by PCM components
(Figure 6A). The y-TuRC, which exhibits 13-fold symmetry and is approximately 25 nm in
diameter like MTs, allows the assembly of the first o/B-tubulin dimers to form the 13
protofilaments characteristic of in vivo MTs. In addition, the y-TuRC caps and stabilizes the
minus end of MTs. Once the limiting step of nucleation has been catalyzed by the y-TuRC, MTs

extend towards the periphery of the cytoplasm by addition of tubulin dimers at their + end.

The centrosome is a membrane-less organelle, implying that its shape and size are not delimited
by a clear boundary. PCM components are not dense to electrons, and thus little structural
information on the organization of the PCM could be provided by EM. Recent advances in super-
resolution optical microscopy have allowed significant progress in the understanding of this
organization. Unlike what was originally proposed, it was discovered that the PCM is in fact
well-organized. In interphase, the PCM is ordered in compact layers around the centrioles. PCNT
and CEP152 are polarized around the centrioles and serve as molecular rulers to set the size of
the PCM inner layer. CEP192, CDK5RAP2 and y-Tubulin then accumulate within this layer. The
size and composition of the PCM vary with the cell cycle. Most strikingly, the PCM massively
expands prior to mitosis to ensure the formation of the mitotic spindle and the numerous MTs it
requires. PCM expansion is triggered by the phosphorylation of several PCM components by
Polo-Like Kinase 1 (PLK1). This process, called centrosome maturation, involves a massive
recruitment of PCM proteins, creating an outer PCM layer and thus increasing PCM diameter.

This gel-like condensate, which unlike the inner layer appears to lack a uniform organization,
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serves as a scaffold to load the y-TuRC and assemble mitotic MTs. At the end of mitosis, PLK1 is
inactivated, inducing dephosphorylation of PCM components and PCM disassembly. One
proposed model to explain the timely disassembly of the mitotic PCM is that it also involves

cortical forces exerted by MT motors, which tear the PCM apart (Figure 6B) (Fry et al., 2017)
(Woodruff et al., 2014).
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Figure 6: Nucleation of microtubules (MTs) by the y-TuRC and PCM structure during cell cycle
progression. (A) Schematic representation of MTs nucleation within the y-TuRC. The y-tubulin
(yellow) and GCP proteins (blue) that compose the y-TuRC are assembled in a single-turn helix.
The y-tubulin molecules recruit o/B-tubulin dimers, thereby promoting lateral interactions
between o/B-tubulin dimers as they grow into protofilaments. From (Tovey & Conduit, 2018).
Changes in PCM structure during PCM maturation and disassembly. In interphase, the PCM is
associated with the mother centriole. The size of the PCM is defined by PCTN and CEP152 that
form the inner layer (in gray). Within this layer, CDKSRAP2 and CEP192 form a branched
matrix that provides binding sites for the y-TuRC. In mitosis, PCM expansion is triggered by
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PLK1-phosphorylation of PCTN, CDK5RAP2 and CEP192. The outer expansion layer (in blue)
has gel-like properties and is less organized than the interphase PCM but has a greater capacity to
nucleate MTs. At the end of mitosis, PCM disassembly is triggered by PLK1-phosphorylation
and motor-driven cortical forces. From (Fry et al., 2017)

1.1.2.3. Centriolar satellites

Centriolar satellites (CS), non-membranous cytoplasmic granules that concentrate near the
centrosome, are often considered the third compartment of the centrosome. They are very large
electron-dense protein assemblies ranging in size from 70 to 100 nm. CS disperse upon entry into
mitosis and reassemble upon exit from mitosis. They are associated with MTs and some of them
move along the MTs thanks to molecular motors, in particular dynein. However, the majority of
CS exhibit non-directional diffusive movement. CS are important regulators of centrosome and
cilia functions because they act as storage containers for centrosomal and ciliary components,
allowing either their delivery to the centrosome or conversely their sequestration. The
Pericentriolar-Material 1 protein (PCM1) acts as a scaffolding protein for CS. This large protein,
rich in coiled-coil domains, performs its function by self-oligomerizing and physically interacting
with other components of the CS. Other proteins are important for maintaining and forming the
CS, such as BBS4 and OFD1, but unlike PCM1, they also localize to the centrosome. The CS
perform many roles: they are involved in ciliogenesis through ciliary vesicle assembly, axoneme
extension, and ciliary signaling, functions that will be discussed in more details later in this
manuscript. CS have also been shown to be involved in the ubiquitin-proteasome system and

autophagy, among others (Tischer et al., 2020) (Hori & Toda, 2017) (Prosser & Pelletier, 2020).
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Figure 7: Schematic representation of the centriolar satellites (CS), from (Hori & Toda, 2017).
The protein PCM1 serves as a platform for CS assembly. CS localize along MTs and can
accumulate around the centrosome in a dynein-dependent manner.
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1.1.2.4. Cilia

Centrioles are not only important for the organization of the MTOC, but also provide an essential
template for cilia formation. When associated with a cilium, the centriole is called a BB, but in
vertebrates at least, the overall structure of the BB is not markedly different from that of the
mother centriole. The axoneme, formed by elongation of the doublets present at BB distal end,
retain for at least part of its length the 9-fold symmetry inherited from the BB (Figure 8). The
distal end of the axoneme, however, usually does not maintain this organization, as some of the
MTs terminate before the others. There is a great variety in the architecture of the distal domain
of cilia, which appears to be adapted to the specific functions of cilia (Soares et al., 2019). The
axoneme is ensheathed in the ciliary membrane, which is in continuity with the plasma
membrane of the cell. This continuity of the membranes does not imply that they share the same
composition. Phosphoinositides (PI) are phosphorylated lipids that confer distinct molecular
identities to the different cell membranes and indeed, the ciliary membrane maintains a distinct PI
composition with a high level of PI(4)P and a low level of PI(4,5)P2. This is due to inositol
polyphosphate-5-phophatase E which hydrolyzes P1(4,5)P2 to PI(4)P in the ciliary membrane. At
the base of some cilia, in particular the primary cilia, there is the ciliary pocket. The ciliary
pocket is a membrane invagination separating the ciliary membrane from the plasma membrane,
and it also has a distinct composition from those of the other two membranes (Garcia et al.,

2018).

The limit between the plasma membrane, or the ciliary pocket, and the ciliary membrane is
delimited by the tf, which connect the BB to the plasma membrane (Figure 8). The transition
zone (TZ) is the domain at the base of the cilium, after the tf, that serves as a diffusion barrier to
control the protein composition of the ciliary compartment. At this level, several rows of so-
called Y-links (Figure 8) are present, ranging from one in some fibroblasts to around 40 in retinal
rod cells (Garcia-Gonzalo & Reiter, 2017). Those Y-shaped linkers connect the MTs of the
axoneme by the rod of the “Y” to the ciliary membrane with their two arms. At the ciliary
membrane, the rings formed by transmembrane proteins of the “arms”, which are visible by EM,
form the so-called ciliary necklace. The TZ consists of three main modules: the MKS, NPHP and
CEP290 complexes, named after one of their components. Proteins of the same complex are

interdependent for their localization in the TZ. The CEP290 module is composed of CEP290 and
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NPHPS. It is localized above the tf to the level where the Y-links begin, in a circular localization
associated with the wall of the MT doublets. The NPHP1 module is composed of NPHPI,
NPHP4, and RPGRIP1L, and the MKS module is composed of TCTN1, TCTN2, TCTN3,
MKSI1, B9D1, B9D2, CC2D2A, TMEM17, TMEM67, TMEM107, TMEM216, TMEM231 and
TMEM?237. These two modules are thought to be components of the Y-links. Indeed, it has been
shown that several proteins composing these 2 modules exhibit a 9-fold doublet distribution that
fits the distribution of the “arms” of the Y. The TZ and tf act as a gate that controls the
composition of the cilium by facilitating, restricting or preventing the entry of proteins from the
cytoplasm or the plasma membrane (Shi et al., 2017) (Yang et al., 2015) (Gongalves & Pelletier,
2017). The intraflagellar transport (IFT) is a highly conserved process in animals that need to
pass this gate. It is based on the kinesin and dynein motor that navigate up and down through the

axoneme, important for cilia function and assembly (see 1.2.4.2 The intraflagellar transport).

This basic structure of the cilium is conserved among eukaryotes, but cilia nevertheless exhibit
considerable variations in terms of shape, size, presence of associated structures, number per cell,
motility patterns, and sensory abilities (Figure 8). This structural variability reflects the diversity
of their functions. Indeed, cilia appear to be adapted to specific biological functions, from fluid
transport and cellular locomotion to sensory sites for various signal transduction pathways.
Moreover, a variety of proteins are required in different kinds of cilia, and hundreds of
components are implied in their structure, function and assembly. Cilia can be separated in two
major group: immotile or motile, with numerous subtypes. Those cilia can be arbored as one per
cell, or multiple cilia can be formed in so-called multiciliated cells. Sensory function is more

associated with immotile cilia even though motile cilia can also have this function.

Immotile cilia, also called sensory cilia, can be specialized to sense fluid flow, light, odorants or
signaling molecules. The most studied immotile cilium, which is present on most quiescent cells
within the vertebrate body, is a solitary signaling cilium called the primary cilium. It is composed
of nine MT doublets but lacks central MTs, a configuration referred to as 9+0. The primary
cilium is required for signal transduction of different signaling pathways acting principally during
development, in particular the hedgehog (Hh) pathway. Another type of immotile cilia is found in
the epithelial cells lining the mammalian kidney tubules. It projects into the tubular lumen, and

has a mechano-sensory role in perceiving urine flow. In the embryonic node of many vertebrate
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species, sensory cilia have been shown to trigger the establishment of left-right asymmetry by
detecting (by flow sensing or chemo sensing) the leftward fluid flow generated by another type of
cilia within the node cavity (Tajhya & Delling, 2020). Immotile cilia are also an essential part of

the sensory apparatus of the nose, eyes and ears.

Motile cilia are usually longer than immotile ones. They are organized in a so-called 9+2 MTs
organization, which results from the presence of two central MT singlets in addition to the nine
peripheral doublets. Between MTs doublets, motile cilia have inner and outer dynein arms that
use energy from ATP hydrolysis to power their movement. Their rhythmic motion can vary due
to the nexin-dynein regulatory complex, which regulates the activity of the dynein arms. Motile
monocilia, such as the prototypical flagella on protozoans and sperm cells, beat generally in a
wavelike or rotational fashion in order to generate cellular locomotion. In contrast, the motile
cilia that generate a leftward flow in the embryonic node display a 9+0 configuration and move in
a rotational manner. Finally, multiple motile cilia such as those carried by multiciliated cells
lining the respiratory tract, the brain ventricles, and the oviducts, can move fluids of higher
viscosity. Multiciliated cells form up to several hundreds of motile cilia, which display a 9+2
configuration. These cilia beat in a planar fashion, forming synchronous waves that induce a
directional movement to clear the mucus in the airways, circulate cerebrospinal fluid or move
oocytes, respectively within the brain, the spinal cord and the oviducts in humans (Choksi et al.,
2014). Cilia in multiciliated cells possess a striated rootlet at the proximal part of the BB to
anchor them, as well as an appendage called the basal foot, which is aligned with the direction of
the ciliary beat. A similar cell type is present in the epidermis of some invertebrates such as the
flatworm Schmidtea mediterranea. This freshwater planarian uses ciliary beating for locomotion.
Like in vertebrates, BBs in planarian multiciliated cells possess a basal foot pointing in the
direction of the effective stroke, and a striated ciliary rootlet pointing in the opposite direction.
These appendages are linked to different cytoskeletal arrays that control BB anchoring and

polarization (Basquin et al., 2015).

Planar ciliary beating is also observed in unicellular eukaryotes. For instance, the two flagella of
C. reinhardtii beat planarly and in opposite direction, performing a breaststroke type of

swimming. The two BBs at the base of these flagella do not possess a structure clearly
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homologous to the basal foot, but they are also associated to various accessory structures that

decorate the BBs in a rotationally asymmetric manner (Figure 5).
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Figure 8: Most common ciliary architectures, adapted from (Soares et al., 2019). The axoneme is
composed of nine microtubules (MTs) doublets (gray) that extend from the basal body (BB). In
the distal part of the BB, transition fibers (tf) are arranged in a 9-fold symmetry (light blue). The
Y-shaped links (yellow), along with the tf, form the transition zone. (Left) The primary cilium is
a non-motile (9+0) structure. Subdistal appendages (purple) are found below the tf and are not
always in a 9-fold symmetry. The young centriole, usually placed next to the BB, does not
support an axoneme. (Right) The motile cilium possesses motor proteins positioned between the
MTs doublets, the outer and the inner dynein arms (red), that drive ciliary movement. In the
(9+2) cilium, a central pair of MTs is present in the middle of the axoneme. It is surrounded by 9
radial spokes linking the central pair to the peripheral MTs doublets. (9+0) motile cilia like the
nodal cilia exhibit a rotational beating pattern. In animal multiciliated cells, cilia beating in a
planar fashion are assembled from BBs possessing a unique basal foot (purple), which is aligned
with the direction of the ciliary beat.
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1.1.3. Evolution

Over millions of years, mutations and selection have favored the occurrence of changes at all
scales within living organisms, giving rise to a wide range of species, each with its own solution
for survival. The centrosome as a MTOC is found in animals, higher fungi and several other
related eukaryotic lineages. In these different lineages, the structure of the centrosome is highly
variable. For instance, the centrosomes of higher fungi and dictyostelids do not contain
centrioles. Nevertheless, centrosomes in these different lineages perform similar functions and
share some of their molecular components. The basic properties associated with the centrosome
are to maintain itself to the cell center due to its MT nucleation activity, to duplicate itself once
during each cell cycle and to be physically associated with the nucleus. One likely hypothesis is
that the centriole-based centrosome evolved from a flagellate ancestor by internalization of the
BBs, which provided the core of the centrosome. Centrioles and cilia are among the most
conserved structures in eukaryotes. Every major branch of the eukaryotic tree of life includes
organisms with motile cilia, composed of MTs doublets connected by dynein arms, associated to
a centriole formed by MT triplets in a nine-fold symmetrical arrangement organized around a
cartwheel. The conservation of such a complex structure both within and between divergent
lineages suggest that centrioles and cilia were already present in the Last Eukaryotic Common
Ancestor (LECA), which gave rise to all extant eukaryotes. Based on the ancient association
between these structures, it seems likely that centrioles evolved for the primary purpose of
growing cilia and flagella. Further supporting a common origin, key molecular components of
centrioles were conserved throughout eukaryotic evolution. There is no fossil record to account
for the cellular organization of the LECA, but it can be to some extent inferred by comparing the
cellular and cytoskeletal architecture of present-day eukaryotes. By carefully comparing the
organization of the BBs and their associated connectors and cytoskeletal arrays in flagellates
from divergent eukaryotic lineages, it is indeed possible to identify homologies between these
different elements. Based on these analyses, the LECA was probably a biflagellate cell
resembling modern organisms referred to as ‘typical excavates’. According to this model, the
LECA thus possessed a complex cytoskeleton, with two flagella, one for motility and the other
for feeding through a ventral groove. The oldest BB (BB1) at the base of the posterior flagellum
was associated with microtubular roots delineating the ventral groove, in which the posterior

flagellum was encased. The youngest BB (BB2), at the base of the anterior flagellum, was
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associated with two other microtubular roots, one of them organizing an array of superficial MTs
supporting the dorsal part of the cell. After cell division, BB2 moved to the posterior position and
acquired the same roots as BB1, a process called flagellar transformation that is observed in
extant biflagellates. Like these organisms, the LECA thus had fibers and MT roots decorating its
BBs in a rotationally asymmetric manner. Therefore, centriole rotational asymmetry is likely to

be an ancestral property of centrioles.

Whereas centrioles are clearly conserved across the eukaryotes tree of life, this is less clear for
the centrosome. Centrosomes with diverse structures but similar functions and shared molecular
components can be found in animals, higher fungi and several related eukaryotic lineages
belonging to a lineage called Amorphea, which is estimated to have appeared ~300 million years
after the LECA. The main function of the centrosome, which is to organize MTs, resides in the
PCM. Major PCM proteins can be traced back to the origin of Amorphea (CEP192,
CDKS5RAP2), or at least to the last common ancestor of opisthokonts, which encompasses fungi,
animals and several unicellular lineages (PCNT). In some Amorphea, the centrosome diverged
and the centrioles were lost, like in yeasts that possess spindle pole body (SPB) and some
amoebozoan like Dictyostelium that have a nucleus-associated body (NAB), both playing the role
of a MTOC. The NAB and SPBs share key molecular components with the animal centrosome,
supporting a common evolutionary origin. Further evolution in Metazoa (animals) was also
linked to multicellularity in this lineage. For instance, in organisms like Drosophila, centrosome
functions are clearly more important for the survival of the organism than for the survival of
individual cells (Basto et al., 2006). In planarians, the centrosome was lost during evolution and

centrioles only retained for ciliary assembly (Azimzadeh et al., 2012).

Instead of the fibrous and microtubular roots associated asymmetrically to the BBs of flagellates,
animal centrioles either carry a basal foot — in multiciliated cells — or symmetrical SDAs. In
mouse and planarian flatworms, basal foot assembly requires the conserved protein ODF2, which
is also present in the genome of early branching animals. In addition, ODF2 is required for the
assembly of SDAs that decorate the mother centriole in vertebrate cells. SDAs share additional
components with basal feet and also serve as anchoring sites for MTs. The basal foot and its
associated MTs are possibly derived from the microtubular root of earlier-branching

opisthokonts, which itself might be homologous to one of the posterior roots of the excavate-like
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cytoskeleton. Interestingly, conserved proteins of the VFL1 (Variable FLagella number 1) and
VFL3 families are required for centriole polarization and proper assembly of microtubular roots
in Chlamydomonas and Paramecium, basal foot assembly in planarian multiciliated cells, and
SDA function at the mammalian centrosome. This suggests that some molecular aspects
underlying MT anchorage at centrioles/BBs are ancient and conserved between the microtubular
roots of flagellates and centriole appendages of vertebrate cells. Furthermore, centriole rotational
asymmetry, which was likely inherited from the LECA, is shared between flagellates such as
Chlamydomonas and animal multiciliated cells. In contrast, centrioles within the centrosome
show no structural rotational asymmetry. One could thus expect that molecular mechanisms
establishing centriole rotational polarity in flagellates and multiciliated cells would not be
conserved at the centrosome (Azimzadeh, 2021) (Azimzadeh, 2014) (Nabais et al., 2020)
(Geimer & Melkonian, 2005).

LECA

BB2

b

~ 300 m.y. Mitosis

Last Amorphean Common Ancestor

Flagellate

Mitosis

Amoeba

Figure 9: Possible scenarios for the evolutionary origin of the centrosome, from (Azimzadeh,
2021). The last common ancestor of Amorphea, which is estimated to have lived ~300 million
years after the LECA, was still sharing most traits of the excavate-like cytoskeleton present in the
LECA. Key centrosome matrix proteins can be traced back to the origin of Amorphea (CEP192,
CDKS5RAP2), or at least to the last common ancestor of apusomonads and opisthokonts (PCNT).
PCM components might have had first evolved for organizing mitotic microtubules, even though
basal bodies were possibly also connected to the spindle poles of the LECA.
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1.2. The centrosome through the cell cycle
1.2.1. The cell cycle

After cell division, each daughter cell inherits a mature centrosome containing two centrioles. For
this, the existing centrosome in the mother cell needs to duplicate its centrioles, a process that is
tightly linked to cell cycle progression. The cell cycle is a series of events through which a cell
duplicates its genome, grows and divides. The eukaryotic cell cycle is typically divided into four
phases, the G1 phase (Gap 1) in which cells grow, the S phase (synthesis) in which the nuclear
DNA is replicated, the G2 phase (Gap 2) in which cells also grow and the M phase (mitosis)
when sister chromatids are separated and distributed to the newly formed daughter cells. At the
end of mitosis, cytokinesis occurs to complete the cell division by forming two daughter cells
separated by a plasma membrane. The cell cycle progression and the transitions between phases
are driven by a sequential activation and deactivation of cyclin-dependent kinases (CDKs). The
control on this system is provided through the availability of partner cyclins (cyc) and by
phosphorylation/dephosphorylation events. CDK inhibitors (CKIs) provide a third level of CDK
regulation by binding to and inactivating CDK—cyc complexes. pS3 family members and other
proteins transcriptionally regulate CKI levels. The progression through the cell cycle is controlled
at specific checkpoints, where the cycle can stop if certain conditions are not respected. For
instance, activation of the G1-S and G2-M checkpoints can arrest the cell cycle in response to
DNA damage. Activation of the spindle checkpoint during anaphase prevents the separation of
sister chromatids until each one of them is properly attached by their kinetochore to the spindle.
Disruption of centrosome integrity by removal of centrosome components has also been shown to
arrest the cells in G1 in a p53-dependent manner. Deactivating the p53 checkpoint has since been
used as a tool for the functional study of centrosomal proteins beyond the Gl-phase in

mammalian cells (Srsen et al., 2006).

Cells begin the cell cycle in G1 with only one centrosome, and centriole biogenesis is initiated at
the G1/S transition with the formation of a procentriole orthogonally to the proximal part of each
preexisting centriole. This event is followed by the elongation of the procentrioles during S and
G2 phases. In late G2, the two pairs of centrioles separate to form the opposite spindle poles for
mitotic spindle assembly. In mitosis, the procentrioles are complete but still attached to the

parental centrioles. At the end of mitosis, the young centrioles disengage from their parent
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centriole and remain linked by a fibrous and more flexible linker (Figure 10). The newly formed
centrioles become the new daughter centrioles, and the preexisting centrioles remain (old mother)
or become (old daughter) the new mother centrioles. As a result of this duplication mechanism,
the two centrioles differ in age and maturity, and have different functions (Sullenberger et al.,

2020).

(v) Bipolar spindle assembly
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Figure 10: The centrosome cycle is linked to the cell cycle (inner circle). Mitotic kinases are
shown in red. (i) Centriole disengagement occurs by the removal of the cohesin ring at the end of
mitosis to early G1 phase. This process is regulated by the PCM, PLK1, CDKI1, separase and
astrin. After centriole disengagement, a proteinaceous linker is established, composed mainly of
C-Napl, rootletin, CEP68 and LRRC45. (ii) To initiate centriole duplication at the G1/S
transition, CEP152 and CEP192 recruit PLK4. CEP135, SAS6, SCL-interrupting locus protein
(STIL) and CPAP form afterwards the structural basis of the cartwheel, a process strongly
regulated by APC/C, SCF-FBXWS5 and PLKA4. (iii) Procentriole elongation happens subsequently
as centrobin stabilizes a/B-tubulin dimers that nucleate from y-tubulin complexes. CP110 and
CPAP have antagonist roles to regulate procentriole length, whereas hPOCS is a component of an
inner scaffold that stabilizes the elongated centrioles. To prevent centriole reduplication, PLK4
induces its own degradation by autophosphorylation mediated by SCFB-TrCP. (iv) Maturation
and separation happen before mitosis as the newly formed mother centriole starts assembling
distal appendages and subdistal appendages, and both centrosomes separate and recruit additional
PCM components (orange). This process is regulated by AurA, PLK1, CDK1 and Nek2A. (v) A
bipolar spindle assembles as the separated centrosomes act as strong MTOCs. From (G. Wang et
al., 2014).
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1.2.2. Centriole duplication initiation, elongation and maturation

The initiation of centriole biogenesis is driven by the sequential action of three highly
evolutionarily conserved proteins: Polo-like kinase 4 (PLK4), a serine-threonine kinase, SCL-
interrupting locus protein (STIL), a scaffold protein and SAS6, the structural component of the

cartwheel that acts as building block to institute the nine-fold symmetry of the centriole.

PLK4 is a master regulator of centriole duplication as loss of its activity leads to failure of
centriole duplication and its over-expression leads to formation of supernumerary centrioles. In
early G1 phase, PLK4 binds the proximal periphery of centrioles, a process mediated by CEP63,
CEP192, and CEP152. The PCM protein CEP152 is hypothesized to act as a scaffold for PLK4,
allowing it to initially form a discrete ring-like pattern composed of randomly distributed seeds
(Takao et al., 2019). PLK4 can self-assemble and when present in condensates, its dissociation
rate is attenuated and it auto-phosphorylates, which changes its condensation properties. PLK4
then condensates to form aggregates, thus the aggregate that recruits the greatest quantity of
PLK4 prevents neighboring aggregates from recruiting more PLK4 by lateral inhibition. As well,
STIL and SAS-6 preferentially bind to the largest PLK4 focus and lead to its stabilization.
Consequently, the position containing the most PLK4 tends then to be the only site of centriole
duplication, creating a bias that breaks the symmetry of the initial ring pattern and leading to the

formation of a unique procentriole for each parent centriole (Yamamoto & Kitagawa, 2019).

PLK4 then phosphorylates STIL, which triggers STIL binding to SAS-6 and initiates centriole
formation. SAS-6 self-organizes into a nine-fold symmetrical cartwheel structure, which
represents the initial step of procentriole formation at the morphological level. Structurally, in
humans, the cartwheel is linked to the parental centriole via a stalk of 110 nm (Guichard et al.,
2010). After cartwheel formation, MT walls are formed by MTs polymerization around the
cartwheel, a process that requires CPAP (Loncarek & Bettencourt-Dias, 2018). The A-MTs are
first nucleated by the y-TuRC and grow at their + end to form nine MT singlets connected to the
cartwheel. Before completion of the nine A-MTs, B-MTs start growing from the wall of A-MTs,
and then C-MTs grow on B-MTs to form the triplets. In contrast to A-MTs, B- and C-MTs grow
bidirectionally (Guichard et al., 2010) (Loncarek & Bettencourt-Dias, 2018). Procentrioles will

eventually lose their cartwheel in mitosis.
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Procentrioles then elongate throughout the S and G2 phases. The dimensions of centrioles are
remarkably constant in most cells of a given organism, indicating the existence of a regulation
mechanism. Indeed, centriole length depends on several positive regulators of elongation like
CPAP, CEP295, CEP120, Centrobin, SPICE1, C2CD3 and Talpid3, or negative regulators such
as CP110, OFD1, CEP290 and Centrin-2 (Nigg & Holland, 2018) (Sharma et al., 2021). CP110 is
recruited early and caps the distal end of growing pro-centrioles to limit MT extension. Other
distal centriole proteins are recruited at an early stage of centriole biogenesis like C2CD3,
Talpid3, OFD1 and CEP290 (Sullenberger et al., 2020). Like CP110, they are also important for
cilium formation (Thauvin-Robinet et al., 2014) (Kumar & Reiter, 2021) (L. Wang et al., 2018)
(Tsai et al., 2019) (Kim et al., 2008). In addition, Centrin-2 and -3 are recruited very early to
assembly sites of procentrioles and are found within the distal lumen of full-length centrioles.
Centrin-2 was shown to be a component of the inner scaffold of the centriole. Other proteins of
the scaffold are recruited during centriole elongation, including hPOCS5, POC1, FAM161A and
WDR90 (Azimzadeh et al., 2009) (Le Guennec et al., 2020). However, a lot remains to be

discovered regarding how these different proteins are incorporated during centriole elongation.

Posttranslational modifications of centriole MTs are also required for providing their extremely
long-term stability. Indeed, centriolar tubulins are heavily modified by acetylation and
glutamylation, among others. Procentriole MTs begin to be acetylated at their earliest stages and
mature human centrioles are highly acetylated along the entire length of MTs. Acetylation is also
prominent on stabilized cytosolic MTs and in the ciliary axoneme. Centrioles are also heavily
glutamylated, a modification of tubulin that is more concentrated around the centriole’s proximal
ends, as polyglutamylation signal is localized at the outer C-MT, which is absent from distal ends
(Hamel et al., 2017) (Sullenberger et al., 2020).

The elongation process ends when the cell reaches mitosis, and the end product is a daughter
centriole. Maturation of the daughter centriole into a mother centriole will occur in the next cell
cycle. Indeed, the centrosome is an asymmetric organelle because its two centrioles differ by at
least one cell cycle in age and protein composition. The younger centriole is characterized by
daughter centriole-specific/enriched proteins (DCPs) and the older by its appendages. DCPs,
which include CEP120, Centrobin, and Neurl4, are recruited to nascent daughter centrioles after

centriole duplication initiation and are involved in the regulation of centriole elongation. DCPs
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are removed at the G1/S transition of the next cell cycle during mother centriole maturation.
Then, SDAs and DAs are respectively assembled during the G2 phase and at the G2/M transition.
DAs assemble through the sequential recruitment of CEP83, CEP89, SCLT1, CEP164, and FBF1
proteins. The assembly of SDAs is initiated by the recruitment of ODF2, a protein that is also
present at the base of DAs and required for the assembly of both types of appendages (Ishikawa
et al., 2005) (Nigg & Stearns, 2011). Other SDA components include CEP128, centriolin, ninein
and CEP170 (Mazo et al., 2016). The distal proteins Talpid3, C2CD3 and OFD1 form a network
important for centriole maturation, as DCP removal requires Talpid3 and C2CD3, DAs assembly
requires all 3 proteins, and SDAs assembly requires Talpid3 and OFD1. Mature mother centrioles
also have an associated PCM, which new centrioles acquire during a process termed “centriole-
to-centrosome conversion”. It involves the recruitment of CEP295 to the proximal centriole wall,
which then triggers the recruitment of CEP152, a critical factor for centriole duplication and

PCM organization (Loncarek & Bettencourt-Dias, 2018) (see section 1.1.2.2).

At the beginning of G2, there is a transient remodeling of both types of appendages present on
mother centrioles. SDAs and DAs become undetectable and less conspicuous, respectively, in G2
and throughout mitosis, and reappear in G1. It was shown that SDA and DA proteins localized
near the centriole remain associated with centrioles during the entire cell cycle, whereas proteins
at the periphery of appendages are relocated to the adjacent PCM. The current model is that the
inner appendage proteins may serve as a permanent scaffold for recruitment of more functional
and dynamic components at their end. However, the two mother centrioles obtained at the end of
mitosis still have functional asymmetries. For example, cells that inherit the older mother
centriole grow a primary cilium earlier than those with the younger mother centriole. It has been
proposed that appendage remodeling could help reduce the effects of age asymmetry between the

old and the new mother centriole (Sullenberger et al., 2020) (Bowler et al., 2019).
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Figure 11: Centriole assembly and maturation. Distal proteins are already present in procentrioles
prior to elongation. The Inner scaffold appears to be incorporated during centriole elongation.
Maturation of a daughter centriole into a mother centriole requires DCP removal to induce DAs
and SDAs formation.

1.2.3. Mitosis

Even though the centrosome is not strictly required for mitosis, it still actively participates in this
final step of the cell cycle. At G2-M, the two newly formed centrosomes, with their procentriole
still engaged, progressively go apart from one another and orchestrate the formation of the
mitotic spindle. The PCM of both centrosomes expands in size in a process called centrosome
maturation, which increases centrosome MT-nucleation capacity and thereby promotes the

formation of the mitotic spindle.

Besides spindle MTs, mitotic centrosomes also nucleate astral MTs required for positioning the
spindle. Spindle position depends on MTs-nucleating factors and proteins stabilizing MT minus
ends, on the one hand, and on protein complexes localized at the cortical surface or in the
cytoplasm that capture MT plus ends, on the other hand. Dynein, a minus-end directed motor,
generates forces that are crucial for correct spindle positioning. Dynein anchored at the cell
cortex pulls on astral MT plus ends to move the centrosomes closer to the cortex. The protein

NuMA (Nuclear Mitotic Apparatus) provides the cortical anchor for dynein to generate these
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pulling forces. NuMA localization is controlled by the planar cell polarity (PCP) pathway, which
determines the orientation of the mitotic spindle in certain cell types (Elric & Etienne-
Manneville, 2014). Although centrosomes are not strictly required for the formation of a bipolar
spindle, they are required for the assembly of astral MTs. In the absence of centrosomes, bipolar
spindles form, but are not attached to the cell cortex and are randomly oriented. Because the
spindle dictates the position and orientation of the cleavage furrow during cytokinesis,
centrosome position ultimately determines the orientation of cell division (Elric & Etienne-

Manneville, 2014).

During mitosis, newly formed daughter centrioles are still connected in a perpendicular
orientation to mother centrioles. It is in telophase/G1 that the two pairs of centrioles separate in a
process called centriole disengagement. This process occurs when the ring of cohesin between
the two centrioles is degraded by the protease separase (Figure 10). After their disengagement, a
proteinaceous linker forms between mother and daughter centrioles to maintain centrosome
cohesion. This linker is composed mainly of C-Napl and Rootletin. C-Napl is located at the
proximal part of both centrioles and recruits Rootletin, which form fibers connecting the two
centrioles. The linker remains until late G2, when it disassembles to allow the assembly of the
mitotic spindle. Centrosome separation is triggered by the Serine/threonine-protein kinase Nek?2,
which phosphorylates C-Napl and rootletin to allow their displacement from the centrosomes

(Agircan et al., 2014)

1.2.4. The primary cilium
1.2.4.1. Early steps of ciliary assembly

At the end of mitosis, when appendages are fully (re)assembled, cells can trigger the formation of
a primary cilium. Ciliogenesis happens either in G1 or in GO as cells exit the cell cycle. It starts
by the docking of pre-ciliary vesicles, presumably derived from the Golgi, to the DAs. DAs, or tf
in this context, are crucial for this process. At the periphery of the tf, CEP164 interacts with Rab8
and Rabin8, and anchors the pre-ciliary vesicles. These vesicles then fuse into a larger ciliary
vesicle that extends over the DAs following membrane remodeling orchestrated by EHD1 and
EHD3, which are membrane-shaping proteins, and their partners, PACSIN1 and PACSIN2. After
ciliary vesicle assembly, the distal centriole components CP110 and CEP97 are removed from the

mother centriole. This step is fundamental as these proteins are inhibitors of cilium assembly.
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Additional interactors of CP110 have been shown to play a role, such as the kinase TTBK2
whose recruitment depends on the lipid composition of the ciliary vesicle. Removal of the
inhibitory proteins triggers the elongation of MT doublets at the distal end of the mother
centriole, and simultaneously, the elongation of the ciliary membrane. [FT proteins such as [FT88
and IFT20 are recruited to the ciliary base and mediate axoneme elongation, with components of
the TZ complex that ensure selective protein entry into the cilium. The coordination of ciliary
membrane elongation is managed by components of the vesicular trafficking machinery such as
Rabin8 and Rab8 (Kumar & Reiter, 2021). TZ assembly is a complex process involving
multimeric protein modules that are subject to a strict assembly hierarchy. In most eukaryotes,
three protein complexes (CEP290, NPHP, and MKS) cooperate to build the TZ. CEP290 has
been shown to coordinate the early formation of TZ (Z. Wu et al., 2020), but variations exist
between organisms and even cell types (Wiegering et al., 2018). The ciliary membrane expands
concomitantly to axoneme elongation, forming a sheath that encloses it. The ciliary sheath will
then fuse to the plasma membrane to expose the primary cilium to the external environment.
When the cell re-enters the cell cycle, the cilium is generally resorbed at the G1/S transition or in

S phase, but this process is depending on the cell type.
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Figure 12: Early steps of ciliogenesis. C2CD3, Talpid3 and OFDI1 are positive regulators of
ciliogenesis as they help form the distal appendages (DAs). CEP290 is a transition zone
component, already present in the distal part of centrioles prior to the initiation of ciliogenesis.
CP110 and CEP97 are inhibitors of ciliogenesis. Cilium formation begins with the recruitment of
pre-ciliary vesicles by the DAs mediated by Rab8a and Rabbin8. These vesicles fuse under the
action of EHD1 and EHD3 to form a ciliary vesicle. CP110/CEP97 removal, mediated by EHD1
and TTBK2, uncaps mother centriole microtubules, allowing the formation of axoneme doublets.
The transition zone is then assembled, accompanied by an extension of the CEP290 domain.

34



Noémie Gaudin — Thése de doctorat — 2021

1.2.4.2. Intraflagellar transport

In order to elongate, the axoneme relies on the recruitment of tubulin dimers and other axoneme
components transported by the IFT machinery. IFT particles, which are large multiprotein
complexes, assemble into IFT trains that move bidirectionally along the axoneme. Inhibition of
the IFT prevents the assembly of most cilia, and perturbations of IFT components can impair
ciliary architecture and function as observed in multiple ciliopathies. In transmission electron
microscopy (TEM), IFT trains are linear arrays of electron-opaque particles sandwiched between
the ciliary membrane and the MTs doublets. The detailed ultrastructure of IFT trains was
analyzed by electron tomography and two types were reported: long IFT trains of 700 nm that
contribute to anterograde transport, and shorter ones, about 250 nm in length, for the retrograde
transport. The movement along the MTs relies on motor proteins and is remarkably fast (0,5-
Sum/s) (Bertiaux et al., 2018). IFT trains are carried to the ciliary tip (anterograde) by kinesin-2
and returned to the cell body (retrograde) by dynein 2. IFT trains are fairly large complexes of at
least 20 or more proteins, which are organized in two subcomplexes, the IFT-A and IFT-B
complexes, which function together in both retrograde and anterograde transport (Taschner &
Lorentzen, 2016). In C. reinhardtii, anterograde trains were found to travel along the B-MT,
whereas retrograde trains were restricted to the A-MT (Stepanek & Pigino, 2016). Considering
the relatively large size of the IFT trains, and the limited space available in the cilium, the
question of the spatial organization of IFT is not trivial. In agreement, a recent study showed that
IFT is restricted to certain MT doublets in the flagella of 7. brucei. The authors show that I[FT
trains are found almost exclusively along doublets 3-4 and doublets 7-8, the doublets on the
prolongation of the central pair, indicating an asymmetric distribution of IFT in these flagella
(Bertiaux et al., 2018). When anterograde trains reach the distal end, they are converted into
usually smaller retrograde trains while remaining on the same MTs doublets (Buisson et al.,
2013). Indeed, IFT trains are not the only molecules navigating in the cilium, and restricting IFT
to specific doublets could provide better spatial organization for all the trafficking occurring in
the cilium. For instance, proteins small enough to pass the ciliary gate can diffuse in the cilia
without the IFT and membrane trafficking can occur by lateral diffusion. In addition to the
axoneme building blocks, the IFT trains transport another complex called the BBSome. BBSome

proteins are the products of genes whose mutations have been linked to Bardet-Biedl syndrome.
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The BBSome is thought to function as an IFT adaptor for the trafficking of membrane proteins to

and out of the primary cilium.

