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Summary

Centrioles nucleate two types of cellular structures: the centrosome and the cilium. Because of the
signaling activity that takes place in centrosomes and cilia, these centriole based organelles are central in
maintaining cellular homeostasis, control cell fate, growth, and cell cycle progression. Centrosomes are
composed of a pair of centrioles enveloped by a protein mesh that nucleates microtubules and serves as the
cell’s microtubule organizing center. The older centriole of the pair is called the mother centriole and is deco-
rated at its distal tip with a nine-fold symmetric ring of proteinaceous appendages. Cilia are antenna-like pro-
jections of the plasma membrane that surround a microtubule-based structure called axoneme which is nu-
cleated by the mother centriole. Ciliogenesis starts at the G1/G0 phase of the cell cycle by a mechanism that
is not entirely understood. For cilia to emerge, it is necessary that a mature centriole contacts a membrane
or vesicle and attaches to it. After that, for the axoneme to grow, there is a need to remove from the mother
centriole the inhibitory factors that prevent abnormal centriole size in proliferating cells. The overall aim of my
work was to shed light onto some of the regulatory events controlling the onset of cilia formation. For this, |
investigated the role of two microtubule-associated kinases and developed methods that allowed the analy-
sis of centrosome/cilia associated components using large fluorescence-based datasets.

Our lab has identified MARK4 and TTBK2, among others, as positive regulators of cilia formation. |
show that MARK4 is associated with purified centrosomes and regulates the levels of the centrosomal pro-
tein ODF2 at the sub-distal appendages of the mother centriole. Using fluorescence microscopy and in vivo
pull downs, | show that TTBK2 interacts with the distal appendage component Cep164 via the N-terminal
WW-domain of Cep164. Although MARK4 and TTBK2 seem to be associated with different appendage pro-
teins, previous studies have shown that MARK4 and TTBK2 are necessary for the removal of CP110 and
Cep97 (inhibitory factors of axoneme extension) from the distal tip the mother centriole. Presented here is
the finding that MARK4 interacts with Cep97 in vivo, and it phosphorylates CP110 in vitro. Since the deple-
tion of both MARK4 and TTBK2 causes bigger deficiencies in ciliogenesis and CP110 removal from the
mother centriole than the single depletion of either kinase, | could not assign them a hierarchy of importance
in the same pathway for cilia biogenesis. The most satisfactory explanation for the results is that MARK4 and
TTBK2 action on ciliogenesis is exerted in separate and synergistic pathways.

In the vicinity of centrosomes and cilia, protein complexes, named centriolar satellites, are thought to
play crucial roles in centriole duplication and cilia formation. Recently it was found that autophagic degrada-
tion of the OFD1 protein pool that localizes to the centriolar satellites sets ciliogenesis in motion. Here, | re-
port that MARK4 is required for autophagic activation in human retinal epithelial cells. | then pursued the idea
that the defect of MARK4 depleted cells to ciliate could be due to persistent OFD1 at the centriolar satellites.
| postulated that if this hypothesis was correct, co-depleting ODF1 and MARK4 should rescue the ciliogene-
sis defect observed upon a single MARK4 depletion. Indeed, | found that cells lacking MARK4 and OFD1
had a higher probability to ciliate than cells lacking MARK4 alone. This finding involves MARK4 in the au-
tophagy-induced OFD1 degradation from the centriolar satellites at the onset of ciliogenesis.

Little is known about how the spatial distribution of the centriolar satellites around the centrosome is
determined. My aim was to develop quantitative methods to compare centriolar satellite behavior based on
the information gathered through the analysis of large datasets of fluorescence microscopy images. With the

data obtained, | present two methods that proved well-suited for comparing the centriolar satellite organiza-



tion around the centrosome of a subset of satellite proteins, namely PCM1, OFD1, and Cep290. My data
revealed that during the serum starvation process used to induce ciliogenesis in cultured cells, a drastic re-
organization of satellite particles loaded with OFD1 occurs. However, the same does not happen with centri-
olar satellite particles containing either the scaffold protein PCM1 or Cep290. My observations indicate that
the protein composition of centriolar satellite particles is regulated according to the proliferative state of the
cell.

Together, my work contributed to the understanding of MARK4 and TTBK2 function during ciliogene-
sis. Furthermore, | anticipate that the development of the quantitative tools for the analysis of centriole satel-

lites will allow the systematic study of these protein complexes that has been lacking so far.



Zusammenfassung

Es gibt zwei Arten von zellularen Strukturen bei deren Organisation Zentriolen eine zentrale Funktion
einnehmen: das Zentrosom und das Cilium. Diese zentriolenbasierten Zellorganellen sind dank ihrer Schlls-
selposition bei der Signaliibertragung wichtig fur den Erhalt der zelluld&ren Homdostase, der Kontrolle des
Zellschicksals, des -wachstums und des Fortschreitens des Zellzyklusses. Zentrosome bestehen aus einem
Paar Zentriolen, die von einem EiweiBmantel umgeben sind und als Organisationseinheit fir die Ausrichtung
von Mikrotubuli dienen. Die altere wird als Mutterzentriole bezeichnet und ist an ihrem distalen Ende mit Pro-
teinfortsétzen bestickt. Cilien sind antennenartige zytoplasmatische Ausstilpungen der Plasmamembran mit
einem inneren, aus Mikrotubuliblindeln bestehenden, Skelett, dem sogenannten Axonem. Die Ciliogenese
beginnt in der G1/G0 Phase des Zellzykluss durch einen Mechanismus der weitgehend unbekannt ist. Fur
die Bildung eines Ciliums ist es notwendig, dass eine Zentriole Verbindung mit einem Vesikel eingeht.

Die Gro6Be der Mutterzentriole in proliferierenden Zellen ist durch inhibierende Faktoren geregelt,
diese missen entfernt werden damit das Axonem wachsen kann. Das Ubergreifende Ziel meiner Arbeit war
es einige der regulatorischen Ereignisse zu erforschen, die die Ciliogenese in Gang setzen. Hierflr unter-
suchte ich die Rolle zweier microtubuliassoziierter Kinasen und entwickelte eine Methode die, basierend auf
Fluoreszenzmikroskopiedatensatzen, die Analyse von Zentrosome/Cilia abhangigen Komponenten er-
moglicht.

MARK4 und TTBK2 wurden in unserer Arbeitsgruppe al. Mit meiner Arbeit zeige ich dass MARK4 mit
aufgereinigten Zentrosomen assoziiert und die Menge an ODF2 an den subdistalen Fortsatze der Mutterzen-
triole reguliert.

Mit Hilfe von Floureszenzmikroskopie und in vivo ,pull downs* konnte ich zeigen, dass TTBK mit dem
subdistalen Fortsatzprotein Cep164 Uber dessen N-terminale WW-Domain interagiert. MARK4 und TTBK2
scheinen mit unterschiedliche subdistalen Fortsatzkomponenten zu interagieren auch wenn frihere Studien
haben gezeigt dass die Proteinkinasen MARK4 und TTBK2 notwendig sind um die inhibierenden Faktoren
CP110 und Cep97 vom distalen Ende der Mutterzentriole zu entfernen. In der vorliegenden Arbeit wird
gezeigt, dass in lebenden Zellen MARK4 direkt mit Cep97 interagiert und CP110 in vitro phosphoryliert. Es
konnte dabei keine Hierarchie der beiden Kinasen MARK4 und TTBK2 im Signaltransduktionsweg der Cilio-
genese festgestellt werde, da die Verminderung beider Kinasen zusammen einen starkeren Phanotyp
erzeugt als die Verminderung der einzelnen. Die plausibelste Erklarung flr dieses Resultat ist eine separate
und synergetische Funktion von MARK4 und TTBK2 bei der Ciliogenese.

In der Umgebung der Zentrosomen und Cilien kann man die sogenannten zentriolaren Satelliten find-
en, Proteinkomplexe bei denen man davon ausgeht, dass sie eine wichtige Rolle bei der Zentriolenduplika-
tion sowie bei der Ciliogenese spielen. Der autophagieabh&ngige Abbau von OFD1, einem Protein das sich
an den zentriolaren Satelliten befindet, ist laut einer aktuellen Studie dafiir verantwortlich, dass die Cilio-
genese in Gang gesetzt wird. Hier wird gezeigt, dass MARK4 fir die Aktivierung von Autophagie in humanen
retinalen Epithelzellen notwendig ist. Ich postuliere, dass der Ciliogenesedefekt in Abwesenheit des MARK4-
Proteins darauf begriindet ist, dass OFD1 an den zentriolaren Satelliten verbleibt. Nach dieser Hypothese
sollte die Verminderung von OFD1 und MARK4 dem Ciliogenesedefekt entgegen wirken, der durch die
MARK4-Depletion erzeugt wird. Die Tatsache, dass die Depletion beider Faktoren dazu flihrt dass die

Wahrscheinlichkeit einer Zelle ein Cilium auszubilden hoher ist als wenn nur MARK4 vermindert ist, stiitz



diese Hypothese. Auf diesen Ergebnissen beruhend kann man davon ausgehen, dass MARK4 eine zentrale
Rolle beim autophagieinduzierten Abbau von OFD1 an den zentriolaren Satelliten zu Beginn der Ciliogenese
spielt.