To enable ciliary maintenance and function, IFT particles and their cargoes must pass through the
gate formed by the TZ and the tf at the base of the cilia. The ciliary lumen and the ciliary
membrane are contiguous with the cytosol and the plasma membrane, respectively, and the
ciliary gate is thus crucial to maintain a distinct composition between the cilium and the rest of
the cell. This leads to the concentration of specific proteins in the cilium and the exclusion of
others, which is critical to the proper function and maintenance of the cilium. To enter or exit the
lumen of the cilium, soluble proteins can diffuse or be actively transported. Only small proteins
can cross the barrier by diffusion because the ciliary gate behaves as a sieve with a size-exclusion
filter. The pore size of the sieve is smaller than the distances between adjacent electron-dense
structures (Y links or tf), revealing the possible presence of a non-electron dense meshwork
between them. In contrast to the diffusion of small proteins, larger ones require active transport
dependent on MT motors. In the case of membrane proteins, lateral exchange between plasma
and ciliary membrane is prevented by a septin-based diffusion barrier localized at the TZ.
Trafficking complexes are required for membrane proteins to cross this barrier. The mechanisms
by which large proteins complexes, whether associated to the membrane or not, are able to cross
the tf, the ciliary necklace, the Y-links, the septin barrier, and other obstacles they may encounter

along the way is still unknown (Garcia-Gonzalo & Reiter, 2017) (Breslow et al., 2013).
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1.2.4.3. Ciliary signaling

Primary cilia play essentials roles in many signaling pathways, including Hh, GPCR, WNT,
RTK, TGFB/BMP, Notch, ECM receptor, Hippo, mTOR and NF-«B signaling pathways. The Hh
pathway is a conserved signaling cascade whose activation in vertebrates depends strictly on the
presence of a cilium. Hh signaling plays crucial roles in many fundamental processes such as
embryonic development, stem cell maintenance, and tissue homeostasis. Deregulation of the Hh
pathway is associated with cell transformation and tumorigenesis. First identified in Drosophila,
the main components of the Hh pathway are overall conserved in animals, although the precise
intracellular organization of the cascade can vary between species. Notably, the Hh pathway

functions independently of the cilium in Drosophila.

In the absence of Hh ligand, PTCH1, the transmembrane receptor for Hh, is located at the base of
a primary cilium and inhibits the activity of the transmembrane protein smoothened (SMO)
(Figure 13). At the same time, the key intracellular Hh pathway regulator, SUFU, and the kinesin
Kif7, sequester the transcriptional factors Glil, Gli2, and Gli3, allowing for Gli proteins to be
phosphorylated by the kinases PKA, GSK-3f and CKI1. They are then processed into
transcriptional repressors or targeted for degradation. This leads to the formation of the
transcriptional repressor Gli3, which cannot activate target gene transcription upon binding to

DNA in the nucleus.

Hh signaling pathway requires the regulated production, processing, secretion and trafficking of
Hh ligands, which in vertebrates include Sonic Hh, Indian Hh and Desert Hh. These Hh ligands
initiate the signaling cascade by binding to their canonical receptor Patched (PTCH1), and to the
co-receptors CDON and BOC. This triggers PTCH1 to move out of the cilium and to release the
inhibition of SMO, allowing SMO translocation into the cilium and phosphorylation of its
cytoplasmic tail. In the cilium, activated SMO mediates the dissociation of GLI proteins from
Kif7 and SUFU. GLI proteins are then differentially phosphorylated and processed into Glil and
Gli2 transcriptional activators. Gli activators are transported to the nucleus to activate the
expression of Hh target genes, which include many components of the pathway, such as PTCH1

and GLI1, leading to feedback mechanisms (Pala et al., 2017).
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Figure 13: The mammalian Hh signaling pathway. Comparison between the off-state in the
absence of Hh ligand, left, and the on-state, right. The ciliary axoneme is represented by orange
waves enclosed by the ciliary membrane. The signaling cascade involves the ligand Hh, in light
blue; the transmembrane receptor PTCH1, SMO and co-receptors CDON and BOC, in orange;
the transcriptional factors GLI1/2/3, in yellow; the kinases PKA, CK1 and GSK-3, in green; and
the pathway regulator Kif7 and SUFU, in dark blue. From Cell Signaling Technology.

1.3. Polarity
1.3.1. The centrosome as a microtubule organizing center

The centrosome mediates a plethora of cell functions and is specifically involved in MT
organization. This MTOC nucleates an aster of MTs that radiates towards the cell cortex. Some
of these MTs are anchored via their minus end at the centrosome, either by the mother centriole
SDAs or by other anchoring complexes, while other MTs are released into the cytoplasm. All
centrosomal MTs are capped at their minus end by the y-TuRC or other capping factors. MT
anchoring at SDAs involves Ninein, a coiled-coil protein also found at the proximal end of both
mother and daughter centrioles. MT minus ends are thus stably anchored to the extremities of
SDAs. Increased expression of ninein can inhibit the release of MTs from the centrosome. The
anchoring of MTs is essential for the maintenance of the radial network of MTs in interphase.
However, nucleation and anchoring of MTs are mechanistically distinct processes. MTs can be

rapidly released from their nucleation sites to serve other functions in the cell. Retention of MTs

38



Noémie Gaudin — Thése de doctorat — 2021

at the centrosome is important for delivery of proteins to the centrosome and to the cilium. This
process is mediated by cytoplasmic dynein, as many centrosome and cilium proteins are

delivered to the centrosome via the CS (J. Wu & Akhmanova, 2017).

The MT network is involved in centering the centrosome. Indeed, the centrosome was named
after the fact that it is usually located near the centroid of the cell, which is even more obvious in
cells from which the nucleus has been removed - the nucleus otherwise occupies the centroid
region, slightly displacing the centrosome (Piel et al., 2000). The nucleus is tightly bound to the
centrosome in very diverse organisms, suggesting an ancient association (Azimzadeh, 2021). The
connection between the nucleoskeleton and the cytoskeleton through the nuclear envelope links
the centrosome to the nucleus and participates in the control of nuclear movement. Similarly, the
Golgi apparatus and the centrosome are closely associated, with the Golgi often located adjacent
to the centrosome. Control of centrosome position occurs in coordination with these other
organelles, and thus centrosome movements cannot be considered isolated (Barker et al., 2016).
Yet, multiple factors exert forces on the aster and mediate centrosome centering (Figure 14):

e pushing forces from MT polymerization;

¢ pulling and pushing forces from MT motors;

¢ pulling and pushing forces from MT interactions with actomyosin;

e pulling and pushing forces from actomyosin itself.
It has been shown that the central position of centrosomes is mainly due to the MT pulling forces
developed by dynein located on the cell cortex and intracellular vesicles. Indeed, the role of
dynein in centrosome centering has been repeatedly demonstrated, as inhibition of dynein activity
induces a clear centrosome displacement from the center. The forces developed by actomyosin
also play a role but are not yet fully understood. Otherwise, under certain circumstances, the

centrosome can be relocated from its centered position.

For example, the centrosome is usually localized in the apical part of epithelial cells. Thus,
centrosome positioning can be roughly classified in three types:
e when the centrosome is located close to the centroid of the cell, which is characteristic of
non-motile and non-polarized cultured cells;
e when it moves to an edge of the cell during cell polarization, as it happens in epithelial

differentiation or immune synapse formation;
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e when it moves into the apical part of the cell, this phenomenon being often associated
with the growth of a cilium (Burakov & Nadezhdina, 2020).

Indeed, ciliogenesis requires the relocation of centriole to the cell cortex and its docking to the

cortical cytoskeleton. During this process, the centrosome remains intact as the mother and

daughter centrioles migrate together and remain associated throughout ciliogenesis (Barker et al.,

2016).
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Figure 14: Mechanisms involved in centrosome centering, from (Burakov & Nadezhdina, 2020).
(A) At the cell periphery, multiple dynein molecules pull microtubules (MTs). (B) Along the
MTs, pulling forces are applied by dynein molecules anchored at the surface of cytoplasmic
organelles. (C) Plus ends of growing MTs generate pushing forces. The forces applied to MTs by
the actin cortical flow are not shown. (D) The centrosome and the nucleus are connected to each
other. Middle panel: pulling forces are applied in the inner actin zone only; curved MTs outside
of this zone do not contribute to centering.
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1.3.2. Migration

Cell migration occurs in many processes, like development, immune response or wound healing.
For this purpose, cells need to orchestrate their movements in a particular direction and towards a
specific location. To this end, cells acquire a specific polarity that determines the direction of
their movement. The anteroposterior axis of migrating cells is generally determined by the
nucleus-centrosome axis. Indeed, on 2D substrates, the centrosome constantly shifts as the
lamellipodium changes direction to follow the direction of migration. The polarity axis is thought
to promote persistent directional migration by ensuring a continuous intracellular trafficking to
the leading edge. Generally, the centrosome is localized between the nucleus and the leading
edge, but the position of the centrosome during migration is dependent on the cell type and the

cellular context.

For example, in 2D, fibroblasts position their centrosome in front of the nucleus, but in 1D (i.e, in
a microfluidic channel) and 3D, the centrosome is located at the back of the cell (Barker et al.,
2016). In all cases, centrosome localization is actively controlled and centrosome positioning
requires the integrity of the MT network (Figure 15). The association of dynein with MTs has
been implicated in centrosome positioning in migrating cells. At the leading edge or at cell—cell
contacts, dynein generates MT-mediated pulling forces on the centrosome, which are likely
coupled to the simultaneous depolymerization of pulled MTs. The movement of the nucleus
towards the back of the cell is linked to the retrograde flow of actin fibers accompanying cell
migration. Once coupled to actin cables, the nucleus moves with the actin flow to the back of the
cell, behind the centrosome. Actomyosin contractions are also required for centrosome
positioning. The impact of the nucleus on centrosome position depends on the nucleus-
centrosome link. Despite cell type specificities, molecular pathways acting on MT motors and on
actomyosin contractility lead to a balance between forces exerted on the centrosome and the
nucleus. Thus, these pathways define and maintain a nucleus—centrosome axis parallel to the
front-to-rear polarity axis of migrating cells. In this context, small G proteins of the Rho family
have an essential role. Indeed, they coordinate the regulation of dynein and myosin that generate
the forces required for the orientation of the centrosome—nucleus axis in migrating cells (Elric &

Etienne-Manneville, 2014).
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Cell migration can be experimentally mimicked in 2D with immotile cells. This involves the use
of single cell micropatterns coated with fibronectin. In a crossbow-shaped oriented pattern, cells
adopt a stereotypical polarity that mimicks migrating cells. They arbore a pseudo-lamellipodium
at the front, and polarize their internal constituents, with the centrosome in front of the nucleus
and the Golgi in between. These micropatterns can be used to verify cell polarization, using the

nucleus-centrosome axis as a marker.
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Figure 15: The orientation of the nucleus-centrosome axis results from a balance of actin- and
MT-mediated forces, from (Elric & Etienne-Manneville, 2014). The centrosome, in purple, is
connected to the MT network, in green, which exerts dynein-mediated pulling forces from the
cell cortex and the nucleus. The actomyosin network, in blue, generates pushing forces from the
cell cortex and onto the nucleus, contributing to the orientation of the nucleus-centrosome axis.
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1.3.3. Polarity in multiciliated cells

Multiciliated cells are a specialized population of post-mitotic cells that generates directional
fluid flows. Their motile cilia beat in a polarized and synchronized way, which is important for
the physiological functions of these cells. Ciliary beating is driven by the action of axonemal
outer and inner dynein arms, causing adjacent MT doublets to slide over each other. Combined
with the basal anchoring of the axoneme, this results in the bending of the cilium. In multiciliated
cells, the ciliary beat cycle has a stereotypical planar waveform and consists of a fast and
effective stroke and a slower recovery stroke. The former propels fluid by extending the cilium
through an arc; the latter brings the cilium back to its initial position. The central pair of MTs,
nexin-dynein regulatory complex and the radial spoke are primordial for correct ciliary beating.
During their differentiation, multiciliated cells produce simultaneously from 30 to 300 BBs, and
as many cilia beating in the same direction. Centriole amplification is organized in three
consecutive phases. The first one is the amplification phase during which procentrioles form.
Two pathways have been shown to contribute to this massive BB amplification:

e The centriolar pathway, comparable to centriole duplication, but with two to six
procentrioles forming orthogonally to the centrosomal centrioles instead of one. This
pathway forms about 10% of the centrioles of the final multiciliated cell. This pathway
has been shown to be initiated by CEP63.

e The deuterosome pathway, by which multiple procentrioles form around spherical
structures called deuterosomes. This pathway is initiated by DEUP1 and is responsible for
the formation of around 90% of centrioles.

Both pathways are active simultaneously and involve the same downstream molecular cascade as
centrosome duplication during the cell cycle. Deuterosomes are formed by an electron dense core
composed of centrosome elements. Deuterosomes sequentially form coming from the proximal
wall of the youngest centriole within the centrosome, or daughter centriole. The second phase is
the centriole growth step. It occurs when the final number of centrioles has been reached and the
deuterosomes stops forming. Then, all procentrioles grow and mature concomitantly, both from
the centrosome and deuterosome platforms. At the molecular level, procentrioles become positive
for POCS, a marker of later stages of centriole assembly. The third phase is disengagement,
during which all centrioles detach at the same time, migrate to the apical membrane and nucleate

motile cilia. It is not known by which process deuterosomes ultimately disappear.
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Once docked to the apical plasma membrane, the BBs acquire a rotational polarity that
determines the direction of planar cilia beating (Spassky & Meunier, 2017). For Schmidtea
mediterranea, epidermal multiciliated cells are required for locomotion. These flatworms lack
centrosomes and thus amplify centrioles de novo. The DEUP1 gene and a key upstream regulator
of centriole amplification in vertebrate multiciliated cells called Multicilin, are lacking in the
planarian genome. This suggests that centrioles are amplified through a de novo pathway that is
distinct from the transcriptional cascade described in vertebrates. Nevertheless, downstream
centriole duplication factors are conserved and essential for BB assembly in planarians

(Azimzadeh et al., 2012).

BBs are closely associated with both actin and MT networks. Experiments perturbing
cytoskeletal arrays showed that BB migration and docking depends on actin filament assembly,
but not MT polymerization. Multiciliated cell differentiation next involves the polarization of
cilia in the plane of the apical membrane, or rotational polarization, which is primordial for
generating directional fluid flows. During the final stages of multiciliated cell differentiation,
cilia are progressively reoriented until all of them beat in a mostly unidirectional fashion.
Cytoskeleton disruption experiments established that both actin and MT networks are required
for establishing centriole rotational polarity, which determines ciliary beat direction, but also

established that these networks play distinct roles in this process (Brooks & Wallingford, 2014).

The rotational polarity of the BBs is revealed by the orientation of their appendages, the basal
foot and the ciliary rootlet. The basal foot is aligned with the axis of the ciliary beat, in the
direction of the effective stroke. A ciliary rootlet usually points in the opposite direction. Both the
basal foot and the ciliary rootlet anchor cytoskeletal networks, which connect the BBs to each
other and to apical cell junctions, providing stability to the BB network. Polarity proteins localize
at the BBs and cellular junctions to connect BB rotational polarity to the planar polarity of the
epithelium. As well, in multiciliated cells, apical actin assembly and BB docking are orchestrated
by the PCP pathway. Originally identified in the Drosophila wing, this pathway is a conserved
signaling pathway that governs a range of developmental processes. In vertebrates, it regulates
both intracellular and tissue-level planar polarities. Its establishment at the tissue-level involves
the asymmetric partitioning of its components at the cell cortex. It also requires intercellular

communication to coordinate polarity between neighboring cells (Meunier & Azimzadeh, 2016).
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1.3.4. Establishing and maintaining asymmetry in cells, tissue and
organisms

Vertebrate animals are asymmetric along three axes: anterior-posterior, dorsal-ventral, and left-
right. These polarities appear within the developing embryo through a combination of different
processes:
e asymmetric cell division, in which two daughter cells receive different amounts of cellular
material, like proteins;
e asymmetric localization of specific proteins within cells, often mediated by the
cytoskeleton;
e concentration gradients of secreted proteins such as Wnt or Nodal across the embryo;
e differential expression of membrane receptors and ligands that cause lateral inhibition, in
which the receptor-expressing cell adopts one fate and its neighbors another.
All of these processes rely on cell polarity, which is tightly coupled to the cytoskeletal
machinery. Cytoskeleton-mediated feedback interactions within the cell and these processes can

guide cell fate specification during development (Yamashita et al., 2010).

The establishment of body polarity is the design that will form biological systems. Polarity can be
found at all scales, from end-to-end polarity of cytoskeletal fibers, to the distribution of
polarization proteins within cells, or across tissues or whole organisms. Coordination of polarity
vectors across scales has been shown in the Drosophila wing or the Xenopus larval multiciliated
epidermis, but the mechanisms that coordinate polarity at the tissue or organismal scale are not
completely understood. The polarity proteins involved in these processes are localized at the cell
junctions and centrioles. These proteins regulate cytoskeleton architecture to coordinate centriole
rotational polarity with the planar polarity of the epithelium. A first conserved pathway
controlling cell planar polarization in animals is the Wnt/planar cell polarity (Wnt/PCP) pathway.
In S. mediterranea, the Wnt/PCP pathway controls the alignment of BBs along the
anteroposterior axis. A second conserved pathway, the Fat/Dachsous (Ft/Ds) pathway, aligns the
BBs towards the edges of the animal. The combined effect of these two pathways generates a

symmetrical organization pattern of BBs on either side of the midline (Vu et al., 2019)

In addition to defining body axes, cell polarity also regulates many different morphogenetic

processes including asymmetric stem cell division. This process results in the production of one
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stem cell and one differentiating cell. For self-renewal of the dividing stem cell, one daughter cell
must retain stem cell characteristics. Before the division, mother centrioles accumulate
comparable levels of PCM components. This step is primordial for the symmetric organization of
the mitotic spindle and thus the proper segregation of genetic material. Nevertheless, functional
asymmetries between the two centrosomes exist and are exploited in the asymmetric division of
some types of stem cells. These asymmetries result from the age difference between the parental
centrioles, which give the two centrosomes different properties, for example in terms of MT
nucleation. Such stem cell divisions in which centrosome age plays a role are found during
embryonic development, tissue regeneration, morphogenesis as are also important to maintain
homeostasis. These asymmetric divisions depend on cell polarity and tissue architecture. For
example, many stem cells are polarized in their microenvironment, in order to keep the daughter

stem cell close to the niche from which the stemness signals are emitted (Yamashita et al., 2010).

1.4. Ciliopathies and microtubules related diseases

1.4.1. Introduction

Ciliopathies are a group of severe, often fatal genetic diseases associated with mutations leading
to cilia dysgenesis or dysfunction. As cilia can be found in almost all human cells, both motile or
non-motile, their malfunction leads to a wide range of diverse ciliopathies usually associated with
multiple symptoms. Common features associated with ciliopathies include renal disease, cerebral
anomalies, liver fibrosis, retinal degeneration, and skeletal anomalies. Ciliopathies are termed
motile, sensory, or both, depending on the type of cilia affected by the mutation (figure 16). The
most common motile ciliopathy is the primary ciliary dyskinesia (PCD). PCD is a clinically
heterogeneous group of disorders that may include respiratory problems, subfertility,
hydrocephalus, situs defects and hearing problems. Non-motile, or sensory, ciliopathies can be
roughly classified in subgroups:

e neurodevelopmental ciliopathies, like Joubert syndrome (JBTS) and Meckel-Gruber

syndrome (MKS);

e kidney ciliopathies, like nephronophthisis (NPHP) and polycystic kidney disease (PKD);

e skeletal ciliopathies, like orofaciodigital syndrome (OFD);

e obesity ciliopathies, like Bardet-Biedl syndrome (BBS).
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Currently, 35 different ciliopathies have been reported, a number that is likely to increase. These
diseases form a group because of their genetic and phenotypic overlap. Indeed, different
mutations in the same gene can give rise to distinct ciliopathies, the phenotypes associated with
one specific ciliopathy are often shared with others, and there is a heterogeneity of phenotypes
within the same syndrome. This complexity leads to delays in diagnosis and patient care, and
there is currently no cure for these diseases, although new therapeutic approaches based on a
better understanding of the primary cilium are under investigation. The current number of
ciliopathy-associated genes is about 187, and candidate genes are 241 (Reiter & Leroux, 2017).
The vast majority of these conditions are inherited in an autosomal recessive manner. Still, the
single most common ciliopathy is the autosomal dominant PKD, mainly caused by mutations in
PKDI. It is the most common cause of end-stage renal failure and one of the most common
genetic diseases in humans. The individual incidence of the other ciliopathies is low, but taken
together they represent relatively frequent genetic diseases and the number of diseases identified

as ciliopathies or suspected to be ciliopathies is continually rising.
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Figure 16: Organ or systems affected in diverse ciliopathies and their main phenotypic
manifestations. Dysfunctions of motile and/or non-motile cilia cause ciliopathies that affect most
human organs and functions. Ciliopathies caused by defects in motile cilia are shown in orange,
those that result from defects in primary cilia are shown in blue, and those associated with defects

in both types of cilia are shown in green. From (Reiter & Leroux, 2017).
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1.4.2. Joubert syndrome

The JBTS is a rare recessive genetic disorder that affects most visibly the cerebellum, an area of
the brain that controls balance and coordination. The incidence is about 1/100 000 but it is
probably underestimated. JBTS is characterized by three primary findings: a distinctive cerebellar
and brain stem malformation on brain MRI called the molar tooth sign (MTS) (figure 17),
hypotonia and developmental delays. Clinical diagnosis is based on the presence of these 3
features, which makes it easier compared with other ciliopathies, as an MRI is sufficient to
identify the syndrome. MTS allows for diagnostic uniformity of cohorts, which is an essential
parameter for the discovery of the responsible genes. The MTS is frequently accompanied by
apnea and/or atypical eye movements. Cognitive abilities are variable, ranging from normal to
severe intellectual disability. In addition to this central nervous system malformation, other
clinical signs characteristic of ciliopathies can be present in a variable manner: retinal
degeneration, renal disease, hepatic fibrosis and polydactyly. Variations can be observed both
intra- and interfamilial. To date, pathogenic variants in 34 genes are known to cause JBTS,
including CEP164, CEP290, MKS1, NPHP1, RPGRIP1L, C2CD3, Talpid3 and OFDI. JBTS is
perfectly representative of the ciliopathy group, due to the phenotypic and genetic overlap with
other ciliopathies. Mutations in a number of genes can cause either JBTS or MKS, depending on
the precise mutation, suggesting that JBTS and MKS are caused by genes that affect the same
essential ciliary functions (Parisi & Glass, 1993).
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Figure 17: The molar tooth sign (MTS) in Joubert syndrome (JBTS). Comparison of MRI images
between a normal individual showing intact cerebellar vermis and brain stem, and a child with
JBTS. Arrows indicate the three key components of the MTS. (Joubert Syndrome - UW
Hindbrain Malformation Research Program, s. d.).

MKS represents the most severe condition among ciliopathies as it is lethal in utero or
immediately after birth. MKS is characterized by central nervous system defects, most frequently
occipital encephalocele, with cystic kidneys, hepatic fibrosis, and polydactyly (C.-P. Chen,
2007).

Many genes that are mutated in MKS and JBTS encode proteins that localize to the ciliary TZ.
Specific JBTS-associated mutations in TZ components have been shown to disrupt SMO
accumulation in the TZ and ciliary localization, supporting that disruption of TZ architecture in
JBTS leads to disruption of developmental signaling (Shi et al., 2017). NPHP is also caused by
defects in TZ components and genetically overlaps with MKS and JBTS, but it is less severe than
MKS and JBTS. It is likely that the severity of the TZ impairment is related to the severity of the
associated syndrome. Indeed, the syndromic diagnosis of ciliopathies is not straightforward.

Classifying them by syndrome masks the overlap between mutated genes and pathological
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mechanisms among the different ciliopathies. A descriptive diagnosis based on multi-organ
involvement and genome sequencing is needed to better describe the complex phenotypes related
to ciliopathy mutations (Mitchison & Valente, 2017). The overlap between JBTS and MKS

produces a continuous spectrum of phenotypes between these two pathologies.

Some of the proteins mutated in JBTS or other sensory ciliopathies are not TZ components but
are found in distal part of the centriole, involved in centriole biogenesis and maturation. These
include C2CD3, OFD1, Talpid3, CEP164, CEP83 and CEP120. (Thauvin-Robinet et al., 2014)
CEP120 (Reiter & Leroux, 2017) (Sakakibara et al., 2019) (Shamseldin et al., 2020) (Fraser &
Davey, 2019) (Failler et al., 2014)

1.4.3. Microcephaly

Microcephaly is a disorder in which the brain fails to achieve a normal size. It is defined by an
occipitofrontal head circumference that is below the mean by at least 2 standard deviations. Brain
size is influenced by several developmental processes and controlled by both genetic and
environmental factors. The causes of microcephaly are highly heterogeneous and also include
environmental and genetic factors. The mechanisms involved in genetic microcephaly can affect
all the important processes of brain development, such as progenitor cell proliferation, cell
differentiation, and cell death. Syndromic microcephaly is when microcephaly is associated with

malformations in the rest of the body.

Microcephaly can be primary when it is detectable at birth, as a static developmental anomaly, or
progressive, when the size of the brain is normal at birth but will be reduced postnatally, as a
progressive neurodegenerative condition. Therefore, progressive (also called secondary, or
postnatal onset) microcephaly refers to a diffuse brain atrophy that occurs postnatally, within the
first years of life. Patients with progressive microcephaly frequently show progressive motor
degeneration, cognitive deterioration, and seizures, but their symptoms may also appear to be
stable over time. Ongoing neurodegeneration does not imply a failure of neurogenesis but an
increased in neuronal death. It can be associated in rare case with metabolic disorders such as
serine deficiency or thiamine pyrophosphate transporter deficiency. Other causes of genetic
progressive microcephaly are often syndrome-related and have been linked to defects in gene

transcription, DNA repair, or insufficient formation of myelin (Nakayama et al., 2015). The
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causes of genetic progressive microcephaly remain mostly unsolved, and cases of primary
microcephaly are described in a more mechanistic manner. In some cases, primary microcephaly
can resemble progressive microcephaly, as the brain size can still be small or normal at birth and

only fall within the range of microcephaly during the first year of life (Passemard et al., 2013).

Genetic primary microcephaly is a severe disorder caused by reduced proliferation of neuronal
and glia progenitors during embryonic development. Defects in mitotic spindles, centrosomes,
and DNA repair are commonly associated with this disorder. Most of the genes mutated in
primary microcephaly code for centrosomal proteins, some of which have a role in centriole
duplication such as PLK4 or STIL. There is evidence that defects in centriole biogenesis may be
an underlying cause of neurogenesis defects. To self-renew during brain development, neural
progenitors undergo symmetric proliferative divisions. Because centrosomes are important for
mitotic spindle orientation, defects in the centrosome number or structure can impair symmetric
divisions, leading to premature depletion of neural progenitors. While there is evidence to
support this hypothesis, defects in mitotic spindle orientation were not observed in the
microcephalic brains of some mouse models, and randomizing spindle orientation in mouse
neuroepithelial progenitors showed no influence on the rate of neuron production. Another
scenario is that cells with abnormal centriole numbers or centriolar defects exhibit delayed
spindle assembly, and therefore increased mitosis duration. In support of this idea, in the
developing mouse brain, extending mitosis was shown to promote both differentiation and death
of neural progenitors. The current data support the model that centrosomal defects lead to mitotic
delays in the developing brain, inducing activation of the mitotic surveillance pathway (Nigg &

Holland, 2018).

Primary microcephaly has been linked to only one confirmed ciliopathy gene, which encodes the
CENPF protein (Reiter & Leroux, 2017). In addition, a candidate gene for ciliopathies, a
mutation of which appears to cause JBTS, has also been linked to progressive microcephaly
(Shaheen et al., 2016). This is the LRRCCI gene coding for a poorly characterized centrosome
component called hVFL1/LRRCCI.
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1.5. hVFL1 and hVFL3
1.5.1. In Chlamydomonas

The vfl (variable flagella number) mutants, which exhibit defects in the number and location of
flagella, were identified in the early 1980s in C. reinhardtii. Detailed characterization of the
ultrastructure of the vfI/ mutant revealed that dcf are absent or defective, and SMAFs (Striated
microtubules-associated fibers) are present in reduced numbers (Figure 5, page 16). In the wild
type, these structures are necessary to connect BBs to each other and control their rotational
polarity, which is crucial for efficient swimming in this organism. In the vfI/ mutant, defective
assembly of the dcf and other fibrous structures connecting the BBs leads to a defect in BB
segregation during mitosis, and thus an abnormal number of BBs and flagella. The BBs are also
aberrantly positioned and oriented (Adams et al., 1985). The Vfll protein (Vfllp) was
subsequently identified in 2001. The Vfllp protein was found to exhibit a rotationally
asymmetric localization pattern at the distal ends of BBs (Figure 18). By analyzing serial
immuno-EM sections, the authors were able to show that Vfllp localizes within the BB lumen,
near the three triplets (2, 1, and 9) that face the dcf (Figure 5, page 16). The model they proposed
is that Vfl1p controls the rotational asymmetry of the BBs, allowing for the correct establishment
of BBs connectors and thus proper BB orientation in the plane of the membrane (Silflow et al.,

2001).

A second vfl mutant was also analyzed by the authors of the vfl first study. The vfI3 mutant
exhibits a phenotype closely resembling that of vfl/, with a variable number of improperly
positioned flagella. The vfI3 mutant lacks normal dcf and SMAFs. In the same manner, an
analysis of structural polarity markers in the proximal portion of flagella shows that the rotational
orientation of these flagella is abnormal, consistent with their aberrant beating direction (Wright
et al., 1983) (Hoops et al., 1984). The sequence of the gene mutated in the vf/3 mutants has been
available in genome databases for a long time, but it is only recently that the V{I3p protein was
confirmed to be a BB component in C. reinhardtii (Ochi et al., 2020). Orthologs of Vfl3p had
however been characterized earlier in another unicellular eukaryote, Paramecium tetraurelia. In
these species, VFL3 proteins play a crucial role in BB docking and orientation, suggesting that
the VFL3 function is conserved between C.reinhardtii and P. tetraurelia. In P. tetraurelia, BBs

are associated with one striated rootlet and two microtubular ribbons, which are required for
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defining the site of new BB assembly and for organizing the BB rows characteristic of ciliates.
VFL3-1, a member of one of the two VFL3 subfamilies present in P. tetraurelia, was shown to
localize transiently at the interface between the BBs and their associated striated rootlet at an
early step of their duplication. Depletion of VFL3 can result in multiple striated rootlets
associated with individual BBs. This suggests that VFL3 may be required for the acquisition of
triplet specification for the establishment of rotational asymmetry. (Bengueddach et al., 2017).

Figure 18: Characterization of Vfllp in C. reinhardtii. (A) Micrograph showing a vf// mutant cell
with 4 flagella, the number of flagella in this mutant ranging from 0 to 5, from (Adams et al.,
1985). (B, C) Vfllp localization by pre-embedding immunogold labeling, from (Silflow et al.,
2001) (B) Longitudinal section of a basal body (BB), the arrow indicate the region of the BB
where the C tubules end and the doublet MTs of the axoneme begin. The black arrowhead
indicates the distal connecting fiber (dcf). Gold particles are indicated by a grey arrowhead. (C)
Transverse section of a BB, viewed from the distal end. Triplets number 9, 1, and 2 are identified
based on their association with the distal dcf. A gold particle is indicated by the grey arrowhead.
Note the transition fibers in the same plane as the gold particle.
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1.5.2. In human
1.5.2.1. hVFL1/LRRCCI1

The human ortholog of Vfllp was originally found in a proteomic analysis of human centrosome
components (Andersen et al., 2003) and was later confirmed to be a centrosome component
(Muto et al., 2008). hVFL1 has been also termed CLERC (Centrosomal LEucine-Rich repeat and
Coiled-coil containing protein), KIAA1764, SAP2 (Sodium channel Associated Protein 2), and
LRRCCI (Leucine Rich Repeat and Coiled-Coil containing 1). In the article relating to my main
work, hVFL1 is termed LRRCCI, the name approved by the HUGO (HUman Genome
Organization) gene nomenclature committee (Page 67). The gene LRRCCI maps to 8q21.2.
Database analyses suggest the existence of potential isoforms. The longest isoform, which is also
the most closely related to C. reinhardtii Vil1p, consists of 19 exons encoding a predicted open
reading frame of 1032 amino acids (GenBank Accession number NP _208325) with a predicted
molecular mass of 119,589 Da. C. reinhardtii V{llp and human VFL1 sequences are 22%
identical, and both proteins share five leucine-rich repeat (LRR) sequences near the N-terminus
and an a-helical coiled-coil domain distributed over its C-terminal two-thirds (Figure 19). Four
shorter isoforms lacking part or the entire LRR domain are also predicted to be expressed. The
protein is evolutionarily conserved amongst ciliated eukaryotes, the LRR domain in particular
being highly conserved, and the VFL1 protein family has an ancient origin. In their 2008 study,
Muto et al. found that the inactivation of hVFL1 by RNAI leads to the formation of multipolar
mitotic spindles. They proposed a model postulating that hVFL1-depletion provokes premature
centriole disengagement during interphase, leading to the formation of additional spindle poles

(Muto et al., 2008).

Later, in 2016, Shaheen et al. identified a putative loss-of-function mutation in LRRCC/ in two
siblings with JBTS (Shaheen et al., 2016). Both siblings exhibit typical JBTS features on MRI
associated with hepatomegaly, hypotonia, echogenic kidneys, retinal dystrophy on ERG and a
global developmental delay, all of which are symptoms commonly found in JBTS patients. In
addition, these patients exhibit progressive microcephaly, a clinical feature that is not usually part
of the ciliopathy spectrum. The microcephaly of the youngest sibling is described as progressive,
but it is not specified whether the microcephaly of the older sibling is primary or progressive.

The mutation (NM_033402.4:¢.105-1G>C: p.(Ser35Argfs*17)) is homozygous for the two
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siblings and affects the splice acceptor site of exon 2. This mutation is the only segregating
variant in the exome, and it is proposed by the authors to be a loss of function mutation.
However, it is not clear how many isoforms of the protein exists in humans. Gene banks lists 5
possible isoforms and the Chlamydomonas orthologue of LRRCCI1 is most closely related to
isoform 1. Isoform 2 has a shorter and distinct N-terminus compared to isoform 1 that would not
be affected by the mutation. It is thus possible that the two siblings affected by this mutation still

express at least one isoform of the protein.

H. sapiens :. ////////////// / 1032 aa
c. reinnaratil [ JI{ 7//////////// 7//////]1216 aa

Figure 19: Schematic representation of the human CLERC protein and the C. reinhardtii V{1l
protein. The LRR region (black bar) is located near the N terminus, and the coiled-coil region
(hatched bar) is at the C terminus. From (Muto et al., 2008).

1.5.2.2. hVFL3/CCD61

hVFL3, also a highly conserved protein in ciliated eukaryotes (Bengueddach et al., 2017), is
encoded in humans by the CCDC61 gene (Coiled-Coil Domain-Containing protein 61;
NM 001096129). The longest isoform consists of 512 amino acids and has a molar mass of 57
kDa. Apart from two short coiled-coil domains located in the central region, hVFL3 contains no
conserved motifs. At the time the study included in this manuscript was initiated, no data were
available on the function of hVFL3. Since then, two studies, in addition to ours, have been
published, which will be discussed in more detail at the end of this manuscript (Bérenz et al.,

2018) (Ochi et al., 2020).

1.6. A resolution revolution

1.6.1. The resolution limit

Over the centuries, successive technological advances in microscopy have allowed scientists to
better understand the biological processes they were studying, from the invention of the

microscope to recent technological advances in EM pushing resolution limits. The resolution
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power of an optical system is its capacity to distinguish details. It is defined by the minimum
resolvable distance which is the smallest distance from which two points can be distinguished.
This distance is called d and depends on the wavelength A of the light used in the optical system,

the refractive index of the medium n, and the half-angle converging to the spot 0.

_ A
"~ 2nsin @

The value of 2n sin® depends on the physical characteristics of the microscope optics (numerical
aperture of the objective and condenser) and is limited to about 2,8 for modern optics. The
wavelength A depends on the fluorochrome used in fluorescent microscopy. In confocal
microscopy, this allows a lateral resolution of about 180 nm and a Z resolution of about 600 nm.
The size of a centriole being about 250 nm in diameter and 450 nm in length, the details of
centriole ultrastructure cannot be distinguished with conventional confocal microscopy. Optical

systems with a greater resolution power must be used for this purpose.

1.6.2. Electron microscopy

One way to decrease d is to work with particles with wavelengths shorter than the photons, which
is the case of electrons. EM allows to reach a resolution lower than 1 dngstrom (0.1 nm), but the
average resolution obtained by this approach is of the order of a few &dngstréms. The resolution is
indeed limited by the imperfections of the magnetic lens used to focus the electron beam. If the
magnetic lens had no aberrations, the technical resolution could be measured in picometers.
Among the different types of EM, the one commonly used for centrioles is TEM. In TEM,
electrons are accelerated by an electron gun, focused on an ultra-thin sample by magnetic lenses
and an electron detector is used to obtain an image of the sample previously fixed and contrasted.
The images obtained highlight dense electronic structures, and specific proteins can be localized
using gold or silver beads coupled to antibodies (Figure 18: localization of hVFL1 in C.
reinhardtii). Thanks to its resolution power, TEM can resolve the ultrastructure of the centriole
and allow the observation of its chirality (Figure 20). Although centriole structure analysis has
traditionally been performed by TEM, this technique is laborious, requires specific training and
equipment not always available, and is often not suitable for collecting a quantity of data

compatible with robust statistical analyses.
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Figure 20: Transmission electron micrographs of centrioles in isolated centrosomes shown in
longitudinal section. The boxed images show cross sections corresponding to the regions
indicated by arrows and highlighting in particular the distal appendages and subdistal appendages
of the parent centriole. From (Winey & O’Toole, 2014).

1.6.3. Super resolution microscopy

In parallel to EM, super-resolution optical microscopy, which allows the localization of proteins
of interest with a greater accuracy than confocal microscopy, has experienced a very important
development in recent years. The principle of super-resolution microscopy is to acquire not a
single image, but several, and then to reconstruct an image from the information obtained from
multiple images. There are different approaches to acquire these images. Photoactivated
localization microscopy (PALM) and stochastic optical reconstruction microscopy (STORM)
allow to separate in time, points that are spaced at a distance lower than the resolvable distance.
To do so, these techniques use the property of fluorochromes to blink in the presence of
excitation light, so that only one fluorophore will emit at a given time within a perimeter greater
than the resolution distance. Each fluorophore can then be located separately, allowing it to be
located with greater accuracy. By performing several acquisitions of the same region separated in
time, it is possible to determine the precise location of all the fluorophores and to then generate a
single reconstructed image. The STORM approach has been used, for example, to determine the

organization of the rings of MKS and NPHP complexes along the TZ. The reconstructed images
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need to be averaged most of the time, because a single reconstructed image is not totally faithful
to the observed structure, some regions being incomplete (figure 21). The main advantage of
STORM is its high lateral and axial resolution: 20 nm and 50 nm respectively. However, this
approach requires a specific photo-switchable fluorochrome, is not suitable for thick samples and

is not easily accessible to non-experts.

CEP164

Figure 21: STORM images of mother centriole distal appendages (DAs) and ciliary transition
zone (TZ) in medullary thymic epithelial cells. CEP164 is used as a DA marker, and NPHP1,
TMEM231 and RPGRIPIL as markers of TZ complexes. For each marker, an individual
reconstructed image (left) or an average view of multiple images aligned by cross correlation
(right) are shown. NPHP and MKS complexes form nine-fold symmetric doublets, whereas DAs
appear as nine-fold symmetric singlets. From (Shi et al., 2017).

Structured illumination microscopy (SIM) is a super-resolution technique that improves
resolution by collecting information in frequency space outside the observable region. It is based
on the excitation of the sample with a spatially structured light pattern and depends on the
generation of interference patterns called the Moiré effect. The interference signals of the
different images acquired are mathematically deconvolved and a super-resolution image is

obtained. SIM allows to obtain a resolution twice as high as confocal microscopy (~ 120 nm).

This technique requires a specific microscope and non-bleaching antibodies, as the acquisition
takes time. Also, it is prone to creating artefacts, as image reconstruction highly depends on the

selected parameters.

Alternatively, Airyscan is a super-resolution technique developed by Zeiss that uses a specific
detector. Confocal microscopes only detect the light passing by a pinhole that has the diameter of
one Airy Unit (1 AU). Light coming from planes above or below the focal plane is thus out of
focus when it reaches the pinhole. Consequently, most of the light generated by the fluorophores
does not contribute to the image formation. In contrast, Zeiss Airyscan detectors use the light
outside the 1 AU area to allow reconstruction of an image using not just 1 pinhole, but 32

pinhole-sized detectors. This technique improves the resolution by 1,7-fold and has the advantage
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being sensitive, resolutive and allowing a fast acquisition, as the 32 detectors work

simultaneously.

Airyscan and SIM achieve better resolution than confocal microscopy and are easier to use than

PALM and STORM. Yohei and collaborators compared these 2 techniques combined or not with

expansion microscopy (see next section) to the study of primary cilia and centrioles (Figure 22)

(Katoh et al., 2020). The difference in resolution between SIM and Airyscan microscopy is

described by the authors as negligible when combined with expansion microscopy. Therefore,

they recommend Airyscan microscopy for its convenience of use.

SIM
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Figure 22: Comparison of centrioles and cilia in RPE1 cells observed directly or after treatment

for

expansion microscopy (ExM), by SIM or Airyscan microscopy, from (Katoh et al., 2020).

Scale bar 2um.
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1.6.4. Expansion microscopy

To increase the capacity to distinguish details in another way than by exploiting optical
properties, techniques that increase the sample size have been developed. The first protocol was
developed by Chen et al. in 2015 and called expansion microscopy (ExM). It consists of
expanding a sample that is previously fixed and submitted to immunofluorescence by inclusion in
a gel composed in part of a superabsorbent polymer, sodium acrylate. A second protocol called
‘Magnified Analysis of the Proteome’ (MAP) protocol was developed in 2016 by Ku et al, which
differs from the ExM protocol in that the sample is cross-linked by a fixative and included in an
expandable gel prior to performing immunofluorescence. The protocol called ‘Ultrastructure
Expansion Microscopy’ (U-ExM), developed by Gambarotto et al in 2018, is an improved
version of the previous protocols. The sample is first incubated in a cross-link prevention solution
composed of acrylamide and paraformaldehyde at concentrations that preserve the geometry of
the sample after expansion. The sample is then embedded in the expandable gel and submitted to
immunofluorescence. The authors showed that the U-ExM protocol leads to a perfectly isotropic
macromolecular expansion of centrioles compared to MAP and ExM (Figure 23). Also, U-ExM
allows for better labeling efficiency, as antibodies can better access the macromolecular super-
structure of the centriole. This technique was used to resolve the localization of the inner scaffold
of centriole (Figure 3). An alternative version of this protocol exists which also preserves the
cytoplasmic MTs. U-ExM coupled with STORM allows not only to distinguish individual

centriole triplets, but also to visualize their chirality (Gambarotto et al., 2019).
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Figure 23: Comparison of different protocols for the expansion of centrioles, from (Gambarotto
et al., 2019). (a) non-expanded, or expanded with (b) ExM, (c) MAP and (e) U-ExM. Samples
were stained for poly-glutamylated tubulin (PolyE), in green, and a-tubulin, in magenta, and
imaged by confocal microscopy followed by HyVolution image processing. Scale bar (a), 100
nm and (b, c, €), 450nm. (d) Diameter of centrioles measured from PolyE and a-tubulin labeling
(green and magenta dots, respectively). (f) Evaluation of expansion isotropy form the ratio
between centriole length and diameter.
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1.7. Hypothesis

Interest in the VFL1 and VFL3 protein families began in our laboratory because of their
involvement in controlling the direction of locomotion in S. mediterranea, uncovered by a
genetic screen performed by my thesis supervisor. The abnormal direction of locomotion was
expected to result from aberrant ciliary beat orientation in epidermal multiciliated cells, itself
controlled by BB rotational polarity. Our team thus undertook to study the role of these proteins
in S. mediterranea multiciliated cells. To determine the localization of SMED-VFL1 and SMED-
VFL3, I developed and tested antibodies against these proteins. This allowed to establish that
SMED-VFL1 and -VFL3 are localized to the BBs in multiciliated cells. Overall, the work
published by our team demonstrated the involvement of these two proteins in the assembly of
centriolar appendages and the organization of cytoskeleton networks that control the rotational
polarity of BBs. Remarkably, these results revealed that the network formed by the BBs and the
associated cytoskeleton networks possess chiral asymmetry, which appears to arise from
asymmetries within the BBs themselves, i.e. from asymmetries between the MT triplets. These

results are presented in section 2.3 (Article 2).

In parallel to this work, I undertook to study the role of hVFL1, and contributed to the study of
hVFL3 in human cells, a context where centrioles do not show visible rotational asymmetry. By
analogy with the results obtained in planarian, our hypothesis was that these proteins might be
involved in the assembly or function of centriolar appendages. In particular, SDAs share many
similarities with the basal foot in terms of both structure and function, and the inter-centriolar
linker is composed mainly of rootletin like the ciliary rootlet. First, I studied the effect of hVFL1
inactivation on the anchoring of MTs to the centrosome, in order to identify possible defects in
the function of SDAs. To do so, I analyzed the impact of hVFL1 depletion on MT regrowth and
release from the centrosome following depolymerization. I observed a greater release of MTs
upon depletion of hVFLI1, which indeed suggests that MT anchoring is perturbed in hVFLI-
depleted cells.

Since MT anchoring to SDAs has been implicated in the control of centrosome position, I studied
afterwards the impact of depletion of hVFLI1, as well as hVFL3, on centrosome positioning.

Using adhesive micropatterns that allow to generate a stereotyped cellular organization, I found
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that both hVFL1 and hVFL3 are required for the proper positioning of the centrosome. The team
studied in detail the function of hVFL3, and my results analyzing the position of the centrosome
using micropatterning in hVFL3-depleted cells are presented in section 2.2 (Article 3). I also
developed and tested an anti-hVFL3 antibody for this study. As part of the study of the role of
hVFL1 in anchoring MTs to the centrosome, I also studied the context of mitotic cells. During
mitosis, the spindle is oriented through the anchoring of astral MTs to the cell cortex. After
depletion of hVFL1, I observed a wider distribution of mitosis angles, suggesting abnormalities
in the organization or function of astral MTs. Indeed, a detailed analysis of astral MTs in hVFL1-
depleted cells confirmed that they are fewer and longer than in control cells. These results,
presented in section 2.4, support that hVFL1 is required for the organization of MTs in interphase

and mitosis.

Because a mutation in LRRCCI had been found in JBTS patients (Shaheen et al., 2016), I
decided to explore the role of hVFLI in ciliogenesis. I analyzed ciliary assembly and signaling in
RPEL1 cells depleted from hVFLI1 either by CRISPR/Cas9 genome editing or by RNAi. This
allowed me to identify defects in these two processes and thus to confirm the link between
hVFL1 and JBTS. I then developed antibodies against hVFL1 which allowed me to show that it
localizes to the distal end of the centrioles, which concentrates many proteins related to JBST and
sensory ciliopathies in general. To determine the localization of hVFL1 with greater precision, |
turned to U-ExM for which I trained in the laboratory of Paul Guichard and Virginie Hamel at the
University of Geneva. This approach allowed me to show that hVFL1 is localized in a
rotationally asymmetric manner within the centrioles distal lumen of the centrosome. This
property was reminiscent of Vfllp localization in C. reinhardtii, but it was unprecedented among
centrosome components. | then analyzed the localization of other distal centriole components in
hVFL1-depleted cells to identify proteins that could cooperate with hVFL1 and contribute to
ciliary phenotypes. Using U-ExM, I first showed that the morphology of DAs, analyzed using
CEP164, is abnormal in hVFL1-deficient cells, which likely contributes to the ciliary phenotypes
observed in these cells. Next, I identified another protein whose recruitment is disrupted by
depletion, the C2CD3 protein. Unexpectedly, my results showed that C2CD3 is itself
asymmetrically localized within the distal lumen of centrioles. Taken together, my results suggest
that hVFL1 and C2CD3 form a structure that may be homologous to the one formed by Vfllp

and the acorn in C. reinhardtii, suggesting a conservation of molecular mechanisms controlling
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rotational polarity in eukaryotes, including within the human centrosome. These results, which

represent the main contribution of my thesis work, are presented in section 2.1 (Article 1).

My thesis work is therefore presented in the form of three articles and a chapter of unpublished
data on the role of hVFL1 in the anchoring of MTs to the centrosome. These are followed by a

general conclusion and future perspectives.
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2. Results

2.1. Evolutionary conservation of centriole rotational
asymmetry in the human centrosome (Article 1)

In this article, hVFL1 is referred to as LRRCCI, the name approved by the HUman Genome

Organization (HUGO) gene nomenclature committee.

The highlights of this work are:

e LRRCCI is required for proper ciliary assembly and signaling, confirming its implication
in JBTS.

e LRRCCI localizes asymmetrically at the distal end of human centrioles.

e LRRCCI partially co-localizes and affects the recruitment of another distal component,
C2CD3, which itself exhibits a rotationally asymmetric localization pattern.

e Rotational asymmetry is a conserved property of centrioles.

e Centriole asymmetry influences the position where new centrioles form

My participation in this work includes:

Performing most of the experiments, from design to interpretation of results. Training and
supervising Paula Martin Gil (research technician), and Meriem Boumendjel, Manon Bouix,
Quentin Delobelle, Lucia Maniscalco, and Thanh Bich Ngan Phan (Bachelor or Master students)

to perform the experiments described in this article. Contributing to writing the manuscript.
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Foreword

Airyscan microscopy being simpler to use than SIM or other super resolution techniques, I used
this approach in association with U-ExM in my thesis work. This combination of approaches
allowed me to increase the resolution by a factor of 1.7 x for Airyscan microscopy and of 4.5 x
on average for U-ExM, i.e., a factor of about 8 in total compared to conventional confocal
microscopy. This corresponds to a resolution of about 20-25 nm, which is slightly less than the
distance separating consecutive triplets in centrioles. The two techniques combined thus allowed
me to distinguish triplets from centrioles as well as, in some cases, the chirality of the structure

(Figure 24).

Non expanded U-ExM U-ExM U-ExM
Airy Scan 2 Confocal LSM 780 LSM 780 deconvoluted Airy Scan 2

a b
0.2 pm

Figure 24: Comparison of centriole images obtained by confocal or Airyscan 2 microscopy, with
or without expansion. Centrioles were stained for acetylated o-tubulin. Scale bar, 200 nm,
rescaled to account for expansion in (b-d). (a) Unexpanded centriole, longitudinal view acquired
by the LSM 980 Airyscan 2 (Zeiss), the cylinder shape is barely discernible. (b) Centriole
expanded by U-ExM and imaged on a LSM 780 confocal microscope (Zeiss), in cross section.
The lumen of the centriole is clearly visible, and the wall appears as a continuous ring. (¢) Same
image as in (b) after deconvolution with Huygens software. The deconvolution generates a more
focused image but does not allow to distinguish the individual triplets. (d) Cross section of a
centriole in proximal view, expanded by U-ExM and acquired with an LSM 980 Airyscan 2.

0.2 pm
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Abstract

Centrioles are formed by microtubule triplets in a nine-fold symmetric arrangement. In
flagellated protists and in multiciliated cells, accessory structures tethered to specific triplets
render the centrioles rotationally asymmetric, a property that is key to cytoskeletal and cellular
organization in these contexts. In contrast, centrioles within the centrosome of animal cells
display no conspicuous rotational asymmetry. Here, we uncover rotationally asymmetric
molecular features in human centrioles. Using ultrastructure expansion microscopy, we show
that LRRCCI1, the ortholog of a protein originally characterized in flagellate green algae,
associates preferentially to two consecutive triplets in the distal lumen of human centrioles.
LRRCCI partially co-localizes and affects the recruitment of another distal component,
C2CD3, which also has an asymmetric localization pattern in the centriole lumen. Together,
LRRCCI1 and C2CD3 delineate a structure reminiscent of a filamentous density observed by
electron microscopy in flagellates, termed the ‘acorn’. Functionally, the depletion of LRRCCI1
in human cells induced defects in centriole structure, ciliary assembly and ciliary signaling,
supporting that LRRCC1 cooperates with C2CD3 to organizing the distal region of centrioles.
Since a mutation in the LRRCCI gene has been identified in Joubert syndrome patients, this
finding is relevant in the context of human ciliopathies. Taken together, our results demonstrate
that rotational asymmetry is a conserved ancient property of centrioles. Our work also reveals
that asymmetrically localized proteins are key for primary ciliogenesis and ciliary signaling in

human cells.
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Introduction

Centrioles are cylindrical structures with a characteristic ninefold symmetry, which results
from the arrangement of their constituent microtubule triplets (LeGuennec et al., 2021). In
animal cells, centrioles are essential for the assembly of centrosomes and cilia. The centrosome,
composed of two centrioles embedded in a pericentriolar material (PCM), is the main organizer
of the microtubule cytoskeleton. In addition, most vertebrate cells possess a primary cilium, a
sensory organelle that assembles from the oldest centriole within the centrosome, called mother
centriole (Kumar and Reiter, 2021).

Centrioles within the centrosome show no apparent rotational asymmetry, i.e., no
structural asymmetry of the microtubule triplets. In vertebrates, the mother centriole carries
distal appendages (DAs) and subdistal appendages arranged in a symmetric manner around the
centriole cylinder (Kumar and Reiter, 2021). In contrast, the centriole/basal body complex of
flagellates, to which the animal centrosome is evolutionary related, is characterized by marked
rotational asymmetries (Azimzadeh, 2021; Yubuki and Leander, 2013). In flagellates, an array
of fibers and microtubules anchored asymmetrically at centrioles controls the spatial
organization of the cell (Feldman et al., 2007; Yubuki and Leander, 2013). The asymmetric
attachment of cytoskeletal elements appears to rely on molecular differences between
microtubule triplets. In the green alga Chlamydomonas reinhardtii, Vfl1p (Variable Flagella
number 1 protein) localizes principally at two triplets near the attachment site of a striated fiber
connecting the centrioles (Silflow et al., 2001). This fiber is absent or mispositioned in the vfl/
mutant, leading to defects in centriole position and number, and overall cytoskeleton
disorganization (Adams et al., 1985; Feldman et al., 2007). In the same region, a rotationally

asymmetric structure termed the ‘acorn’ was observed in the centriole lumen by transmission
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electron microscopy. The acorn appears as a filament connecting five successive triplets and is
in part colocalized with Vfllp (Geimer and Melkonian, 2005, 2004).

We recently established that Vfllp function is conserved in the multiciliated cells (MCCs)
of planarian flatworms, which was later confirmed in xenopus (Basquin et al., 2019; Nommick
et al., 2021). MCCs assemble large numbers of centriole that are polarized in the plane of the
plasma membrane to enable the directional beating of the cilia (Meunier and Azimzadeh,
2016), like in C. reinhardtii. The planarian ortholog of Vfllp is required for the assembly of
two appendages that decorate MCC centrioles asymmetrically, the basal foot and the ciliary
rootlet (Basquin et al., 2019). Depleting Vfl1p orthologs in planarian or xenopus MCCs alters
centriole rotational polarity, reminiscent of the vfI/ phenotype in C. reinhardtii (Adams et al.,
1985; Basquin et al., 2019; Nommick et al., 2021). Intriguingly, the human ortholog of Vfllp,
called LRRCC1 (Leucine Rich Repeat and Coiled Coil containing 1) localizes at the
centrosome despite the lack of rotationally asymmetric appendage in this organelle (Andersen
et al., 2003; Muto et al., 2008). Furthermore, a homozygous mutation in the LRRCCI gene was
identified in two siblings affected by a ciliopathy called Joubert syndrome (JBTS), suggesting

that LRRCC1 might somehow affect the function of non-motile cilia (Shaheen et al., 2016).

Here, we show that LRRCC1 localizes in a rotationally asymmetric manner in the centrioles
of the human centrosome. We further establish that LRRCCI1 is required for proper ciliary
assembly and signaling, which likely explains its implication in JBTS. LRRCCI affects the
recruitment at centrioles of another ciliopathy protein called C2CD3 (C2 domain containing
3), which we found to also localize in a rotationally asymmetric manner, forming a pattern
reminiscent of the acorn described in flagellates. Our findings uncover the unanticipated
rotational asymmetry of centrioles in the human centrosome and show that this property is

connected to the assembly and function of primary cilia.
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Results

LRRCCT1 localizes asymmetrically at the distal end of centrioles

To investigate a potential role of LRRCCI1 at the centrosome, we first sought to determine its
precise localization at the centrosome. We raised antibodies against two different fragments
within the long C-terminal coiled-coil domain of LRRCC1 (Abl, 2), which both stained the
centrosome region in human Retinal Pigmented Epithelial (RPE1) cells (Fig. 1a; Supplemental
Fig. S1b), as previously reported (Muto et al., 2008). Labeling intensity was decreased in
LRRCCI1-depleted cells for both antibodies, supporting their specificity (Fig. 4a; Supplemental
Fig. Slc, e, f, h). LRRCCI punctate labelling in the centrosomal region indicated that it is
present within centriolar satellites, confirming a previous finding that LRRCCI interacts with
the satellite component PCM1 (Gupta et al.,, 2015). Importantly, following nocodazole
treatment to depolymerize microtubules, the satellites were dispersed but a fraction of LRRCCI1
was retained at the centrioles (Fig. 1a; Supplemental Fig. S1b, ), supporting that LRRCC1 is
a core centriole component.

To determine LRRCCI1 localization more precisely within the centriolar structure, we used
ultrastructure expansion microscopy (U-ExM) (Gambarotto et al., 2019) combined with
imaging on a Zeiss Airyscan 2 confocal microscope, thereby increasing the resolution by a
factor of ~ 8 compared to conventional confocal microscopy. We found that LRRCC1 localizes
at the distal end of centrioles as well as of procentrioles (Fig. 1b). Strikingly, and unlike any
other known centriole components, LRRCC1 decorated the distal end of centrioles in a
rotationally asymmetric manner. Indeed, LRRCC1 was detected close to the triplet blades and
towards the lumen of the centriole (Fig. 1¢). The staining was often associated with two or
more consecutive triplets, one of them being usually more brightly labelled than the others. In

addition, a fainter staining was consistently detected along the entire length of all triplets (Fig.
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1b, see brighter exposure). This pattern was observed in both RPE1 and HEK 293 cells and
was obtained with both anti-LRRCCI1 antibodies (Supplemental Fig. S1g), supporting its
specificity. There was some variability in the distal pattern, particularly in the distance between
LRRCCI and the centriole wall (Fig. 1c), which possibly resulted from the fact that the
centrioles were not perfectly orthogonal to the imaging plan. To obtain a more accurate picture
of LRRCCI localization, we generated 3D reconstructions that we realigned, first along the
vertical axis, then with respect to one another using the most intense region of the LRRCCI1
labelling as a reference point (Fig. 1d; Supplemental Fig. S2a-c). An average 3D reconstruction
was then generated (Fig. le) and revealed that in transverse view, LRRCCI1 was mainly
associated to one triplet, and to a lesser extent to its direct neighbor counterclockwise, on their
luminal side. A longitudinal view confirmed that LRRCCI1 is principally located at the distal
end of centrioles.

Together, our results show that LRRCCI is localized asymmetrically within the distal
centriole lumen, establishing that centrioles within the human centrosome are rotationally

asymmetric.

The localization pattern of LRRCC1 is similar at the centrosome and in mouse MCCs

LRRCCI orthologs are required for establishing centriole rotational polarity in planarian and
xenopus MCCs, like in C. reinhardtii (Basquin et al., 2019; Nommick et al., 2021; Silflow et
al., 2001). It is therefore plausible that LRRCCI-related proteins localize asymmetrically in
MCC centrioles, and indeed, Lrrccl was recently found associated to the ciliary rootlet in
xenopus MCCs (Nommick et al., 2021). To determine whether LRRCCI1 also localizes at the
distal end of MCC centrioles in addition to its rootlet localization, and if so, whether LRRCC1
localization pattern resembles that observed at the centrosome, we analyzed mouse ependymal

and tracheal cells by U-ExM. In in vitro differentiated ependymal cells, the labelling generated
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by the anti-LRRCCI antibody was consistent with our observations in human culture cells.
Mouse Lrreel localized asymmetrically at the distal end of centrioles, opposite to the side
where the basal foot is attached (Fig. 2a), as determined by staining the basal foot marker y-
tubulin (Clare et al., 2014). Lrrccl was also present at the distal end of procentrioles forming
via either the centriolar or acentriolar pathways (i.e., around parent centrioles or deuterosomes,
respectively) (Fig. 2b). We also examined tracheal explants, in which centrioles were docked
and polarized at the apical membrane in higher proportions (Fig. 2c). We obtained an average
image of Lrrccl labelling from 35 individual centrioles aligned using the position of the basal
foot as a reference point. This revealed that Lrrccl is principally located in the vicinity of 3
triplets located opposite the basal foot, to the right of basal foot main axis (triplet number 9, 1
and 2 on the diagram in Fig. 2d). Lrrccl was located farther away from the triplet wall than in
centrioles of the centrosome, but this was likely an effect of a deformation of the centrioles
(Fig. 2¢, d) caused by the incomplete expansion of the underlying cartilage layer in tracheal
explants. In agreement, Lirccl was located close to the triplets in ependymal cell monolayers,
which expand isometrically. Besides the distal centriole staining, we found no evidence that
Lrrecl is associated to the ciliary rootlet in mouse MCCs, unlike in xenopus. The Lrrccl pattern
in mouse MCCs was thus similar to the pattern observed at the human centrosome.

Together, these results show that LRRCC1 asymmetric localization is a conserved feature
of mammalian centrioles, presumably linked to the control of centriole rotational polarity and

ciliary beat direction in MCCs.

Centriole rotational asymmetry is not linked to stereotypical patterns of procentriole
position and orientation during centriole duplication
In C. reinhardtii, centriole rotational polarity and flagellar beat direction depend on the position

and orientation at which new centrioles arise during cell division. Reflecting the stereotypical
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organization of centrioles and procentrioles in this species, Vfllp is recruited early and at a
fixed position at the distal end of procentrioles (Fig.3a) (Geimer and Melkonian, 2004; Silflow
et al., 2001). We therefore wondered whether this mechanism might be somewhat conserved
in human cells, which could then explain the persistence of LRRCC1 asymmetric localization
despite the lack of asymmetric appendages or ciliary motility in these cells. We first analyzed
the timing of LRRCC1 incorporation into procentrioles. LRRCC1 was already present at an
early stage of centriole assembly, when the procentrioles were only about 100 nm in length and
70 nm in diameter (Fig. 3b, c). LRRCCI was then detected during successive stages of
procentriole elongation, always localizing asymmetrically and distally (Fig. 3c), like in C.
reinhardtii. We then examined LRRCCI1 localization in duplicating centrosomes by generating
3D-reconstructions of diplosomes (i.e., orthogonal centriole pairs) from RPE1 and HEK 293
cells processed by U-ExM (Fig. 3d). We analyzed two parameters: the angle between LRRCC1
in the procentriole and the long axis of the parent centriole used as reference (Fig. 3d, LRRCCI1
localization in procentrioles), and the angle between procentriole position and LRRCCI1 in the
parent centriole (Fig. 3d, Procentriole position with respect to centriolar LRRCC1). We found
that LRRCCI1 localization in procentrioles was more often aligned with the long axis of the
parent centriole in RPE1 cells (Fig. 3d, top left panel, quadrants Q1 and Q3, respectively), but
less so in HEK 293 cells (top right panel), in which the distribution was closer to a random
distribution. Thus, human procentrioles do not arise in a fixed orientation, unlike in flagellates.
Next, we analyzed the position of procentrioles with respect to centriolar LRRCC1 (bottom
panels). Based on current models, procentriole assembly is expected to occur at a random
position around parent centrioles in animal cells (Takao et al., 2019). Identification of LRRCCI
provided the first opportunity to directly test this model. In diplosomes from both RPE1 and
HEK 293 cells, the position of procentrioles with respect to LRRCC1 location in the parent

centriole was variable, confirming that the position at which procentrioles assemble is not
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precisely controlled in human cells. Interestingly, however, the procentrioles were not
distributed in a completely random fashion either. Procentrioles were found in quadrant Q2
(45-135 degrees clockwise from LRRCCI centroid) on average 4 times less often than in the
other quadrants, both in RPE1 and HEK 293 cells, suggesting that rotational polarity of the
parent centriole somehow impacts procentriole assembly.

Overall, these results nevertheless suggest that the conservation of centriole rotational

asymmetry in human cells is likely not linked to a role in centriole duplication.

LRRCC1 is required for primary cilium assembly and ciliary signaling
A previous report identified a homozygous mutation in a splice acceptor site of the LRRCCI
gene in two siblings diagnosed with JBTS (Shaheen et al., 2016), but how disruption of
LRRCCI expression affects ciliary assembly and signaling has never been investigated. To
address this, we generated RPE1 cell lines deficient in LRRCC1 using two different
CRISPR/Cas9 strategies and targeting two different regions of the LRRCC1 locus. We could
not recover null clones despite repeated attempts in RPE1 - both wild type and p53”- (Izquierdo
etal.,2014), HEK 293 and U2-OS cells, suggesting that a complete lack of LRRCC]1 is possibly
deleterious. Nevertheless, we obtained partially depleted mutant clones, including three RPE1
clones targeted in either exons 11-12 (clone 1.1) or exons 8-9 (clones 1.2 and 1.9). We could
not evaluate the overall decrease in LRRCCI1 levels since the endogenous LRRCC1 protein
was not detected by Western blot (Supplemental Fig. Sla). However, we confirmed the
decrease in centrosomal LRRCC1 levels by immunofluorescence using the two different anti-
LRRCCI antibodies, as well as by quantitative RT-PCR (Fig. 4a; Supplemental Fig. S1c-e).
Following induction of ciliogenesis, the proportion of ciliated cells was decreased in all
three mutant clones compared to control cells (Fig. 4b). We were unable to obtain stable RPE1

cell lines expressing myc- or GFP-tagged versions of LRRCC1, and transient overexpression
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of LRRCCI1 in wild-type cells led to a decrease in the proportion of ciliated cells, making
phenotype rescue experiments difficult to interpret. We therefore used RNAI as an independent
method to verify the specificity of ciliary defects observed in CRISPR clones. Targeting
LRRCCI expression using two different siRNAs, we obtained a comparable decrease in
LRRCCI levels and in the proportion of ciliated cells as in the CRISPR clones (Fig. 4c;
Supplemental Fig. S1f). Sensory ciliopathies like JBTS result to a large extent from defective
Hedgehog signaling (Romani et al., 2013). We determined the effect of LRRCC1-depletion on
Hedgehog signaling by measuring the ciliary accumulation of the activator SMOOTHENED
(SMO) upon induction of the pathway (Rohatgi et al., 2007). Depletion of LRRCC1 by either
CRISPR editing or RNAI led to a drastic decrease in SMO accumulation at the primary cilium
following induction of the Hedgehog pathway by SMO-agonist (SAG) (Fig. 4d, e), and reduced
expression of the target gene PTCH1 (Supplemental Fig. S1g) (Goodrich et al., 1996).

Taken together, our results demonstrate that LRRCCI1 is required for proper ciliary

assembly and signaling in human cells, further establishing its implication in JBTS.

Depletion of LRRCC1 induces defects in centriole structure

Mutations in distal centriole components can alter centriole length regulation or the assembly
of DAs, which both result in defective ciliogenesis (Reiter and Leroux, 2017; Sharma et al.,
2021). We used U-ExM to search for possible defects in centriole structure in LRRCCI-
depleted RPE1 cells. We measured centriole length in the two RPE1 CRISPR clones that
express the lowest levels of LRRCCI1 (1.1 and 1.9). Centrioles were co-stained with anti-
acetylated tubulin and an antibody against the DA component CEP164 to differentiate mother
and daughter centrioles. We observed an increase in centriole length in clone 1.9 (Fig. 5a),
which expresses the lowest levels of LRRCCI1, compared to control cells (483 + 53 nm for

mother and 372 + 55 nm for daughter centrioles in clone 1.9; 427 + 56 nm for mother and 320
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+ 46 nm for daughter centrioles in control cells; mean + SD). Although on a limited sample
size, we also observed abnormally long centrioles by transmission electron microscopy in this
clone (494 = 73 nm in clone 1.9, N =9; 429 + 52 nm in control cells, N = 3; mean + SD) (Fig.
5b). However, clone 1.1 was not significantly different from control cells by U-ExM,
suggesting that this phenotype is not fully penetrant at the remaining levels of LRRCCI1
expression observed in the CRISPR clones. We next used U-ExM to analyze the structure of
DAs labelled with anti-CEP164 antibody (Fig. 5c-¢). In RPE1 control cells, 80 + 14 % of
mother centriole had 9 properly shaped DAs, but this proportion fell to 57 + 16 % and 44 + 17
% (mean £ SD) in clones 1.1 and 1.9, respectively (Fig. Sc, d). Mutant clones exhibited an
increased proportion of centrioles with one or more abnormally shaped DAs (29 + 17 % and
42 + 18 % in clones 1.1 and 1.9, respectively, compared to 11 + 11 % in control cells; mean +
SD). We obtained similar results in a HEK 293 CRISPR clone expressing half the control levels
of LRRCC1 (Fig. 5e; Supplemental Fig. S1h). LRRCC1-depletion did not affect overall
CEP164 levels at mother centrioles in the CRISPR clones (Supplemental Fig. S3a, d),
consistent with the relatively mild defect in DA morphology observed by U-ExM.

Together, these results show that a partial loss of LRRCC1 leads to abnormal DA

morphology.

LRRCC1 and C2CD3 delineate a rotationally asymmetric structure in human centrioles
We next wanted to determine whether LRRCC1 cooperates with other distal centriole
components. Proteins shown to be recruited early at procentriole distal end include CEP290
(Kim et al., 2008), OFD1 (Singla et al., 2010) and C2CD3 (Thauvin-Robinet et al., 2014). Of
particular interest, OFD1 and C2CD3 are required for DA assembly and centriole length
control, and mutations in these proteins have been implicated in sensory ciliopathies (Singla et

al., 2010; Thauvin-Robinet et al., 2014; Tsai et al., 2019; Lei Wang et al., 2018). We first
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determined whether depletion of LRRCCI1 either by CRISPR editing or by RNAi led to
modifications in the recruitment of these proteins within centrioles. We found no major
differences in the centrosomal levels of OFD1 and CEP290 compared to control cells
(Supplemental Fig. S3b, c, e, f). In contrast, C2CD3 levels were moderately increased in cells
depleted from LRRCCI either by CRISPR editing (clones 1.1 and 1.9) or by RNAI1 (Fig. 6a,
b). We thus analyzed C2CD3 further by U-ExM. As described previously, C2CD3 localized
principally at the distal extremity of centrioles (Fig. 6¢) (Tsai et al., 2019; Yang et al., 2018).
Strikingly, the C2CD3 labelling was also asymmetric, principally in terms of shape, often a C-
shape, and to some extent in terms of position within the centriole lumen (Fig. 6d). After
correcting the vertical alignment of centrioles as previously, we generated two different
average 3D reconstructions of the C2CD3 pattern. For the first one, we used the central region
of the C shape as reference in the xy plane point to superimpose individual centriole views
(Fig. 6e, ‘Shape’). For the second one, we used the region where the C2CD3 signal is closest
to the centriole wall (after realignment along the vertical axis) as a reference point (Fig. 6e,
‘Position’). The first method produced a robust C-shaped pattern positioned symmetrically in
the centriole lumen. In the second average view, the C-shape was lost and instead a circular
pattern of uneven intensity positioned asymmetrically within the centriole lumen was obtained.
The fact that the first method generates a clear profile that more closely resembles the
individual images suggests that the C-shape pattern is the most probable of the two. To
determine whether the C2CD3 localization pattern is affected by LRRCCI-depletion, we
analyzed C2CD3 in LRRCC1 CRISPR clones 1.1 and 1.9. The C2CD3 pattern was more
variable than in control RPE1 cells, and was often abnormal in shape, position, or both (Fig.
6f). As a result, averaging the signal from 51 (1.1) or 20 (1.9) individual LRRCC1-depleted

centrioles as previously produced aberrant patterns, most strikingly in the clone expressing
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lower levels of LRRCCI1 (clone 1.9; Fig. 6g). Thus, LRRCC1 is required for the proper
assembly of the C2CD3-containing distal structure.

To determine whether LRRCC1 and C2CD3 might belong to a common structure, we next
examined the respective positions of C2CD3 and LRRCC1 within the centriole. We co-stained
centrioles with our anti-LRRCC1 antibody and a second anti-C2CD3 antibody produced in
sheep (Table 1). We confirmed that LRRCC1 and C2CD3 are present in the same distal region
of the centriole (Fig. 7a). In transverse views, the two proteins were usually not perfectly
colocalized but found in close vicinity of one another near the microtubule wall (Fig. 6e¢).
However, C2CD3 distal staining was consistently fainter than with the previous antibody, and
we either could not observe a full C-shaped pattern, or we could not image it due to
fluorescence bleaching. Neither anti-C2CD3 antibodies worked in mouse, so we were not able
to compare C2cd3 and Lrrccl localization in MCCs. Nevertheless, the results obtained by
individually labelling LRRCC1 and C2CD3 at the centrosome (Fig. le, 6e, g) together with the
co-localization data (Fig. 7a) are consistent with the hypothesis that LRRCCI is located
somewhere along the C2CD3-containing, C-shaped structure (Fig. 7b). C2CD3 was not co-
immunoprecipitated with a GFP-LRRCCI1 fusion protein however, suggesting that LRRCC1
and C2CD3 do not directly interact (Supplemental Fig. S4).

Taken together, our results support that C2CD3 localizes asymmetrically in the distal

lumen of human centrioles, a pattern that depends in part on LRRCCI.
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Discussion

Here, we show that centrioles within the human centrosome are rotationally asymmetric despite
the apparent nine-fold symmetry of their ultrastructure. This asymmetry is manifested by a
specific enrichment in LRRCC1 near two consecutive triplets, and the asymmetric localization
of C2CD3 within the centriole lumen. Depletion of LRRCCI perturbed the recruitment of
C2CD3 and induced defects in centriole structure, ciliogenesis and ciliary signaling, supporting
that LRRCCI contributes to organizing the distal centriole region together with C2CD3.
LRRCCI localizes like its C. reinhardtii ortholog V{l1p, and C2CD3 delineates a filamentous
structure reminiscent of the acorn described in this species (Geimer and Melkonian, 2005,
2004) and in Trypanosoma brucei (Vaughan and Gull, 2016). Collectively, our results support
that rotational asymmetry is a conserved property of centrioles linked to ciliary assembly and

signaling in humans.

LRRCC1 and C2CD3 belong to a conserved rotationally asymmetric structure

Our work identifies two proteins located asymmetrically in the distal centriole lumen of the
human centrosome, each with a specific pattern. LRRCCI localizes principally near two
consecutive triplets, with the first triplet counterclockwise labelled approximately 50 % more
than the next one. This pattern is highly reminiscent of the LRRCCI1 ortholog Vfllp, which
localizes predominantly to the triplet facing the second centriole (referred to as triplet 1), and
to a lesser extent to its immediate neighbor counterclockwise (triplet 2; Fig. 7b) (Silflow et al.,
2001). In C. reinhardtii, triplets 1 and 2 are positioned directly opposite to the direction of
flagellar beat, which is directed towards triplet 6 (Fig. 7b) (Lin et al., 2012). In mouse MCCs,
Lrrecl is associated to triplets located not exactly opposite to the basal foot but with a clockwise

shift of at least 20° from the basal foot axis. However, the beating direction was shown to be
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also shifted approximately 20° clockwise relative to the position of the basal foot in bovine
tracheal MCCs (Schneiter et al., 2021) (Fig. 2d). The position of Lrrcc1/V{llp-labelled triplets
with respect to ciliary beat direction might thus be similar in C. reinhardtii and in animal
MCCs. Overall, the specific localization pattern of Vfllp-related proteins at the distal end of
centrioles, and their requirement for centriole positioning and ciliary beat orientation when
motile cilia are present, appear to be conserved between flagellates and animals.

The second protein conferring rotational asymmetry to human centrioles, C2CD3, likely
delineates a C-shape positioned symmetrically in the distal lumen. Strikingly, this staining is
reminiscent of a filament observed by electron microscopy, which is said to form an
‘incomplete circle’ in the distal lumen of human centrioles (Vorobjev and Chentsov, 1980).
Several lines of evidence support the hypothesis that the C2CD3-containing structure is
homologous to the acorn, a 10 nm-filament connecting five consecutive triplets along the
centriole wall and across the lumen in C. reinhardtii (Fig. 7b) (Geimer and Melkonian, 2004;
Vaughan and Gull, 2016). First, the C2CD3 labelling is consistent with a circular filament.
Second, the C2CD3-containing structure is localized in close vicinity of several consecutive
triplets. Third, C2CD3 is partially co-localized with LRRCC1 near the microtubule wall. And
last, C2CD3 orthologs are found in a variety of flagellated unicellular eukaryotes, including
the green alga Micromonas pusilla (Zhang and Aravind, 2012), suggesting an ancestral
association to centrioles and cilia. The partial co-localization of V{llp and the acorn in C.
reinhardtii, and the observation that both are already present at the distal end of procentrioles,
led to propose that Vfllp might also be a component of the acorn (Geimer and Melkonian,
2004). Consistent with this idea, both LRRCC1 and C2CD3 are recruited early at the distal end
of human procentrioles, and LRRCCI1 is required for the proper recruitment and/or positioning
of the C2CD3-containing structure. C2CD3 recruitment at the centrioles also depends on the

proteins CEP120 and Talpid3 (Tsai et al., 2019), which possibly explains why C2CD3
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recruitment is not diminished, and is even increased in LRRCC1-depleted centrioles. Future
work will help deciphering the relationships between these different proteins and characterize
in more details the architecture of the rotationally asymmetric structure at the distal end of

mammalian centrioles.