Bisher ist wenig bekannt wie die rdumliche Verteilung von zentrioldren Satelliten um das Zentrosom
geregelt wird. Die Entwicklung einer quantitativen Methode auf der Basis von umfangreichen Fluo-
reszenzmikroskopiedatensatzen ermdglichte das Verhalten von zentriolaren Satellitenproteinen (PCM1,
OFD1 und Cep290) zu analysieren und zu vergleichen. Die Analyse zeigte, dass bei der durch die Zugabe
von serumfreien Kulturmedium initiierten Ciliogenese eine drastische Neuorganisation von OFD1-beladenen
Sattelitenpartikeln statt fand. Das Gleiche gilt jedoch nicht flr zentrioldre Satelliten die mit den Scaffoldpro-
teinen PCM1 und Cep290 beladen sind. Meine Analysen deuten darauf hin, dass die Proteinzusammenset-
zung von zentriolaren Satelliten je nach Proliferationsstatus der Zellen reguliert wird.

Im Gesamten tragt meine Arbeit dazu bei die Funktionen von MARK4 und TTBK2 bei der Ciliogenese
besser zu verstehen. Des weiteren gehe ich davon aus, dass es die von mir entwickelte, quantitativen Meth-
ode ermoglicht zentriolaren Satelliten systematisch zu untersuchen und Bedeutung ihrer Dynamik besser zu

verstehen.
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Introduction

l. Introduction

l.Il.  The centrioles and the centrosomes

Centrioles are involved in cell division, microtubule organization, environment sensing and locomotion
(Bettencourt-Dias and Glover, 2007; Goetz and Anderson, 2010; Nigg and Raff, 2009). They have a cylindri-
cal shape and are formed by nine tubulin microtubule triplets organized as shown in Figure 1A and B. Cen-
triole microtubules are very stable, able to resist cold and drug treatments that render cytoplasmic micro-
tubules depolymerized. Fluorescence recovery after photobleaching experiments revealed that there is little
turnover between centriole and cytoplasmic tubulin (Pearson et al., 2008). These findings are consistent with
the fact that centriolar microtubules are heavily modified by acetylation, polyglutamylation, detyrosination and
contain A2-tubulin (Janke et al., 2011), hallmarks of very stable microtubules. Centrioles have a typical di-
ameter of 250 nm and a length that ranges from 150 to 500 nm, depending on the cell type and cell cycle
stage (Gonczy, 2012; Winey and O’Toole, 2014). The centriole is asymmetrically polarized along its long
axis: the base where procentriole biogenesis starts and where the tubulin microtubules minus end is located
is referred to as the proximal end; the apex that in mature human centriole is decorated with proteinaceous
appendages and where the tubulin microtubules plus end is located is known as distal end (Figure 1C).

Centrioles are conserved in the Eukaryota domain although they are absent in some Fungi, Amoebo-
z0a, Alveolates and most notably in Angiosperms (Carvalho-Santos et al., 2011). Centrioles can be found by
themselves (Ross and Normark, 2015) or as part of larger organelles: centrosomes and cilia. The centro-

some as its name suggests is usually located near the cell center, close to the nucleus and away from the

distal

procentriole

<

proximal

centriole

100 nm

Figure 1: Structure of the human centriole. (A) Electron micrograph and schematic representation
of the cross section of a human centriole showing the ninefold symmetric arrangement of the micro-
tubule triplets. (B) 3D representation of an orthogonal pair of centrioles. (C) Electron micrograph and
schematic representation of the longitudinal section of a centriole and a procentriole. Indicated are
the distal and proximal ends of the centriole. (A and C) Adapted from Gdénczy, P. Towards a molecular
architecture of centriole assembly. Nature Reviews Molecular Cell Biology 13, 425-435 (2012).
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Figure 2: Structure of the human centrosome. (A) Electron micrograph of a longitudinal section of an isolated centrosome and infor-
mative cross sections of the proximal section of the centrioles as well as the distal and sub distal appendages of the mother centriole.
Adapted from Winey, M. & O’Toole, E. Centriole structure. Philosophical transactions of the Royal Society of London. Series B, Biologi-
cal sciences 369, 20130457- (2014). (B) Schematic representation of the mammalian centrosome during the G1 stage of the cell cycle.
Microtubules are represented as black bounded rectangles and the centrioles are represented in longitudinal section showing the mi-
crotubule triplets at the proximal end and duplets at the distal end. The mother centriole has distal (red) and sub distal (green) append-
ages whereas the daughter centriole has not. The centriole pair is connected by interconnecting fibres, represented by wiggly colourful
lines, and enveloped by the pericentriolar material, represented by concentric colourfull polygons around the centrioles.

plasma membrane (Boveri, 1887; Burakov et al., 2003). A normal mature human centrosome of a first gap
phase (G1) cell is represented in Figure 2. It is composed of two centrioles, daughter and mother, so called if
their genesis occurred respectively in the previous cell cycle or before. In the centrosome, centrioles are
connected by interconnecting fibers composed mainly of centrosomal Nek2-associated protein 1(C-Nap1)
and rootletin (Fry et al., 1998; Yang et al., 2002).

As previously mentioned, centrioles can be decorated with proteinaceous modifications at their distal
ends. They are exclusive to the mother centriole and are referred to as distal or sub-distal appendages, as
shown in Figure 2. Distal and sub-distal appendages are protrusions structured in a nine-fold symmetric ring
around the centriole and are central in the cilia formation process, the other skin of the centriole that will be
covered below. Proteins that localize to the distal appendages do it in a hierarchical way. The centrosomal
protein of 83 kDa (Cep83) is required for the localization of centrosomal protein 123 (Cep123) and sodium
channel and clathrin linker 1 (SCLT1). The latter is necessary for the localization of fas-binding factor 1 (FBF-
1) and centrosomal protein of 164 kD (Cep164) (Tanos et al., 2013). Localization studies using super-resolu-
tion microscopy showed that Cep164 is organized in a ring-like structure with nine-fold symmetry at the distal
end of the mother centriole of Henrietta Lacks (HeLa) cells (Sillibourne et al., 2011). The oral-facial-digital
syndrome 1 (OFD1) protein is localized to the distal end of the mother centriole and also to the centriolar
satellites. It is necessary for the assembly of the distal appendages, namely the recruitment of Cep164
(Singla et al., 2010). Mutations in the OFD1 protein are associated with the ciliary disease orofaciodigital
syndrome 1 (Ferrante et al., 2001).

Sub-distal appendages are essential to maintaining a proper microtubule anchorage and organization
at the centrosome (Dammermann and Merdes, 2002; Delgehyr et al., 2005; Guarguaglini et al., 2005; Mo-
gensen et al., 2000; Quintyne et al., 1999). They are reported to be required for proper alignment of the cili-

um basal body at the cell cortex in multi-ciliated epithelial cells (Tsukita et al., 2012). Outer dense fiber pro-
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tein 2 (ODF2), also known as cenexin, was reported to localize at both the distal and sub-distal appendages,
being essential for their assembly (Ishikawa et al., 2005; Nakagawa et al., 2001). However, its distal localiza-
tion is hard to detect, being much more prominent in the sub-distal appendages for whom it is a standard
marker (Azimzadeh and Marshall, 2010; Brito et al., 2012). In mouse cells, the absence of ODF2 leads to
impairment of primary cilia formation (Ishikawa et al., 2005) and discoordination of motile ciliary beating
(Tsukita et al., 2012). Other sub-distal appendage proteins include ninein (Mogensen et al., 2000), centro-
somal protein of 170 kDa (Cep170) (Guarguaglini et al., 2005), e-tubulin (Chang et al., 2003), and centriolin
(Gromley et al., 2003). Upon depletion of ninein, centriolin or e-tubulin, ciliation was found to be impaired
(Graser et al., 2007; Mikule et al., 2007).

A vital part of the centrosome is the pericentriolar material (PCM) that embeds the centrioles and acts
as the primary microtubule organizing center (MTOC) of metazoan cells (Gould, 1977; Woodruff et al., 2014).
It is believed that the PCM consists of a structural scaffold of fibrous proteins that embeds the y-tubulin ring
complexes that cap the minus ends of PCM-derived microtubules (Moritz et al., 1995; Schnackenberg et al.,
1998; Woodruff et al., 2014). Some of the proteins that are localized at the PCM include pericentrin, spindle-
defective protein 2 (spd-2), centrosomal protein of 152 kDa (Cep152) or centrosomin (Doxsey et al., 1994;
Pelletier et al., 2004; Vaizel-Ohayon and Schejter, 1999; Varmark et al., 2007). The protein sequence of PCM
proteins is abundant in predicted coiled-coil domains. Coiled-coil domains are intertwined a-helices, known
for mediating protein-protein interactions (Lupas et al., 1991). So far untested is the hypothesis that the PCM
scaffold is assembled from the numerous interactions between the coiled-coil domains (Woodruff et al.,
2014). Advances in sub-diffraction light microscopy allowed to shed light into the surprising substructure
within the PCM (Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012; Sonnen et al., 2012). It was
found that interphase PCM proteins are distributed in concentric toroids around the centrioles. The toroids of
the different proteins can overlap or occupy strictly separated domains within the PCM and can reach an
outer radius of 100 nm from the centriole wall (Fu and Glover, 2012; Lawo et al., 2012; Mennella et al., 2012;
Sonnen et al., 2012).

The first observations of centriolar satellites (CS) were made using electron microscopy (EM) by inde-
pendent laboratories in the 1960s. Centriolar satellites are visible by EM as small electron dense granules of
approximately 70 to 100 nm that cluster around the centrosome. They were observed next to newly forming
daughter centrioles, associated with microtubules originating from the centrosome or around assembling
basal bodies of matile cilia in epithelial cells (Anderson and Brenner, 1971; Barenz et al., 2011; Bernhard and
de Harven, 1960; de-Thé, 1964; Hori and Toda, 2016; Peterson and Berns, 1978; Sorokin, 1968; Steinman,
1968; Tollenaere et al., 2015). The proximity of the electron dense particles to newly formed centriolar struc-
tures hinted that these granules could be somehow involved in procentriole or cilia assembly. However, fur-

ther characterization of the precise function and composition of CSs had to wait until the 1990s!.

L.Il. The centriole cycle
Because of its importance for mitotic spindle nucleation and therefore for genomic stability, the number

of centrosomes in the cell and its duplication process are tightly regulated. After each cell division, a newly

1 Chapter 1 of this thesis is entirely dedicated to the quantitative study of centriolar satellites. Refer to the Chapter 1 specific introduction
for more details about centriolar satellite biology.
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Figure 3: The centriole cycle. Schematic representation of the main stages in centriole duplication, cen-

trosome maturation and cilia formation during the cell cycle. (1) At the end of mitosis cells inherit one fully

matured centrosome with a mother centriole equipped with distal and sub distal appendages and a disen-

gaged daughter centriole. (2) During G1 and on the G1 to S phase transition the centrioles further disengage

and the daughter centriole grows until it reaches the same size as the mother centriole. If the mother centri-

ole was a ciliary basal body during G1 or GO it can keep a ciliary vesicle associated with its distal append-

ages throughout the rest of the cell cycle. (3) Centrioles are duplicated during S phase as one procentriole

is formed at the proximal end of each centriole. (4) In G2 phase the procentrioles elongate, pericentriolar ma-

terial is recruited to the centrioles and as cells approach M phase the protein tether that connects the two

parental centrioles is disassembled and two centrosomes are separated. (5) Centrosomes migrate to oppo-

site sides of the cell and assemble a bipolar mitotic spindle on the onset of M phase. After cytokinesis each

daughter cell inherits one centrosome. (6) If after mitosis cells enter a quiescent phase, the so called GO

phase, it is probable that they form a primary cilium with the mother centriole becoming the basal body that

nucleates the ciliary axoneme.
formed cell inherits one centrosome containing two disengaged centrioles, one of them, the mother centriole,
with distal and sub-distal appendages (Figure 3, 1). During the G1 phase of the cell cycle, the daughter cen-
triole is extended, it disengages further from the mother centriole albeit maintaining a link with it, starts to
accumulate PCM and nucleate microtubules (Figure 3, 2). As the cell enters the synthesis (S) phase, the
centriole duplication process begins. A nine-fold symmetry structure, capable of self-assembling called the
cartwheel serves as a template for the tubulin microtubule triplets of what will constitute the procentriole
(Firat-karalar and Stearns, 2014; Nigg and Stearns, 2011) (Figure 3, 3). The formation of the cartwheel is
initiated by an activation of Polo-like kinase 4 (PLK-4) (Kim et al., 2013; Ohta et al., 2014) that precedes the
recruitment of spindle assembly abnormal protein 6 homolog (SAS6) (van Breugel et al., 2011; Kitagawa et
al., 2011; Nakazawa et al., 2007) and SCL-interrupting locus protein (STIL) (Cottee et al., 2015; Stevens et
al., 2010). SAS6 and STIL's intrinsic oligomerization properties serve as the template for the cartwheel nine-
fold symmetry. Centriole elongation follows, depending on centrosomal P4.1-associated protein (CPAP)
(Kohlmaier et al., 2009; Tang et al., 2009) for deposition of centriolar microtubules and CP110 (Schmidt et
al., 2009; Spektor et al., 2007) together with OFD1 (Singla et al., 2010) for the regulation of centriolar length.
During the second gap phase (G2), the centrosomes are separated when the kinase activity of never in mi-

tosis A-related kinase 2 (NEK2) exceeds the phosphatase activity of type 1y phosphatase and leads to the
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phosphorylation of the centriole linker proteins C-Nap1 and rootletin (Fry et al., 1998; Helps et al., 2000;
Mardin et al., 2011). Once the link is broken, the two centrosomes are separated through the recruitment of
the kinesin-related motor Eg5 to the centrosomes (Bertran et al., 2011). Nucleated by what was at the begin-
ning of the cell cycle the daughter centriole, a new fully functional centrosome matures (Figure 3, 4). During
mitosis, the centrosomes are positioned at opposing sides of the mitotic spindle and each new cell inherits
one mature centrosome (Figure 3, 5). During the mitotic (M) phase, the mother centrioles lose their distal
appendages (Schmidt et al., 2012; Ye et al., 2014) while the daughter centrioles are still orthogonally at-
tached to them. It is only during mitosis that the centrioles are disengaged through the action of the mitotic
polo-like kinase 1 (PLK-1) and the protease separase of sister chromatid separation fame (Tsou et al., 2009).
It has been proposed that centriole disengagement during mitosis marks the licensing step necessary for the
next centriole duplication cycle (Conduit et al., 2015; Nigg and Stearns, 2011; Tsou and Stearns, 2006). Mi-
totic exit triggers the maturation of the distal and sub-distal appendages of the mother centriole (Nigg and
Stearns, 2011). If, after mitosis, the cell exits the cell cycle and remains quiescent in an exit of G1 (GO) state,

there is the possibility of cilia formation (Figure 3, 6).

LIIl. The cilium

The cilium is the second type of organelle nucleated by a centriole and shown in Figure 4. The cilium
is an antenna-like organelle that projects itself from the cell surface to the extracellular environment for a
specific molecule, force or light detection or to exert a force on the extracellular medium, either to move
through it or to move it. The cilium axoneme is the part of the cilium that protrudes from the cell surface and
it is composed of a nine-fold symmetric arrangement of duplet tubulin microtubules. These tubulin micro-
tubules are extended from the mother centriole and provide the scaffold of the cilium around which intra fla-
gellar transport (IFT; see below) systems, membrane interacting proteins, septins and others give shape to
the cilium and assure its maintenance and function. Even though the diversity is enormous, cilia are divided
into two categories according to their axoneme structure: motile and primary cilia. In motile cilia, the axone-
mal microtubules are decorated with dynein complexes and radial spokes that act in a coordinated fashion to
achieve ciliary movement (Lindemann and Lesich, 2010). Furthermore, motile cilia have a central tubulin mi-
crotubule doublet in the center of the axoneme in a so-called 9+2 arrangement. That 9+2 arrangement con-
trasts with the 9+0 arrangement of primary cilia because primary cilia do not have the central microtubule
doublet or dynein motors associated with its axoneme (Goetz and Anderson, 2010; Nigg and Raff, 2009).
The cilium basal body is the mature mother centriole that besides the nucleation of the axoneme's micro-
tubule duplets, can interact with ciliary vesicles and anchors the axoneme to the plasma membrane. It de-
rives from the centrosome's mother centriole whose distal appendages are converted into transition fibers or
alar sheets (Anderson and Brenner, 1971) and the sub-distal appendages that are used to orient the cilium
within the cell surface (Mazo et al., 2016; Tsukita et al., 2012).

The transition zone is distal to the basal body and located where the axoneme, the basal body, the
plasma and the ciliary membranes intersect (Garcia-Gonzalo and Reiter, 2016; Nachury et al., 2010; Reiter
et al., 2012). Interactome studies were able to identify two distinct transition zone protein complexes: the
nephronophthisis (NPHP) complex and the Meckel syndrome (MKS) complex. The NPHP complex includes
nephrocystin-1 (NPHP1), nephrocystin-4 (NPHP4) and RPGR-interacting protein 1-like protein (RPGRIP1L)
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Figure 4: The structure of the cilium. Schematic representation of the longitudinal section of a primary
cilium where the basal body and daughter centriole, the ciliary pocket, the transition zone with its Y-links,
the axoneme, both the IFT-A and IFT-B complexes and the ciliary and plasma membranes are indicated.

and is mostly involved in the ciliopathy nephronophthisis (Garcia-Gonzalo and Reiter, 2016). The MKS com-
plex features the Teutonic proteins 1, 2 and 3, the three B9 domain proteins, coiled-coil proteins and trans-
membrane proteins. It is mostly involved in Meckel and Joubert syndromes (Garcia-Gonzalo and Reiter,
2016).

Structurally, the transition zone is composed of transition fibers, Y-links and the ciliary necklace (Gar-
cia-Gonzalo and Reiter, 2016; Reiter et al., 2012; Ringo, 1967). The transition fibers are derived from the
distal appendages of the mother centriole and interact directly with ciliary vesicles and the ciliary membrane,
mediating the contact between the centrosome and the ciliary and plasma membranes (Joo et al., 2013;

Schmidt et al., 2012; Sillibourne et al., 2013; Tanos et al., 2013). Transition fiber proteins such as Cep164,
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FBF-1 and Cep83 are known to participate in the recruitment to the transition zone of IFT-B complex (see
below) proteins IFT88, IFT54 and IFT20, respectively (Cajanek and Nigg, 2014; Schmidt et al., 2012; Wei et
al., 2013; Ye et al., 2014). Due to the obstruction of the basal body lumen with centrin-2 containing structures
(Fisch and Dupuis-Williams, 2011), the spaces between transition fibers are considered a likely passage for
macromolecules that enter or exit the cilium (Garcia-Gonzalo and Reiter, 2016).

Distal to the contact of the transition fibers with the ciliary membrane is an additional anchorage of the
tubulin nucleated structures (basal body + axoneme) to the membrane via centrosomal protein of 290 kDa
(Cep290) containing (Craige et al., 2010) structures called Y-links. Freeze-fracture EM of the location where
the Y-shaped protein structures contact the ciliary membrane reveals a spiral of beads around the ciliary
membrane that is referred to as the ciliary necklace (Gilula and Satir, 1972; Heller and Gordon, 1986; Lam-
bacher et al., 2015).