Rotationally asymmetric centriole components are required for ciliogenesis

Our results uncover a link between centriole rotational asymmetry and primary ciliogenesis in
human cells. Mutations in C2CD3 have been involved in several sensory ciliopathies, including
JBTS (Boczek et al., 2018; Cortés et al., 2016; Ooi, 2015; Thauvin-Robinet et al., 2014). The
associated ciliary defects are likely caused by anomalies in the structure of centrioles, since
depleting C2CD3 inhibits centriole elongation and DA assembly, whereas C2CD3
overexpression leads to centriole hyper-elongation (Thauvin-Robinet et al., 2014; Wang et al.,
2018; Ye et al., 2014). We observed similar defects in LRRCC1-depleted cells, but of
comparatively lesser extent. Defects in DA morphology were observed in all CRISPR clones
analyzed, and centriole length was increased in the clone with the most severe phenotype. The
fact that LRRCC1-depletion has a more limited impact on centriole assembly than perturbation
of C2CD3 levels suggests that LRRCC1 might not be directly involved in centriole length
control or DA formation, however. The defects observed in LRRCC1-depleted cells could
instead result indirectly from the abnormal localization of C2CD3. Besides the defects in
centriole structure, it is likely that LRRCC1-depletion also perturbs the organization of the
ciliary gate, as LRRCCl1-depleted cells exhibited a drastic reduction in Hedgehog signaling.
Loss of ciliary gate integrity interferes with the accumulation of SMO in the cilium upon
activation of the Hedgehog pathway and is a frequent consequence of ciliopathic mutations
(Garcia-Gonzalo and Reiter, 2017). The ciliary gate consists of the TZ and the DA region,

which both contribute to regulating protein trafficking in and out of the cilium (Garcia-Gonzalo
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and Reiter, 2017; Nachury, 2018). The anomalies in DA morphology observed in LRRCCI-
depleted cells could disrupt the organization of the so-called DA matrix (Yang et al., 2018),
thus preventing SMO accumulation in the cilium. Another, non-mutually exclusive possibility
is that the architecture of the TZ, which forms directly in contact with the distal end of the
centriole, is altered by LRRCC1-depletion. In either case, our observations in RPE1 cells are
consistent with the JBTS diagnosis in two siblings carrying a mutation in the LRRCCI gene
(Shaheen et al., 2016), further establishing that LRRCC] is a novel ciliopathy gene. Besides
signaling, ciliary gate integrity is required for axoneme extension and indeed, LRRCCI-
depleted cells formed cilia at lower frequency than control cells — a defect that might also result
from perturbed DA architecture. In the vfl/ mutant of C. reinhardtii, both unanchored
centrioles and centriole docked at the plasma membrane but lacking a flagellum were observed
(Adams et al., 1985). This would support that LRRCC1/Vfllp requirement for properly
assembling the ciliary gate is a conserved functional aspect of this family of proteins (Fig. 7¢).

Why is there a rotationally asymmetric structure at the base of primary cilia, and how does
this structure form and contribute to the assembly of the DAs and the cilium remain open
questions. In C. reinhardtii and in MCCs, LRRCCI function is linked to the assembly of
asymmetric appendages, which must be correctly positioned in relation to ciliary beat direction
(Fig. 7¢). An asymmetric structure present early during centriole assembly and ultimately
located near the cilium appears well suited for this task. The conservation of such a structure
at the base of the primary cilium could perhaps indicate that primary cilia also possess
rotationally asymmetric features, which would open interesting new perspectives on ciliary

roles in heath and disease.
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Other roles for centriole rotational assembly in human cells

Our finding that procentrioles do not form completely at random with respect to LRRCC1
location in the parent centriole suggests that centriole rotational polarity can influence centriole
duplication in human cells. In C. reinhartdtii, procentrioles are formed at fixed positions with
respect to the parent centrioles, to which they are bound by a complex array of fibrous and
microtubular roots (Fig. 7c) (Geimer and Melkonian, 2004; Yubuki and Leander, 2013). The
process is likely different at the centrosome since the roots typical of flagellates are not
conserved in animal cells (Azimzadeh, 2021; Yubuki and Leander, 2013). In mammalian cells,
procentrioles form near the wall of the parent centriole following the recruitment of early
centriole proteins directly to the PCM components CEP152 and CEP192 (Yamamoto and
Kitagawa, 2021). It is nonetheless conceivable that an asymmetry in triplet composition could
result in local changes in PCM composition, which in turn could negatively impact PLK4
activation in this region. For instance, our analyses in planarian MCCs led us to postulate that
linkers might be tethered to one side of the centrioles in a VFLI-dependent manner and
independently of centriole appendages (Basquin et al., 2019). Future work will allow
deciphering how centriole rotational asymmetry influences centriole duplication, and whether

it affects other aspects of centriole positioning and cellular organization.
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Material and Methods

Cell culture

RPE1 cells (hnTERT-RPE1, RRID:CVCL 4388) were cultured in DMEM/F-12 medium
(ThermoFisher Scientific) supplemented with 10 % fetal calf serum (ThermoFisher Scientific),
100 U/mL penicillin and 100 pg/mL streptomycin (ThermoFisher Scientific). Ciliogenesis was
induced by culturing RPEI cells in medium without serum during 48 hours. HEK 293 cells
(kind gift from F. Causeret, Institut Imagine, Paris) were cultured in DMEM medium
(ThermoFisher Scientific) supplemented with 10 % fetal calf serum and antibiotics as

previously. All cells were kept at 37°C in the presence of 5 % COa.

Mouse ependymal cells and tracheal tissue

All experiments were performed in accordance with French Agricultural Ministry and
European guidelines for the care and use of laboratory animals. /n vitro differentiated
ependymal cells were a kind gift from A.R. Boudjema and A. Meunier (IBENS, Paris). They
were prepared as described previously (Delgehyr et al., 2015; Mercey et al., 2019) from
Cen2GFP mice (CB6-Tg(CAG-EGFP/CETN2)3-4Jgg/J, The Jackson Laboratory). The
fragment of trachea was obtained from a wild-type mouse of the Swiss background (kindly

provided by I. Le Parco, Institut Jacques Monod).

CRISPR/Cas9 editing

LRRCCI1 mutant clones were obtained by two different CRISPR/Cas9 strategies. First, RPE1
cells were co-transfected with plasmid px154-1 (U6p-gRNA#1 U6p-gRNA#2 CMVpnCas9-
EGFP_SV40p-PuroR-pA with gRNA#1: 5’- AGA ATT CTA CCC TAC CTG CGG - 3’ and

gRNA#2: 5°- TAA GGT AGT GCT TCC TAC CGG -3’) targeting the LRRCC1 locus in exon
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8, and px155-24 (U6p-gRNA#3 U6p-gRNA#4 CMVpnCas9-mCherry SV40p-PuroR-pA;
gRNA#1: 5’- ATC TAC TCG GAA AGC TGA CGG -3’ and 5’- GCT TGA GGG CTC AAA
TAC CGG - 3”) targeting exon 9. Both constructs express the nickase mutant of Cas9 fused to
either EGFP or mCherry. Two days after transfection, EGFP- and mCherry-positive cells were
sorted by flow cytometry and grown at low concentration. Individual clones were picked after
2 weeks and analyzed by PCR to detect short insertions/deletions. A single clone was obtained
(clone 1.1), which was further characterized by genomic sequencing. Both alleles of LRRCC1
contained deletions (~ 0.6 kb deletion of exon 9 and a ~1.5 kb deletion of exon 8) leading to
frameshifts. In a second approach, cells were co-transfected using a mix of 3 CRISPR/Cas9
Knockout Plasmids (sc-413781; Santa Cruz Biotechnology) targeting exons 11 (5’- CTT GTT
CTC TTT CTC GAT GAA GG —3"and 5° - ACT TCT TGC ATT GAA AGA ACA GG -3’)
or 12 (5° - CGT GTT AAG CCA GCA GTA TAT GG — 3') of LRRCCI, together with the
corresponding Homology Directed Repair plasmids carrying a puromycine-resistance cassette
(sc-413781-HDR; Santa Cruz Biotechnology), following the recommendations of the
manufacturer. Mutant clones were selected by addition of 2 pg/mL puromycine in the culture

medium and further screened by immunofluorescence.

Inducible HEK 293 cell lines

LRRCCI1 full-length coding sequence was amplified from cDNA clone IMAGE:5272572
(Genbank accession: BC070092.1), corresponding to the longest isoform of LRRCCI1
(NM_033402.5), after correction of a frameshift error by PCR mutagenesis. As N- and C-
terminal GFP fusions were not targeted to the centrosome, we inserted the GFP tag within the
LRRCCI1 sequence in disordered regions present between the leucine rich repeat and coiled-
coil domains, either after amino acid 251 or 402. The fusions were cloned into the pCDNA-

SFRT (ThermoFischer Scientific) vector using the Gibson assembly method (Gibson et al.,
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2009) and then integrated into the Flp-In-293 cell line using the Flp-In system (ThermoFischer
Scientific). Expression of the GFP-LRRCC1 fusions was induced by culturing the Flp-In-293
cell lines overnight in medium supplemented with 1 p/mL doxycycline (ThermoFischer

Scientific).

RNAi

Ready to use double-stranded siRNA LRRCCI-sil (target sequence: 5’- AAG GAG AAA
GAT GGA GAC GAT - 3’) (Muto et al., 2008), LRRCC1-si2 (target sequence: 5’- TTA GAT
GAC CAA ATT CTA CAA - 3’) and control siRNA (AllStars Negative Control) were
purchased from Qiagen. siRNAs were delivered into cells using Lipofectamine RNAIMAX
diluted in OptiMEM medium (ThermoFisher Scientific). Cells were fixed after 48 hours and
processed for immunofluorescence. For RNAi-depletion of ciliated cells, RPE1 cells grown in
complete culture medium were treated by RNAI, incubated for 2 days, then submitted to a
second round of RNAi. After 8 hours, cells were washed 3 x in PBS then cultured during 24

hours in serum-free medium to induce ciliogenesis.

qRT-PCR

Total RNA extracts were obtained using the Nucleospin RNA kit (Macherey-Nagel) and
cDNAs were synthetized using SuperScript I1I reverse transcriptase (Thermofisher Scientific).
gPCR was performed with the GoTaq qPCR Master Mix (Promega) in a LightCycler 480
instrument (Roche) using the primers listed in Table 2. Quantification of relative mRNA levels
was performed using CHMP2A and EMC7 as reference genes following the MIQE guidelines

(Bustin et al., 2009).
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Antibodies

Fragments encoding either aa 671-805 (Abl) or aa 961-1032 (Ab2) of LRRCCI
(NP_208325.3) were cloned in pGST-Parallell and expressed in Escherichia coli. The GST-
fusion proteins were purified under native conditions using glutathione agarose (ThermoFisher
Scientific) and the LRRCCI1 fragments were recovered by Tev protease cleavage and dialyzed
before rabbit immunization (Covalab). Antibodies were affinity-purified over the
corresponding GST-LRRCCI1 fusion bound to Affi-Gel 10 resin (Bio-Rad). Other primary and

secondary antibodies used in this study are listed in Table 1.

Western blot

For whole-cell extracts, Flp-In-293 cell lines expressing the GFP-LRRCCI1 fusions were
induced overnight with doxycycline, collected by centrifugation, and resuspended in Western
blot sample buffer prior to incubation at 95 °C for 5 minutes. For immunoprecipitation
experiments, doxycycline-induced cells expressing LRRCC1 with a GFP inserted after aa 402
were resuspended in lysis buffer (50 mM Tris pH 8, 150 mM NaCl, 1 % NP-40, 0.5 % sodium
deoxycholate, 0.1 % SDS) supplemented with 1 mM MgCl,, 20 ug/mL DNAse I (Roche) and
a protease inhibitor cocktail (Complete mini, EDTA-free, Roche). After 30 minutes on ice, the
lysates were centrifuged at 15 000 g for 10 minutes at 4°C. The supernatants were then
incubated with Dynabeads M-280 sheep-anti rabbit magnetic beads (ThermoFischer Scientific)
previously incubated with rabbit anti-IgGs, either anti-GFP or anti-HA tag for the control IP
(Table 1), and rotated for 3 hours at 4°C. After 3 washes with lysis buffer, immunoprecipitated
proteins were recovered by resuspending the beads in sample buffer and heating at 95 °C for 5
minutes. The samples were then run on 4-20% Mini-Protean TGX precast protein gels (Bio-
Rad) and transferred onto PVDF membrane using the iBlot 2 blot system (ThermoFischer

Scientific). The membranes were blocked and incubated with antibodies following standard
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procedures, then visualized using Pierce ECL plus chemiluminescence reagents
(ThermoFischer Scientific) on an ImageQuant LAS 4000 camera system (GE Healthcare Life

Sciences).

Immunofluorescence

Cells were fixed in cold methanol for 5 minutes at — 20 °C, blocked 10 minutes with 3 % BSA
(Sigma Aldrich) in PBS containing 0.05 % Tween-20 (PBST-0.05%), then incubated with
primary antibodies diluted in PBST-0.05% containing 3 % BSA for 1 hour. After washing 3 x
1 minute in PBST-0.05%, cells were incubated 2 hours with secondary antibodies in PBST-
0.05% containing 3 % BSA and 5 pg/mL Hoechst 33342 (ThermoFischer Scientific), washed
in PBST-0.05% as previously, and mounted using Fluorescence Mounting Medium (Agilent).
For staining of primary cilia with anti-acetylated tubulin, cells were incubated 2 hours on ice
prior to methanol fixation. For quantification of SMO accumulation within cilia, confluent cells
cultured during 24 hours in serum-free medium were supplemented with 200 nM SAG (Sigma)
diluted in DMSO, or DMSO alone for 24 hours. Cells were then co-stained for SMO and
ARLI3B to determine the position of the primary cilium. For all experiments involving
induction of ciliogenesis by serum deprivation, we verified that cells were arrested in GO by
immunofluorescence staining of Ki67. To visualize centriolar LRRCCI1, and to quantify
CEP290 centrosomal levels, cells were treated during 1 hour with 5 uM nocodazole prior to
fixation. Images were acquired using an Axio Observer Z.1 microscope (Zeiss) equipped with
a sCMOS Orca Flash4 LT camera (Hamamatsu) and a 63x objective (Plan Apo, N.A. 1.4). The
structured illumination microscopy (SIM) image was acquired on an ELYRA PS.1 (Zeiss)

equipped with an EMCCD iXon 885 camera (Andor) and a 63x objective (Plan Apo, N.A. 1.4).
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Ultrastructure expansion microscopy

We used the U-ExM protocol described in (Gambarotto et al., 2019) with slight modifications.
Cells grown on glass coverslips were incubated in a fresh solution of 1 % acrylamide and 0.7
% formaldehyde diluted in PBS. After incubating 5 hours to overnight at 37 °C, the coverslips
were washed with PBS and placed cells down on a drop of 35 uL. monomer solution (19.3 %
sodium acrylate, 10 % acrylamide, 0.1 % bis-acrylamide in PBS) to which 0.5 % TEMED and
0.1 % ammonium persulfate were added just before use. The coverslips were incubated 5
minutes on ice then 1 hour at 37°C, then transferred to denaturation buffer (200 mM SDS, 200
mM NaCl, 50 mM Tris pH9) for 15 minutes with agitation to detach the gels from the
coverslips. The gels were then incubated in denaturation buffer 1.5 hours at 95 °C, washed 2 x
30 minutes in deionized water then incubated overnight in water at room temperature to allow
expansion of the gel. The gels were measured at this step to determine the coefficient of
expansion. After 2 x 10 minutes in PBS, the gels were cut into smaller pieces then incubated 3
hours at 37 °C with primary antibodies diluted in saturation buffer (3 % BSA, 0.05 % Tween-
20 in PBS). The gel fragments were then washed 3 x 10 minutes in PBST-0.1%, incubated 3 h
with secondary antibodies and washed in PBST-0.1% as previously. Finally, the gels were
incubated 2 x 30 minutes in de-ionized water then left to expand overnight in de-ionized water
to regain their maximum size. For U-ExM of mouse tracheal cells, a fragment of WT mouse
trachea (kind gift from I. Le Parco, IJM, Paris) was adhered on a poly-lysine coated coverslip
then processed as described above with the following modifications: for the first step, the
fragment of trachea was incubated overnight to 48 hours in 1 % acrylamide and 0.7 %
formaldehyde in PBS; they were placed 15 min on ice prior to the 1-hour incubation at 37 °C
and the transfer to denaturation buffer. Note that GFP fluorescence was quenched during U-
ExM processing, so the GFP-Cen2 construct expressed in ependymal cells was not detectable

in final samples. Gels were imaged on Lab-Tek chamber slides (0.15 mm) coated with poly-
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lysine (ThermoFisher Scientific). Images were acquired at room temperature using either a
LSM780 confocal microscope (Zeiss) equipped with an oil 63x objective (Plan Apo, N.A. 1.4),
or an LSM980 confocal microscope with Airyscan 2 (Zeiss) equipped with an oil 63x objective

(Plan Apo, N.A. 1.4).

Image analysis

Protein levels were determined using ImagelJ software (Schneider et al., 2012) by measuring
the fluorescence intensity in the centrosome or cilium area and subtracting the cytoplasmic
background in z-series taken at 0.5-pum interval.

To generate average images of LRRCC1 and C2CD3, U-ExM samples were systematically
imaged using Airyscan 2. Only centrioles that were nearly perpendicular to the imaging plane
were acquired in order to maximize the resolution in transverse views. Calculating the average
image consisted of several steps: cropping out individual centrioles, aligning them, providing
reference points, standardizing centrioles using the reference points, and averaging
(Supplemental Fig. S2). The cropping was done in ImagelJ, and for aligning and providing the
reference points a graphical user interface was developed based on Napari (Sofroniew et al.,
2020). Centriole alignment: the direction of centriole long axis was selected manually and used
to position the centriole vertically. Providing the reference points: 9 points were manually
selected to outline the circle of microtubules triplets and the location of the protein of interest.
The centriole was also framed in Z dimension with a rectangle. Standardization: the reference
points were used to calculate all necessary transformations (rotation, scaling and translation)
to map the original image of a centriole to the standard image. Averaging: an average image
was calculated for all the successive XY planes of the standardized image stacks. For alignment
of tracheal cell centrioles, since the current version of the graphical user interface can only

accommodate two channels, the position of the basal foot provided by the y-tubulin channel
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was reported manually in the acetylated tubulin channel using Image J. The images were then
processed as before using the manual annotation as a reference point for the basal foot.

For analysis of procentriole position and LRRCC1 location in procentrioles, 3D-
reconstructions of diplosomes processed for U-ExM were obtained using IMARIS software

(Oxford Instruments).

Electron microscopy

RPEL1 cells were grown at confluence before induction of ciliogenesis for 72 hours by serum
deprivation. Cells were fixed 30 minutes in 2.5 % glutaraldehyde (Electron Microscopy
Sciences), 2 % paraformaldehyde (Electron Microscopy Sciences), 1 mM CaCl; in PBS, then
washed 3 x 5 minutes in PBS. Samples were then post-fixed during 30 minutes in 1 % Osmium
tetroxide (Electron Microscopy Sciences), then washed 3 x 5 minutes in water. Dehydration
was performed using graded series of ethanol in water for 5 minutes 30%, 50%, 70%, 90%,
100%, 100%. Resin infiltration was performed by incubating 30 minutes in an Agar low
viscosity resin (Agar Scientific Ltd) and EtOH (1:2) mix, then 30 minutes in a resin and EtOH
(2:1) mix followed by overnight incubation in pure resin. The resin was then changed and the
samples further incubated during 1.5 hours prior to inclusion in gelatin capsules and overnight
polymerization at 60 °C. 70 nm sections were obtained using an EM UC6 ultramicrotome
(Leica), post-stained in 4 % aqueous uranyl acetate and lead citrate, and observed at 80 kV
with a Tecnail2 transmission electron microscope (ThermoFischer Scientific) equipped with a

1Kx1K Keen View camera (OSIS).

Statistical analysis
All statistical analyses were performed using the Prism7 for Mac OS X software (GraphPad

Software, Inc.). All values are provided as mean + SD. The number of experimental replicates
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and the statistical test used are indicated in the figure legends, and the p values are included

when statistically different.
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Figure legends

Figure 1. LRRCCI1 is localized in a rotationally asymmetric manner at the distal end of
centrioles in the human centrosome. a) LRRCCI localization in non-treated RPE1 cells
(left) or in cells treated with nocodazole to disperse the pericentriolar satellites (right).
LRRCCI (Ab2, yellow), y-tubulin (PCM, magenta) and DNA (cyan). Bar, 5 pm (insets, 2 pm).
b) Longitudinal view of centrioles and procentrioles in the duplicating centrosome of an RPE1
cell analyzed by U-ExM. LRRCC1 (Ab2, yellow), acetylated tubulin (magenta). Bar, 0.5 pm.
¢) Centrioles from WT RPE1 cells as seen from the distal end. LRRCCI1 (Ab2, yellow),
acetylated tubulin (magenta). Bar, 0.2 um. d) Workflow for calculating the average staining
from 3D-reconstructed individual centrioles generated from confocal z-stacks. The brightest
part of LRRCCI signal was used as a reference point to align the centrioles. e) Average
LRRCCI staining obtained from 34 individual centrioles viewed from the distal end, in
transverse and longitudinal views. A diagram representing the average pattern in transverse

view is also included.

Figure 2. The LRRCCI1 rotationally asymmetric pattern is conserved in mouse MCCs.
a) Centrioles in the cytoplasm of mouse ependymal cells differentiating in vitro analyzed by
U-ExM, in longitudinal and transverse view. Lrrccl (Ab2, yellow), y-tubulin (basal foot cap,
cyan) and acetylated tubulin (magenta). Of note, y-tubulin was also detected in the proximal
lumen of centrioles. Bar, 0.2 um. b) Procentrioles assembling via the centriolar (right) or the
deuterosome pathway (left and center) in ependymal cells. Lrrecl (Ab2, yellow), acetylated
tubulin (magenta). Bar, 0.2 um. ¢) Transverse view of centrioles docked at the apical membrane
in fully differentiated mouse tracheal cells, viewed from the distal end. Lrrccl (Ab2, yellow),
v-tubulin (cyan) and acetylated tubulin (magenta). Bar, 0.2 um. d) Average image generated
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from 35 individual centrioles from mouse trachea, viewed from the distal end, shown in
transverse and longitudinal views. The position of the basal foot (cyan dotted line) stained with
y-tubulin was used as a reference point to align the centrioles. A diagram of the average pattern
in transverse view is shown, in which the direction of ciliary beat (Schneiter et al., 2021) is
represented by a dotted arrow and the basal foot axis by a green line. Triplets are numbered

counterclockwise from the LRRCCI1 signal.

Figure 3. The conservation of centriole rotational asymmetry in humans is not linked to
stereotypical patterns of procentriole position and orientation. a) Early stage of
procentriole assembly stained for LRRCC1 (Ab2, yellow), SAS-6 (cyan) and acetylated tubulin
(magenta) in a HEK 293 cell. The brightness of the acetylated tubulin labelling was increased
in the inserts. Bar, 0.1 um. b) Successive stages of centriole elongation in HEK 293 cells
stained for LRRCC1 (Ab2, yellow) and acetylated tubulin (magenta). Bar, 0.1 um. ¢) Location
of LRRCCI1 in the procentrioles (top panels) and position of the procentriole relative to its
parent centriole polarity (bottom panels), in RPE1 and HEK 293 centrioles analyzed by U-
ExM. For each diplosome, the angle between LRRCCI1 in the procentriole and the centriole
long axis (top panels), or between the procentriole and LRRCCI1 in the centriole (bottom
panels) was measured. The number of diplosomes analyzed is indicated. p values are indicated

when statistically different from a random distribution (y>-test).

Figure 4. LRRCC1 is required for ciliary assembly and signaling. a) Left: LRRCCI1
staining (Ab2) of WT or LRRCC1-defficient RPE1 cells obtained by CRISPR/Cas9 editing
(clones 1.1, 1.2 and 1.9). Bar, 2 um. Right: quantification of fluorescence intensity. Bars, mean
+ SD, 3 independent experiments. p values are provided when statistically significant from the

corresponding control (One-way ANOVA). b) Percentage of ciliated cells in WT or LRRCCI1 -
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deficient serum-deprived cells. Bars, mean + SD, > 331 cells from 4 independent experiments
for each condition. p values are provided when statistically significant from the corresponding
control (One-way ANOVA). ¢) Percentage of ciliated cells in serum deprived RPE1 cells
treated with control or LRRCC1 siRNAs. Bars, mean + SD, > 83 cells from 3 independent
experiments for each condition. p values are provided when statistically significant from the
corresponding control (One-way ANOVA). d) Left: SMO (yellow) accumulation at primary
cilia (ARL13B, magenta) following SAG-induction of the Hedgehog pathway, in WT or
CRISPR RPEI cells. Bar, 2 um. Right: quantification of ciliary SMO expressed as a percentage
of the SAG-treated WT mean. Bars, mean £ SD, 3 independent experiments. p values are
provided when statistically significant from the corresponding control (One-way ANOVA). e)
Ciliary SMO expressed as a percentage of the SAG-induced WT mean in RPEI cells treated
with control or LRRCC1 siRNAs. Bars, mean + SD, 3 independent experiments. p values are

provided when statistically significant from the corresponding control (One-way ANOVA).

Figure 5. Depleting LRRCC1 induces defects in centriole structure. a) Centriole length in
mother (MC) and daughter (DC) centrioles analyzed by U-ExM in WT or LRRCC1-deficient
clones (1.1 and 1.9). Left: Centrioles were stained for acetylated tubulin (magenta) and CEP164
(yellow) to measure centriole length (arrows). Bar, 0.5 um. Right: Quantification from 3
independent experiments. p values are provided when statistically significant from the
corresponding control (One-way ANOVA). b) Transmission electron microscopy view of
centrioles in WT and CRISPR (clone 1.9) RPE1 cells. Note that the two 1.9 centrioles are from
the same cell. Bar, 0.5 pm. ¢) Examples of normal DAs, DAs with abnormal morphology
(white arrowhead: abnormal spacing between consecutive DAs; cyan arrowhead: abnormal DA
shape) or missing DAs (grey arrowhead) analyzed by U-ExM. Bar, 1 pm. d) Percentages of

centrioles presenting DA defects in WT or CRISPR RPE1 cells. > 87 centrioles from 8
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independent experiments for each condition. p values are provided when statistically
significant from the corresponding control (Two-way ANOVA). e) Percentages of centrioles
presenting DA defects in WT or CRISPR HEK 293 (clone 21) cells. > 40 centrioles from 4
independent experiments for each condition. p values are provided when statistically

significant from the corresponding control (Two-way ANOVA).

Figure 6. C2CD3 localizes asymmetrically at the distal end of centrioles and is affected
by LRRCC1-depletion. a) C2CD3 levels at the centrosome of WT or LRRCC1 CRISPR
RPE1 clones. Bars, mean + SD, 3 independent experiments. p values are provided when
statistically significant from the corresponding control (One-way ANOVA). b) C2CD3 levels
at the centrosome in RPE1 cells treated with control or LRRCC1 siRNAs. Bars, mean + SD, 3
independent experiments. p values are provided when statistically significant from the
corresponding control (One-way ANOVA). ¢) Longitudinal view of a centriole analyzed by U-
ExM and stained for C2CD3 (yellow) and acetylated tubulin (magenta). Bar, 0.2 pm. d)
Centrioles from WT RPEI cells as viewed from the distal end. C2CD3 (yellow), acetylated
tubulin (magenta). Bar, 0.2 um. e) Average C2CD3 images obtained from 33 individual
centrioles from WT RPE1 cells viewed from the distal end, in transverse views. These images
were generated using either the central region of the C-shaped staining (‘Shape’) or the region
where the C2CD3 signal is closest to the triplet wall after correction of centriole orientation
(‘Position’) as a reference point to align the individual centrioles. f) Centrioles from LRRCC1-
deficient cells (CRISPR clones 1.1 and 1.9) in transverse section as viewed from the distal end.
C2CD3 (yellow), acetylated tubulin (magenta). Bar, 0.2 um. g) Average C2CD3 images
obtained from 51 (clone 1.1) or 20 (clone 1.9) individual centrioles from LRRCC1-deficient

RPEI] cells viewed from the distal end, in transverse views.
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Figure 7. C2CD3 and LRRCC1 partially colocalize at the distal end of centrioles. a) RPE1
centrioles processed for U-ExM and stained for LRRCC1 (Ab2, yellow), C2CD3 (cyan) and
acetylated tubulin (magenta). Bar, 0.1 pm. b) Model showing the possible location of LRRCC1
and C2CD3 relative to each other within human centrioles. Right panel: diagram showing the
respective positions of the acorn (Geimer and Melkonian, 2004) and V{l1p (Silflow et al., 2001)
in C. reinhardtii. The direction of the flagellar beat is indicated by a dotted arrow, and the distal
striated fiber is in grey. ¢) Evolution of the roles played by Vfllp/LRRCCI1 proteins and
associated rotationally asymmetric centriolar substructures. In C. reinhardtii, Vil1p is required
for proper ciliary assembly (1), as well as for the formation of fibers and microtubular roots (2)
that control the position of centrioles and procentrioles (3), and overall cellular organization
(Adams et al., 1985; Silflow et al., 2001). In human cells, LRRCC1 and C2CD3 are required
for primary cilium assembly (1) - this study and (Thauvin-Robinet et al., 2014; Ye et al., 2014)
- and a role in asymmetric anchoring of centrosome or cytoskeletal components might also be

conserved (2).

Supplemental material

Fig. S1 provides additional data on LRRCCI expression in CRISPR clones and RNAi-treated
cells. Fig. S2 presents the image analysis pipeline for generating the average images of
LRRCCI and C2CD3 staining. Fig. S3 shows the quantification of the DA component
CEP164, and the distal centriole components CEP290 and OFDI, at the centrosome of RPE1
cells depleted from LRRCC1 by CRISPR or RNAi. Fig. S4 shows that C2CD3 is not co-

immunoprecipitated with GFP-LRRCCI.
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Supplemental Figure Legends

Figure S1. Characterization of LRRCC1 expression in CRISPR or RNAi-treated cells. a)
Western blot analysis of over-expressed GFP-LRRCCI1 fusions using anti-LRRCC1 (Ab2) or
anti-GFP antibodies. Cell lysates were obtained from HEK 293 cells induced (+ Dox) or not (-
Dox) to express GFP-LRRCCI1 fusions in which the GFP is inserted either after aa 251 or 402.
The load represents the same number of cells for all conditions. The different samples were
deposited in duplicate and the labeling with the two antibodies was performed in parallel and
the exposed in the same way. Note that GFP fusions are already detected in the non-induced
samples, whereas the endogenous protein (expected size ~120 kDa) is not. b) LRRCC1
localization in non-treated RPE1 cells (left), or in cells treated with nocodazole to disperse the
pericentriolar satellites (right). Anti-LRRCC1 (Abl, yellow), y-tubulin (magenta) and DNA
(cyan). Bar, 5 um (insets, 2 pum). ¢) LRRCCI1 centrosomal levels in CRISPR mutant cells
stained with Abl. Bars, mean + SD, 3 independent experiments. p values are provided when
statistically significant from the corresponding control (One-way ANOVA). d) qRT-PCR
analysis of LRRCCI expression in the CRISPR clones. mRNA levels are expressed as
percentages of RPE1 control values. Bars, mean = SD, 3 independent experiments. p values
are provided when statistically significant from the corresponding control (One-way ANOVA).
e) LRRCCI1 centrosomal levels in nocodazole-treated control or CRISPR mutant RPE1 cells
stained with Ab2. Bars, mean + SD, 3 independent experiments. p values are provided when
statistically significant from the corresponding control (One-way ANOVA). f) LRRCCI1
centrosomal levels in RPE1 cells treated with either control or LRRCC1 siRNA and stained
with Abl. Bars, mean + SD, 3 independent experiments. p values are provided when
statistically significant from the corresponding control (One-way ANOVA). g) qRT-PCR

analysis of PTCH]I expression in serum-deprived RPE1 cells treated with control or LRRCC1

41



Gaudin et al.

siRNAs and with SAG or DMSO (expressed as percentages of the DMSO-treated control).
Bars, mean + SD, 2 independent experiments. h) LRRCC1 centrosomal levels in control or
CRISPR edited (clone 21) HEK 293 cells stained with Abl. Bars, mean + SD, 3 independent
experiments. p values are provided when statistically significant from the corresponding
control (One-way ANOVA). i) Centriole and procentriole in a RPE1 cell processed for U-ExM

and stained with anti-LRRCCI1 (Abl, yellow) and acetylated tubulin (magenta). Bar, 0.2 pm.

Figure S2. Pipeline for generating average protein maps. a) Examples of verticalized and
annotated centrioles (one centriole per row). (A, B): XY cross section taken at z-position, at
which the XY reference points have been provided. (C, D): YZ cross section taken at x-
position, at which the centriole center has been calculated (from XY reference points). The
mentioned z-position and x-position are shown with blue lines; red lines in the right columns
show the Z reference points: the top and the bottom of the provided rectangular frame. Note
that the centrioles significantly differ in their diameters and lengths (in pixels), and that the
protein of interest is not always positioned in the same manner. b) Examples of standardized
images. (A, B): XY cross section taken at a fixed z-position slightly under the top of the Z
reference rectangle (note that this position is slightly different from that at which the XY
reference points were provided). (C, D): YZ cross section taken in the middle of the XY plane
(the standardized centrioles are always placed with their centers in the middle of the image).
The mentioned z-position and x-position are shown with blue lines; red shapes outline a
cylinder with the target standard sizes: diameter 0.8 pm (4 x expanded 0.2 um), length 3 pm;
image calibration 0.01 pm/pixel (all three parameters are tunable). Note that in contrast to the
centrioles in a), the diameter and the length of the standardized centrioles and the position of

the protein of interest in the XY plane are very similar.
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Figure S3. Quantification of DA or distal centriole components in LRRCC1-deficient
cells. Centrosomal levels of CEP164 (a, d), CEP290 (b, e), and OFDI1 (c, f) in (a-c) RPE1
CRISPR clones and (d-f) RNAi-treated RPE1 cells. Bars, mean + SD, 3 independent
experiments. p values are provided when statistically significant from the corresponding

control (One-way ANOVA).

Figure S4. LRRCC1 does not interact directly with GFP-C2CD3. Co-immunoprecipitation
experiments from a lysate of HEK 293 cells expressing LRRCC1 with GFP inserted after aa
402. Anti-GFP or control (anti-HA tag) antibodies were used for immunoprecipitation, and
Western blot was performed using either anti-GFP or anti-C2CD3 (RRID:AB_2718714)
antibodies. Lys = lysate; SN = supernatant; [P = immunoprecipitation. The amount of lysate

loaded on the gel represents 4% of the amount used for the immunoprecipitation.
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Table 1. Antibodies used in this study.

Antibody D"lljlt:ion [l)JII-llet)l(;ln Di:,l\Jltéon RRID Identifier Source Reference
Primary antibodies
Goat anti-ARL13B 1:100 / / RRID:AB_2058502 Santa Cruz Biotechnology sc-102318
G”i”e:A‘gg 4a:1ﬁc;2|c§)t?: d;“b”"” / 1:500 / Geneva antibody facilty | scFv-S11B
Guinea pig anti-beta tubulin AA345 / 1:500 / Geneva antibody facilty | scFv-F2C
monobody
Mouse a”“'aﬁg’fit)ed tubulin (6- | 4.1900 1:500 / RRID:AB_628409 | Santa Cruz Biotechnology | sc-23950
Mouse anti-CEP290 (B-7) 1:500 / / RRID:AB_2890036 Santa Cruz Biotechnology sc-390462
Mouse anti-CBY (8-2) 1:500 / / RRID:AB_1561972 Santa Cruz Biotechnology sc-101551
Mouse anti-gamma tubulin 1:2000 1:200 / RRID:AB_532292 Sigma-Aldrich T5326
(GTU8S)
Mouse anti-SAS-6 / 1:100 / RRID:AB_1128357 Santa Cruz Biotechnology sc-81431
Mouse anti-Smoothened 1:200 / / RRID:AB_1270802 Abcam ab72130
Rabbit anti-ARL13B 1:500 / / RRID:AB_2060867 Proteintech 17711-1-AP
Rabbit anti-C2CD3 1:500 1:500 / RRID:AB_10669542 Sigma-Aldrich HPA038552
Rabbit anti-C2CD3 / / 111000 | RRID:AB 2718714 | ThermoFisher Scientific | PA5-72860
Rabbit anti-CEP164 1:500 1:300 / RRID:AB_2651175 Proteintech 22227-1-AP
Rabbit anti-GFP / / 111000 | RRID:AB 591816 MBL International 508
Rabbit anti-HA / / 1:1000 RRID:AB_631618 Santa Cruz Biotechnology sc-805
Rabbit anti-KI67 1:1000 / / RRID:AB_443209 Abcam ab15580
Rabbit anti-LRRCC1 Ab1 1:500 1:200 / This study
Rabbit anti-LRRCC1 Ab2 1:500 1:300 | 1:1000 This study
Rabbit anti-OFD1 1:500 / / RRID:AB_2890033. Sigma-Aldrich ABCO61
Sheep anti-C2CD3 1:200 1:100 / RRID:AB_10997138 R&D systems AF7348
Secondary antibodies
Donkey A”ﬂ'ﬁé’% L?B%)H&L (Alexa 1:500 1:500 / RRID:AB_2687506 Abcam ab150129
Donkey A”ﬂ'ﬁé’% EGC;)H&L (Alexa | 4.509 1:500 / RRID:AB_2636995 Abcam ab175474
Donkey A”ﬂﬁ‘)’% 'G?LS)H&L (Alexa | 4.509 1:100 / RRID:AB_2732857 Abcam ab150131
D°”k(% Q(g“;'}ﬁ%‘r’%e;gg Ha&L 1:500 1:500 ! RRID:AB_2732856 Abcam ab150105
D°”k(ep‘3 Q(g“;'}ﬁ%‘:(s@e;gg Ha&L 1:500 1:500 / RRID:AB_2636996 Abcam ab175472
D°“k(e/§’| ;‘(gti;'}fj‘;‘%egf% H&L 1:500 1:100 / RRID:AB_2890037 Abcam ab150107
Donk(% AnteRabblt Jgg Ha&L 1:500 1:500 / RRID:AB_2636877 Abcam ab150073
DO”"&’I Q(’;“,;ﬁ;?gtég% HaL 1:500 1:500 / RRID:AB_2752244 Abcam ab150075
D°”k(€2’| Qgt;?uhoer%pgg% HaL / 1:100 / RRID:AB_2884038 Abcam ab150179
Goat Anti-Guinea Pig 19G (H+L) / 1:100 / RRID:AB_141954 | ThermoFisher Scientific A-11075
(Alexa Fluor 568)
Goat Anti-Rabbit 19G (H+L) / / 111000 | RRID:AB_2536530 | ThermoFisher Scientific G-21234

Horseradish Peroxidase Conjugate




Table 2. PCR primers used in this study.