At the interface of the axoneme with the extracellular medium, it is the ciliary membrane. The ciliary
membrane is continuous with the plasma membrane. However, its lipid and protein composition is thoroughly
regulated and different from the rest of the cell (Rohatgi and Snell, 2010). It is common to find in EM images,
the cilium base sunk into the cell surface. This depression originates the so-called ciliary pocket if the invagi-
nation is of modest size as is the case in motile cilia of ciliated protozoans (Benmerah, 2013) or a ciliary pit in
the case of submerged cilia (Fisher and Steinberg, 1982; Mazo et al., 2016; Rattner et al., 2010; Sorokin,
1962). The ciliary pocket was reported to be a hotspot for exocytosis and clathrin-dependent endocytosis of
ciliary receptors (Benmerah, 2013; Clement et al., 2013). It is believed that the sorting of lipids and integral
membrane proteins to the ciliary membrane is performed in the transition zone and ciliary pocket (Benmerah,
2013; Garcia-Gonzalo and Reiter, 2016; Nachury et al., 2010; Reiter et al., 2012) and is maintained thanks to
a septin-containing diffusion barrier located at the base of the cilium that constrains the movement of mem-
brane-bound components between the cilium and the rest of the plasma membrane (Hu and Nelson, 2011;
Hu et al., 2010; Reiter et al., 2012).

L.IV. Ciliogenesis

Ciliogenesis starts when vesicles containing ciliary cargo are derived from the trans-Golgi network and
are transported to the centrosome or when the centrosome attaches to the plasma membrane directly
(Sorokin, 1968) as shown in Figure 5. Distal appendages have been reported to mediate the docking of vesi-
cles to the mother centriole in the initial steps of cilia formation (Joo et al., 2013; Schmidt et al., 2012; Silli-
bourne et al., 2013; Tanos et al., 2013). The protein Cep164 specifically localizes to the distal appendages,
and it is essential for ciliogenesis (Graser et al., 2007). With the help of the protein chibby homolog 1,
Cep164 interacts with Rab-3A-interacting protein (Rabin8) to activate Ras-related protein Rab-8A (Rab8A)
and by doing so it allows the docking of the ciliary membrane or vesicle to the basal body (Burke et al., 2014;
Feng et al., 2012; Knédler et al., 2010; Lu et al., 2015; Schmidt et al., 2012; Westlake et al., 2011). The small
GTPase Rab8A mediates vesicle trafficking to the cilium and is essential for cilia formation (Nachury et al.,
2007; Yoshimura et al., 2007). Also located at the distal appendages of the mother centriole and essential for
ciliogenesis for its role in vesicle attachment is the Cep123 protein (Sillibourne et al., 2013).

Downstream of ciliary vesicle docking to the basal body are Tau-tubulin kinase 2 (TTBK2) and micro-

tubule-associated protein (MAP)/microtubule affinity-regulating kinase 4 (MARK4). These centrosomal pro-

15



Introduction

Cep164 IFT-B
chibby _
Rabin8 MARK4

Rab8A TTBK2

KCTD17 [
CP110/Cep97Kif24 \ ﬁ | ‘
e IFT20 vesicle 7
<[ |l o LA ‘ ) 4
trichoplein 0|/ |0 ciliary vesicle R ~JI|E— < ARL13B vesicle :
) BBSome~ © i “, \
Y o O | <=5 ° o) © Rab8A vesicle \ )

2 &S

Figure 5: Ciliogenesis. Schematic representation of the main stages of cilia biogenesis. Ciliogenesis is inhibited in
proliferating cells by the action on the centrioles of the CP110/Cep97/Kif24 complex and trichoplein. Through inter-

action with the distal appendages, the mother centriole docks to the plasma membrane or to a ciliary vesicle. Upon

CP110 and trichoplein removal becomes a basal body and axoneme extension starts. With further traffic to the cilium

and incorporation regulated by IFT, BBsome, Rab8A and ARL13B, the cilium is extended. Eventually the ciliary ves-

icle fuses with the plasma membrane and the ciliary membrane is exposed to the extracellular environment. For fur-

ther details consult the text where this Figure is embedded.
tein kinases play a role upstream of the displacement of the centriolar coiled-coil protein of 110 kDa (CP110)
from the distal tip of the centrosome and subsequent axoneme extension2 (Cajanek and Nigg, 2014; Goetz
et al., 2012; Kuhns et al., 2013). The complex formed by CP110 / centrosomal protein of 97 kDa (Cep97) and
its association with kinesin-like protein Kif24 (Kif24) is considered one of the most important negative regula-
tors of mother centriole to basal body transition (Bettencourt-Dias and Carvalho-Santos, 2008; Seeley and
Nachury, 2010; Tsang and Dynlacht, 2013). The CP110 complex with Cep97 and Kif24 is localized at the
distal end of the centrioles (Kobayashi et al., 2011; Spektor et al., 2007). When overexpressed, CP110,
Cep97 and Kif24 suppress cilia formation whereas their depletion leads to aberrant ciliogenesis or abnormal
centrosomal growth in the case of cells unable to ciliate for other reasons (Kleylein-Sohn et al., 2007;
Kobayashi et al., 2011; Kohlmaier et al., 2009; Schmidt et al., 2009; Spektor et al., 2007). CP110 stability is
regulated by Cep97 and ciliation requires the complex of these two proteins to be asymmetrically removed
from the mother centriole, but not the daughter centriole, before axoneme extension can be observed (Spek-
tor et al., 2007). The mechanism proposed for ciliary axoneme extension inhibition by the CP110-Cep97
complex is centered on the finding that Kif24, a member of the microtubule depolymerizing kinesin family
capable of depolymerizing centriolar microtubules, interacts with CP110 and its degradation helps to trigger
ciliogenesis (Kobayashi et al., 2011).

As CP110, trichoplein has also been shown to regulate cilia biogenesis (Ghossoub et al., 2013; Goto
et al., 2016; Inoko et al., 2012; Izawa et al., 2015; Kasahara et al., 2014). Originally identified as a keratin-
binding protein, trichoplein exerts an activating effect on the centriolar Aurora kinase A, itself a negative regu-
lator of ciliogenesis (Inoko et al., 2012). It is localized at the subdistal/medial region of both centrioles, but
upon serum starvation, it is removed specifically from mother centriole when the cilium is formed (Kasahara

et al., 2014). Less trichoplein, less Aurora kinase A activity. It has been shown that a decrease, even induced

2 Chapter 3 of this thesis is entirely dedicated to the study of how MARK4 and TTBK2 interact upstream of the CP110 degradation from
the mother centriole. Refer to the Chapter 3 specific introduction for more details about MARK4 and TTBK2 kinases.
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by ectopic depletion, in Aurora kinase A activity is enough to activate cilia formation in proliferating cells
(Inoko et al., 2012). Trichoplein is targeted for degradation upon ubiquitination by a cullin-3-RING ES3 ubiqui-
tin-protein ligase bound to the BTB/POZ domain-containing protein KCTD17 (KCTD17) substrate adaptor
protein. Ultrastructural analysis of cells depleted of KCTD17 shows that those cells do not have a centro-
some-vesicle docking defect. The problem is that they fail to extend the ciliary axoneme (Kasahara et al.,
2014). Trichoplein was involved in the recruitment of microtubules to the centrioles via interaction with ninein
and ODF2 in non-ciliated HelLa cells (lbi et al., 2011).

It was reported that the degradation either ectopic or naturally via autophagy of the set of CSs that
contain OFD1 promotes cilia formation (Tang et al., 2013). Therefore it was proposed that another negative
regulator of ciliogenesis be the OFD1 protein pool that is localized to the centriolar satellites and that in-
ducible autophagy was an activator of cilia formations.

Essential for axoneme growth and maintenance is the intra flagellar transport or IFT (Figure 4), the
highly conserved cargo transport process first discovered in the green algae Chlamydomonas reinhardtii
(Kozminski et al., 1993). It consists in the active transport of cargo along the axoneme microtubules in the
direction of the cilium tip (anterograde) by the IFT-B complex and towards the cytoplasm (retrograde) by the
IFT-A complex (Lechtreck, 2015; Pedersen and Rosenbaum, 2008; Taschner and Lorentzen, 2016). Since
ribosomes are absent from cilia, there is no protein synthesis within the cilium, proteins necessary for ax-
oneme growth and maintenance need to be shuttled inside at the same time that turnover products need to
be brought out of the cilium (Lechtreck, 2015; Taschner and Lorentzen, 2016). The cargo can include tubulin,
other protein components of the axoneme and even membrane proteins that associate with scaffold protein
complexes particular to the anterograde or retrograde direction of transport, complex B and complex A re-
spectively (Lechtreck, 2015; Pedersen and Rosenbaum, 2008). For its role in protein transport to the cilium,
IFT has been implicated in the regulation of ciliary length (Silverman and Leroux, 2009). The IFT cargo and
scaffold complex are assembled in trains that are then transported along the axonemal microtubules by mo-
tor proteins specific for each complex. The plus-end directed kinesin-2 motor is the responsible for the an-
terograde movement of IFT-B cargo complex. As for IFT-A retrograde movement, the motor proteins respon-
sible are the minus-end directed cytoplasmic dyneins. The first time a link was established between human
disease and mutations in cilia-associated proteins was when it was found that a mutation in the mice ho-
molog of the C. reinhardtii IFT88 protein was responsible for the polycystic kidney disease prevalent in that
murine model (Pazour et al., 2000).

Ciliary membrane proteins can be delivered from the Golgi apparatus to cilia with the help of IFT20
(Follit, 2006; Follit et al., 2009; Omori et al., 2008) or via the Bardet—Biedl syndrome complex (BBSome)
(Nachury et al., 2007). The BBSome consists of eight proteins that form a coat like structure and mediate the
traffic of integral membrane proteins to the ciliary membrane (Nachury et al., 2007). The BBSome may not
be essential for cilia formation, but when its function of delivery of membrane ciliary proteins to the cilium is
compromised the results are defects in cell signaling, embryogenesis, and organogenesis that manifest as

the ciliopathy known as Bardet-Biedl syndrome. The small GTPase ADP-ribosylation factor-like protein 13B

3 Chapter 2 of this thesis will focus in investigating the interplay between autophagy, centriolar satellites and ciliogenesis. Refer to the
Chapter 2 specific introduction for more details about the role of autophagy and OFD1’s centriolar satellites regulation in cilia formation.
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(ARL13B) also localizes to cilia. However, its trafficking role is still obscure even though it is known to be re-

quired for correct axoneme structure (Caspary et al., 2007).

.V. Cilia in signaling and human pathologies

The “raison d'étre” (Silverman and Leroux, 2009) of primary cilia is the concentration, in a subset of
cytoplasm and plasma membrane that is independent of the rest of the cell, of molecular machinery to re-
ceive and/or to transmit information (Hilgendorf et al., 2016; Ishikawa and Marshall, 2011; Malicki and John-
son, 2016; Nachury, 2014; Silverman and Leroux, 2009; Singla and Reiter, 2006). Therefore, it is not surpris-
ing to realize that cilia are major signaling hubs. Hedgehog (Hh) signaling was one of the first pathways to be
linked with primary cilia and fulfills a central role in development, namely in patterning, morphogenesis, and
growth of tissues and organs (Briscoe and Thérond, 2013; Goetz and Anderson, 2010). Hh signaling de-
pends on the coordinated movement in and out of the cilium of the major signaling components such as Son-
ic hedgehog (Shh) receptor Protein patched homolog 1 (PTCH1), the class F G protein-coupled receptor
(GPCR) Smoothened (Smo), Suppressor of Fused (SuFu) and the Glioma (Gli) transcription factors. In the
absence of Shh, SuFu inhibits the transcriptional activity of the Gli transcription factors on the Hh target
genes. The binding of Shh to PTCH1 triggers the exit of PTCH1 from the cilium in parallel with the entry Smo
and the activation of Gli mediated transcription of Hh target genes (Corbit et al., 2005; Goetz and Anderson,
2010; Haycraft et al., 2005; Hilgendorf et al., 2016; Nachury, 2014; Schou et al., 2015). Besides Hh signal-
ing, there are many components of other pathways that are in the primary cilium. Examples include class A
and B GPCRs (Hilgendorf et al., 2016; Schou et al., 2015), receptor tyrosine kinases (Christensen et al.,
2011), transforming factor beta (TGF-B) receptors (Clement et al., 2013), notch (Ezratty et al., 2011), Wing-
less/Int (Wnt) (May-Simera and Kelley, 2012; Veland et al., 2009), purinergic signaling (Masyuk et al., 2008),
receptors for extracellular matrix proteins (McGlashan, 2006; Seeger-Nukpezah and Golemis, 2012) or ion
channels of the transient receptor potential (TRP) family (Phua et al., 2015). The expanding number of re-
ceptors and signaling pathways implicated with cilia raise the question of how cilia receive and transmit mul-
tiple signals simultaneously. Moreover, this issue is even more interesting if we consider that many signaling
pathways use the same downstream effector molecules. The idea that cilia are not just a platform to orches-
trate signaling pathways but are also responsible for the integration multiple signals into specific outputs has
gained support in recent years (Hilgendorf et al., 2016; Malicki and Johnson, 2016; Nachury, 2014).

Either because cilium structure is compromised or the protein composition necessary for its correct
function is abnormal, ciliary defects are responsible for a group of diseases known as ciliopathies. Defects in
motile cilia often lead to chronic bronchitis, sinusitis, male sterility and situs inversus (Afzelius, 1976; Gerdes
et al., 2009; Nigg and Raff, 2009) and for historical reasons are referred to as primary ciliary dyskinesias or
PCDs. Diseases associated with primary cilia are genetically heterogeneous disorders that share many over-
lapping clinical manifestations. Defects in primary cilia manifest themselves through a broad spectrum of
pathologies that include polydactyly, cranio-facial abnormalities, brain malformation, situs inversus, obesity,
diabetes, and polycystic kidney disease (Braun and Hildebrandt, 2016; Gerdes et al., 2009; Nigg and Raff,
2009; Valente et al., 2013; Waters and Beales, 2011). The most notable ciliopathies include nephronophthi-
sis (NPHP), polycystic kidney disease (PKD), Bardel Biedl syndrome (BBS), Meckel Gruber syndrome
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(MKS), Joubert syndrome (JS), Alstrém syndrome (ALMS), retinal degeneration (RPGR), and orofaciodigital
syndrome (OFD).
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Il. Aims of this study

Centrosome and cilia biology intersect many aspects of human life. Expanding our knowledge about
cilia and centrosome biology can provide useful insights to prevent prenatal lethality and other severe human
pathologies. Advances in RNAi screening and genome-wide sequencing have allowed the identification of a
vast number of proteins that are involved in centrosome biology and, play a role in cilia formation, mainte-
nance, and function in human health.

Centriolar satellite particles have been enigmatic constituents of animal cells. Understanding of the
individual composition of each patrticle is still lacking due to the methodological difficulty in purifying centriolar
satellites to homogeneity. Regarding their structure and function, the particles small size and apparently
chaotic distribution throughout the cell have precluded a quantitative approach to their study. My aim here
was to develop quantitative methods to use in the study of centriolar satellite biology. To achieve this goal, |
developed computational analysis pipelines that allow investigation of sizeable fluorescence microscopy
datasets in a fast and unbiased way. With the data obtained, it was possible to quantify and compare alter-
ations introduced in centriolar satellite dispersal.

Our lab identified MARK4 as a positive regulator of ciliogenesis, and my goal was to understand better
the molecular details of that regulation. | reckoned that MARK4's influence could be exerted in two non-ex-
clusive ways: via autophagy regulation and via CP110-Cep97 complex removal from the basal body.

The finding that MARK4 depletion leads to autophagy defects and that autophagy has been found to
have a functional link with ciliogenesis via degradation of the OFD1 protein that localizes to the centriolar
satellites, primed me to investigate if MARK4 is involved in the autophagy activation necessary for ciliogene-
sis. | found that that was the case. Moreover, artificial degradation of OFD1 from the centriolar satellites was
able to rescue MARK4'’s defect in cilia formation.

We previously published that cells depleted of MARK4 are less probable to ciliate. Associated with
MARK4 depletion was the failure of cells in removing CP110 from the basal bodies. As a follow up on these
studies, my aim was to identify physical and regulatory interactions between MARK4, CP110, and Cep97
that may explain the inability of MARK4 depleted cells to ciliate. Moreover, | wanted to know if there is a
functional overlap in the regulation of the localization of the CP110-Cep97 complex at the basal body with
TTBK2. | found that indeed MARK4 interacts with the CP110-Cep97 complex in vivo and that both CP110
and Cep97 are MARK4's in vitro substrates. When double-depleted, MARK4 and TTBK2 show a more se-
vere phenotype regarding cilia loss than the single-depletions, indicating a synergistic role for the two kinas-
es in the control of the early steps of cilia formation.

Due to the diverse nature of the three subjects mentioned above, the contents of this thesis are divid-
ed into three chapters:

Chapter 1: Quantitative microscopy methods for centriolar satellite analysis;

Chapter 2: MARK4 at the crossroads of autophagy and ciliogenesis;

Chapter 3: MARK4 and TTBK2 interplay with CP110 and Cep97.

A literature review of the relevant molecular details to understand each section will be provided in a
chapter specific introduction and then results will be presented and discussed. | hope this thesis is useful for

you.
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lll. Chapter 1: Quantitative microscopy methods for centriolar satellite analysis

liLl. Introduction

The modern use of the term “satellite” to refer to centriolar satellite (CS) particles came from the first
live cell imaging study to report on CSs (Kubo et al., 1999). Kubo et al. (Kubo et al., 1999) used the term
“satellites” since the CS particles continuously moved in the vicinity of the centrosome as planetary satellites
do around another celestial body. To this day CSs remain poorly understood (Béarenz et al., 2011; Hori and
Toda, 2016; Tollenaere et al., 2015). The protein pericentriolar material 1 (PCM1) was the first component of
the centriolar satellites to be identified and characterized (Balczon et al., 1994; Kubo et al., 1999). It is re-
garded as the scaffold protein for CSs (Béarenz et al., 2011; Hori and Toda, 2016; Tollenaere et al., 2015). It is
believed that PCM1's structural role is achieved through homo-oligomerisation and binding to other compo-
nents considering that PCM1 is a large protein and rich in internal coiled-coil domains (Hori and Toda, 2016)
available for interaction. Today, more than 100 proteins were identified as CS components (Béarenz et al.,
2011; Hori and Toda, 2016; Tollenaere et al., 2015).