Primer Sequence
LRRCC1-1_Fw CAA CAA GGA TCT TCT CTA GCC CA
LRRCC1-1_Rv AGT TTG GTC GTC TAT GAT TTT GCA
LRRCC1-2_Fw GCA CAA CAA GGA TCT TCT CTA GC
LRRCC1-2_Rv TCG CAG ACA TTC ATT CTC TCT AGA
PTCH1_Fw CCC CTG TAC GAA GTG GAC ACT CTC
PTCH1_Rv AAG GAA GAT CAC CAC TAC CTT GGC
CHMP2A_Fw ATG GGC ACC ATG AAC AGA CAG
CHMP2A_Rv TCT CCT CTT CAT CTT CCT CAT CAC
EMC7_Fw GTC AGA CTG CCC TAT CCT CTC C
EMC7_Rv CAT GTC AGG ATC ACT TGT GTT GAC
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2.2. hVFL3/CCDC61 is a component of mother centriole
subdistal appendages required for centrosome cohesion
and positioning (Article 2)

The highlights of this work are:

e hVFL3 co-localizes at SDAs and at centriole proximal ends with components of the MT-
anchoring complex, and physically interacts with CEP170.

e Depletion of hVFL3 increased the distance between mother and daughter centrioles
without affecting the assembly of the filamentous inter-centriolar linker. The disruption of
the linker in hVFL3-depleted cells exacerbated centriole splitting, a phenotype observed
following depletion of other SDA components.

e Centrosome positioning is perturbed in hVFL3-depleted interphase cells, supporting the
conclusion that hVFL3 is required for SDA function.

e hVFL3 is a MT-binding protein.

My participation of this work includes:
Developing and testing the anti-hVFL3 antibody used in this article.

Designing, performing, and analyzing the micro-pattern experiments showing that hVFL3 affects

centrosome positioning in interphase cells.

Training and supervising Marion Poteau and Roland Demdou (Master and Bachelor students) to

perform the experiments described in this article.
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hVFL3/CCDC61 is a component
of mother centriole subdistal
appendages required for
centrosome cohesion and
positioning

Véronique Pizon*, Noémie Gaudin*, Marion Poteaut, Carmen Cifuentes-Diaz}, Roland Demdou*,
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France, #Centre National de la Recherche Scientifique (CNRS), UMR7104, lllkirch, France, and **Université de Strasbourg, llikirch, France

Background. The centrosome regulates cell spatial organisation by controlling the architecture of the microtubule
(MT) cytoskeleton. Conversely, the position of the centrosome within the cell depends on cytoskeletal networks
it helps organizing. In mammalian cells, centrosome positioning involves a population of MT stably anchored at
centrioles, the core components of the centrosome. An MT-anchoring complex containing the proteins ninein and
Cep170 is enriched at subdistal appendages (SAP) that decorate the older centriole (called mother centriole) and
at centriole proximal ends. Here, we studied the role played at the centrosome by hVFL3/CCDC61, the human
ortholog of proteins required for anchoring distinct sets of cytoskeletal fibres to centrioles in unicellular eukaryotes.

Results. We show that hVFL3 co-localises at SAP and at centriole proximal ends with components of the MT-
anchoring complex, and physically interacts with Cep170. Depletion of hVFL3 increased the distance between
mother and daughter centrioles without affecting the assembly of a filamentous linker that tethers the centrioles
and contains the proteins rootletin and C-Nap1. When the linker was disrupted by inactivating C-Nap1, hVFL3-
depletion exacerbated centriole splitting, a phenotype also observed following depletion of other SAP components.
This supported that hVFL3 is required for SAP function, which we further established by showing that centrosome
positioning is perturbed in hVFL3-depleted interphase cells. Finally, we found that hVFL3 is an MT-binding protein.

Conclusions and significance. Together, our results support that hVFL3 is required for anchoring MT at SAP during
interphase and ensuring proper centrosome cohesion and positioning. The role of the VFL3 family of proteins thus
appears to have been conserved in evolution despite the great variation in the shape of centriole appendages in
different eukaryotic species.

Additional supporting information may be found online in the Supporting Information section at
the end of the article.

To whom correspondence should be addressed (email

juliette.azimzadeh@ijm.fr)

Key words: CCDC61, centriole, centrosome, subdistal appendage, VFL3.
Abbreviations: CCDC61, coiled coil domain containing 61; Cep131, centroso-
mal protein of 131 kDa; Cep170, centrosomal protein of 170 kDa; C-Nap1, cen-
trosomal Nek2-associated protein 1; CTR, centrosome; hVFL3, human variable
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flagella number 3; hVFL3~/~, RPE1 cells with the CCDC61 gene knocked out
by CRISPR/Cas9 editing; MT, microtubule; ODF2, outer dense fiber 2; PCM1,
pericentriolar material 1; RPE1, human telomerase-immortalized retinal pig-
ment epithelial ("TERT-RPE-1) cells; SAG, smoothened-agonist; SAP, subdistal
appendage; SMO, smoothened.
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Introduction

The centrosome is the main site of microtubule (MT)
nucleation and organisation in most animal cells.
It is composed of two centrioles surrounded by a
pericentriolar matrix onto which MT-nucleating
complexes dock. Many MT nucleated within the ma-
trix are released within the cytoplasm, but a fraction
of the MT remains tethered at the centrosome via
their minus ends [Piel et al., 2000}. The older cen-
triole, called mother centriole, carries nine subdistal
appendages (SAP) that are known sites of MT an-
chorage. MT-anchorage at SAP involves a complex
containing the proteins ninein and Cepl70 that are
recruited at the periphery of SAP via additional SAP
components [Mogensen et al., 2000; Gromley et al.,
2003; Delgehyr et al., 2005; Guarguaglini et al.,
2005; Ishikawa et al., 2005; Kodani et al., 2013;
Veleri et al., 2014; Mazo et al., 2016; Huang et al.,
2017}. In addition, the ninein complex is present
at the proximal end of both centrioles where it is
anchored by the protein C-Napl [Mogensen et al.,
2000; Mazo et al., 2016}.

MT-anchorage at SAP has several important func-
tions. First, it is required for controlling the position
of the centrosome within interphase cells. In cells
lacking SAP due to ODF2 knockdown, centrosome
positioning is less precise than in control cells, and
this affects directional migration of cells, a process
that requires centrosome repolarisation [Hung et al.,
2016}. In addition, MT anchorage at SAP was shown
to participate in centrosome cohesion [Mazo et al.,
2016}. In mammalian cells, the mother and daughter
centrioles are linked together by a fibrous linker con-
taining the protein rootletin and several additional
components, which dock at the proximal end of cen-
trioles via the protein C-Napl [Mayor et al., 2000;
Bahe et al., 2005; He et al., 2013; Fang et al., 2014;
Mazo et al., 2016; Xia et al., 2018]. The centro-
some linker is normally disorganised shortly prior to
mitosis to allow centrosome separation and spindle
organisation, and disruption of the linker by deple-
tion of its individual components leads to premature
centriole splitting {Mayor et al., 2000; Mayor et al.,
2002; Bahe et al., 2005; He et al., 2013; Fang et al.,
2014; Xia et al., 2018}. Remarkably, loss of SAP was
shown to enhance the splitting phenotype caused by
loss of the centrosome linker, a phenotype also ob-
served following MT drug-induced depolymerisation
[Panic et al., 2015; Mazo et al., 2016}. These studies

thus established that SAP play a role in maintaining
centrosome cohesion, a role that likely involves their
role as MT anchoring sites.

Centrioles are related to the basal bodies present at
the base of cilia in many eukaryotic species. These
structures share a nine-fold symmetrical arrange-
ment of their constituting MT triplets and many of
their components are conserved [Keller et al., 2005;
Carvalho-Santos et al., 2010; Hodges et al., 2010;
Azimzadeh et al., 2012}. However, centriole/basal
bodies anchor appendages that are much more vari-
able in shape and number. In Chlamydomonas rein-
hardtii and Paramecium tetraurelia, basal bodies an-
chor specific sets of MT rootlets and striated fibres
that are distinct from what is observed in animal
cells {Geimer and Melkonian, 2005; Tassin et al.,
20151. Despite the variability of shape, the function
of these appendages is overall conserved: they con-
trol the position of the centrioles and ensure their
cohesion. The VFL3 (Variable FLagella number 3)
family of proteins is one of the few protein families
involved in assembling centriole appendages that is
evolutionary conserved in eukaryotes {Bengueddach
et al., 2017}. Mutations in the Chlamydomonas VFL3
gene leads to the disruption of striated fibres and
MT ribbons attached to the basal bodies, which leads
to defects in basal body segregation during mitosis
[Wright et al., 1983; Hoops et al., 1984}. Downreg-
ulation of Paramecium VFL3-related genes also leads
to defects in the assembly and position of centriole
rootlets [Bengueddach et al., 2017]. Because the ap-
pendages that decorate mammalian centrioles are dis-
tinct from those seen in flagellated protists, we were
intrigued that a VFL3 family member, encoded by the
CCDCO61 (Coiled Coil Domain Containing 61) gene, was
found in the proteome of the human centrosome {An-
dersen et al., 20031. A recent study established that
hVFL3/CCDC61 is a centrosome component required
for mitotic spindle assembly and symmetry [Barenz
et al., 2018}. hVFL3/CCDC61 is also present within
centriolar satellites, which are non-membranous 70—
100 nm cytoplasmic granules concentrated around
the centrosome {Kubo et al., 1999; Dammermann
and Merdes, 2002; Kubo and Tsukita, 2003; Barenz
et al., 2018}. Furthermore, we recently showed that
in multiciliated cells of planarian flatworms, a hVFL3
ortholog is involved in assembling the basal foot, a
centriole appendage structurally and molecularly re-
lated to SAP {Basquin et al., 2019}.

© 2019 Société Francaise des Microscopies and Société de Biologie Cellulaire de France. Published by John Wiley & Sons Ltd
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Here, we show that hVFL3 is a component of SAP
of the mother centriole. We found that targeting
hVFL3 expression perturbs centriole cohesion and
centrosome positioning in interphase cells, support-
ing that hVFL3 is required for MT-anchorage at SAP.
Finally, we show that hVFL3 can bind to both free
tubulin and MT indicating that it might be directly
involved in tethering MT at SAP.

Results

hVFL3 affects the distribution of centriolar
satellites

To address the role of hVFL3, we established knock-
out cell lines by disrupting both copies of the
CCDC6I gene in human telomerase-immortalised
retinal pigment epithelial (WTERT-RPE-1; hereafter
referred to as RPE1) cells by CRISPR/Cas9 edit-
ing. Three null clones were isolated and charac-
terised by Western blot and immunofluorescence
experiments using a polyclonal antibody we gen-
erated against the C-terminus of the protein (Fig-
ure S1A and B). Sequencing of genomic DNA con-
firmed the presence of insertions or deletions in both
copies of the CCDCG61 gene for all three clones (Fig-
ure S2). These clones were undistinguishable at the
phenotypic level (Figures S1B, S3A, and S8), and
hence clone 28-1 (hereafter named hVFL3 ™/~ cells)
was retained for further analysis. Wild-type con-
trol and hVFL37/~ cell lines expressing different
levels of a Myc-hVFL3 transgene were also estab-
lished (Figure S1C). In all clones, the Myc-hVFL3
fusion protein localised as the endogenous protein
both during interphase and upon serum starvation
(Figure S1D). Among these, RPE1+Myc-hVFL3
clone 13 (hereafter named RPE1+Myc-hVFL3) and
hVFL3 ™"~ +Myc-hVFL3 clone 8 (hereafter named
hVFL3~/~+Myc-hVFL3) expressed respectively 22
and 10 times more hVFL3 than the endogenous pro-
tein present in control cells (Figure S1C).

We examined the effect of hVFL3 depletion on the
localisation of centriolar satellites co-labelled with
anti-PCM1 and anti-Cep131 antibodies (Figure 1A;
Figure S3A). In RPE1 cells, satellites loosely accumu-
lated around the centrosome, both during interphase
and in serum-starved cells. In hVFL3™/~ cells how-
ever, satellites appeared more scattered within the cy-
toplasm (Figure 1A; Figure S3A). In agreement with
this, we observed a decrease in the amounts of PCM1
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accumulated within a 2-um radius of the centro-
some in hVFL3 ™'~ compared to RPE1 cells (Figure
1B). Western blot analysis confirmed that the lev-
els of PCM1 protein remained similar in control and
hVFL3™/'~ cells, supporting that hVFL3-depletion
affected PCM1 localisation rather than its expres-
sion (Figure S3B). In contrast, satellites accumulated
around the centrosome in hVFL3~/~+Myc-hVFL3
cells to a similar or higher extent than in RPE1 cells,
supporting that expression of the Myc-hVFL3 con-
struct complemented the scattering phenotype ob-
served in hVFL3 ™/~ cells (Figure 1B). Co-staining of
Myc-hVFL3-expressing cells with anti-PCM1, anti-
Cepl31 and anti-Myc antibodies revealed that all
three proteins co-localised in a large proportion of
centriolar satellites (Figure 1A, arrows). To further
establish that hVFL3 is in complex with PCM1
and Cepl31, we performed co-immunoprecipitation
experiments. Using extracts from RPE1 cells co-
transfected with Myc-hVFL3 and GFP-PCM1 or
GFP-Cepl31 constructs, we indeed detected in-
teraction of hVFL3 with PCM1 and Cepl31
(Figure 1C).

Together, these results support that hVFL3 is a
component of centriolar satellites and that depletion
of hVFL3 affects the distribution of satellites.

hVFL3 is not required for ciliary assembly

Because satellite organisation is essential for cilio-
genesis [Wang et al., 2016}, we next assessed the
effects induced by perturbation of hVFL3 levels on
primary cilium formation. Ciliogenesis was induced
by serum-starvation in control RPE1, RPE1+Myc-
hVFL3, hVFL3 ™'~ and hVFL3 ™/~ +Myc-VFL3 cells.
Labelling of the nuclear protein Ki67 confirmed that
most cells were arrested in GO after serum depletion
in all cell lines, indicating that modifying hVFL3
levels does not impede cell cycle exit (not shown).
RPE1 (91.6 £ 7.1 %) and hVFL3 ™'~ (88.1 & 10.4
%) cells displayed the same proportion of ciliated
cells (Figure 2A), supporting that hVFL3 is not re-
quired for ciliary assembly. In cells overexpressing
hVFL3, the percentage of ciliated cells was decreased
(69.3 £ 6.7 % of RPE1+Myc-hVFL3 and 64.7 £+
10.2 % of hVFL3 ™/~ +Myc-hVFL3 cells) but the dif-
ferences were not significant based on three inde-
pendent experiments (Figure 2A). However, the pro-
portion of ciliated cells in hVFL3~/~+Myc-hVFL3
clones negatively correlated with the level of hVFL3
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Figure 1| hVFL3 affects the localisation of centriolar satellite and interacts with PCM1 and Cep131

(A) Immunofluorescence staining of Cep131 (green) and PCM1 (red) in RPE1 and hVFL3~/~ cells (left panels, DNA is in blue)
or Cep131 (green), PCM1 (red) and Myc (blue) in RPE1+Myc-hVFL3 cells and hVFL3~/~+Myc-hVFL3 cells (right panels, DNA
is in grey). Scale bar: 10 um (1 um for magnified views). (B) Mean fluorescence intensity of PCM1 staining within a radius of 2
um from the centrosome after 48 h of serum-starvation in control, hVFL3~/~, hVFL3~/~4+Myc-hVFL3 (clone 8) and RPE1+Myc-
hVFL3 (clone 13), expressed as percentages of the control mean values. Three independent experiments were performed with
N > 200 for each condition. Error bars represent SD. Asterisks indicate a significant difference to the corresponding control
(Kruskal-Wallis test; P < 0.0001 for all except serum-starved hVFL3~/~+Myc-hVFL3: P = 0.0035). (C) Co-immunoprecipitation
experiments on RPE1 cells co-transfected with Myc-hVFL3 and either GFP-PCM1-Cter (left panel) or GFP-Cep131 (right panel)
constructs. RPE1 cells transfected with a GFP construct were used as a control. Immunoprecipitation was performed using GFP
antibodies. | = input; B = beads. “Indicates non-specific bands detected with the Myc antibody.
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Figure 2| Loss of hVFL3 does not affect ciliary assembly

(A) Percentage of ciliated cells after 48 h of serum-starvation and immunofluorescence staining with anti-acetylated-tubulin
antibodies of control, hVFL3~/~, hVFL3~/~+Myc-hVFL3 (clone 8) and RPE1+Myc-hVFL3 (clone 13). Mean of three independent
experiments are represented (N > 190 for each condition). Error bars represent SD between the three experiments. Differences are
not significant (Kruskal-Wallis test). (B) Mean ciliary length in serum-starved cells stained with anti-acetylated tubulin antibodies.
Four independent experiments were performed with N > 159 for each condition. Error bars represent SD. Asterisks indicate a
significant difference from the control (Kruskal-Wallis test; P < 0.0001 for hVFL3~/~ and hVFL3~/~+Myc-hVFL3 clone 8, < 0.001
for clone 18, < 0.01 for clone 19). (C) Mean fluorescence intensity of SMO at the primary cilium after a 24-h treatment with either
200 nM SAG or DMSO (percentage of the SAG-treated RPE1 mean value). Three independent experiments were performed with
N > 180 for each condition. Error bars represent SD. Asterisk indicate a significant difference (Kruskal-Wallis test; P < 0.0001).
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overexpression (Figure S4), suggesting that hVFL3  increased compared to control cilia. Despite this lim-

overexpression might interfere with ciliary assem-
bly and/or stability. We also analysed ciliary length
and observed that average length was slightly in-
creased in hVFL3 ™" cells compared to control RPE1
cells (Figure 2B). In hVFL3 ™'~ +Myc-hVFL3 clones,
a proportion of cells (around 15%) displayed a very
short cilium — which also supports that hVFL3 over-
expression affects ciliary assembly or stability — but
the average length of other cilia was also slightly
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ited effect on ciliary assembly, we wanted to deter-
mine whether ciliary function was affected by hVFL3-
depletion. In vertebrates, Hedgehog signalling is de-
pendent on ciliary assembly and integrity {Reiter and
Leroux, 2017}. An early step of Hedgehog pathway
activation corresponds to the accumulation of the
transmembrane protein Smoothened (SMO) within
the primary cilium [Anvarian et al., 2019}]. Treat-
ing RPE1 cells with SMO-agonist (SAG) increased
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SMO levels within cilia (Figure 2C), as expected. In
hVFL3 7'~ cells, SAG treatment enhanced the cil-
iary levels of SMO to a similar extent than in RPE1
cells, supporting that the Hedgehog pathway is still
functional in mutant cells.

Together, these results support that loss of hVFL3
has a limited effect on ciliogenesis and ciliary sig-
nalling. However, hVFL3 overexpression possibly in-
terferes with ciliary assembly or stability.

hVFL3 is a subdistal appendage component
We next sought to determine the precise localisation
of hVFL3 within the centrosome. Because satellites
are usually densely packed around the centrosome,
we used nocodazole to disperse the satellites and
better visualise centrosomal hVFL3. Although some
satellites often remained in the vicinity of the
centrosome in these conditions, we consistently
observed a faint hVFL3-staining at the base of cilia
that was reminiscent of mother centriole appendages
(Figure 3A). hVFL3 appeared to co-localise with
Cepl70 and ninein, which decorate SAP and the
proximal end of centrioles. To confirm these results,
we used immunogold electron microscopy. Since the
anti-hVFL3 antibody was not compatible with the
electron microscopy protocol, RPE1+Myc-hVFL3
and hVFL3 ™/~ +Myc-hVFL3 cells were labelled with
an anti-Myc antibody. In both cell lines, hVFL3
localised at SAP (two centrioles out of two for
hVFL3~~4+Myc-hVFL3 and three out of three for
RPE1+Myc-hVFL3 cells) and to a lesser extend at
the proximal end of centrioles (one centriole out
of two for hVFL3~'~+Myc-hVFL3 and three out
of three for RPE14+Myc-hVFL3 cells; Figure 3B,
arrows). This localisation was consistent with the
recent identification of Cepl70 as an interactor of
hVFL3 by proximity biotinylation [Barenz et al.,
2018]. We also identified Cepl70 as a potential
interactor by tandem-affinity purification coupled to
mass spectrometry using a C-terminal fragment of
hVFL3 that associates to the centrosome but not to
satellites (Figure S5). We confirmed this interaction
by co-immunoprecipitation assays on RPE1 cells
expressing GFP-Cep170 and Myc-hVFL3 constructs
(Figure 3C). Together, our results establish that
hVFL3 is a SAP component and confirm its
interaction with Cep170.

We next wondered whether loss of hVFL3 induced
defects in the structure of SAP. The appearance or po-

sition of SAP observed by electron microscopy in cells
either depleted or overexpressing hVFL3 was similar
to controls (Figure S6). Despite the lack of major
structural changes in SAP morphology, hVFL3 could
interfere with the recruitment of other SAP proteins.
Therefore, we analysed the localisation of endogenous
ninein, Cepl170 and ODEF?2 in cells depleted from or
overexpressing hVFL3. In all chese cell lines, indepen-
dently of hVFL3 levels, we did no detect any conspic-
uous change in the distribution of ninein, Cep170 or
ODF2, or in the co-localisation of ninein and Cep170
(Figure 3D; Figure S7TA). When we quantified their
centrosomal levels, we found only a modest decrease
in ninein levels and to a lesser extent in Cepl70
levels in hVFL3™/~ compared to control cells (Fig-
ure 3E; Figure S7B). Because discrepancies between
phenotypes resulting from genetic mutations or from
knockdowns are known to occur {Hall et al., 2013;
Rossi et al., 2015; Flanagan et al., 2017}, we also
analysed the effect of RNAi-depletion of hVFL3 on
the localisation of other SAP components. After tar-
geting hVFL3 using two different siRNAs that both
strongly reduced its endogenous levels, we observed
a modest decrease in centrosomal ninein after treat-
ment with the most efficient siRNA (hVFL3-sil),
whereas ODF2 levels were unaffected (Figure 3F and
G; Figure S7C). In contrast, treatment with both
hVFL3 siRNAs increased the levels of centrosomal
Cepl170 (Figure 3G). Thus, depletion of hVFL3 ei-
ther by CRISPR/Cas9 editing or by RNAi overall
had a limited impact on the recruitment of other
SAP components, including its interaction partner
Cep170. Altogether, these results demonstrate that
hVFL3 is a SAP protein that interacts with Cepl170
but is not essential for SAP assembly or the recruit-
ment of the SAP components ninein, Cepl70 and
ODF2.

hVFL3 is implicated in centriole cohesion

We noticed that upon induction of ciliogenesis, the
distance between the mother centriole (also called
basal body in this context) and the daughter cen-
triole was increased in hVFL3 ™/~ compared to con-
trol RPE1 cells (Figure 4A and B), from 0.50 =+
0.10 pum in control RPE1 cells to 0.87 £ 0.22
um in hVFL37~ cells. Similar results were ob-
tained for all three null clones (Figure S8). Surpris-
ingly, the mean intercentriolar distance was also in-
creased in RPE1+Myc-hVFL3 (0.79 £+ 0.3 pm) and
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Figure 3| hVFL3 is a SAP component that interacts with Cep170

(A) Immunofluorescence localisation of hVFL3 (green) and either acetylated tubulin, Cep170 or ninein (red) in RPE1 cells treated
with nocodazole to displace the centriolar satellites. Scale bar, 1 um. (B) Immunogold localisation of hVFL3 in serum-starved
Myc-hVFL3-expressing cells labelled with anti-Myc antibodies and protein A-gold prior to embedding. As a control, RPE1+Myc-
hVFL3 cells were treated with protein A-gold only. Right panels are enlarged views of the cells shown in the left panels.
Arrowheads in the left panels indicate the location of DAP and SAP. Gold particles in the right panels are indicated by arrows.
Scale bar, 0.5 um (left panels) or 0.1 um (right panels). (C) Co-immunoprecipitation experiments on cells co-transfected with
GFP-Cep170 and Myc-hVFL3 constructs. Myc antibodies were used for immunoprecipitation and a GFP construct was used
as a control. | = input; B = beads. “Indicates a non-specific band detected with anti-Myc antibodies. (D) Immunofluorescence
staining of ninein, Cep170 and acetylated tubulin in ciliated cells. Scale bar, 1 um. (E) Mean fluorescence intensity of Cep170 (left)
or ninein (right) at the centrosome after 48 h of serum-starvation (percentage of the RPE1 mean). Three independent experiments
were performed with N > 400 for each condition. Error bars represent SD. Asterisks indicate a significant difference (two-tailed
Mann-Whitney test; P < 0.0001). (F) Western-blot analysis of hVFL3 levels in RPE1 cells treated with control or hVFL3 siRNAs
during 48 h. Fifty micrograms of total proteins were loaded for each sample. Alpha-tubulin was used as a loading control. (G)
Mean fluorescence intensity of Cep170 or ninein staining at the centrosome of RPE1 cells treated with control or hVFL3 siRNAs
during 72 h (percentage of the siControl mean). Three independent experiments were performed with N > 385 for each condition.
Error bars represent SD. Asterisks indicate a significant difference from the siControl condition (Kruskal-Wallis test; P < 0.0001).
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Figure 4| hVFL3 is required for centriole cohesion

(A) Immunofluorescence staining of mother and daughter centrioles labelled with antibodies against gamma-tubulin (green) and
glutamylated tubulin (interphase cells) or acetylated tubulin (serum-starved cells) (red) in RPE1 and hVFL3~/~ cells. Scale bar,
1 um. (B) Mean intercentriolar distance in control, hVFL3~/~, hVFL3~/~+Myc-hVFL3 (clone 8) and RPE1+Myc-hVFL3 (clone 13)
cells serum-starved during 24 h without further treatment or after treatment with 0.5 uM nocodazole to destabilise MT. Two
independent experiments were performed with 27 < N < 134 for non-treated cells, three independent experiments with N >
250 for nocodazole-treated cells. Error bars represent SD. Asterisks indicate a significant difference from the untreated control
(Kruskal-Wallis test; P < 0.0001 for all except hVFL3~/~+Myc-hVFL3 clone 9: P = 0.0002 and clone 18: P = 0.0001).
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hVFL3 ™/~ +Myc-hVFL3 clone 9 (0.84 % 0.28 um)
and clone 18 (0.79 %+ 0.28 um) compared to con-
trol RPE1 cells (0.59 % 0.17 um; Figure 4B). Thus,
overexpression of hVFL3 like its depletion decreased
centriole cohesion. However, intercentriolar distance
was comparable to control values in hVFL3 ™/~ +Myc-
hVFL3 clone 8 (0.62 £ 0.14 pum), which expresses
intermediate levels of Myc-hVFL3 (Figure S1C), sup-
porting that expression of hVFL3 at definite lev-
els can complement the centriole splitting pheno-
type observed in hVFL3™/~cells. hVFL3 depletion
or over-expression in interphase cells also increased
intercentriolar distance in some of the cell lines, al-
though to a lesser extent (Figure S8). In the pres-
ence of an intact centrosome linker, perturbing MT
stability does not affect centrosome cohesion [Panic
et al.,, 2015}. In agreement, intercentriolar distance
was similar in RPE1 cells treated with a low dose of
nocodazole and in non-treated cells (Figure 4B). In
contrast, centriole-splitting was enhanced by nocoda-
zole treatment in both hVFL3™/~ and overexpressing
cells, further supporting that centriole cohesion is al-

tered in these clones. Together, these results indicate
that both depletion and overexpression of hVFL3 in-
terfere with the regulation of intercentriolar distance,
suggesting that hVFL3 participates in centrosome co-
hesion in a quantitatively regulated manner.

hVFL3 depletion exacerbates the centriole
splitting phenotype induced by a disruption of the
centrosome linker

In vertebrate cells, centriole cohesion relies on the
linker components rootletin and C-Nap1 [Bahe et al.,
2005; Agircan et al., 2014}. Since hVFL3 affects cen-
triole cohesion and a fraction of hVFL3 localises at
the proximal end of centrioles like C-Napl, we ex-
amined the localisation of rootletin and C-Napl in
ciliated cells depleted from or overexpressing hVFL3.
Compared to RPE1 cells, neither depletion or over-
expression of hVFL3 notably affected the recruit-
ment of rootletin and C-Napl at the proximal end
of centrioles (Figure 5A). Quantifying the levels of
C-Napl and rootletin at the centrosome, we ob-
served only a slight decrease in rootletin staining
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Figure 5 | hVFL3 affects centriole cohesion via its function at SAP

(A) Immunofluorescence staining of rootletin or C-Nap1 (green) with either anti-acetylated tubulin or anti-glutamylated tubulin
(red) in cells lacking or over-expressing hVFL3. Scale bar, 1 um. (B) Mean fluorescence intensity of rootletin or C-Nap1 staining at
the centrosome in serum-starved control or hVFL3~/~ cells (percentage of control mean value). Three independent experiments
were performed with N > 400 for each condition. Error bars represent SD. Asterisks indicate a significant difference (two-tailed
Mann-Whitney test; P < 0.0001). (C) Western-blot analysis of C-Nap1 levels in control RPE1 or C-Nap1~/~ cells. Ten micrograms
of total proteins were loaded for each sample. (D) Mean intercentriolar distance in C-Nap1~/~ cells treated with control, hVFL3
or ODF2 siRNAs. Three independent experiments were performed with 160 > N > 250 for each condition. Error bars represent
SD. Asterisks indicate a significant difference from the siControl condition (Kruskal-Wallis test; P < 0.0001 for siODF2 and
hVFL3-si2, P < 0.01 for hVFL3-si1).
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in hVFL3 ™/~ compared to control cells (90.5 + 28.8 2015; Mazo et al., 2016; Flanagan et al., 2017}. This
% in hVFL3 ™'~ vs. 100.0 & 29.11 % in control cells; ~ supports that SAP play a role in maintaining cen-
Figure 5B). Our results thus suggested that hVFL3  trosome cohesion, likely via their capacity to anchor
affects centriole cohesion independently of the C-  MT. Since hVFL3 is a SAP component, we wondered
Napl/rootletin linker. In RPE1 cells, the centriole ~ whether it could also affect centriole cohesion by per-
splitting phenotype induced by C-Nap1 depletion is  turbing SAP function. We reasoned that in such case,
strongly enhanced by simultaneous ablation of SAP  simultaneous depletion of C-Nap1 and hVFL3 should
components or by MT depolymerisation [Panic etal.,  exacerbate the splitting phenotype caused by C-Nap1
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ablation. We disrupted both copies of the CEP250
gene (encoding C-Napl) by CRISPR editing in
either control or hVFL3 ™'~ cells. Western blot anal-
yses confirmed the loss of C-Nap1 expression in the
different clones we isolated (Figure 5C; Figure S9A).
We observed a very modest increase in intercentriolar
distance in only two out of four hVFL3™'~; C-
Napl ™'~ clones (2.57 4= 1.96 and 2.38 4= 1.97 um
for clones 5-39 and 5-51, respectively) compared
to C-Napl1 ™'~ cells (2.25 & 2.17 um; Figure S9B).
However, when we targeted hVFL3 expression by
RNAi in C-Napl™~ cells, intercentriolar distance
was markedly increased (3.45 £ 4.00 and 3.20 +
2.64 um for siRNA-1 and-2, respectively) compared
to C-Napl ™'~ cells treated with a control siRNA
(2.10 £ 2.27 pm; Figure 5D). Thus, acute depletion
of hVFL3 by RNAI could mimic the phenotype in-
duced by depletion of other SAP components such
as ODF2 in cells lacking the centrosome linker. The
mean increase was about half of the one observed in C-
Napl ™'~ cells treated with a siRNA against ODF2
(4.65 £ 4.67 um) compared to a control siRNA,
likely reflecting a milder impact of hVFL3-depletion
on SAP function (Figure 5D). Altogether, our data
support that hVFL3 affects centrosome cohesion by
regulating MT-anchorage at SAP.

hVFL3 affects centrosome positioning in
interphase cells

We next wondered whether depletion of hVFL3
would affect other SAP-related functions such as cen-
trosome positioning. A powerful approach to study
organelle positioning is to use adhesive micropat-
terns. In particular, seeding cells on crossbow-shaped
micropatterns was found to induce centrosome relo-
cation at a predictable position {Thery et al., 2006}.
In contrast, centrosome position was more variable
in cells depleted from the SAP component ODF2
[Hung et al., 2016}. We treated RPE1 cells with ei-
ther control siRNA or with the most efficient hVFL3
siRNA (hVFL3-sil) during 48 h and then allowed
the cells to attach and polarise on crossbow-shaped
micropatterns. We then determined centrosome posi-
tion relative to the pattern by co-labelling cells with
anti-centrin and anti-ninein antibodies (Figure 6A).
By measuring the distance separating the centrosome
from the centroid of the pattern in both conditions,
we found that the centrosome was on average more
distant from the centroid in hVFL3-depleted than in

control cells (Figure 6A and B), suggesting that cen-
trosome position is less precisely regulated in hVFL3-
depleted cells. Thus, acute depletion of hVFL3 im-
pacted centrosome positioning in interphase cells,
which further indicates that hVFL3 is required for
proper anchorage of MT at SAP.

hVFL3 is an MT-associated protein

Our results supported that hVFL3 depletion affected
MT anchorage without perturbing SAP morphology
or the recruitment of the peripheral SAP com-
ponents ninein, a key player in MT-anchorage
at SAP [Mogensen et al., 2000; Delgehyr et al.,
2005; Kodani et al., 2013; Mazo et al., 2016} and
Cepl70, which can bind MT directly [Welburn
and Cheeseman, 2012}. We thus wondered whether
hVFL3 was itself required for binding MT, which
could explain why SAP function was altered in
hVFL3-depleted cells despite the presence at the
centrosome of overall normal levels Cepl70. In
agreement with this, we observed that transient
expression of Myc-hVFL3 or hVFL3-GFP fusion
proteins both induced the formation of MT bundles.
Depending on the level of over-expression, hVFL3
formed puncta or filaments co-localizing with MT
(Figure 7A), suggesting that hVFL3 can bind to
MT. To determine if hVFL3 could bind to tubulin,
we performed co-immunoprecipitation experiments
on RPEL1 cells co-transfected with GFP-tubulin and
Myc-hVFL3 constructs. We found that GFP-tubulin
co-precipitated Myc-hVFL3 from cell extracts
(Figure 7B), supporting that hVFL3 can bind to
tubulin. Taken together, these results indicate that
hVFL3 is a MT-binding protein.

Discussion

In the present work, we analysed the role played by
the sole human member of the VFL3 family of pro-
teins at the centrosome of interphase or GO cells. We
found that hVFL3 is present within centriolar satel-
lites and is required for properly targeting the satel-
lites to the centrosome region. Within the centro-
some itself, hVFL3 is present at mother centriole SAP
and at the proximal end of centrioles, where an MT-
anchoring complex comprising ninein and Cepl170
is localised. hVFL3 interacts with Cepl70 but is
not required for its recruitment at the centrosome
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Figure 6 | hVFL3 is required for centrosome positioning in interphase cells

(A) Position of the centrosome in interphase RPE1 cells seeded on crossbow-shaped adhesive micropatterns after treatment with
either control siRNA or hVFL3-si1. Upper panels: the position of the centrosome was determined by co-staining centrin (green)
and ninein (red), DNA is in blue. Dotted lines delimit the contour of the micropattern. Lower panels: graphical representation
of centrosome position. The x and y axes indicate the distance (in um) to the centroid of the micropattern (shown in grey).
Data were collected from two independent experiments. N = 100 (siControl) or 110 (hVFL3-si1). (B) Mean distance between the
centrosome and the cell centroid for the data shown in (A). Error bars represent SD. The asterisk indicates a significant difference

(Two-tailed Mann-Whitney test; P = 0.0009).
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in RPE1 cells. Acute depletion of hVFL3 combined
with disruption of the centrosome linker induced se-
vere centriole splitting like in the case of other SAP
components {Mazo et al., 2016}, supporting that SAP
function is altered in these conditions. Like depletion
of ODF2, a protein essential for SAP assembly [Hung
etal., 20161, hVFL3-depletion perturbed centrosome
positioning in interphase cells, further establishing
that hVFL3 affects MT-anchorage at SAP. In agree-
ment, we found that hVFL3 is an MT-binding protein
and thus might directly participate in anchoring MT
at SAP.

hVFL3 is a component of centriolar satellites

hVFL3 co-localises and interacts with the centriolar
satellite components PCM1 and Cep131. Inaddition,
loss of hVFL3 causes satellites to be mislocalised,
a phenotype that can be rescued by re-expression
of hVFL3. This is not unexpected, as depletion
of many other satellite components causes loss or
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mislocalisation of satellites {Tollenaere et al., 2015}.
Loss of hVFL3 possibly induces the destabilisation of
a subpopulation of satellites. Alternatively, hVFL3
could affect the transport of satellites towards the
centrosome, which involves their interaction with
dynein/dynactin motors. Satellite components such
as BBS4 and Par6o can directly bind the dynactin
component pl508"d and their depletion cause
satellite dispersion, indicating that they regulate
the transport of satellites by dynein/dynactin {Kim
et al., 2004; Kodani et al., 2010}. Loss of centrosome
cohesion in cells lacking C-Napl also leads to
dispersion of centriolar satellites {Panic et al., 2015;
Flanagan et al., 2017]. This suggests that centriole
cohesion somehow affects satellite localisation,
which could also explain the scattering of satellites
in hVFL3 null cells. Finally, hVFL3 deficiency
might cause satellite dispersion by perturbing
MT anchorage at SAP, which possibly impacts the
transport of satellites towards the centrosome.
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Figure 7 | hVFL3 interferes with the MT network and binds tubulin

(A) Immunofluorescence staining of RPE1cells transfected with Myc-hVFL3 or hVFL3-GFP constructs using anti-hVFL3 anti-
bodies (green) and anti-acetylated tubulin or anti-« tubulin antibodies (red). DNA is in blue. hVFL3 dots co-localised with MT are
indicated by arrowheads (boxed area). Scale bar, 10 um. (B) Co-immunoprecipitation experiments on cells co-transfected with

GFP-tubulin and Myc-VFL3 constructs. GFP antibodies were used for immunoprecipitation and a GFP construct was used as a

control. | = input; B = beads.
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hVFL3 localises at SAP and regulates their
function

Our results show that hVFL3 co-localises at SAP and
centriole proximal ends with a MT-anchoring com-
plex comprising ninein, Cep170, p1508"“d and Kif2a
[Mazo et al., 2016}. In agreement, we found that
hVFL3 interacts with Cep170, as also described in a
recent study [Barenz et al., 2018}. MT-anchorage at
SAP is required for centrosome positioning and cen-
trosome cohesion, and indeed we found that hVFL3-
depletion affects both these processes. Our results
support that hVFL3 is an MT-binding protein like
Cepl70 and pl150glued [Waterman-Storer et al.,
1995; Welburn and Cheeseman, 2012}, suggesting
that these proteins might cooperate in tethering MT-
minus ends at SAP.