An undisturbed microtubule organization is essential for CS localization. Microtubule destabilization
employing nocodazole or cold treatments results in CS particles dispersion from the vicinity of the centro-
some towards the cell periphery (Dammermann and Merdes, 2002; Kim et al., 2008; Kubo et al., 1999;
Lopes et al., 2011). Likewise, interference with microtubule machinery has the effect of disturbing CSs (Gup-
ta et al., 2015). As usual for microtubule-associated entities, CSs are not static within the cell. However, con-
trary to planetary satellites, centriolar satellites movement does not originate from the force of gravity, and it
is not orbital. Instead, dynein is involved, at least in part, on CS drive. Dynein was shown to interact with CS
components (Kim et al., 2004) and perturbation of dynein functions by over-expression of dynamitin
(Burkhardt et al., 1997) results in the dispersion of CSs (Dammermann and Merdes, 2002; Lopes et al.,
2011). Nonetheless, the precise mechanism that explains CS movement within the cell and specifically how
CS are distributed in the vicinity of the centrosome remains to be unveiled.

Although CS accumulate at the vicinity of centrosomes in a microtubule-dependent manner, most of
CS components are not integral components of the centrosome. Essential elements of the centrosome or the
cilium, the proteins OFD1 and Cep290 were shown to be CS localized and also necessary for CS formation
and maintenance (Kim et al., 2008; Lopes et al., 2011; Romio et al., 2003; Valente et al., 2006). Contrary to
other proteins such as ninein, centrin (Dammermann and Merdes, 2002) or NEK2 (Hames et al., 2005), both
OFD1’s and Cep290’s centrosomal localization does not depend on PCM1 (Kim et al., 2008; Lopes et al.,
2011).

Besides interacting with PCM1, OFD1 is a master organizer of CS structure, centriole architecture and
ciliogenesis (Lopes et al., 2011; Singla et al., 2010). Some of the OFD1 roles include recruitment and as-
sembly of essential components to the distal appendages of the mother centriole, namely Cep164 (Singla et
al., 2010), and an inhibition of ciliogenesis that is reversible by autophagy or ectopic degradation of OFD1
(Tang et al., 2013). Cep290 interacts with PCM1, it is required for Rab8A localization to the primary cilium
(Kim et al., 2008), and it is another example of a protein that shares localization between CS and the centro-

some or cilium.
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Hori and Toda (Hori and Toda, 2016) report that perturbation of PCM1 or PLK-4 leads to abnormal
pericentriolar patterns of CS localization. This altered distribution of CS patrticles throughout the cell can af-
fect the transport and regulation roles of CSs in centriole duplication, cellular stress response or ciliogenesis.
However, the study of the distribution of chaotic cellular structures such as CSs has confronted the scientific
community with the difficulty of accurately and meaningfully quantify variables such as shape, compactness
or degree of spatial clustering of cellular objects. Until now, manual quantification of complex variables would
not be exhaustive and could not be assumed to be unbiased. Qualitative classification of phenotypes, on the
other hand, does not allow comparisons of results between different experiments and makes reproducibility
very challenging. In previous publications, the way CS are dispersed around the centrosome has been re-
ferred to as "clustered", "organized" or a similar qualitative term. Beyond the difficulty in reproducing such
qualifications, they make it tough to compare different kinds and degrees of "unclustered" or "disorganized"
CS.

| propose to analyze centriolar satellite distribution through the cell in a quantitative way. For that, |
developed a computational method to extract a wide array of variables from large microscopy datasets (up to
18,000 image files in this study but it is possible to upscale). The data that can be extracted from the mi-
croscopy images via automated computational processing includes object segmentation such as determina-
tion of the cell borders or identification of a cilium, centrosome or CS granule. It also includes background
correction, pixel intensity measurement of a region of interest (ROI) and various useful statistical and math-
ematical operations. Once a comprehensive list of features for a large number of cellular objects is obtained,
some cell biology patterns that were hidden can be revealed. We start by observing the strong relation be-
tween cell size and the number of CS particles. Next, | propose two data visualization diagrams that summea-
rize data collected from large datasets and in a fast and intuitive way allow to trace changes in CSs that are
hidden by their chaotic nature. Finally, | explain how to use Wiener entropy (WE) to quantify, using a single

value per cell, the degree of spatial dispersal of CSs around the centrosome.
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liLIl. Results

liLILI. Automated cilia and centrosome segmentation and classification

Using the machine learning capabilities of image segmentation software, we obtain for any given pixel
of the y-tubulin/polyglutamylated tubulin micrographs, a probability value for that pixel to be or not part of an
object that we defined as "centrosome/cilium” (Figure 6Aa-b). By thresholding this probability map we can
extract objects whose pixels meet the threshold conditions that we identified and set as satisfactory in the
machine learning stage (Figure 6Ac). We can then extract geometric and pixel intensity data from this ob-
jects and teach the software to classify different objects as centrosomes or cilia (Figure 6Ad). The resulting
binary images with the centrosomes and cilia masks can then be used for further quantification of cilia and
centrosomes related parameters such as measuring fluorescence intensity values or geometric variables

regarding their shape and position within the cell.
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Figure 6: Segmentation of centrosomes, cilia, cells and centriolar satellites. (A) machine learning steps for the segmen-
tation of centrosomes and cilia: a, monochrome image of centrosomes and cilia after tophat filter treatment; b, the probabil-
ity that each pixel belongs to the background or to a centrosome or cilium is indicated in green and red colors respectively;
¢, image after thresholding for centrosome and cilium where the blue color indicates the probability of the object to be a cen-
trosome and the yellow color the probability of being a cilium; d, final binary image of centrosomes and cilia. (B) steps for cell
area segmentation: a, monochrome, maximum intensity projected images of cell nuclei; b, segmentation of cell nuclei where
different colors represent different nuclei; c, outline of nuclei used as seeds to segment the cell area using a median intensity
projection of gamma-tubulin and polyglutamylated tubulin staining; d, result of the cell area segmentation; e, final binary image
of the cell areas. The colors are used for illustrative purposes and were chosen arbitrarily by the software used for segmenta-
tion.
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Figure 7: Centriolar satellite number has high correlation with cell size. RPE1 cells were serum starved for 24 hours, sam-
ples were taken at the indicated time points and resulting immunofluorescence microscopy images were processed as described
in Methods. The data points plotted refer to the values for each cell of the cell area and number of CSs obtained by automated

quantification. One representative experiment out of two is shown. 57<N__,,.<95, 72<N <103, 70<N_,,<97.

PCM1 Cep290 OFD1

lILILIl. Automated cell segmentation

| used the maximum intensity projected images of the DAPI channel to identify the cell nuclei (Figure
6Ba-b). Using these nuclei as input objects and the median intensity projection of the y-tubulin/polyglutamy-
lated tubulin images as the base image, | identified the cell boundaries (Figure 6Bc-d). The identified objects
were further filtered to eliminate too small or too large cells and cells with abnormal numbers of centrosomes

and cilia.

lILILII. Automated centriolar satellite segmentation

To segment the dot-like signals of the centriolar satellites | used the predetermined cell shapes as
masking objects and tophat filtered, maximum intensity projections of the centriolar satellite images as the
input image (Figure 6Ca-b). It is critical for the detection of small intensity variations that will allow distin-
guishing clumped objects that the microscopy conditions are well optimized to the objects that will be ana-
lyzed. In this case, | chose the 488 nm emission channel and a 100x/1.45 NA objective so that by using a
smaller wavelength and a high numerical aperture | could obtain maximum resolution. The use of a 16-bit
EM-CCD camera allows for high sensitivity and dynamic range without compromising acquisition rate in situ-
ations such as these where confocality is a minor issue. After taking the acquisition parameters of the image
mentioned above in consideration, | used a RobustBackground thresholding method and Laplacian of
Gaussian method to identify and distinguish clumped CSs. It is shown in Figure 6Cc-d that | was able not
only to segment isolated CS particles, granules or foci (interchangeable terms) but also made possible to
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Figure 8: Correlation between cell size and number per cell of OFD1 positive CS particles decreases upon serum starva-
tion. (A and B) RPET1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24 hours, samples were taken at the in-
dicated time points and resulting immunofluorescence microscopy images were processed as described in Methods. (A) The data
points plotted refer to the values for each cell of the cell area and number of CSs obtained by automated quantification. Data cor-
responding to control is the same as presented in Figure 6. (B) Quantification of the coefficient of determination of the conditions
and time points presented in A. Data shown is the average of three independent experiments and shaded area around the dashed

lines corresponds to the SEM. One representative experiment out of two is shown. 67<N_ <97, 54<N <63, 45<N_ . <57.

control Cep164 ODF2

distinguish individual particles that appear to be clumped in the CS cloud that localizes to the vicinity of the

centrosome.

lILILIV.Correlation between the number of CS particles and cell size

| wanted to know how the number of CS particles correlated to the cell size. In Figure 7 | plotted a dot
for each cell, with the number of CS foci and the cell area as coordinates. We can see that there is a strong
positive correlation between these two variables: as cells grow, the number of CS particles in the cells in-
creases proportionally. For human retinal pigment epithelium cells immortalized with telomerase reverse
transcriptase (RPE1) cells, the coefficient of determination (r2) values can be as high as 0.85 for OFD1 CSs
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Figure 9: Correlation between cell size and number per cell of PCM1 positive CS particles increases upon serum starva-
tion. (A and B) RPET1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24 hours, samples were taken at the in-
dicated time points and resulting immunofluorescence microscopy images were processed as described in Methods. (A) The data
points plotted refer to the values for each cell of the cell area and number of CSs obtained by automated quantification. Data cor-
responding to control is the same as presented in Figure 6. (B) Quantification of the coefficient of determination of the conditions
and time points presented in A. Data shown is the average of three independent experiments and shaded area around the dashed

lines corresponds to the SEM. One representative experiment out of two is shown. 57<N

<95, 53<N,_ <76, 45<N

<54.

ODF2

in cycling cells. The extent of the correlation between cell area and the number of CS foci (corrACS) de-

pends on the CS protein studied and its dynamics throughout the ciliation process. For PCM1 positive CS

particles, it increases during the serum starvation period necessary for ciliation to occur. The same does not

happen to Cep290 and OFD1, where the correlation mentioned above drops during serum starvation. In the

case of OFD1, the decline of the corrACS is quite substantial. As seen in Figure 7, after 24 hours of serum

starvation, all the cells have approximately the same (low) number of OFD1 CSs irrespective of their cell

size. This observation is in agreement with the report that OFD1 CSs are degraded during serum starvation

(Tang et al., 2013).
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Figure 10: Correlation between cell size and number per cell of CEP290 positive CS particles is stable upon serum starva-
tion. (A and B) RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24 hours, samples were taken at the in-
dicated time points and resulting immunofluorescence microscopy images were processed as described in Methods. (A) The data
points plotted refer to the values for each cell of the cell area and number of CSs obtained by automated quantification. Data cor-
responding to control is the same as presented in Figure 6. (B) Quantification of the coefficient of determination of the conditions
and time points presented in A. Data shown is the average of three independent experiments and shaded area around the dashed

lines corresponds to the SEM. One representative experiment out of two is shown. 72<N_ <103, 48<N <80, 43<N__ . <64.

control Cep164 ODF2

Next, | aimed at analyzing the influence of centriolar appendage proteins in CS organization. To know
how CSs dynamics are affected by the integrity of the distal and sub-distal appendages of the mother centri-
ole, | analyzed RPE1 cells depleted of Cep164 or ODF2 respectively. Cells lacking Cep164 are not able to
ciliate due to a defect in ciliary vesicle attachment (Schmidt et al., 2012) and possibly carry defects in distal
appendage structure. Depletion of ODF2 also causes ciliogenesis defects and severely disrupts sub-distal
appendage formation (Ishikawa et al., 2005; Kuhns et al., 2013). In Figure 8, we can contrast what happens
in control, Cep164 and ODF2-depleted cells regarding the corrACS of OFD1 positive CS. Both Cep164 and
ODF2-depleted cells have lower values for their corrACS of OFD1 CS foci than control-depleted cells when
the cells are kept in serum rich conditions (Figure 8A, quantification in B). As we have seen (Figure 7), in
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Figure 11: Profile of OFD1 CS particle density around the centrosome in control, CEP164 and ODF2 deplet-
ed cells. (A and B) RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24 hours, samples
were taken at the indicated time points and resulting immunofluorescence microscopy images were processed as
described in Methods. (A and B) Plot of the density of OFD1 positive granules as a function of the distance to the
nearest centrosome. In the left panel, the density of OFD1 foci is represented in a linear scale, in the right panel,
in a logarithmic scale. After calculating the CS foci density in concentric rings around the centrosomes, that density
value was plotted in function of the radius of the outer circumference of the corresponding concentric ring. (A) The
curves shown are interpolated from these data points using a natural cubic spline function. Shades of grey asso-
ciated with the time points make the correspondence with different hues of the colors chosen to illustrate different
depletion conditions. (B) The line shown was fitted to the data points using a Power function. The R? indicated is
the coefficient of determination found for this fit. One representative experiment out of two is shown. 67<N_ <97,
54<N <63, 45<N___<57.

Cep164 ODF2

control

control-depleted cells subjected to serum starvation, the corrACS of OFD1 CSs drops to very low values af-
ter 24 hours of treatment. This decline is less pronounced in Cep164-deficient cells and especially in ODF2-
depleted cells (Figure 8). If we look at Figure 8A, we notice that ODF2-depleted cells can achieve much

larger cell areas than control or Cep164-depleted cells. Even so, for ODF2-depleted cells, the corrACS is

30



Quantitative microscopy methods for centriolar satellite analysis

W2h

© 6 h
S 16 h
o
24 h
<
©
o
L
O
Al \
L
(m]
@)

Tt Tr T T T 7T 1
0 1 2 3 4 5 6 7 0123 45867
Radius around centrosome (um)

Figure 12: Profile of PCM1 CS particle density around the centrosome in control, CEP164 and ODF2 de-
pleted cells. (A and B) RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24 hours, sam-
ples were taken at the indicated time points and resulting immunofluorescence microscopy images were pro-
cessed as described in Methods. Plot of the density of PCM1 positive granules as a function of the distance to the
nearest centrosome. In the left panel, the density of PCM1 foci is represented in a linear scale, in the right panel,
in a logarithmic scale. After calculating the CS foci density in concentric rings around the centrosomes, that den-
sity value was plotted in function of the radius of the outer circumference of the corresponding concentric ring.
The curves shown are interpolated from these data points using a natural cubic spline function. Shades of grey
associated with the time points make the correspondence with different hues of the colors chosen to illustrate
different depletion conditions. One representative experiment out of two is shown. 57<N__ <95, 53<N <76,

control Cep164

over 0.80 throughout the length of the experiment. Therefore, the drop in corrACS for OFD1 CS foci seems
to be dependent on ODF2 and to a lesser extent on Cep164.

Regarding PCM1 CSs, in control and ODF2-depleted cells, a tendency for the increase in the corrACS
is observed as serum starvation progresses (Figure 9). For Cep164-depleted cells, a drop in the corrACS is
seen in the first few hours after the serum is washed away from the cells. After the initial slump, the correla-
tion stabilizes at values above 0.50 (Figure 9).

Cep290 CS particle number is also strongly correlated with the cell size (Figure 10). However, from
the three CS proteins chosen for analysis in this thesis, Cep290 is the one that after the cells are serum
starved registers fewer changes in the corrACS. Both for control, Cep164 and ODF2-depleted cells the corr-

ACS of Cep290 foci does not vary significantly throughout 24 hours of serum starvation.

lILILV.Profile of centriolar satellite density around the centrosome

To better compare CS distribution around the centrosome in different cells and experimental condi-
tions, | calculated the CS foci density in concentric rings around the centrosomes and plotted that density
value in function of the radius of the outer circumference of that concentric ring. Figure 11A shows this plot
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Figure 13: Profile of CEP290 CS particle density around the centrosome in control, CEP164 and ODF2 de-
pleted cells. (A and B) RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24 hours, sam-
ples were taken at the indicated time points and resulting immunofluorescence microscopy images were pro-
cessed as described in Methods. Plot of the density of CEP290 positive granules as a function of the distance to
the nearest centrosome. In the left panel, the density of CEP290 foci is represented in a linear scale, in the right
panel, in a logarithmic scale. After calculating the CS foci density in concentric rings around the centrosomes, that
density value was plotted in function of the radius of the outer circumference of the corresponding concentric ring.
The curves shown are interpolated from these data points using a natural cubic spline function. Shades of grey
associated with the time points make the correspondence with different hues of the colors chosen to illustrate dif-
ferent depletion conditions. One representative experiment out of two is shown. 72<N__ <103, 48<N <80,
43<N,,..<64.

ODF2

control Cep164

where | interpolated the values using a natural cubic spline function. After smoothing out the interpolation of
the density values, the result can be interpreted as an empirically determined abstraction of a conical section
of the density of CS around the centrosome. This way of representation allows us to, in a fast and intuitive
way, evaluate fluctuations in the CS distribution profile around the centrosome and it is amenable to a power
law curve fit with remarkably high coefficients of determination (Figure 11B), which can be useful for model-
ing applications of this method. For OFD1 CSs we can see in Figure 11 that in control serum-starved cells,
there is a drop in CS density near the centrosome in all time points. The same can be seen in regions more
distant from the centrosome (Figure 11)A. In the nearest proximity of the centrosome, the density variation is
significant regarding absolute values. If we compare the order of magnitude of the change, the difference is
more dramatic in regions peripheral about the centrosome. Figure 11 shows that in control-depleted cells, a
single drop of CS density in ranges from 3 to 6 um away from the centrosome takes place only during the
final stages of cilia formation (24 hours after serum starvation). We can see that in these cells, the drop of
OFD1 CS granules happens very gradually close to the centrosome and suddenly, just during the final

stages of cilia formation, away from the centrosome.
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Figure 14: Centrosome satellite fluorescence intensity vs. distance of CS foci to the nearest centrosome plot.
(A, B and C) RPE1 cells were serum starved for 24 hours and samples for immunofluorescence microscopy images
were processed as described in Methods. Plot, for each CS particle detected, of mean fluorescence intensity as a func-
tion of the distance to the centrosome. (B and C) The point corresponding to the data of each CS particle is colored
with a 5% transparency. The more saturated the color chosen to illustrate the experimental condition is, more dense-
ly distributed are the data points in that area of the graph. (C) Color code of the two regions of B with more data point
density: green corresponds to central region, cyan corresponds to distal region. See Results for further details regard-
ing this classification.

Cells depleted of Cep164 show fewer changes in OFD1 CS density around the centrosome. There is
also a variation in the OFD1 CS density around the centrosome profile, but it is more erratic, increasing and
decreasing in the same scale during the length of the experiment. This behavior is the same if we consider
the order of magnitude of the change: erratic fluctuations of the density profile around the centrosome. For
ODF2-depleted cells, the density profile around the centrosome consists of a sharp drop (from a relatively
small value) within 1 um of radius around the centrosome and a plateau from there to 3 um away, followed
by a steady decrease as the distance to the centrosome increases further. In these cells, this unique distribu-
tion of the density of OFD1 CSs is maintained throughout the serum starvation process even though the total
levels of OFD1 granules decrease during this period.