We did not observe important modifications in the
recruitment of SAP components upon depletion of
hVFL3, including its binding partner Cepl170. Ge-
netic editing only slightly decreased Cepl70 cen-
trosomal levels, whereas acute depletion by RNAi
increased these levels. Our results thus support that
Cepl70 can be anchored at SAP by additional in-
teractors, and that hVFL3 can affect MT-anchorage
independently of Cep170. These findings are in con-
trast with the work from Birenz and colleagues who
found that Cepl170 is massively displaced from the
centrosome when hVFL3 is absent in U20S cells
[Barenz et al., 2018}. Thus, some aspects of Cepl70

recruitment might be cell type-specific, possibly ow-
ing to the presence of additional Cepl170-interacting
proteins in RPE1 but not U20S cells. Alternatively,
hVFL3 might affect the recruitment of Cepl70 at
SAP indirectly by influencing its transport or the
transport of other Cepl70-interacting proteins via
centriolar satellites.

The observation that depleting hVFL3 by either
RNAIi or CRISPR/Cas9 editing had opposite effects
on Cep170 centrosomal levels is intriguing. Discrep-
ancies between RN Ai and genetic mutant phenotypes
have been documented for other genes, including the
centrosome components Cep131 and C-Napl {Hall
et al., 2013; Flanagan et al., 2017}. These differ-
ences are attributed to compensation in genetically
modified cells, in particular changes in the level of ex-
pression of other players in the same pathway [Rossi
etal., 2015}. Such a compensation could allow down-
regulating centrosomal accumulation of Cepl70 in
hVFL3 ™"~ cells, or modify the levels of other centro-
some proteins. How these differences in protein lev-
els bectween RN Ai-treated and CRISPR/Cas9-edited
cells might affect SAP function is unclear, but they
were nonetheless accompanied by additional pheno-
typic differences. Indeed, acute depletion of hVFL3
enhanced the splitting phenotype caused by disrup-
tion of the C-Napl/rootletin linker — an indication
that SAP function is altered, to a much greater extent
that genetic ablation.
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Direct analysis of MT anchorage at SAP is diffi-
cult because of the presence of many non-anchored
MT in the close vicinity of the centrosome. In addi-
tion, some cell types including RPE1 cells can still
form MT asters after perturbation of SAP assembly
[Ishikawa et al., 2005; Mazo et al., 2016}, indicat-
ing that other anchorage mechanisms are at play [Tu
et al., 2018]. Nevertheless, characterisation of key
specific SAP components such as ODF2 highlighted
a role for SAP in regulating centrosome position and
cohesion {Hung et al., 2016; Mazo et al., 2016},
which is consistent with their role as MT-anchorage
sites. Our observations that hVFL3 localises at SAP,
that it interacts with both Cep170 and MT and that
its depletion leads to defects in centrosome position-
ing and cohesion — the latter defect being enhanced
when MT are destabilised by low doses of nocoda-
zole — all support that hVFL3 is required for proper
anchorage of MT at SAP in interphase and GO cells.

The VFL3 family of proteins in evolution

hVFL3 is a member of an ancient family of centri-
ole/basal body-associated proteins. In Chlamydomonas
and in Paramecium, disruption of proteins of the VFL3
family leads to defects in the assembly and position of
basal body-associated structures {Hoops et al., 1984;
Bengueddach et al., 2017}. In planarian flatworms
depleted from SMED-VFL3, about one third of cen-
trioles lack a basal foot {Basquin et al., 20191. We did
not observe notable perturbations in the assembly of
SAP or the rootletin linker in RPE1 cells. Neverthe-
less, the involvement of hVFL3 in MT-anchorage at
mother centriole SAP is reminiscent of its ancestral
function in connecting centriole/basal bodies to the
cytoskeleton. In this respect, it is striking that de-
spite the great evolutionary variation in the shape of
appendages attached to centriole/basal bodies, some
aspects of their molecular assembly are still conserved.

Material and methods

Cell culture

RPE1 (hTert-RPE-1) cells were cultured in DMEM/F-12 (Ther-
moFisher Scientific) supplemented with 10% foetal calf serum
(ThermoFisher Scientific), 100 U/mL penicillin and 100 pg/mL
streptomycin (ThermoFisher Scientific) and kept at 37°C in the
presence of 5% COs.

Cloning
hVFL3 full-length coding sequence was amplified from cDNA
clone IMAGE:4562394 (Genbank accession: BG325573.1),
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cloned into the pENTR Gateway entry vector using the
pENTR/D-TOPO cloning kit (ThermoFisher Scientific) and
subcloned into pDEST47 using LR clonase (ThermoFisher Sci-
entific) to generate a hVFL3-GFP fusion. For Myc-hVFL3 fusion,
hVFL3 coding sequence was subcloned using ligation indepen-
dent cloning (LIC) into pMyc-LIC, a mammalian expression
vector derived from pEGFP-C1 vector (Clontech) by replacing
the GFP coding sequence with Myc epitope sequence and the
multiple cloning site with a LIC cassette. The full-length coding
sequence of Cep131 was amplified from clone IMAGE:4634709
(Genbank accession: BC012130) after PCR mutagenesis to re-
move a partially retained intron, then cloned into pENTR and
into pDESTS53 (ThermoFisher Scientific) as described above.
Full-length Cep170 and the central domain of PCM1 (aa. 714—
1231), which localises at centriolar satellites [Dammermann and
Merdes, 20021, were obtained by RT-PCR from RPE1 total
RNA extracts using Superscript II Reverse-transcriptase (Ther-
moFisher Scientific) and cloned into pEGFPC-LIC, a vector de-
rived from pEGFP-C1 by insertion of a LIC cassette.

CRISPR/Cas9 editing

hVFL3™'~ cells were obtained by CRISPR/Cas9 editing.
Briefly, RPE1 cells were co-transfected with two plasmids ex-
pressing two gRNAs targeting the CCDCO6I locus in exon
2 (target sequences: 5'-TGGTCCATGGCCAAGGTTGC-3’
and 5'-GGACTACGTCTTCCGGGGTG-3') or exon 4 (tar-
get sequences: 5'-GATGAGGATCAGGTAGCGCT-3" and 5'-
CTCCGTGGAGTTTGACAGGT-3'), and co-expressing the
nickase mutant of Cas9 fused to EGFP or mCherry, respectively.
Two days after transfection, EGFPT mCherry™ cells were sorted
by fluorescence-activated cell sorting (FACS) based on GFP and
mCherry expression, grown for 4 days, and plated at low con-
centration. Individual clones were picked after 2 wks and were
selected based on the lack of hVFL3 expression as determined by
Western blot analysis. Selected clones were subsequently char-
acterised by PCR on genomic DNA followed by sequencing.

Antibodies

A fragment encoding hVFL3 aa. 367-512 was cloned in pGST-
Parallell and expressed in Escherichia coli. The GST-hVFL3 fusion
protein was purified under native conditions using glutathione
agarose (ThermoFisher Scientific) and the hVFL3 fragment was
recovered by Tev protease cleavage and dialysed before rab-
bit immunisation (Covalab). Antibodies were affinity-purified
over the GST-hVFL3 fusion bound to Affi-Gel 10 resin (Bio-
Rad). Rabbit polyclonal anti-Cep131 antibodies raised against
aa. 567—767 of human Cep131 (NP_00136157) were obtained
following the same procedure. Other antibodies include mouse
monoclonal antibodies against acetylated tubulin (6-11B-1,
Sigma), alpha-tubulin (DM1a, Sigma), gamma-tubulin (GTU-
88, Sigma), actin (AC-40, Sigma), Cep170 (72-413-1, Ther-
moFisher Scientific), GFP (7.14-13.1, Roche), Myc (9E10, Santa
Cruz Biotechnology), rootletin (C-2, Santa Cruz Biotechnol-
ogy); SMO (E-5, Santa Cruz Biotechnology); rabbit polyclonal
antibodies against C-Napl (Proteintech), detyrosinated tubu-
lin (Glu-tubulin) (AB3201, Millipore), Myc (C3956, Sigma),
ninein (ab52473, Abcam), ODF2 (ab43840, Abcam), ARL13B
(17711-1-AP, Proteintech); goat polyclonal antibodies against
PCM1 (D-19, Santa Cruz Biotechnology) and rootletin (C-20,
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Santa Cruz Biotechnology). Donkey secondary antibodies cou-
pled to DyLight 488/555 were purchased from Abcam.

Western blotting

Cells washed with cold PBS were lysed in the tissue culture
dishes with lysis buffer containing 50 mM Tris, pH 8, 20 mM
EDTA, 2% SDS, supplemented with protease inhibitor cocktail
(Complete mini, EDTA-free, Roche) and heated 15 min at 95°C.
Protein concentration was determined using the BCA protein
assay kit according to the supplier’s protocol (Pierce). For im-
munoblotting, 20 to 50 pug of lysate were run on NuPAGE novex
4-12% BisTris polyacrylamide gels (Novex, life technologies)
and transferred onto Protran BA 83/85 nitrocellulose membranes
nitrocellulose membranes (Whatman). Membranes blocked and
incubated with antibodies following standard procedures were
visualised with Immobilon chemiluminescence reagents (Mil-
lipore) using Image Reader LAS-400 (GE Healthcare Life Sci-
ences). Protein quantification of Western blots was performed
using Image]J (National Institutes of Health, Bethesda, MD).

Immunoprecipitation

For immunoprecipitation, RPE14+Myc-hVFL3 cells were trans-
fected with JetPEI (Polyplus) according to the manufacturer’s
instructions then lysed in RIPA extraction buffer (1% Triton
X100, 1% sodium deoxycholate, 10 mM Tris pH 7.5, 150 mM
NaCl, 5 mM EDTA, 0.1% SDS) with proteinase inhibitors and
kept for 30 min on ice before sonication and centrifugation at
20 000 X g for 10 min at 4°C. Lysates were diluted in buffer
containing 10 mM Tris pH 7.5, 150 mM NaCl and 5 mM EDTA
and rotated for 3 h at 4°C with magnetic GFP-Trap_M (Chro-
motek). After 3 washes with wash buffer (10 mM Tris pH 7.5,
150 mM NaCl, 0.01 % NP40, 0.5 mM EDTA), immunopre-
cipitated proteins were isolated according to the manufacturer’s
instructions and used for Western blot analysis as previously
indicated.

Tandem affinity purification

Full-length hVFL3 or a subdomain corresponding to aa. 331—
521 (C-ter) were cloned in pEGFP-LAP-LIC, a mammalian ex-
pression vector derived from pEGFP-C1 vector (Clontech) by
inserting a Tev protease cleavage site and an S-tag downstream
of GFP. The C-ter domain of hVFL3 accumulated at the centro-
some but not within centriolar satellites and was thus used in to
identify proteins interacting specifically with hVFL3 at the cen-
trosome. RPE1 cells stably expressing the fusion proteins were
generated. Protein lysates obtained from these cells or control
RPE1 cells were subjected to tandem-affinity purification as de-
scribed previously [Cheeseman and Desai, 2005} using GFP-trap
magnetic beads (Chromotek) and S-protein agarose (Novagen).

Immunofluorescence

Cells were fixed in cold methanol for 5 min at —20°C, blocked
with 10% foetal bovine serum in PBS for 45 min then incubated
with primary then secondary antibodies for 1 h each. In all exper-
iments, Hoechst 33342 was used to stain DNA. For staining of
primary cilia with anti-acetylated tubulin, cells were incubated
on ice during 1 h prior to methanol fixation. For quantifica-
tion of SMO accumulation within cilia, confluent cells cultured
during 24 h in serum-free medium were supplemented with
200 nM SAG (Sigma) diluted in DMSO or DMSO alone during

24 h prior to fixation. Cells were then co-stained for SMO and
ARLI13B to determine the position of the primary cilium. To
visualise centrosomal hVFL3, satellites were dispersed by treat-
ing the cells during 1 h with 5 pM nocodazole prior to fixation.
For measuring the effect of MT destabilisation on intercentrio-
lar distance, cells cultured during 24 h in serum-free medium
were incubated during 1 h in serum-free medium containing
0.5 UM nocodazole prior to fixation. For micropattern analy-
sis, CYTOOchips CW-M-A (Cytoo) were coated with bovine
fibronectin (Sigma) prior to incubation with the cells following
instructions from the manufacturer. RPE1 cells treated by RNAi
during 48 h were detached using Versene solution and allowed to
spread on adhesive micropatterns during 6—8 h before methanol
fixation and immunostaining of centrosomes with anti-ninein
antibodies.

Images were acquired using either a LSM780 confocal micro-
scope (Zeiss) using an oil 63 X objective (Plan Apo, N.A. 1.4) or
a Axio Observer Z.1 microscope (Zeiss) equipped with a sCMOS
Orca Flash4 LT camera (Hamamatsu) and a 63 X objective (Plan
Apo, N.A. 1.4).

Image analysis

All measurements of ciliary length, intercentriolar distance, and
fluorescence intensity were executed using Image]J software. For
quantification of fluorescence intensity, the mean intensity in a
~0.25 um? area centred on the centrosome was quantified on
maximal intensity projections of z-series (0.5-pum interval).

Electron microscopy

For conventional transmission electron microscopy (TEM), cells
were fixed for 1 h in 0.1 M Sorensen’s phosphate buffer contain-
ing 4% paraformaldehyde and 2.5% glutaraldehyde. Following
fixation, cells were post-fixed in 2% osmium tetroxide diluted
in 0.2 M Palade’s buffer. After osmication, cells were dehydrated
using a graded ethanol series and flat embedded in epoxy resin
(EPON 812, Polysciences). After resin polymerisation, small
pieces were dissected from flat-embedded cultures, mounted in
plastic stubs and sectioned. Ultrathin sections (70 nm) were
stained with uranyl acetate and lead citrate. Sections were exam-
ined in a Philips CM100 electron microscope. Digital images
were obtained with a CCD camera (Gatan Orius).

For Immunogold, cells were fixed with a solution contain-
ing 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M
phosphate buffer, pH 7.4 (PB) for 1 h. Samples were washed
and incubated in the primary antibody diluted in PBS with 1%
BSA-c (Aurion) for 12 hat 4°C. After washing in PBS with 0.1%
BSA-c (washing solution), samples were incubated for 30 min
in protein A-gold probe (5 nm; Center for Molecular Medicine,
University of Utrecht, the Netherlands) diluted 1/50 in PBS
with 1% BSA-c. Samples were then washed in washing solu-
tion then rinsed in PB and post-fixed with PB containing 2.5%
glutaraldehyde for 20 min at 4°C. After washing in PB, cells
were osmicated and treated as described for TEM. To test speci-
ficity of the immunostaining procedure, the primary antibody
was omitted.

RNAi

Ready to use double-stranded siRNA hVFL3-sil (target se-
quence: GCGGCTGACATGGCCGAAATA), hVFL3-si2 (tar-
get sequence: CAGCGAGCTGGCATTGTACAA), and control
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siRNA (AllStars Negative Control) were purchased from Qia-
gen. siODF2 (ON-TARGETplus Human ODF2) was purchased
from Dharmacon. siRNAs were delivered into cells using Lipo-
fectamine RNAIMAX diluted in OptiMEM medium (Ther-
moFisher Scientific). Cells were fixed after 72 h and processed
for immunofluorescence.

Statistical analysis
All statistical analyses were performed using the Prism7 for Mac
OS X software (GraphPad Software, Inc.).
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2.3. Emergence of a bilaterally symmetric pattern from
chiral components in Planarian epidermis (Article 3)

The highlights of this work are:

o Centrioles form a bilaterally symmetric pattern across the planarian epidermis.
e Within cells, centrioles are organized into a chiral asymmetric network.
e ODF2 and VFL1/3 help in establishing asymmetric connections between centrioles.

e Bilaterally symmetric patterns can emerge from chiral cellular structures.
My participation of this work includes:

Developing and testing the anti-SMED-VFL1 and anti-SMED-ODF2 antibodies used in this

article.
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In Brief

This study by Basquin et al. shows that
bilaterally symmetric tissue patterns can
emerge from chiral cellular structures.
Using the planarian flatworm as a model,
they describe how the intrinsic chirality of
the cytoskeletal network that controls the
orientation of epidermal cilia is
compensated to achieve bilateral
symmetry of the ciliary pattern.
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SUMMARY

Most animals exhibit mirror-symmetric body plans,
yet the molecular constituents from which they are
formed are often chiral. In planarian flatworms, cen-
trioles are arranged in a bilaterally symmetric pattern
across the ventral epidermis. Here, we found that this
pattern is generated by a network of centrioles with
prominent chiral asymmetric properties. We identify
centriole components required for establishing
asymmetric connections between centrioles and
balancing their effects to align centrioles along polar-
ity fields. SMED-ODF2, SMED-VFL1, and SMED-
VFL3 affect the assembly of centriole appendages
that tether cytoskeletal connectors to position the
centrioles. We further show that the medio-lateral
polarization of centrioles relies on mechanisms that
are partly distinct on the left and right sides of the
planarian body. Our findings shed light on how bilat-
erally symmetrical patterns can emerge from chiral
cellular organizations.

INTRODUCTION

Animals with outwardly mirror-symmetric bodies, the so-called
bilaterians, constitute the largest group of animals on earth.
However, many of the molecular components that make up the
mirror-symmetric bilaterians are intrinsically chiral, i.e., exhibit
broken reflection symmetry. This raises a conceptual conun-
drum, as Euclidean geometry precludes the construction of a
mirror-symmetric structure out of chiral components without
the simultaneous use of their mirrored partners. One prominent
example of a chiral cellular constituent is the centriole, the evolu-
tionarily ancient nucleating center of the microtubule cytoskel-
eton (Azimzadeh, 2014). Centrioles consist of nine microtubule

516 Developmental Cell 57, 516-525, November 18, 2019 © 2019 Elsevier Inc.

triplets arranged in a circular arrangement. Their chirality results
from the polar structure of the triplets and their placement at an
angle with respect to their neighboring triplets. In many protozoa,
this inherent chiral property is amplified by asymmetries be-
tween the different centriole triplets, which anchor distinct ele-
ments of the cytoskeleton and ultimately propagate the centriole
chirality to chirality over the entire cell (Boyd et al., 2011;
Marshall, 2012; Yubuki and Leander, 2013). The establishment
of left-right asymmetry in vertebrates via the (chiral) clockwise
rotation of cilia at the surface of the embryonic node—together
with anterior-posterior asymmetric positioning of the nodal cilia,
provides a further example of organismal asymmetry that ulti-
mately has its roots in centriole chirality (Chen and Zhong,
2015; Hashimoto et al., 2010; Omori et al., 2017; Shinohara
and Hamada, 2017). In this process, the centriole functions as
the “F molecule” originally theorized by Brown and Wolpert,
which specifies the orientation of the left-right axis by aligning
along the two other embryonic axes (Brown and Wolpert, 1990).

However, not all centriole-nucleated structures display
obvious chirality. For example, the cilia of multi-ciliated cells
beat in a whip-like pattern and the polarization of all cilia along
the polarity axes of the body plan thus allows directional mucus
transport or whole animal translocation. In this case, centrioles
carry two types of appendages that align with the axis of ciliary
beat: the basal foot and the ciliary rootlet. These appendages
in turn anchor cytoskeletal arrays that connect centrioles to
each other and to the cellular junctions (Antoniades et al.,
2014; Kunimoto et al., 2012; Vladar et al., 2012; Werner et al.,
2011). Polarity proteins localized at the junctions and at the cen-
trioles regulate cytoskeleton architecture to coordinate centriole
rotational polarity with the planar polarity of the epithelium
(Guirao et al., 2010; Park et al., 2008; Vladar et al., 2012). Recent
work from our laboratories demonstrate the long-range polariza-
tion of ciliary rootlets in the planarian ventral epidermis along the
head-tail axis that is mediated by the evolutionary conserved
Wnt/planar cell polarity (Wnt/PCP) pathway, superimposed in
the head region with a mirror-symmetric polarization component
toward the body edge mediated by the Fat/Dachsous (Ft/Ds)
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Figure 1. Depletion of SMED-ODF2 and
SMED-VFL1/3 Affects the Direction of
Locomotion in an Opposite Manner

(A) t-projection (2 s apart) of control planarians or
animals depleted from VFL1/3 and ODF2. Black
arrows: expected trajectory based on the initial
orientation of the A/P axis; white arrows: observed
trajectory. Red arrowheads: position of the head.
Bar, 1 mm.

(B) Quantification of the angle between the trans-
location and head-tail vectors as shown in (A). 3
independent experiments, 62 < n < 344 for each
condition. Error bars represent SD. Asterisks
indicate a significant difference from the control
condition (Kruskal-Wallis test; ***p < 0.001).

(C) Locomotion speed of control and RNAI ani-
mals. 3 independent experiments, 41 < n <120
for each condition. Error bars represent SD. As-
terisks indicate a significant difference from the

0df2(RNAI)

B c D control condition (Kruskal-Wallis test; *p < 0.05,
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g’ Qt?:: £ g imals. 11 < n < 26 independent measurements
: 20 §1 5 . (0 20 were performed on a total of 2 (control) or 3 (RNAi)
2 - k-] — o different animals. Error bars represent SD. Aster-
=] 01+—F : r r 1.0 _— @
S g | —| &< 10 isks indicate a significant difference from the
% = -20 2 0.5 2 control condition (Kruskal-Wallis test; *p < 0.05).
c o o ﬁ' 'ﬁ (E) Immunofluorescence views of the ventral
E ~ .40 s 0 1) 0 . . is of . . .
= A A A o 0 \\ \ \ m N \ \ epidermis of control and RNAi planarians. Centri-
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&\\ A - 8 N tubulin (green). Bar, 5 um. See also Figure S1;
Videos S1 and S2.
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pathway (Vu et al., 2019). Thus, in planarians and multi-ciliated
epithelia in general, centrioles behave as bilaterally symmetric
objects that align with the cardinal body axes of the bilaterian
body plan.

Here, we demonstrate cryptic chirality underneath the
apparent mirror-symmetry of planarian centriole alignment,
which in wild-type animals is compensated by the opposing
effects of the centriole components ODF2 and VFL1/VFL3. Our
results provide insights into how animals can build bilaterally
symmetric tissue patterns from chiral cellular constituents.
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RESULTS

Centriole Components Affecting Planarian Locomotion
in a Left-Right Asymmetric Manner

Previous results have established that paralysis, loss or
gross misalignments of planarian cilia, all disrupt the smooth
gliding motility of the animals and result in a secondary

translocation mode via cycles of
muscular contractions and elongations
(previously  termed  “inchworming”)
(Azimzadeh et al., 2012; Reddien et al.,
2005; Rink et al., 2009; Vu et al., 2015,
2019). Interestingly, we noticed that
the RNAi-mediated knockdown of
some centriole components resulted in
a qualitatively different locomotion
phenotype (Azimzadeh et al., 2012; Reddien et al., 2005).
Whereas in wild-type animals, the translocation vector (move-
ment direction) was always in alignment with the head-tail
vector (anterior-posterior [A/P] axis), RNAi animals displayed
a striking misalignment between the two vectors (Figures 1A
and S1; Video S1). Specifically, vfil1T— and vfI3(RNAI) animals
always translocated at an angle of —29° + 8° and —27° + 7°
(counterclockwise) relative to the A-P axis, respectively, which
resulted in a drift to the left. In contrast, odf2(RNAi) animals
translocated at an angle of 28° + 8° (clockwise) and drifted
to the right (Figure 1B). RNAi animals exhibited a drastic
reduction in locomotion speed compared to controls, particu-
larly in vfl1(RNAi) animals, but nevertheless retained gliding
motility (Figure 1C; Video S1). In agreement with this, cilia
were present across the ventral epidermis of RNAi animals
like in control planarians (Figure 1E). High-speed imaging of
cilia in live odf2(RNAI) and vfl1(RNAi) animals confirmed that
cilia were motile and that beating frequency was overall

Developmental Cell 51, 516-525, November 18, 2019 517



Cell’ress

Figure 2. Sidewinder Locomotion Pheno-
types Are Caused by Aberrant Centriole

Rotational Polarity in the Ventral Epidermis
’ (A) Graphical representation of rootlet angle vari-

ation along the M/L axis in the anterior and
posterior sides of control and RNAI planarians.
Individual curves represent a single animal except
the red curve that shows the mean.

(B) Centriole rotational polarity in the ventral
epidermis of control or RNAi animals (viewed from
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comparable to control values, with only a modest decrease in
odf2(RNAi) animals (Figure 1D; Video S2). Cilia nevertheless
appeared to beat less synchronously in RNAi animals, which
likely contributed to the decrease in the locomotion speed
that we observed (Video S2).

Thus, depleting the centriole components ODF2 and VFL1/3
induced left-right asymmetric locomotion phenotypes of oppo-
site handedness. Furthermore, the persistence of gliding motility
indicated maintained functionality and long-range alignment of
epidermal cilia.
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above). Arrows show the orientation of the mean
rootlet angle vector for each of 200 subdivisions of
the epidermis. The color code highlights the CW
(blue) or CCW (red) rotation of rootlets with respect
to the A/P axis. n > 6 animals per condition.

(C) Heatmap of the local circular standard devia-
tion (CSD) values associated to the mean rootlet
angles represented in (B). The mean of all local
CSD values is also indicated. n > 6 animals per
condition.

(D) Schematic representation of angle deviations
induced by depletion of VFL1/3 and ODF2. In each
quadrant, arrows show the mean rootlet angle in
control (black arrow) or RNAi-treated (gray arrow)
planarians. Angle deviations are color-coded and
the corresponding numeric values are indicated.
See also Figures S1 and S3.
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Sidewinder Phenotypes Are

Caused by Defects in Centriole
Rotational Polarity

To determine whether the observed
locomotion defects were induced by
anomalies in centriole positioning, we
analyzed centriole rotational polarity in
RNAi-treated animals. Using an anti-
body against ROOTLETIN1, a compo-
nent of the ciliary rootlet (Vu et al.,
2019), we measured the angle vector
between individual rootlets and the A/P
axis (Figures 2A, 2B, and S2). Depletion
of all three genes decreased the homo-
geneity of rootlet polarity (i.e., increased
the circular standard deviation or CSD)
in all parts of the ventral epidermis, sup-
porting that the entire tissue was
affected (Figure 2C). Overall, the mean
CSD (mean of CSD values determined
for each subdivision of the epidermis)
increased from 19° in control to 41° in
odf2(RNAI), 42° in vfI3(RNAI), and up to 58° in vfl1(RNAI) ani-
mals. Decreased rootlet alignment likely contributed to the
lower locomotion speed observed in RNAi animals, as coordi-
nation of ciliary beat orientation is critical for multi-ciliated cell
function (Kunimoto et al., 2012; Park et al., 2008). In agree-
ment, higher dispersion of rootlet angles in vfl1(RNAJ) corre-
lated with a stronger reduction in the locomotion speed
(Figure 1C). Despite increased angle dispersion, we observed
highly consistent patterns of orientation in RNAi animals (Fig-
ures 2A, 2B, and S3). Rootlets were pivoted counterclockwise
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Figure 3. Rootlet Orientation Defects in RNAi Planarians Are Sufficient to Predict Sidewinder Locomotion

(A) Simulation of trajectories of control and RNAI planarians based on experimentally measured rootlet angles (see STAR Methods). The position of the head is in
yellow. Red crosses at x,y(0,0) indicate the starting point (t = 0) and black arrows show the direction of locomotion.

(B) Simulation of trajectories over longer time scales using experimental data obtained from vfl1—, vfI3—, odf2—, or control RNAi animals. The model predicts that
depletion of VFL1, VFL3, and ODF2 will all result in a CW circular trajectory. For each graph, the anterior pole of the planarian is in yellow, the red cross at x,y (0,0)
indicates the starting point (t = 0), and the black arrow shows the direction of locomotion.

(C) Experimental observation of the CW circular trajectories of vfl1—, vfi3—, and odf2(RNAI) animals over longer time scales (~ 2 min). Each image corresponds to a
t-projection of individual frames taken 5 s apart. Animals fortuitously crossing the field of acquisition (see Video S3) were manually erased for improved clarity.
Red arrowheads indicate the head of the planarian at the beginning of the movie. Bar, 5 mm. See also Figure S4; Video S3.

in vfl1(RNA() and vfI3(RNAj) and clockwise in odf2(RNAi)
compared to control flatworms, confirming that centriole po-
larity is affected. Control animals display a bilaterally symmet-
ric rootlet pattern characterized by a gradual increase in
rootlet angles along the A/P and medio-lateral (M/L)axes
(splay) (Vu et al., 2019) (Figures 2A, 2B, and 2D). Variation in
rootlet angles along polarity axes still occurred in sidewinder
animals despite the overall rotation of rootlet angles, which re-
sulted in strikingly left-right asymmetric rootlet patterns across
the ventral epidermis (Figures 2A, 2B, and 2D). To determine
whether these complex patterns could explain the lateral
translocation that characterizes the sidewinder phenotypes,
we turned to computational modeling. We developed a model
based on the assumption that the net flow generated by

beating cilia is locally aligned with the mean rootlet angle (Fig-
ure S4). Simulations recapitulated experimental trajectories,
supporting that the observed defects in centriole rotational po-
larity are sufficient to cause the sidewinder phenotypes (Fig-
ure 3A). Interestingly, the model predicted that at longer time
scales, all sidewinder animals would follow a clockwise circu-
lar trajectory, which we verified experimentally (Figures 3B and
3C; Video S3). Together, our data support that the sidewinder
phenotypes are caused by the rotation of centrioles in the
plane of the epidermis, either clockwise or counterclockwise.
Thus, the sidewinder phenotypes are chirality phenotypes
that uncover cryptic left-right asymmetries in centriole orienta-
tion underneath the bilateral symmetry of the wild-type
pattern.
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Planarian ODF2 and VFL1/3 Control the Assembly of
Centriole Appendages

To gain further insights into the origin of these asymmetries, we
characterized the function of planarian ODF2 and VFL1/3 pro-
teins. SMED-ODF2 is the planarian ortholog of mouse ODF2/
Cenexin, a component of the basal foot (Kunimoto et al.,
2012). SMED-VFL1 and SMED-VFL3 are the orthologs of
centriole proteins originally identified in unicellular models
(Hoops et al., 1984; Silflow et al., 2001). We obtained antibodies
against planarian VFL1 and ODF2 proteins and found that both
stain centrioles across the ventral epidermis, confirming that
they are centriole components in planarians (Figures 4A, 4B,
and S5). We next analyzed the ultrastructure of centrioles in
control and RNAi animals. In control samples, most centrioles
exhibited a basal foot and a rootlet, although in a proportion of
centrioles the basal foot (33% + 7%) or the rootlet (22% + 1%)
was not included in the same electron microscopic section. In
odf2(RNAI) animals, centrioles were systematically missing a
basal foot, confirming data from mouse (Kunimoto et al., 2012),
but rootlet assembly was unaffected (Figures 4C and 4D). In
vfl1(RNAI) and vfI3(RNAI), the assembly of both the basal foot
and the rootlet were abnormal. In sections from vfl1(RNAI) ani-
mals, 80% + 3% centrioles had no visible basal foot and
72% + 6% no visible rootlet. Assuming that a similar fraction of
basal feet and rootlets were not included in the same electron
microscopic section as in controls indicated that about half of
the centrioles lacked a basal foot and half lacked a rootlet.
Similar results were obtained with vfI3(RNAI), although the de-
fects were less pronounced (52% + 8% of centrioles without a
basal foot and 48% + 6% without a rootlet visible in the same
section; ~ 1/3 of centrioles of each category considering the
overestimation due to sectioning). In addition, centrioles with
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Figure 4. ODF2 and VFL1/3 Are Required for
Proper Assembly of Centrioles Appendages
(A) Assessment of anti-SMED-ODF2 and anti-
SMED-VFL1 antibody specificity by western
blot. Anti-SMED-CEP135 and anti-acetylated
tubulin were used as loading controls. 50 ng total
proteins (10 pg for acetylated tubulin) from
control, odf2(RNAI), and vfl1(RNAi) samples were
analyzed.

(B) Immunofluorescence views of the ventral
epidermis showing the respective localization
of ODF2 (top) or VFL1 (bottom) in red and
ROOTLETIN1 in green. Insets are magnified X 5.
Bars, 5 um (insets: 1 um).

(C) Quantification of centriole ultrastructural de-
fects in the ventral epidermis of control or RNAI
animals. Percentages of centrioles with a basal
foot and a rootlet at the correct position (1), no
visible basal foot (2), no visible rootlet (3), no visible
appendage (4), or appendages in abnormal num-
ber and/or relative positions (5) are shown. For
each condition, 300-500 centrioles from 2-3
different animals were analyzed. Bars represent
SD between different animals.

(D) Electron microscopic views of centrioles in
epidermal cells in control (a), odf2(RNA)) (b), or
VfI3(RNAI) (c-e) animals. Bar, 0.2 um. See also
Figure S5.

anomalies in the number and/or respective positions of the ap-
pendages were observed (Figures 4C and 4D), suggesting that
VFL1 and VFL3 affect the rotational asymmetry of centrioles.
Thus, ODF2, VFL1, and VFL3 are centriole components required
for appendage formation in the planarian epidermis. How is this
related to the chirality of the sidewinder phenotypes? Strikingly,
structural chirality is more conspicuous in planarians, in which
the basal foot is asymmetric and positioned at an angle with
respect to the beating axis (Figure 4D-a), unlike vertebrate basal
feet that look more symmetric (Kunimoto et al., 2012; Mitchell
et al., 2007). In addition, we noticed a strong left-right bias in
cases where the respective positions of appendages were aber-
rant, as the basal foot was almost always found on the same side
of the centriole with respect to the rootlet axis (31/32 of
vfI3(RNAI) and 10/10 of vfl1(RNAI) centrioles were as in Figures
4D-d and 4D-e), suggesting that microtubule triplets on the left
side possess specific characteristics. Thus, the basal foot and
the centriole itself are chiral asymmetric, and these asymmetries
depend in part on the ODF2 and VFL1 and VFL3 proteins.

ODF2 and VFL1/3 Allow Organizing a Chiral Asymmetric
Centriole Network

One plausible model is that centriole chirality affects the archi-
tecture of cytoskeletal networks attached to the centrioles,
possibly generating asymmetric forces. To better understand
how ODF2 and VFL1/3 proteins affect the connections between
centrioles, we studied their impact on centriole network organi-
zation. In planarians, large mucus granules (up to several mi-
crons in diameter) are secreted directly through the surface of
the cells (Basquin et al., 2015; Hayes, 2017). Accordingly, we
noticed that centrioles were irregularly distributed at the apical
surface of control planarians, revealing the presence of “holes”
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in the pattern that likely correspond to mucus secreting sites
(Figure 5A). Outside of these regions, however, centrioles tended
to align both laterally and along the beating direction, forming
rows of up to 10 aligned centrioles (Figures 5A and S6). Within
these rows, the distance separating consecutive centrioles
along the two axes showed little variation (Figure 5B), suggesting
the existence of structural constraints in centriole network orga-
nization. Ultrastructural analyses revealed that rootlets often
terminate in the vicinity of a posteriorly positioned centriole
and are on average 1.52 + 0.28 um long (n = 73), close to the
mean longitudinal distance determined by immunofluorescence
(Figures 5B and 5C). Thus, rootlets appear to act as spacers be-
tween centriole rows along the beating axis. In addition, we
observed microtubules attached to a basal foot and running
perpendicular or oblique to the beating axis (Figure 5D), suggest-
ing that microtubules are involved in the lateral alignment of cen-
trioles. Hence, these data suggest that cytoskeletal connection
between appendages connect neighboring centrioles to achieve
proper spacing and alignment, as described in other systems
(Kunimoto et al., 2012; Werner et al., 2011).

We next analyzed the impact of ODF2 and VFL1/3-depletion
on centriole organization. In odf2(RNAJ) animals, alignment of
centrioles was still detected both longitudinally and laterally in
most of the cells, although defects in centriole alignment and

LN Figure 5. ODF2 and VFL1/3 Organize a Chiral
c 4o Asymmetric Network of Centrioles

SE" % (A) ROOTLETIN1 staining of the ventral epidermis of
% o8 a control animal. White line on the right panel: cell
g % % boundary; red circles: putative mucus secretion
S~ 04 sites. Orange and blue lines: longitudinal and lateral

% § rows of centrioles, respectively. Bar, 5 um.
o 0 ) > (B) Mean distance separating neighboring centrioles
\%\@ _&@\Q in lateral and longitudinal rows in control animals (n
\O\@ > 700 measurements from 17 different animals).
Bars represent SD. Asterisks indicate a significant

difference between the two variables (Mann-Whit-
ney test; ***p < 0.001).

(C) Electron microscopic view of a control multi-cili-
ated cell showing a longitudinal row of centrioles. Red
arrowheads point at rootlet tips. Bar, 0.5 um.

(D) Electron microscopic view of an epidermal
centriole. Arrowheads highlight a microtubule in the
vicinity of two basal feet. Bar is 0.1 pm.

(E) ROOTLETIN1 staining of the ventral epidermis of
RNAi animals. Bar, 5 um.

(F) Percentage of epidermal cells displaying at least
one rectangular arrangement of minimum four cen-
trioles (n > 500 cells from 5 different animals
analyzed per condition). Bars represent SD. Asterisks
indicate a significant difference from the control

§> RIS condition (Krl.JskaI—WaIIis test; *p < 005 **p< 0.01):
© o{\\‘ & ?‘?\ V@ \a (G) Schematic model of the organization of centri-
o &{L\J\\'\\ 4;\\‘b\ oles in planarian multi-ciliated cells and the forces
°© exerted on individual centrioles by elements of the
cytoskeletal network via VFL1, VFL3, or ODF2 in

0df2(RNAI) control and RNAi-depleted planarians. The
involvement of a component X is supported by re-

® X sults from the simultaneous inactivation of VFL1/3

and ODF2. The exact position where cytoskeletal
elements bind to centrioles via VFL1/3- and X, and
the notion that all forces are pulling forces, are hy-
pothetical. See also Figures S1, S6, and S7;
Video S4.

polarity were widespread (Figures 5E and 5F). Thus, centrioles
are aligned and spaced apart in a manner that is to a large extent
independent from the basal foot, possibly via actin connectors
as in Xenopus (Antoniades et al., 2014), although we could not
observe actin with sufficient resolution in the planarian
epidermis. This network induces a clockwise rotation of the cen-
trioles that in control planarians is counteracted by cytoskeletal
elements acting on the basal foot. In vfl1(RNAI) and vfI3(RNAI)
animals, centriole alignment was strongly perturbed, indicating
a more severe disorganization of the centriole network (Figures
5E and 5F). This is not unexpected as depletion of VFL1/3 im-
pairs rootlet assembly, and rootlets seem to play a role in the
longitudinal organization of centrioles. vfl1(RNAi) and vfI3(RNAI)
animals are also partially defective in basal foot assembly, and
hence, the counterclockwise rotation of rootlets observed in
these conditions is unlikely to result solely from forces exerted
via ODF2 and the basal foot. In agreement with this, the simulta-
neous depletion of VFL1/3 and ODF2 neither randomized, nor
disrupted rootlet patterns (Figures S1, S3, and S7; Video S4),
supporting the existence of additional attachment points be-
tween the cytoskeleton and the centrioles (component X in Fig-
ures 5G and S7).

Taken together, our results support that ODF2 and VFL1/3
are necessary for organizing the centriole network and
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balancing opposite forces that likely result from an asymmetric
attachment of the centrioles to the cytoskeletal network
(Figure 5G).

M/L Polarization of Centrioles Involves Partially Distinct
Mechanisms on the Left and Right Sides of the Body
Given the intrinsic chirality of the centriole network, how can
planarians achieve the bilaterally symmetric rootlet pattern
observed in wild-type animals? Our recent results demonstrate
that the wild-type pattern emerges via the integration of Wnt/
PCP and Ft/Ds planar cell polarity cues that act specifically along
the A/P and M/L axes, respectively (Vu et al., 2019). Planar cell
polarity pathways control the position of cellular structures by
interacting with cytoskeletal networks (Devenport, 2014). We
reasoned that if the Ft/Ds pathway acts via ODF2 or VFL1/3 to
generate the splay observed in control animals, then the imple-
mentation of Ft/Ds cues should be hindered when ODF2 or
VFL1/3 are missing. To test this, we downregulated the Wnt/
PCP pathway in sidewinder animals. In wild-type planarians,
depleting DVL1/2-induced rootlet reorientation toward the
edges under the influence of the Ft/Ds pathway (Figures 6A,
6B, S1, and S3; Video S5) (Vu et al., 2019). Although DVL1/2 is
involved in additional pathways, in particular the Wnt/B-catenin
pathway, this phenotype is most likely to result from a decrease
in Wnt/PCP signaling (Vu et al., 2019).
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Figure 6. M/L Polarization of Centrioles
Requires ODF2 and Additional Network
Components

(A) Centriole rotational polarity in flatworms
depleted from DVL1/2 only or in combination with
depletion of VFL1, VFL3, or ODF2, represented as
in Figure 2B (n > 5 animals analyzed per condi-
tion).

(B) Schematic representation of the shift resulting
from DVL1/2 depletion in control and RNAi ani-
mals. Arrows: mean rootlet orientation in each
quadrant in the presence of normal (black arrows)
or decreased (gray arrows) levels of DVL1/2. Angle
deviations between control and RNAi-treated an-
imals are color-coded, and the corresponding
numeric values are indicated.

(C) Centriole rotational polarity in ds(RNAI),
odf2(RNAI), or odf2;ds(RNAI) planarians as in (A)
(n = 4 for ds(RNAIJ), 2 for odf2(RNAi), and 6 for
odf2;ds(RNAI)).

(D) Schematic representation of angle deviations
resulting from Ds depletion in ODF2-depleted
animals as in (B). See also Figures S1-S3;
Video S5.
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In VFL1 and VFL3-depleted animals,
Wnt/PCP downregulation induced rootlet
reorientation like in control animals on the
left side and to a lesser extent on the right
side, suggesting that centrioles could
still detect the Ft/Ds polarity field. In
odf2(RNAi) animals, dampening Wnt/
PCP activity induced a markedly asym-
metric response: centrioles reoriented
on the right side to a similar extent than
in control planarians but failed to do so on the left side (Figures
6A, 6B, and S3). This suggested that on the left side the centriole
network no longer aligned in the Ft/Ds polarity field, even when
its relative influence was increased by Wnt/PCP inhibition. In
contrast, repolarization on the right side of odf2;dvi1/2(RNAI)
planarians indicated that Ft/Ds cues were still implemented,
and hence the possibility that ODF2 is not required for rootlet
splay on this side of the body. If this were the case, simultaneous
depletion of ODF2 and the Ft/Ds pathway should produce a uni-
form rootlet orientation along the M/L axis. However, we found
no significant difference between odf2(RNAi) and odf2;ds(RNAI)
animals in this respect (Figures 6C, 6D, S1, and S3), suggesting
that the response to Ft/Ds is impaired on both sides of the
epidermis when ODF2 is missing. Together, these observations
suggest that the rootlet pattern observed in odf2(RNAJ) animals
results from a defect in centriole network structure superim-
posed with a defect in the response to Ft/Ds cues. On the left
side, the clockwise rotation of centrioles driven by VFL1/3-
dependent connections is compensated by the lack of response
to Ft/Ds, resulting in rootlet angles that are close to control
values (Figures 2A-2C and S3). On the right side, the defects in
network architecture and in the response to Ft/Ds, both induce
a clockwise rotation of centrioles, leading to a strong deviation
from control values. In addition, the data obtained after a simul-
taneous inhibition of DVL1/2 and ODF2 supports that a distinct



M/L polarization of centriole network:

Figure 7. Proposed Model for M/L Polariza-
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mechanism can drive centriole repolarization in response to
Ft/Ds cues on the right side of the epidermis.

Altogether, our results support that ODF2 is required for the
M/L polarization of centrioles in the planarian epidermis, most
likely via its role in basal foot assembly. Additional components
of the centriole network contribute specifically on the right side,
supporting that the mechanism underlying M/L polarization is im-
plemented differentially on each side of the midline (Figure 7).

DISCUSSION

This work illustrates how a bilaterally symmetric whole-tissue
pattern can emerge from a prominently asymmetric cellular
structure. In the multi-ciliated epidermis of planarian flatworms,
centrioles are organized into an asymmetric mirror-imaged me-
dio-lateral pattern, a property that likely derives from their
intrinsic chirality. This network is polarized to generate a bilater-
ally symmetric pattern via a mechanism that is executed differ-
entially on the left and right halves of the epidermis, reflecting
the asymmetric nature of the network itself. We show that the
centriole components ODF2, VFL1, and VFL3 are required for es-
tablishing chiral asymmetric connections between centrioles
and balancing their effects. These proteins act in part by control-
ling the assembly of the basal foot, which in planarians has a
structure that mirrors centriole chirality. Organizing chiral asym-
metric cytoskeletal arrays is likely an ancestral property of cen-
trioles (Yubuki and Leander, 2013), and this property is thus
conserved in some metazoan species.

Functions of the ODF2 and VFL1/3 Proteins and
Balance-of-Force Model of Centriole Orientation

The centriole network organized in part via ODF2 and VFL1/3
proteins is inherently asymmetric, independently of M/L polarity
cues. This is best illustrated at the midline and the posterior end,
where M/L polarity cues have a limited effect, but rootlets are
nevertheless deviated from the A/P axis in RNAi animals.
Network asymmetry likely stems from an asymmetric attach-
ment of cytoskeletal elements to centrioles mediated by ODF2
and VFL1/3. Our results show that planarian ODF2 and VFL1/3
are required for building centriole appendages, which are known
to organize cytoskeletal connectors necessary for positioning
the centrioles in multi-ciliated cells (Antoniades et al., 2014;
Clare et al., 2014; Kunimoto et al., 2012; Werner et al., 2011).
ODF2 is necessary to basal foot assembly, consistent with re-
sults obtained in mouse (Kunimoto et al., 2012) thus establishing

from the balanced action of ODF2 and VFL1/3
(represented as in Figure 5G) is polarized by a
mechanism that is executed in a differential manner
on the left and right sides of the body: on the left
side, polarization depends on ODF2, possibly
acting downstream of the Ft/Ds pathway (in green),
whereas on the right side it involves both ODF2 and
other network components.

Right 1
‘ \

the evolutionary conservation of this function. The roles of VFL1
and VFL3 appear more complex but these proteins also affect
the assembly and position of the basal foot, as well as of the
ciliary rootlet. These findings are reminiscent of studies in unicel-
lular eukaryotes showing that VFL1/3 orthologs are required for
building different sets of striated fibers and microtubule rootlets
specific to each species (Adams et al., 1985; Bengueddach
et al., 2017; Silflow et al., 2001; Wright et al., 1983). Hence,
the functions of these proteins appear conserved despite impor-
tant variations in the architecture of centriole-associated struc-
tures. In unicellular models, orthologs of VFL1 and VFL3 localize
to specific microtubule triplets (Bengueddach et al., 2017; Sil-
flow et al., 2001). In planarians, absence of VFL1 or VFL3 leads
to basal feet assembling on the wrong triplets, most of the time
shifting one triplet to the left. This suggests that VFL1/3 proteins
might normally help restricting basal foot assembly to its proper
site between the triplet facing the direction of the beating and
the triplet placed immediately to its left. Moreover, the striking
differences between the vfl1/3(RNAi) and odf2(RNAi) pheno-
types support that VFL1/3 proteins play an additional role
beyond appendage assembly. When ODF2 was missing,
VFL1/3-dependent forces rotated centrioles clockwise. In
Xenopus, actin cables anchored in the vicinity of the basal foot
connect centrioles laterally and contribute to centriole spacing
(Antoniades et al., 2014). Centriole spacing is mostly unaffected
in odf2(RNAI) but is perturbed in vfl1/3(RNAI), suggesting that
VFL1/3 proteins might connect centrioles to the actin network.
One possible model is that VFL1/3 anchor actin filaments in an
asymmetric fashion to one or more triplets localized on the left
of the basal foot. This would be consistent with the clockwise
rotation of centrioles observed when ODF2 is missing. In the
presence of ODF2, the rotation induced by VFL1/3-dependent
connections is compensated, possibly by microtubules
anchored at the basal foot and running perpendicular to the
beating axis that we indeed observed. How these microtubules
generate an asymmetric net force is unclear, but one possibility
is that their orientation is biased along the M/L axis. The basal
foot in planarians has an asymmetric shape, which might affect
the polarity of microtubules attached to it. Beyond VFL1/3 and
ODF2, additional players are also involved, as depletion of all
three proteins is not sufficient to randomize centriole rotational
polarity in this system (Figure 7). In wild-type planarians, the
forces exerted by the different network components are
balanced, thus compensating centriole chirality and masking
the asymmetry of the network.
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Interaction of the Centriole Network with M/L Polarity
Cues to Generate Bilateral Symmetry

In addition to its role in organizing the network of centrioles, our
analyses support that ODF2 is key to implementing the M/L po-
larity cues generated by the Ft/Ds pathway. Indeed, depletion of
Ds produced no additive effect in odf2(RNAJ) planarians, indi-
cating that Ft/Ds pathway is already ineffective when ODF2 is
downregulated. Microtubules anchored at the basal foot might
orient centrioles toward the body edges (Figure 7), in line with
the role played by the Ft/Ds pathway in polarizing microtubule
networks in other systems (Matis et al., 2014). Further work is
required to test this model and exclude alternative possibilities,
for instance that Ft/Ds acts downstream or in parallel to ODF2.
Analysis of odf2;dvi1/2(RNAi) animals nevertheless supports
that M/L polarization can rely on additional network components
on the right side of the body, as centriole re-polarized toward the
right edge under the influence of M/L cues to a similar extent than
in controls (Figure 7). Hence, the bilaterally symmetric pattern of
centrioles observed in the planarian epidermis results from inter-
actions between polarity cues and the cytoskeleton that are at
least partly distinct on each side of the body. Why this did not
result in a quantitative difference between the odf2(RNAI) and
odf2;ds(RNAI) phenotypes is unclear, but one possibility is that
the repolarization driven by ODF2-independent cytoskeletal ar-
rays was enhanced by DVL1/2 downregulation and thus easier
to detect in these conditions.

Biological Significance of Network Asymmetry

Our results support that centriole network asymmetry originates
from asymmetries within the centrioles. Centrioles are intrinsi-
cally chiral structures, and this property is amplified in many
unicellular eukaryotes by the presence of appendages that
decorate specific microtubule triplets. In planarians, the basal
foot is chiral asymmetric, and the vfl1/3(RNAi) phenotype points
at additional asymmetries between microtubule triplets. Whether
the polarization mechanism we uncovered is essentially required
to compensate centriole chirality, or whether it allows generating
larger-scale chirality remains an open question, however.
Whole-cell chirality, which stems from inherent properties of
the cytoskeleton, is widespread in animals (Kuroda et al., 2009;
Wan et al., 2011; Xu et al., 2005). In some systems, whole-cell
chirality has been linked to the establishment of left-right asym-
metry of the body plan (Kuroda et al., 2009; Taniguchi et al.,
2011). Planarians have no clear left-right asymmetry in this
respect, but structural chirality in the epidermis might contribute
generating the complex pattern of centrioles, reflecting the
ancestral role of centrioles in shaping elaborate cell geometries.
Future work will tell whether this mechanism evolved with the
dual-axis control of planar polarity in planarians epidermis or
whether it reflects a fundamental property of centriole networks.
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Detailed methods are provided in the online version of this paper
and include the following:
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse monoclonal anti-SMED-ROOTLETIN1 Vu et al., 2019 N/A

Rabbit polyclonal anti-SMED-CEP135 Azimzadeh et al., 2012 N/A

Mouse monoclonal anti-acetylated a-tubulin Sigma-Aldrich Cat#T6793, RRID: AB_477585
Rabbit polyclonal anti-SMED-VFL1 This paper N/A

Rabbit polyclonal anti-SMED-ODF2 This paper N/A

Donkey polyclonal Anti-Mouse DyLight 550
Donkey Polyclonal Anti-Rabbit DyLight 488

Thermo Fisher Scientific
Thermo Fisher Scientific

Cat#SA5-10167, RRID: AB_2556747
Cat#SA5-10038, RRID: AB_2556618

Bacterial and Virus Strains

Escherichia coli: strain HT115(DE3) Timmons et al., 2001 N/A
Chemicals, Peptides, and Recombinant Proteins

Tri-reagent Molecular Research Center Cat#TR118
Critical Commercial Assays

SuperScript Il First-Strand Synthesis System Thermo Fisher Scientific Cat#18080093
Experimental Models: Organisms/Strains

Planarian: Schmidtea mediterranea, asexual CIW4 strain Sanchez Alvarado et al., 2002 N/A
Oligonucleotides

Primers for qPCR, see Table S1 This paper N/A
Recombinant DNA

pPR-T4P vector Liu et al., 2013 N/A

Software and Algorithms

Imaged v1.50h

Imaged plugin: ObjectJ v1.03q

Oriana

MATLAB

Code for computational modelling of planarian locomotion

Schneider et al., 2012
Vischer et al., 2015
Kovach Computing
MathWorks

This paper; GitHub

https://imagek.net/, RRID: SCR_003070
https://sils.fnwi.uva.nl/bcb/objectj/
https://www.kovcomp.co.uk/oriana/
RRID:SCR_001622

https://github.com/dershoff/simulation-of-
planarian-movement

Other

Canon Powershot SX230 HS camera

Canon

N/A

LEAD CONTACT AND MATERIALS AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Juliette
Azimzadeh (juliette.azimzadeh@ijm.fr). All unique reagents generated in this study are available from the Lead Contact with a
completed Materials Transfer Agreement.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Asexual Schmidtea mediterannea (strain CIW4) (Sanchez Alvarado et al., 2002) were maintained in the dark at 20°C in plastic con-
tainers filled with 1 X Monjuic water (1.6 mM NaCl, 1 mM CaCl,, 1 mM MgSQO,, 0.1 mM MgCl,, 0.1 mM KClI, 1.2 mM NaHCOg, pH 7.2)
and fed weekly with calf liver homogenate (Basquin et al., 2015). Animals were starved one week prior to experiments.
METHODS DETAILS

RNA Interference

cDNAS coding for ODF2 (SmedGD: SMU15005577), VFL1 (SmedGD: SMU15036303), VFL3 (SmedGD: SMU15004223) cloned in
pPR-T4P were described in (Azimzadeh et al., 2012), DVL1 and DVL2 in (Gurley et al., 2008). Caenorhabditis elegans UNC22 cloned
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in pPR-T4P (Liu et al., 2013) was used in all control experiments. Production and RNAI feeding was performed as described in (Bas-
quin et al., 2015). Briefly, constructs were transformed into competent Escherichia coli strain HT115 (Timmons et al., 2001). Bacteria
were grown in 2XYT medium, induced with 0.1 mM IPTG during 2 hours, pelleted and mixed with calf liver (1:0.66:1.34 bacteria: 1 X
Montjuic water: calf liver homogenate). ~1-cm long animals were fed three times two days apart and amputated pre- and post-phar-
yngeally the day after the last feeding. Planarians were then fed once a week at least twice more before being processed for exper-
iments. For simultaneous inactivation of 2 or 3 genes, bacteria/liver mixes for control or specific target genes were used at 1:1 or 1:1:1
ratios, respectively.

Antibodies

Rabbit polyclonal antibodies directed against SMED-VFL1 and SMED-ODF2 proteins were developed in the laboratory. Fragments
corresponding ODF2 a.a. 599-769 (based on SmedGD: SMU15005577) (Robb et al., 2015) and VFL1 a.a. 575-703 (SmedGD:
SMU15036303) were amplified by RT-PCR, cloned in pGST-Parallel1 and expressed in Escherichia coli. Bacterial pellets were sol-
ubilized in TNE buffer (50 mM Tris pH 7.5, 150 mM NaCl, 1 mM EDTA) containing 5 mM DTT, 20 mg/mL lysozyme, 0.25 % sodium
deoxycholate, 250 U/mL DNase |, 5 mM MgCI2 and protease inhibitor cocktail (Roche). The lysates were cleared out by centrifuga-
tion at 15,000g before incubation with glutathione agarose beads (ThermoFisher Scientific). The beads were washed 5 x with 50 mL
TNE buffer containing 0.1 % Triton X-100, and the protein fragments were recovered by overnight incubation with 75-ug tobacco etch
virus protease in 1.5 mL TNE buffer supplemented with 5 mM DTT. The supernatants containing the cleaved protein fragments were
then dialyzed against PBS before rabbit immunization (Covalab France). Antibodies were affinity-purified on the corresponding an-
tigen immobilized on Affi-Gel 10 resin (Bio-Rad Laboratories). For this, 1-3 mg soluble antigen diluted in 0.1 M MOPS buffer pH 7.5
containing 0.1 M NaCl were incubated overnight at 4°C with 1.5 mL Affi-Gel 10 beads activated following the manufacturer’s recom-
mendations. The beads were then incubated with 5 mL rabbit antiserum diluted 5 x in PBS, transferred to a Poly-prep chromatog-
raphy column (Bio-Rad) and washed with 80 mL PBS at 4°C. Immunoglobulins were recovered by elution with 0.1-M glycine pH 2.2
followed by neutralization with Tris base (100-mM final concentration), dialyzed against PBS buffer containing 50 % glycerol and
stored at—20°C. The anti-SMED-ROOTLETIN1 was described in (Vu et al., 2019) and the anti-SMED-CEP135 antibody in (Azimzadeh
et al., 2012).

Whole Mount Immunofluorescence

~ 0.1 - 0.3-cm long animals were euthanized in 1 % HCI during 1 min, fixed overnight at RT in methanol then rehydrated in graded
series of methanol: 75%, 50%, 25% methanol in Montjuic water. Non-specific antibody binding sites were blocked 4 hours in PBS
containing 2.5 % BSA and 0.5 % Tween-20 (PBST), and samples were incubated overnight at 4°C with primary antibodies at the
following dilutions: anti-SMED-ROOTLETIN1 (1:500), anti-SMED-VFL1 (1:3000), anti-SMED-ODF2 (1:300) and anti-SMED-
CEP135 antibody (1:500). DyLight488/550 secondary antibodies (ThermoFisher Scientific) were used at a dilution of 1:300. Samples
were washed 4 x during 1 hours in PBST and incubated 4 hours at RT with secondary antibodies, concanavalin A coupled to
AlexaFluor 647 (1:300; ThermoFisher Scientific) to label membranes (Zayas et al., 2010) and 5 ng/mL hoechst 33342 to label nuclei.
Samples were washed 4 x during 1 hours in PBST and mounted in Vectashield (Vector laboratories). For analysis of the ds;odf2(RNAI),
0.8-1-cm long animals were used because the ds(RNAi) phenotype is more penetrant in larger animals. The flatworms were anes-
thetized in cold 0.2% chloretone in planarian water until completely stretched out, positioned on a filter paper on a cold block with
their ventral side up and fixed with ice-cold methanol for at least 1 hours at - 20°C. The samples were then bleached in 6% H»0, in
methanol overnight under direct light, gradually rehydrated to PBS with 0.1 % Triton X-100 (PBSTw0.1%), transferred into reduction
solution (1 % NP40, 50 mM DTT and 0.5 % SDS in PBS) for 10 minutes at 37°C, followed by 2 x 10 minute washes with PBSTw0.1%.
The samples were then blocked for 1 hours in 10 % filtered horse serum in PBSTw0.1%, followed by primary antibody incubation in
blocking solution (anti-SMED-ROOTLETIN-1 1:500, and anti-SMED-CEP135 1:500) overnight at 4°C. The samples were washed 6-8
times for 4 hours in PBSTw0.1%, and then incubated in secondary antibody in blocking solution (both secondary antibodies were
used at 1:500) for 4 hours at room temperature (or overnight at 4°C). Stained samples were washed 4-6 times for 2 hours in
PBSTw0.1%, and then mounted in 80 % glycerol (prepared in 10 mM Tris pH 8.5).

qPCR

Total RNA extracts were obtained using TRI-Reagent (Molecular Research Center) and cDNAs were synthetized using SuperScript IlI
reverse transcriptase (ThermoFisher Scientific). gPCR was performed with GoTag gPCR Master Mix (Promega, Southampton, UK)
and the primers referenced in Table S1 in a LightCycler 480 instrument (Roche). Quantification of relative mRNA levels was performed
using 3 reference genes (smed-chmp2a, smed-emc7, and smed-ura4) following the MIQE guidelines (Bustin et al., 2009).

Image Acquisition and Analysis

The ventral epidermis of planarians was imaged on an inverted Axio Observer Z.1 microscope (Zeiss) equipped with a sCMOS Orca
Flash4 LT camera (Hamamatsu) using an air 10X objective (Plan Apo, N.A. 0.45) or an oil 63 x objective (Plan Apo, N.A. 1.4). For root-
let analysis, optical sections were acquired at a 0.24-um interval using the 63 x objective and tiled images were stitched using ZEN
software (Zeiss). Signal was enhanced using Subtract Background plugin and z-stacks were submitted to maximum intensity pro-
jection using ImagedJ software (Schneider et al., 2012). To obtain rootlet polarity and position, vectors were drawn manually for each
rootlet from the centriole-attachment side (bright end) to the tip of the comet using Objectd Plugin (Vischer et al., 2015). The contour of
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planarians was determined on images acquired with the 10 x objective and the midline was positioned at equal distances of the lateral
boundaries. The position of each rootlet relative to the M/L and A/P axes was determined. Planarians were segmented in 2 or 10 M/L
and 2, 5 or 20 A/P segments, then mean rootlet orientation and circular standard deviation were calculated for each subdivision. For
analysis of the ds;odf2(RNAI), we used the automatic pipeline described in (Vu et al., 2019) because large specimens are difficult to
analyze manually. odf2(RNAJ) animals were re-analyzed in parallel to verify that it produces similar results as manual analysis of
smaller specimens. ds(RNAJ) planarians were also analyzed in the same experiment to confirm the efficiency of Ds-depletion.

Live Imaging

Live animals were imaged at 10 frame.sec™ using a M205C stereomicroscope equipped with a 0.63 x objective (PlanApo) and
DFC450 camera (Leica), or a PowerShot SX 230 HS camera (Canon) for analysis at longer time scales. The direction of locomotion
was determined using Imaged software by measuring the angle between the planarian A/P axis and the trajectory of the planarians
(measured between the photoreceptors). Time sequences (> 2 seconds) during which the planarian body remained straight were
used for this analysis. To better visualize the trajectories of the planarians shown in Figure 3, animals fortuitously passing in the field
were erased manually before projecting consecutive time frames on a single image. For high speed imaging of ciliary beat, live pla-
narians were mounted in a chamber obtained by cutting a ~ 2 x 2 mm square from a Parafilm spacer placed between a microscopy
slide and an 18 x 18 mm coverslip (Basquin et al., 2015), and were observed on an Axiovert 200 inverted microscope (Zeiss) using an
oilimmersion x 100 objective. The beating of cilia located at the anterior margin were recorded with a digital camera (PixeLINK A741)
at a rate of 355 frames per second as described previously (Papon et al., 2012).

Transmission Electron Microscopy

Planarians were dissected in 4 % paraformaldehyde, 2 % glutaraldehyde in 0.1 M cacodylate pH 7.4 and fixed 4 x 1 minute in a
Model 3450 Microwave Oven (Ted Pella Inc.) at 150 W, then incubated 48 hours at 4°C in 3 % glutaraldehyde in cacodylate buffer.
The specimens were next fixed in 1 % OsO4 in cacodylate buffer in the microwave (2 X 1 minute at 150 W, then 6 x 20 seconds at
450 W) and incubated during 1 hours at room temperature. En bloc staining was performed by incubating the samples in 0.5 % uranyl
acetate overnight at 4°C. Dehydration was performed using graded series of 35, 50, 75, 80, 95, 100 % ethanol in water. Samples were
rinsed in acetone and infiltration was performed using graded series of 10 %—-100 % epon/araldite resin (Ted Pella Inc.) in acetone
with 10 % increments, 4 X 1 minute in the microwave at 350 W for each concentration. Samples were incubated overnight in 100 %
resin and then 4 hours in resin with accelerant before embedding. Ultrathin sections were obtained using an EM UC6 Ultracut
microtome (Leica), stained with uranyl acetate and lead citrate, and examined in a Tecnai 12 transmission electron microscope
(ThermoFisher Scientific).

Computational Modeling

To test the hypothesis that orientation of the cilia can ultimately determine the movement phenotype of a planarian as a whole, we
devised a simple model that can predict planarian movement based on experimentally observed spatial and angular distributions of
cilia within planarians using MATLAB (MathWorks).

We simulate a planarian as a solid body, meaning that there is no deformation of the body (i.e. no stretching or bending): the body is
translated and rotated as one solid unscalable entity. A body has a rectangular shape and is divided, as in our experiments, into seg-
ments; the head and the tail have the same geometry (Figure S4A). We can arbitrarily set the length (L), the width (W) and the mass (M)
of the whole body; the number of segments along L and W, from which the mass and the size of a single segment is then calculated.
Each segment comprises a number of nodes (red circles in Figure S4A) that represent rootlets of cilia, and with each node cilia a
beating force is associated during simulations. The number of nodes N in each segment is drawn randomly from a normal distribution,
the mean and the standard deviation of which we control (N,,, Ng in Figure S4A). Spatial distribution of these N nodes within a segment
is uniform: there is no spatial bias and a node can be placed anywhere inside the segment with the same probability. The parameters
described above (planarian mass, length, width; segment mass, length, width, number; nodes numbers and spatial distribution) are
fixed during generation of a planarian and do not change during simulation runs. Ideally, one segment should represent one cell with
its unique spatial configuration of nodes. In our simulations, we construct a planarian so that its segments conform to our experi-
mental planarian segmentation: 5 segments along the A/P axis and 10 segments along the M/L axis. However, this is absolutely
not necessary to reproduce our simulation results. During each simulation iteration nodes in all segments individually generate a force
due to cilia beating; these forces vary in direction and magnitude. Therefore, we associate with each node the angle of the beating
force and its absolute magnitude f; their values will be drawn from normal distributions, the mean and the standard deviation of which
we control (Figure S4B). The angle is counted clock-wise from the Tail-Head axis for positive angles and counter clock wise for nega-
tive. We also introduce notation of incoherency in cilia beating: at any given iteration, there is only a fraction of segment’s nodes (¢don,
varies from 0 to 1) that have beating cilia and thus are “on” (s = 1, red nodes), whereas the other segment’s nodes (1 — ¢,) have
resting cilia and are “off” (s = 0, blue nodes). Thus, when ¢, = 1, cilia beating is fully coherent and all cilia beat together during
an iteration. The fraction of nodes with beating cilia ¢, is drawn from a normal distribution, the mean and the standard deviation
of which we control (Figure S4B). These three normal distributions (a., f, and ¢,,,) are constructed during generation of a planarian,
apply to all segments within this planarian and do not change during simulation runs. During new iteration, each segment acquires
a new configuration of beating cilia by drawing randomly parameters o, f, and s for each node from these distributions; each node is
first set to “off” state and then turned “on” with the probability of ¢,,. Some parameters can be found experimentally: the planarian
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sizes (L, W); normal distributions for drawing the number of nodes per segment (N) and the angular distribution of beating forces (o)
(may be found experimentally in each segment as in Figure 2B). Some we set arbitrarily: the planarian mass (M), the magnitude dis-
tribution of the beating force (f) and the probability of on-off state (¢) are set arbitrarily.

We define planarian movement as a combination of translationgf the whole body and rotation around its center of mass M (Fig-
ure S4D). To find the translation, we first calculate the total force F generated by all beating cilia in the planarian (in all segments at
each node); since the planarian is modeled as a rigid body, all cilia beating forces may directly be applied to the center of mass M. We
then model the experimentally observed constant speed movement of planarianias follows. We assume that during each infinites-
imal time span At the planarian speed starts from 0, accelerates due to action of F and decelerates back to 0 due to action of coun-
terforces (e.g.). More specifically, in the first half (from O to At/2) acceleration is a=F /M (according to second Newton’s law), and
during the second half (from At/2 to At) deceleration isa= — F/M (we use symmetric evolution of the speed for simplicity of calcu-
lations). Such periodic movement can be approximated as movement with constant speed V = FAt/4M. Thus, we can calculate the
translation from old position p, to new position p during iteration time At as

—
—

P =DPo +%Atz (Equation 1)

To find the rotation, we calculate for each it_h>segment the net force ?i arising from all its beating cilia arlg the torque ?i = Tx ?,-
about the ﬂanarian’s center of mass M that F; generate_s) (Figure S4C). The total torque of the planarian T is then calculated as the
sum of all T;. According to Euler’s second law: Aw/At= T /I, where Aw/At is the angular acceleration, w = /At is the angular speed,
/= Z,-r,?m,- is the moment of inertia of the planarian body with r; and mj; is the position and the mass of the iy, planarian segment.
Following the same considerations as in the case of translation, we can approximate planarian’s rotation as rotation with constant
angular speed w = TAt/4l. Thus, we can calculate the rotation from old angle 6, to new angle ¢ during iteration time At as

T .
0= 0o thtz (Equation 2)
where the sign depends on the direction of the torque. . _
In each new iteration, all segments acquire new cilia beating configuration, after this new total force F and total torque T are calcu-
lated; then using Equations 1 and 2 new position and new body orientation (p’, 6) are calculated.
Order of events in the simulation

® Planarian generation. Parameters of the planarian:

body mass (M), length (L) and width (W), initial orientation (in Figure S4 orientation is 90 degrees).
segment numbers along body length and width NL, NW.

node number bias; mean and standard deviation (Nm, No).

cilia beating angle bias; mean and standard deviation (am, a.c).

cilia beating force strength bias; mean and standard deviation (fm, fo).

cilia beating coherency bias; mean and standard deviation (¢m, ¢o).

segment mass is calculated, node positions are set, cilia beating angles and forces are set, on/off state of each node is set.
® Simulation starts.

Iteration starts. Node positions never change.

cilia beating angle changes randomly within the given bias.

cilia beating force changes randomly within the given bias.

cilia beating coherency is used to set randomly a fraction of nodes in off state.

in each segment the total cilia beating force and torque is calculated.

total force and torque acting on the whole planarian body is calculated

the whole body is moved according to the calculated force.

the whole body is rotated according to the calculated torque.

repeat the iteration.

OO0O0OO0OO0O0O0

[ONCHORONONORONONO)

To test the simulation framework and see whether the results are qualitatively consistent, we run several simple tests. First, we
generate two planarians: one is biased to rotate left (Figure S4E, planarian 2, with orange segment) and the other is biased to rotate
right (planarian 1, with blue segment). All their segments have nodes generating force straight forward (grey segments), except for the
colored two that have directional bias. Their trajectories are, as expected, mirrored, as shown with trajectory evolution and body
orientation in Figure S4E. Second, we generate several planarians with the same shape parameters, but one without noise and
the rest with random noise; their trajectory evolution and body orientation (Figure S4F) show the effect of noise. Varying and even
opposite direction of rotation is caused by random asymmetrical distribution of nodes throughout the planarian body (which is fixed
after a planarian has been generated), whereas the noise (visible in body orientation curves) comes from random cilia beating direc-
tion, force and on/off state. Next, we generate planarians with exactly the same angular bias of cilia per segment as in the experi-
mentally observed RNAi-treated animals and run simulations on them. Our framework allows us qualitatively reproduce both linear
translation on short time scale and circular movement on longer time scale (Figure 3); the direction of translation and rotation are
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properly captured as well. Interestingly, even though these mutants translate in opposite directions, they both circle (rotate) in the
same direction. However, it is not possible to quantitatively reproduce the speed of rotation or the speed of translation with simple
model; it allows only qualitative translation of experimentally observed angular distributions into trajectories.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using Oriana 3 (Kovach Computing Services) for comparison of local rootlet angle variation. Sig-
nificance was determined using Watson-Williams test and was defined as p > 0.05. All the other analyses were done with Prism 7.0.d
(GraphPad). Significance was determined using Kruskal-Wallis test followed by Dunn’s multiple comparisons test or with Mann-Whit-
ney test. Statistical details can be found in the legends. Significance was defined as p < 0.05 (*p < 0.05, **p < 0.01, ™*p < 0.001).
n numbers are biological repeats and measurements are represented as mean + SD.

DATA AND CODE AVAILABILITY

The code for computational modeling of planarian locomotion generated during this study is available from the GitHub source-code
hosting facility (https://github.com/dershoff/simulation-of-planarian-movement).
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2.4. hVFL1 impacts microtubules organization in mitosis
and interphase

2.4.1. Introduction

As presented earlier, we have shown that the ortholog of VFLI, as well as the orthologs of VFL3
and ODF2, are involved in the control of BB rotational polarity in S. mediterranea. Rotational
polarity is deeply linked to the anchoring of the cytoskeleton to the centriole, and our work has
indeed confirmed the involvement of SMED-VFL1, -VFL3 and -ODF?2 in the establishment of
asymmetric connections between BBs. These connections involve MTs, as well as probably
actin. Our study showed that all three proteins are required for properly forming the basal foot, an
appendage necessary for MT anchoring that has similarities with SDAs (Article 2). We therefore
hypothesized that the function of hVFL1 might also be related to the assembly or function of
SDAs in the mother centriole, as it is the case for ODF2 and hVFL3. I therefore explored the role
of hVFL1 in anchoring MTs to the centrosome. To do so, I analyzed the impact of hVFLI1
depletion on processes that involve the anchoring of MTs to the centrosome: centrosome
positioning in interphase, and spindle orientation in mitosis. I also analyzed MT network
organization more directly in hVFLI1-deficient cells. For this purpose, I performed regrowth
experiments on interphase cells, and analyzed the number and length of astral MTs in mitosis.
For all these phenotypes, 1 detected abnormalities in hVFL1-deficient compared to the control
cells (Hung et al., 2016) (C.-T. Chen et al., 2014) (Delgehyr et al., 2005) (Piel et al., 2000).

On crossbow-shaped micropatterns, cells polarize in a stereotyped manner reminiscent of
migrating cells. Under these conditions, the cells indeed rearrange their polarity axis to mimic
migration, with the centriole at the front of the nucleus and the formation of a pseudo
lamellipodium at the leading edge. The correct axis of polarization can be evidenced by the
vector formed from the center of mass of the nucleus and the centrosome pointing forward in the
direction of pseudo-migration. Under these conditions, the centrosome tends to be located
approximately in the centroid of the pattern. Depletion of ODF2, a protein involved in the

formation of SDAs and thus in the anchoring of MTs, leads to greater variability in centrosome

157



Noémie Gaudin — Thése de doctorat — 2021

positioning (Hung et al., 2016). I thus analyzed the effect of depleting hVFL1 by RNAi on

centrosome centering and cell polarization in cells grown on crossbow-shaped micropatterns.

I then studied the growth and release of MTs upon MT depolymerization in a regrowth
experiment. During regrowth, MTs form an aster around the centrosome, which is the main
MTOC. As they form, some of the MTs are released into the cytoplasm and some are anchored to
the centrosome. The proportion of released and anchored MTs depends on the anchoring capacity
of the centrosome. To quantify both populations, I measured the total fluorescence intensity of
the MTs present in the cytoplasm and that of the aster after depolymerization followed by a short
regrowth phase. The fluorescence intensity corresponding to the non-anchored MTs was obtained

by subtracting the intensity of the aster from the total intensity.

To further investigate the involvement of hVFLI1 in anchoring MTs to the centrosome, I analyzed
it in the context of mitotic cells. During mitosis, SDAs rearrange the components present at their
tips (Bowler et al., 2019). Nevertheless, anchoring of MTs still occurs under these conditions,
probably via mechanisms partially different from those in interphase. In mitosis, the spindle is
oriented through the anchoring of astral MTs to the cell cortex. Depletion of SDA components
such as ODF2 induces spindle misorientation, which causes morphogenetic defects in acini
obtained from 3D cultured MDCK cells (Hung et al., 2016). Under in vitro conditions, cells tend
to orient their mitotic spindle parallel to the substrate. A greater variation in the angles formed by
the spindle and the substrate is observed after depletion of ODF2. To test the effect of hVFLI1 on
MT anchoring, I therefore depleted hVFL1 on cells and measured spindle angle relative to the
substrate. Astral MTs were then counted, and their length measured to investigate the origin of

the spindle orientation defect I detected. The size of the spindle was also measured.
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2.4.2. Methods

Cell culture:

RPE1 cells (WTERT-RPEI, RRID:CVCL 4388), and U20S (RRID:CVCL 0042) were cultured
in DMEM:F12 (1:1) and DMEM, respectively (Life Technologies). Both media were
supplemented with 10% heat-inactivated fetal bovine serum and antibiotics (100 U/mL penicillin
and 0,1 mg/mL streptomycin) (Life Technologies). Cells were kept at 37 °C in the presence of
5% CO.. The CRISPR clones partially depleted from hVFL1 are the same than in Article 1.

RNA interference assay:

2,5 x 10* cells/ml were seeded on glass coverslips in 24-well plates containing in 1 ml culture
medium per well. Alternatively, for micropatterns, 2,5 x 10* cells/ml were seeded in 6-well plates
containing 4 ml of medium per well. The day after seeding, siRNAs were transfected using
Lipofectamine RNAIMAX Reagent (Thermo Fisher Scientific) following recommendations of
the manufacturer. The hVFL1-specific siRNA (sequence: 5’- AAG GAG AAA GAT GGA GAC
GAT - 3°) is the Si LRRCCI1-1 used in article 1 (Muto et al., 2008). The ninein-specific sSiRNA
(sequence: 5°- AAG AAG AAC TGG AAC GTT GTA -3’) was purchase from Qiagen. AllStars
negative control siRNA (Qiagen) was used as a control. Protein depletion was systematically
verified by immunofluorescence using either an anti-hVFL1 antibody developed in the laboratory
(ADbl in Article 1) or an anti-Ninein antibody (Abcam, ab52473), together with an anti-y tubulin
antibody (Sigma, T5326).

Immunofluorescence:

Cells grown on coverslips were fixed in cold methanol for 5 minutes at -20°C. Coverslips were
then incubated 10 minutes in saturation buffer, 0,5 % of Tween-20 and 3 % BSA (Sigma Aldrich)
in PBS. Then primary antibodies diluted in blocking buffer were added to coverslips for 1 hour.
Coverslips were washed 3 times for 1 minute in washing buffer (0,05% Tween-20 in PBS).
Secondary antibodies diluted in blocking buffer were added to the coverslips for 1 hour. The
following antibodies were used: Goat anti-mouse Alexa Fluor 488 (Invitrogen, A11001) and
Goat anti-rabbit Alexa Fluor 555 (Invitrogen, A21428), both diluted 1/1000 in saturation buffer.

Coverslips were then washed 3 times for 1 minute in washing buffer and mounted in
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Fluoromount-G mounting medium (SouthernBiotech). Images were acquired in Z-series
projections (at 0,5um intervals) with either an Axio Imager Z1 widefield microscope (Zeiss)
equipped with an AxioCam MRm camera (Zeiss), Plan-Apochromat 63x or 100x oil objectives
with digital aperture 1,4, driven by the AxioVision software, or a Zeiss Apotome2 inverted
widefield microscope Axio Observer Z1 (Zeiss) equipped with an sCMOS Orca Flash4 552 LT
camera (Hamamatsu) and a 63x oil objective (Plan Apo, N.A. 1,4, Zeiss) driven by the Zen

software.

Micropatterns:

105 RPEI cells per well were seeded in 6-well plates and RNAI interference was performed the
next day. CYTOOchips CW-M-A (Cytoo) were coated with bovine fibronectin (Sigma)
following instructions from the manufacturer. 48h after RNA interference, RPE1 cells were
detached using Versene solution, seeded and allowed to spread on the adhesive micropatterns
during 6-8h, following instructions of the manufacturer. Immunostaining was performed with
primary antibodies anti-Ninein (Abcam, ab52473) and anti-Centrin (Milipore, 04-1624), both
diluted 1/2000 and 5 pg/mL Hoechst 33342 (ThermoFischer Scientific). Coordinates of the
centrosome and the center of mass of the nucleus were determined relatively to the position of the

micropattern. Nucleus-centrosome vectors were plotted using the Oriana software.

MT regrowth assays:

Cells were seeded in complete culture medium on 12 mm glass coverslips in a 24-well plate at a
density of 25 000 cells/well. The day after, RNA interference was performed and 48h after
transfection, cells were incubated in complete medium containing 2,5 uM of nocodazole for 1h at
37°C and then 30 minutes at 4°C before regrowth. Prior to regrowth, cells were washed tree times
with cold medium. Regrowth time started with change to 37°C medium followed by incubation at
37°C during 5 min. Immediately after, cells were fixed and stained with anti-a tubulin (Abcam,
ab7750) and anti-Ninein (Abcam, ab52473), both at 1/1000. The images were then analyzed with
the image processing software Imagel. a-tubulin fluorescence intensity was measured for MT
asters or the whole cytoplasmic area and the background fluorescence intensity for each cell was

subtracted to these values.
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Spindle orientation analysis:

Cells were seeded in complete culture medium on 12 mm glass coverslips in a 24-well plate at a
density of 80 000 cells/well and fixed the next day. For RNAi-treatment, cells were seeded and
incubated with siRNAs during 48h as previously. Immunofluorescence was performed with anti-
Ninein (Abcam, ab52473) and anti-y tubulin (Sigma, T5326) or anti-EB1 (Santa Cruz, sc-
398900), and 5 pg/mL Hoechst 33342 (ThermoFischer Scientific). Metaphase cells identified by
the presence of chromosomes aligned in a metaphase plate were imaged. Image analysis was
performed using ImageJ software. Spindle orientation with respect to the coverslip was measured
in the y-z axis following 3D reconstitution. Size was estimated in the different lines with cell area
measurements. The length of growing MTs was estimated by measuring the distance between the

centrosome and the EB1 signal.
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2.4.3. Results
2.4.3.1. hVFLI impacts microtubules during interphase

The centrosome, by controlling MT organization, plays an important role in the correct
positioning of the different internal components of the cell. In vitro, the centrosome is positioned
at the center of mass of the cell by pushing and pulling forces transmitted by the MTs. For MT
forces to impact centrosome position, MTs need to be anchored at the centrosome. Changing MT
stability or the nucleation capacity of the centrosome can also impact centrosome centering. To
analyze centrosome centering in a reproducible and quantitative manner, we used crossbow-
shaped adhesive micropatterns. Under these conditions, the cells are restricted in the shape of the
micropatterns, and their internal components are positioned in a stereotyped fashion (Théry et al.,
2006). Their polarization is reminiscent of migrating cells, with the centrosome positioned in
front of the nucleus and near the center of the pattern. To determine whether hVFL1 has an
impact on centrosome positioning, RPE1 cells depleted from hVFL1 by RNAi were polarized on
crossbow-shaped micropatterns. Cells treated with control siRNA were used as a negative
control, and cells depleted from Ninein were used as a positive control. Ninein is a component of
SDAs that has been shown to be required for MT anchorage, and we thus expected a similar
phenotype as the one observed following depletion of ODF2 (Hung et al., 2016). In cells depleted
from Ninein, I observed as expected an increase in centrosome decentering compared to cells
treated with control siRNA (Figure 25 A). In hVFLI1-depleted cells, centrosome position was also
more variable than in control cells and was comparable to what I observed for Ninein-depleted

cells.

In control cells, the vector from the center of the nucleus to the centrosome usually points toward
the front of the cell. In cells depleted from hVFL1 or Ninein, this vector was also globally
oriented toward the front of the cell, indicating polarization respecting the pseudomigration axis
(Figure 25 B). Nevertheless, the orientation of the vector was more variable than in control cells.
These results therefore indicate that hVFL1 is important for controlling centrosome position in
interphase cells as it is the case for Ninein or ODF2, which suggests that hVFL1 is involved in

MT anchorage to the centrosome.
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Figure 25: Analysis of centrosome position and nucleus-centrosome axis direction in RPE1 cells
grown on crossbow-shaped micropatterns. (A) and (B) are from the same experiments. N < 147,
> 3 independents experiments. (A) Centrosome position with respect to the center of the
micropattern. Si Nin and Si LRRCC1-1 coordinates are significantly different from Si Control
coordinates, length is expressed in um, (two-way ANOVA, P Value Si Control vs. Si Nin =
0.0014, P Value Si Control vs. Si LRRCCI1-1 = 0.0018). (B) Distribution of the nucleus-
centrosome vectors. Vector length is plotted as different shades of gray, length is expressed in
um. The black arrow indicates the mean vector for each condition. These results have been
obtained with the help of Quentin Delobelle.
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To further study the anchoring of interphase MTs and to measure it in a more direct way, I
performed a MT regrowth experiment. The purpose of this experiment was to determine whether
the ability of the centrosome to nucleate and anchor MTs was affected in cells depleted from
hVFLI1. For this, I used U20S cells as in (Hung et al., 2016), because it was shown that MT
anchorage in RPE1 cells is little affected by inactivation of ODF2 (Mazo et al., 2016), suggesting
that other mechanisms can compensate for the absence of SDAs in this cell line. MTs were
depolymerized then allowed to regrow for 2 minutes, a time short enough to avoid complete MT
repolymerization. Under these conditions, an aster forms around the centrosome - localized by
staining ninein - and some MTs are already present in the cytoplasm (Figure 26). I measured o-
tubulin fluorescence intensity at the centrosome and in the cytoplasm of cells treated with hVFLI
or control siRNAs. Fluorescence intensity within asters was significantly decreased of about 20%
in hVFL1-depleted compared to control cells (Figure 26 B). This decrease can be explained either
by an increase in the proportion of MTs released into the cytoplasm or by a decrease in MT
assembly. When I measured the MT intensity in the cytoplasm, I found a small but significant
increase of about 10% in a-tubulin labeling in cells treated with hVFL1 siRNA. These results
suggest that hVFL1 may play a role in the anchoring of interphase MTs. However, this
experiment was performed only once, and these results are therefore too preliminary to conclude.
These analyses will have to be repeated by including a second siRNA against hVFL1 and
confirmed using CRISPR U2O0S lines that I have generated during my thesis work.
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Figure 26: MT regrowth in U20S cells depleted from hVFL1 by RNAi. (A) Immunofluorescence
view of MT regrowth in control or hVFL1-depleted cells. Ninein in magenta, a-tubulin is in cyan.
Bar, Sum. (B)(C) Quantification of overall fluorescence intensity of a-tubulin in the aster (B) or
in the cytoplasm (C), 1 experiment, n > 30 cells, Mean and Standard error, Mann-Whitney test, *:
P <0,05; **: P <0,01. These results were obtained with the help of Thanh Bich Ngan Phan.
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2.4.3.2. hVFLI1 impacts microtubules during mitosis

MT anchoring is not trivial to analyze. Ideally, MTs should be observed in living cells to
compare the dynamics of MTs in the vicinity of centrosomes, and to distinguish anchored MTs
from released MTs. Unfortunately, these observations are made very difficult by the presence of
a large number of MTs around the centrosome. Nevertheless, it is possible to test the effects of
anchoring MTs in different ways to accumulate a body of evidence. During mitosis, SDAs are
remodeled, and elements at the ends of SDAs are transiently relocated to the periphery of the
parent centriole. It was therefore of interest to determine whether depletion of hVFL1 also has an
effect on the organization mitotic MTs, as previously shown for ODF2. More specifically, ODF2
depletion induces a greater variability of spindle angle relative to the substrate, a phenotype

explained by a modification of the number and stability of astral MTs (Hung et al., 2016).

I thus analysed spindle angle, deduced from the position of the centrosomes, by
immunofluorescence in control or hVFL1-deficient RPE1 cells. For this purpose, centrosomes
were labelled with anti-Ninein and anti-y-tubulin antibodies, as well as a DNA stain to identify
metaphase cells. With the help of Quentin Delobelle, I performed acquisitions in z-series in order
to obtain 3D reconstructions and measure the spindle angle in the plane perpendicular to the
acquisition axis. Under normal conditions, the centrosomes are positioned in a such way that the
spindle is generally parallel to the substrate and perpendicular to the metaphase plate (Figure 27
A). The mean angle between the spindle and the substrate is therefore close to 0°. In contrast, a
significant increase in spindle angle can be observed in the two hVFLI1-deficient RPE1 CRISPR
clones expressing the lowest levels of hVFL1 (clones 1.1 and 1.9). The slight increase for clone
1.2, which expresses the highest levels of residual hVFL1, is not significantly different from the
control. To confirm the results obtained for clones 1.1 and 1.9, we used RNAi. We observed that
spindle angle distribution was also significantly wider in hVFL1 siRNA-treated cells compared to

control cells, confirming the results obtained with the CRISPR clones.

As the control of mitotic spindle orientation is dependent on the function of astral MTs, we next
examined the impact of hVFL1 inactivation on these MTs. For this, we used an antibody against
the EB1 protein, which only labels the growing plus end of MTs, as anti-tubulin produces dense
labelling, making measurements of individual MTs impossible (Figure 27 B). Since astral MTs

are dynamic structures, alternating very rapidly between polymerization and depolymerization
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phases, the use of EB1 gives a good approximation of the behavior of all astral MTs (Hung et al.,
2016). We measured the number of growing MTs either in the CRISPR clone 1.1, in RPE1 cells
treated with hVFL1 siRNA, or in the corresponding controls. The average number of astral MTs
per metaphase centrosome was significantly decreased upon hVFL1 depletion, both in the
CRISPR clone 1.1 and in hVFL1 siRNA-treated cells compared to their respective control
(Figure 27 B). For clone 1.1, an average of 85.2 + 2.2 MTs per centrosome was counted
compared to 110.6 + 2.2 MTs/centrosome for wild-type RPE1 cells. In a comparable manner,
cells depleted from hVFL1 by RNAi had an average of 87.7 £ 1.0 MTs/centrosome compared to
110.8 = 1.3 MTs for cells treated with the control siRNA. The decrease in astral MT number in
hVFLI1-deficient cells thus probably contributes to increasing spindle angle distribution in these

cells.

In parallel, we measured the length of astral MTs. We observed that the average length of
growing astral MTs was significantly increased for clone 1.1 compared to WT cells (Figure 27
C). The same result is observed in RNAi-treated cells, confirming the effect of hVFLI1 depletion
on the length of astral MTs (Figure 27 C). We did not expect this result because depletion of
ODF?2 leads to a decrease in astral MT length (Hung et al., 2016). To determine whether the
increase in astral MT length following hVFL1 depletion is accompanied by other changes in
spindle architecture, we also analyzed mitotic spindle length, given by the distance between the
two centrosomes, and cell area, given the surface of the mitotic cell in 2D. These measurements
were performed on the same images used to measure the spindle angle. We observed differences
in cell size between CRISPR clones. Cells in clones 1.2 and 1.9 were significantly larger than
those in clone 1.1 and in WT (data not shown). This was not observed in RNAi-treated cells, and
these differences did not correlate with the residual expression level of hVFL1 in CRISPR clones
(WT>1.2>1.1 and 1.9). Thus, it is likely that the cell size increase in clones 1.2 and 1.9 is not
related to hVFLI1 depletion. We therefore compared the ratio of spindle length to cell area,
normalized to the RPE1 WT condition, to determine the effect of hVFL1 loss on mitotic spindle
size independent of cell size. We observed a significant decrease in mitotic spindle size in each of
the CRISPR cell lines. We also observed a significant decrease in mitotic spindle size in hVFL1
siRNA-treated cells compared to control siRNA, but to a lesser extent than in CRISPR cells.
Thus, loss of hVFL1 decreases mitotic spindle size in addition to increasing the length of astral

MTs.
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In conclusion, these results show that the loss of hVFLI1 affects different aspects of the MT
organization in metaphase. Astral MTs appear to be more stable and less numerous, which
probably explains the misalignment of the metaphase spindle in these cells. As well, the mitotic
spindle is shorter upon hVFL1 depletion. The latter aspect, as well as the reduction in the number
of astral MTs, may be observed when the amount of y-tubulin present at the centrosome is too
low. However, we did not find a significant decrease in the amount of y-tubulin present at the
centrosome after inactivation of hVFL1 by RNAi or CRISPR (data not shown). Instead, our
results are close to the phenotype caused by loss of ODF2, which disrupts spindle orientation and
decreases the number of astral MTs (Hung et al., 2016). The hVFLI1 protein thus appears to have
a role in mitotic spindle formation, which seems to be related to the ability of centrosomes not to

nucleate MTs, but to anchor and/or stabilize them.
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Figure 27: Analysis of spindle orientation and astral MT defects in hVFL1-depleted RPE1 cells.
(A) Spindle orientation in cells depleted from hVFL1 by CRISPR or RNAi. Top panels:
immunofluorescence views of mitotic spindles seen from the side (yz plane). The dotted lines
show the angle formed by the long axis of the spindle given by the position of the two
centrosomes, and the substrate; yellow: y-tubulin; magenta: DNA. Bottom: quantification of
spindle angles. CRISPR clones: N > 111, > 3 independent experiments, Kruskal-Wallis test;
RNAi-treated cells: N > 131, 3 independent experiments, Mann-Whitney test (B) Astral MT. Top
panel: mitotic cell stained for EB1 (yellow) and DNA (magenta). The white arrow indicates how
astral MT number and length was measured. Bar, 5 um; Bottom: quantification of MT number.
CRISPR clones: N = 30, 3 independent experiments, Mann-Whitney test; RNAi: N = 30, 3
independent experiments, Mann-Whitney test. (C) Quantification of MT length. CRISPR: N >
5098, 3 independent experiments, Mann-Whitney test; RNAi: N > 5286, 3 independent
experiments, Mann-Whitney test. (D) Quantification of spindle length over cell area. CRISPR: N
> 109, 3 independent experiments, Kruskal-Wallis test; RNAi: N > 131, 3 independent
experiments, Mann-Whitney test. For all panels: ns: P > 0,05; *: P <0,05; **: P <0,01; ***: P <
0,001; ****: P <0,0001. These results were obtained with the help of Quentin Delobelle.
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2.4.4. Preliminary conclusions and perspectives

hVFL1 depletion is thus influencing MT organization in three different manners:

e Centrosome centering is impaired in cells grown on micropatterns.

e Aster size is decreased and cytoplasmic MTs more numerous in MT regrowth assays.

e Spindle orientation is altered due to modifications of astral MTs.
These three phenotypes could be explained by a defect in MT anchoring to the centrosome.
However, defective centrosome centering could also result from perturbations of other
mechanisms than MT anchoring. For instance, MT nucleation and regulation of their dynamic
properties is also important for centrosome centering. Similarly, the decrease in aster size in cells
depleted from hVFLI could be due to a defect in MT nucleation. Finally, the spindle position
defect observed in hVFL1-depleted cells could result from an increase in MT stability, a decrease
in MT nucleation, or a change in spindle size. Therefore, it will be important to further analyze

these defects to better understand the role of hVFLI1 in MT organization.

To test the hypothesis of a MT anchoring defect in cells lacking hVFL1, it would be interesting to
verify the structural defects of SDAs by U-ExM. For example, we could label components of
SDAs such as Ninein and CEP170, as well as ODF2, a protein common to SDAs and DAs, in
interphase and mitosis. Possible defects observed after depletion of hVFLI1 could then explain a
defect in MT anchoring. Furthermore, abnormalities in MT anchoring could be observed directly
by this approach to validate this hypothesis. The resolution provided by U-ExM could be used to
directly observe the anchoring of MTs to SDAs, as it has already been done by super-resolution
microscopy (Bowler et al., 2019). For U-ExM analysis, a specific fixation should be used to
preserve the cytoplasmic MTs as previously described (Gambarotto et al., 2019). Under these

conditions, interphase and mitotic anchoring could be measured at the centrosome.

An implication of hVFL1 in MT organization could also possibly explain why patients with a
mutation in the gene encoding hVFL1 have progressive microcephaly. Indeed, mutations leading
to an increase in the stability of interphase MTs have been described in patients with this
pathology (Colin et al., 2014) (Pode-Shakked et al., 2017). However, progressive microcephaly is
not well understood. A way to confirm the implication of hVFLI1 in microcephaly would be to

target its expression in an animal model like the zebrafish. This model has the advantage of being
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very versatile and of allowing the inactivation of genes by different methods. Moreover, the
zebrafish has already been established as a model not only for ciliopathies, but also for

progressive microcephaly (Siekierska et al., 2019) (Song et al., 2016).

3. Discussion and Perspectives

Centrioles are structures based on a 9-fold symmetric arrangement of MTs that have been
conserved since at least the last common ancestor of eukaryotes. These highly complex
macromolecular ensembles are used by many organisms for different purposes. Much is still
unknown about the structure of centrioles, their roles, and their diversity across eukaryotes. The
studies presented here provide additional bits of information for understanding centrioles. We
show that centrioles in the human centrosome are rotationally asymmetric despite their apparent
symmetry. We found at least two markers of this asymmetry, hVFL1 (LRRCC1) which is
specifically enriched near two consecutive triplets in the distal part of the centriole lumen, and
C2CD3 which forms a C-shaped structure decentered towards the region of the centriole wall
where hVFLI is located. Depletion of hVFL1 disrupts C2CD3 localization and induces defects in
centriole structure, ciliogenesis and ciliary signaling, indicating that hVFL1 is involved in the
organization of the distal end of centrioles. Furthermore, we show that hVFL3 is localized to
SDAs and to the proximal end of centrioles. hVFL3 interacts with CEP170 and depletion of
hVFL3 impairs MT anchorage at SDAs. hVFL3 is a MT-binding protein that could be directly
involved in MT anchoring to SDAs. In addition, we studied the multiciliated epidermis of S.
mediterranea where centrioles are organized in a polarized network generating a bilaterally
symmetric pattern. We showed that the centriole components SMED-ODF2, SMED-VFLI, and
SMED-VFL3 are required to establish asymmetric chiral connections between centrioles and
balance their effects. These proteins act in part by controlling the assembly of the basal foot,
which in planarians has a structure that reflects the chirality of the centrioles. The organization of

chiral asymmetric cytoskeletal network is probably an ancestral property of centrioles.

3.1. Centriole inherent asymmetry

My work shows that centrioles within the human centrosome have asymmetric constituents. This
discovery could change the way we understand and study the function and structure of these

centrioles. These findings suggest that an asymmetric structure is present in the lumen of human
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centrioles that may be homologous to the acorn in C. reinhardtii centrioles. Confirmation of the
existence of this structure by EM would be important to establish a parallel with the acorn.
However, such a structure has never been clearly observed before despite numerous studies of
vertebrate centrioles by EM. Some published electron micrographs nevertheless suggest the
presence of an acorn-like filament in the distal lumen in different species including vertebrates,
but it is not clear whether this structure has rotational asymmetry or not (Geimer & Melkonian,
2004). One reason why this structure could have escaped detection by EM so far could be its
limited electron density. Indeed, the acorn described by Geimer et al. in 2004 and 2005 in C.
reinhardtii is itself not very electron dense and has been observed only with difficulty even
though the preservation of centriole fine structure is generally better in C. reinhardtii than in
animal cells. The use of other techniques such as cryo-EM could help to resolve the structure of
the “human acorn”. On the other hand, to attest that C2CD3 is indeed a component of a
filamentous structure, immunogold labeling should be performed. It would also be important to
analyze hVFL1 by the same approach to confirm the asymmetry of the proteins and their
involvement in the same structure. In parallel, these analyses could be done by combining U-
ExM with another super-resolution microscopy technique such as dSTORM, as recently

described (Zwettler et al., 2021).

C2CD3 has been studied in super resolution microscopy before but the rotational asymmetry of
its localization pattern was not noted. This could be related to the fact that this asymmetry is less
obvious than that of hVFL1 and can be mistaken for a slight misalignment of the centriole axis in
z during image acquisition. Nevertheless, we observed that correcting the alignment of centriole
long axis in z reinforces not only the positional asymmetry, but also the shape asymmetry of the
C2CD3 labeling. In our study, C2CD3 forms a C-shaped motif in the centriole lumen, slightly
closer to a portion of the centriole wall. However, the localization of C2CD3 observed in
dSTORM by (Yang et al., 2018) (Figure 28, A) also appears to be slightly asymmetric, which
was not commented in this study, probably because it was interpreted as coming from uneven
labeling efficiency across the structure. The C2CD3 marking in lateral view (Figure X, B) also
appears tilted, perhaps indicating another form of asymmetry that went unnoticed. In another
study (Tsai et al., 2019), the authors examined C2CD3 by 3D-SIM. Of important note, the images
of C2CD3 presented in the paper show that C2CD3 is not perfectly centered but the signal is

closer to one side of the centriole wall (Figure 28, C and D).
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Geimer et al. in their 2005 study described a V-shaped structure in C. reinhardtii centrioles
(Figure 5) positioned at the same level as the acorn and co-localized with centrin. They also
describe that centrin is found internally as a mesh in the central and proximal part of the
centriole, and as a fine spike in the distal part. In the study by Le Guennec et al. in 2020, the
authors precisely determine the localization of centrin in the centrioles of human cells. They
describe that Centrin-2 is a component of the centriole scaffold that occupies the proximal and
central part of the centriole. They also observe a Centrin-2 spike in the distal portion of centrioles
(Figure 28, E and F). The centrin pattern presented by the authors appears to be slightly
asymmetric in the distal part. In different study (Kashihara et al., 2019), Centrin-3 appears off
centered with respect to the localization of CEP128 seen by SIM. The authors did not comment
on this off-centering of Centrin-3 and they do indicate at which position along centriole length
Centrin-3 is localized (although it is clearly distal in the daughter centriole seen in lateral view,
which corresponds to published data on Centrin-3 localization). Taking all of this into account,
one can hypothesize that the acorn-associated, centrin-containing V-shaped filament observed in
C. reinhardtii is conserved in human centrioles. To confirm this hypothesis, we would need to
further examine the localization pattern of Centrin-2 and Centrin-3 in the distal part of the

centriole with greater resolution, together with C2CD3 and hVFL1.

In addition to the problems inherent to the observation itself (i.e., heterogeneity of
immunofluorescence labeling, lack of resolution, X-Y color shifts, poor preservation of structures
in EM or low electron density), the fact that the rotational asymmetry of the centrioles of the
centrosome was not detected could be related to the fact that image averaging is often used to
improve the quality of images. This can be done by combining multiple images, as I did, or by
rotating the same image around centriole long axis to reinforce electron dense structures as it is
done for EM data. If these operations are performed under the assumption that the centrioles are
symmetrical, they will have the effect of erasing the asymmetries which will thus go unnoticed
(Bowler et al., 2019) (Shi et al., 2017) (Le Guennec et al., 2020) (Klena et al., 2020). As so,

many asymmetric differences can go undetected.

It is therefore not surprising that the rotational asymmetry of centrioles within the animal
centrosome has escaped observation until now. Accumulating data and improved imaging

techniques now allow us to identify some deviations from symmetry in the structure. For
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example, SDAs are present in numbers less than 9 in some cell types (Figure 28, H-L). It would
then be interesting to determine whether these asymmetries are in any way correlated with the
asymmetric location of hVFL1 and C2CD3. Using the hVFL1 domain as a reference point for
aligning the centrioles, we could determine whether this reinforces asymmetries in the
distribution of SDAs or other centriole features. In our study in S. mediterranea (Article 3), we
hypothesized that SMED-VFLI1 and -VFL3 might specify certain triplets of the BB to position
appendages (i.e., the basal foot and ciliary rootlet), a hypothesis already proposed in previous
work in C. reinhardtii and P. tetraurelia (Silflow et al., 2001) (Bengueddach et al., 2017). Such a
mechanism could be conserved in humans, where the presence of hVFL1 on certain triplets could

also influence the formation of SDAs.
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Figure 28: Images from the literature suggesting the existence of rotational asymmetries in
centrioles of the centrosome. A) dSTORM super-resolution images showing the distribution
patterns of C2CD3 proteins. From (Yang et al., 2018). B) Three representative dSTORM images
of centrioles in lateral view illustrating the relative positions of C2CD3 (cyan) and SCLTI
(green). The green and pink arrowheads mark the positions of SCLT1 and FBF1, respectively.
From (Yang et al., 2018). C) 3D-SIM analysis of the spatial localizations of C2CD3 and CEP120
at the distal ends of centrioles. RPEI cells were synchronized in G2 phase and immunostained
with the indicated antibodies. Scale bar, 100 nm. From (Tsai et al., 2019). D) Super-resolution
(3D-SIM) microscopic analysis of centriole distal-end proteins. RPE1 cells were synchronized in
G2 phase and immunostained with the indicated antibodies. From (Tsai et al., 2019). E) Top view
3D images of expanded mature human centrioles stained with tubulin and CEP164 (magenta) and
Centrin-2 (gray). 3D volumes are shown as serial cross-sections through the centrioles, with Z-
height indicated in each image. White arrowheads indicate an additional dot-like localization of
Centrin-2 at the distal tip. Z-steps every 120 nm. Scale bar: 250 nm. Representative images from
3 independent experiments. From (Le Guennec et al.,, 2020). F) Representative Lightning
confocal images of in situ expanded mature human centrioles (longitudinal views) co-stained for
tubulin (magenta) and Centrin-2 (grey). White arrow indicates the additional distal localization of
Centrin-2. Scale bar: 100 nm. From (Le Guennec et al., 2020) G) RPE1 cells transfected with
GFP-CEP128 and stained for Centrin-3 (blue). Images were obtained by SR-SIM. Scale bars:
200 nm (centriole panels). From (Kashihara et al., 2019). H-L) EM sections of mother centrioles
in different cell types. From (Chong et al., 2020) and (Uzbekov & Alieva, 2018) H) Centriole
with an approximately nine-fold distribution of subdistal appendages (SDAs) in a RPE1 cell. I)
Centriole with three SDAs in an epithelial pig kidney embryo cell. J) Centriole with four SDAs
from a pig oviduct cell. (K, L) Centrioles with nine and six SDAs from KE-37 human cells. Scale
bar, 100 nm.

Other centriole proteins could be asymmetrically localized. Because VFL3 and VFLI1 appear to
have a similar function in BB rotational polarity in S. mediterranea, 1 further examined the
localization of hVFL3 by U-EXM. In Pizon et al., (2020, Article 2), we found that by immuno-
EM a Myc-hVFL3 fusion localizes to SDAs and to a lesser extent to the proximal end of
centrioles. Preliminary data presented in Figure 29 show the localization of the endogenous
hVFL3 protein by U-ExM with a- and B-tubulin staining, as well as SAS6 in the right panel.
Under these conditions, hVFL3 is localized in the proximal part of the centriole, asymmetrically,
outside the centriole wall and associated with 1 to 3 triples. The staining of hVFL3 on SDAs is
not visible by this method, which could reveal the existence of two pools of hVFL3, one stable
associated with the proximal end of the centriole and the other more dynamic at SDAs. Indeed,
the U-ExM protocol does not preserve cytoplasmic MTs, so it is possible that other structures less
stable than the centrosome are not preserved by this method either. A change in the U-ExM
protocol could help detect hVFL3 in SDAs. In any case, these preliminary experiments should be
repeated. But the asymmetry of hVFL3 is further evidence that human centrioles in the

176



Noémie Gaudin — Thése de doctorat — 2021

centrosome exhibit rotational asymmetries. Interestingly, hVFL3 does not stain procentrioles as
does hVFLI, indicating a difference in the timing of integration of these proteins during centriole
biogenesis. Future work will establish the relative position of hVFL1 and hVFL3 in centrioles of
the centrosome and in oriented centrioles such as the BBs of multiciliated cells. Ochi et al. (2020)
and Nommick et al. (2021) localized hVFL3 to the ciliary rootlet in xenopus multiciliated cells. It
is likely that what they observe corresponds to the proximal localization of hVFL3 that we detect
in human centrioles. Future work will determine how hVFL3 localizes with respect to

components of the intercentriole linker, or with respect to the ciliary rootlet in multiciliated cells.

hVFL3 o/ tubulin  SAS6

Figure 29: hVFL3 localization by U-ExM. a- and B-tubulin are in magenta, hVFL3 in yellow and
SAS6 in cyan (right panel only). Scale bar, 200 nm. Top left panel, longitudinal view. Bottom
left panel, tranversal view of the proximal part. Right panel, longitudinal view of duplicating
centrioles. hVFL3 signal is assymetrically localized at the proximal end of centrioles, externaly
of centriole wall, on 1 to 3 triplets. We did not observe hVFL3 labeling at the subdistal
appendages, contrary to what we found by conventional immunofluorescence microscopy (Pizon
et al., 2020) hVFL3 is also not present in procentrioles.

Thus, it appears that rotational asymmetry is more present in the ultrastructure of centrioles than
we expected. Thus, it would be interesting to map centriolar proteins by super-resolution
microscopy taking into account the orientation of the centriole. This would allow to detect
possible other constituents that localize asymmetrically or show uneven accumulation around the
circumference of the centriole. The evolutionary conservation of rotational asymmetry should
also be exploited, as a multitude of organisms and cell types use centrioles for different purposes

(motility, mucus removal, signaling, gradient formation...). For example, it would be interesting

to inactivate the C2CD3 ortholog in S. mediterranea and to analyze the rotational polarity of
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centrioles under these conditions to determine if it is altered as in VFL1-depleted animals. As
well, it would be interesting to characterize C2CD3 orthologs in flagellates. We were unable to
identify an ortholog of C2CD3 in the C. reinhardtii genome, although there is an ortholog in the
closely related species Micromonas pusilla. This could be due to a gap in the genomic sequence,
or too much divergence in the sequence of C2CD3. In contrast, an ortholog was identified in P.

tetraurelia (Zhang & Aravind, 2012).

3.2. Centriole rotational asymmetry and the primary cilium

In C. reinhardtii and flatworms, hVFL1 orthologs are involved in the polarization of centrioles in
the plane of the plasma membrane, which in turn determines the direction of the ciliary beat.
According to (Schneider et al., 2010), primary cilia point in the direction of migration in
mammalian cells. As the function of hVFL1 appears to be globally conserved, the mechanisms of
centriole polarization could be similar to those described for motile cilia. Indeed, determining the
localization of hVFLI at the circumference of the mother centriole in migrating human ciliated
cells could tell us whether centriole orientation plays a role in migration. Furthermore, there is no
known asymmetry in the primary cilium, either structurally or in terms of intra-flagellar transport.
IFT trains are large complexes, and they occupy considerable space in the cilium. How space is
managed within the cilium is an open question. A previous study showed that bidirectional IFT is
restricted to certain doublets of MTs in the cilium of 7. brucei. In this organism, motile cilia are
oriented and there is an asymmetric distribution of IFT (Bertiaux et al., 2018). Thus, it is possible
that a mechanism restricting transport into specific doublets is conserved in primary cilia. It is
conceivable that a cilium oriented towards specific ligands and spatially controlled intra-flagellar
transport could be advantageous for signal transduction. Measuring such a phenomenon would
involve resolving the ciliary superstructure in 3D in polarized cells to locate IFT trains within the

cilia.

Furthermore, the acorns described in (Geimer & Melkonian, 2005) and (Vaughan & Gull, 2016)
are of unknown composition and function. Since we found that C2CD3 delineates a filamentous
structure reminiscent of an acorn and that hVFL1 localizes as its ortholog in C. reinhardtii, we
hypothesize that together they could form a structure homologous to the acorn. In any case, it
appears that there is a link between centriole rotational asymmetry and primary ciliogenesis in

human cells. Perturbing the function of components of this structure induces sensory ciliopathies
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in humans, as mutations in C2CD3 and hVFL1 have both been involved in such pathologies.
Why this rotationally asymmetric structure is conserved at the base of primary cilia remains an
open question. In C. reinhardtii and in MCCs, the function of VFL1 is related to the assembly of
asymmetric appendages, which must be correctly positioned with respect to the direction of the
ciliary beat. A rotationally asymmetric structure present early during centriole assembly and
ultimately located near the cilium could coordinate centriole polarity, which might affect the
organization of the surrounding cytoskeleton as in flagellates or MCCs, with asymmetric features

within the primary cilium.

3.3. Rotational asymmetry in centriole duplication

Centriole rotational asymmetry could also play a role in centriole duplication, as it is the case in
C. reinhardtii. Indeed, we found that the location of procentrioles is not completely random
compared to the location of hVFLI in the parent centriole. This result suggests that the rotational
assymmetry of centrioles may somehow influence centriole duplication in human cells. In C.
reinhartdtii, procentriole formation is determined in relation to the parent centrioles, which are
included in a complex struture called the basal apparatus (Fig 5A, page 16). This complex
struture, which includes microtubular and fibrous roots in addition to centrioles and procentrioles,
is not conserved in animal cells, in which procentrioles form near the wall of the parent
centrioles. The site of formation is determined by the recruitment of PLK4 through the PCM
components CEP152 and CEP192 (Yamamoto & Kitagawa, 2019). It is possible that a molecular
assymmetry between triplets in the parent centriole could result in a local change in PCM
composition, which in turn could impact PLK4 activation. Future work will need to elucidate
how centriole rotational asymmetry influences centriole duplication. Since hVFL3 also localizes
asymmetrically at the proximal part of the centriole, where procentrioles are formed, it would
also be interesting to repeat this experiment using hVFL3 as a polarirty marker - insofar as
hVFL1 and hVFL3 are not consistently positioned relative to each other, which remains to be
established.

hVFLI1 is recruited early in centriole formation, like many distal proteins. Similarly, in C.
reinhartdtii, the acorn is also present very early in pbb, indicating that rotational polarity is
constitutive of the centriole. Much remains to be discovered about centriole biogenesis, from the

molecular to the structural chain of events. The difficulties in elucidating these mechanisms stem
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from the small size of centrioles, and even more so procentrioles, and the large number of
proteins that must be incorporated to form a complete centriole. One possible hypothesis would
be that the incorporation of the different centriole elements would occur in a specific manner
relative to this asymmetry. However, testing this hypothesis will require technologies not yet
available to us - especially to achieve sufficient resolution in live cells. This would also allow to
determine whether the localization of hVFL1 is constant around the circumference of the

procentriole during centriole formation.

3.4. MT anchoring, polarity, development and cancer

Centriole asymmetry may also have a role to play in MT anchoring. I have shown that hVFL1
depletion impacts MT organization, likely through MT anchoring. Since hVFL1 depletion
induces defects in DAs that are only quantifiable by U-ExM, it is possible that it also induces
defects in SDAs that would not have been detected by conventional fluorescence microscopy.
Thus, it would be necessary to study the defects in SDAs by U-ExM to determine whether the
alteration in MT organization upon hVFL1 depletion is related to this. However, the SDAs often
do not exhibit perfect 9-fold symmetry, so it will be more difficult than for the DAs to
demonstrate a possible effect of hVFL1 depletion. A direct quantification of the number of MTs
at the centriole by U-ExM would also help determining whether MT anchoring is affected in
hVFLI1-deficient cells. Anchoring has an important impact on cell migration and polarity. It
would thus be also important to analyze cell migration to determine whether it is perturbed in

cells depleted from hVFLI.

If centriole rotational polarity is regulated and plays a role in cell polarization, migration or
signaling, it would be interesting to evaluate its possible involvement in cancer. For this, we
could collect data from patients with hVFL1 mutations. It would also be possible to compare the
rotational polarity of centrioles between cancer and non-transformed cell lines, as we have done
for centriole duplication. A parallel could then be drawn with data on centriole polarity measured
during normal development or in cancer. It also remains to be determined whether normal tissues
with primary cilia have centrioles polarized with hVFL1 always in the same position. Such a
pattern could explain the possible link between MT anchoring and centriole rotational asymmetry

that I have uncovered in this work.
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