The density profile for PCM1 CS foci is shown in Figure 12. In contrast to OFD1, the density profile in
control-depleted cells does not change during serum starvation. In Figure 12 it is also visible that in Cep164-
depleted cells, the PCM1 density profile around the centrosome does not significantly change over time.
However, the PCM1 foci density is much higher near the centrosome in Cep164-depleted cells than in con-
trol-depleted cells. Regarding cells depleted of ODF2, these cells have the lowest and shallower density pro-
file around the centrosome of PCM1 CSs. ODF2 depletion is the only treatment that leads to a significative
reduction in PCM1 CS density around the centrosome. This decrease happens in the first hours of serum
starvation, and it is noticeable both close to the centrosome and in peripheral regions. In ODF2-depleted
cells it is also noticeable that the drop in the density profile does no happen as a smooth transition for all
time points as in control and Cep164-depleted cells, but it is more inconstant in a region between 1 and 3 um
away from the centrosome.

As for Cep290 CS density distribution around the centrosome profile, the results are presented in Fig-
ure 13. In the picture, we can see that in control cells there is a decrease and then an increase in CS density
around the centrosome as the serum starvation stimulus progresses in time. As we have seen for PCM1
granules, Cep290 CS foci density is not so dynamic in Cep164-depleted cells as it is in control-depleted
cells. In ODF2-depleted cells, the density values next to the centrosome are the lowest in all the experimen-
tal conditions, but they seem to have the same dynamics as control-depleted cells. Once again it is visible in

ODF2-depleted cells that there is some CS density plateau between 1 and 3 um away from the centrosome.
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Figure 15: PCM1 centrosome satellite fluorescence intensity vs. distance of CS foci to the near-
est centrosome plot. RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24
hours. Samples were taken before and after starvation and resulting immunofluorescence microsco-
py images were processed as described in Methods. For each CS particle detected, the mean fluores-
cence intensity is plotted as a function of the distance to the centrosome. The point in the graph cor-
responding to the data of each CS particle is colored with a 5% transparency so that the more satu-
rated the color chosen to illustrate the experimental condition is, more densely distributed are the data

points in that area of the graph. One representative experiment out of two is shown. Numbers on the
upper right corner of the plots correspond to N /N_ . kis equal to 1000.

satellites” " “cells”

However, for Cep290 foci in ODF2-depleted cells this plateau has two steps: the first from 1 to 2 um and the

second from 2 um to 3 um away from the centrosome.

liLILVI.Central and peripheral centriolar satellites

Due to the randomness inherent to CS spatial localization and fluorescence intensity of each CS foci, |
wondered if it was possible to unveil a level of information that relates these two variables and that is hidden
from our visual perception by that same apparent randomness. In Figure 14, is shown the plot of the mean
fluorescence intensity for PCM1 positive particles in function of the distance of that particle to its nearest
centrosome. In Figure 14A we see that both, the brightest and the dimmest CS foci are localized near the
centrosome and that as the distance to the centrosome increases, the intensity values of individual CS gran-
ules converge to a value different from zero. If as in Figure 14B, we make the single scatter plot dots 5%
transparent so that as the data points stack over populated regions of the graph the saturation of the dot col-
or increases. It is revealed another layer of information to the graph: the relative abundance of CS particles
with a particular position and intensity. In Figure 14B we can see that the distribution of CS particles accord-
ing to their distance to the centrosome and mean fluorescence intensity is not as homogeneous as Figure
14A would make us suppose. We can see that there are regions of the graph shown in Figure 14B where the
values for the CS foci tend to accumulate. Others, in between these clustering areas, the data point density

is more rarefied. In Figure 14C the two more distinct density regions are highlighted regarding the distance to
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Figure 16: CEP290 centrosome satellite fluorescence intensity vs. distance of CS foci to the
nearest centrosome plot. RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for
24 hours. Samples were taken before and after starvation and resulting immunofluorescence micros-
copy images were processed as described in Methods. For each CS particle detected, the mean flu-
orescence intensity is plotted as a function of the distance to the centrosome. The point in the graph
corresponding to the data of each CS particle is colored with a 5% transparency so that the more satu-
rated the color chosen to illustrate the experimental condition is, more densely distributed are the data

points in that area of the graph. One representative experiment out of two is shown. Numbers on the
upper right corner of the plots correspond to N /N__ . kis equal to 1000.

satellites’ * “cells”

centrosome vs. fluorescence intensity of individual CS foci. The green labeled dots in the graph of Figure
14C are near the centrosome, and | named them as "central" CSs. The fluorescence intensity values for this
class of CSs vary from very low to very high. Labeled cyan in the same panel is the group of CS with rela-
tively small and homogeneous fluorescence intensity values, that are evenly distributed throughout the cell
area, and that | named "peripheral" CSs.

Using this data visualization tool, we can characterize the behavior of CS particles regarding their dis-
tance to the centrosome vs. mean fluorescence intensity during the serum starvation process that leads to
cilia formation. In Figure 15 it is plotted the distance to the centrosome vs. mean fluorescence intensity for
PCM1 positive CS patrticles in control, Cep164 and ODF2-depleted cells, before and after 24 hours of serum
starvation. For control-depleted cells growing under serum rich conditions there is not a clear separation re-
garding central or peripheral CSs but once growth factors are removed the separation of these classes of
CSs becomes more evident. Once serum starvation begins, the central and the peripheral group become
more defined (data not shown) and as withdrawal continues up to 24 hours we can see in Figure 15 that the
peripheral group increases in comparison to the central group. Cep164-depleted cells have a very well de-
fined central group before they are subjected to serum starvation. Upon serum removal, Cep164-depleted
cells tend to have more CSs that fall in the peripheral group classification but as time goes by this peripheral
group of CSs never gets so preponderant as in control-depleted cells. One interesting feature of the central

group of CSs in Cep164-depleted cells is the appearance of two bands that are noticeable at the time point
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Figure 17: OFD1 centrosome satellite fluorescence intensity vs. distance of CS foci to the near-
est centrosome plot. RPE1 cells, control, CEP164 and ODF2 depleted, were serum starved for 24
hours. Samples were taken before and after starvation and resulting immunofluorescence microscopy
images were processed as described in Methods. For each CS particle detected, the mean fluores-
cence intensity is plotted as a function of the distance to the centrosome. The point in the graph cor-
responding to the data of each CS particle is colored with a 5% transparency so that the more satu-
rated the color chosen to illustrate the experimental condition is, more densely distributed are the data

points in that area of the graph. One representative experiment out of two is shown. Numbers on the
upper right corner of the plots correspond to N /N k is equal to 1000.

satellites’ " “cells”

corresponding to 24 hours after serum starvation. These lines suggest the existence of sub-pools of CSs that
share the same localization in peripheral regions about the centrosome, but their intensity values tend to fall
within two particular values. As for ODF2-depleted cells, the plot of the distance to the centrosome vs. mean
fluorescence intensity of PCM1 positive CS presented in Figure 15 shows that in these cells there is a broad
distribution of fluorescence intensity values irrespective of the distance to the centrosome. Contrary to what
happens in control or Cep164-depleted cells, ODF2-depleted cells do not exhibit PCM1 CS foci with very
high fluorescence intensity values near the centrosome. In ODF2-depleted cells, the enrichment of the pe-
ripheral group in proportion to the central group of CSs is only detected in late stages of serum starvation
(Figure 15 and data not shown).

If we contrast Figure 16 with Figure 15 we find that for Cep290 CSs the distribution range for fluores-
cence intensity it is not as broad as it is for PCM1 CSs. Figure 16 shows that Cep290 CSs have similar gray
values independent of the distance to the centrosome. As expected for a CS protein, there are more Cep290
positive particles close to the centrosome than in the cell periphery. The notable exception is when cells are
ODF2-depleted and serum starved for 24 hours. In these conditions, the highest density of data points is no
longer at small distances to the centrosome but has shifted to bigger distance values. Note however that in
the plot of Figure 16 corresponding to the same conditions, we can see near the centrosome the remnants of
the central CSs. Some of these data points that stand out because they have a higher intensity than the

more abundant peripheral CSs correspond in fact to the centrosomal Cep290. If we compare the central CSs
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Figure 18: Voronoi tiling of the cell area using centriolar satellites as seeds. (A) representation of the cell area
with different colored nuclei indicating the different cells; (B) cell areas and centriolar satellites used for Voronoi tiling;
(C) binary image of the Voronoi tiling result. Regions within the black boxes are depicted with higher magnification
on the right. The colors are used for illustrative purposes and were chosen arbitrarily by the software used for seg-
mentation.

of the control-depleted cells and ODF2-depleted cells we conclude that the depletion of the sub-distal ap-
pendage protein does not influence the fluorescence intensity of centrosomal Cep290. The distribution of
fluorescence intensity values for both conditions has the same magnitude range with similar maximums
around 2 x103 A.U. and averages of 1.2 x103 A.U.

For OFD1 positive CS particles, we can see in Figure 17, that there is a sharp decrease in the total
number of CS patrticles. In 70 cycling (0h) control-depleted cells | detected 16,698 CS granules whereas in
91 serum starved (24 hours) cells | detected 6029 CS foci. The dispersal of the fluorescence intensity values
for the remaining CSs is largely reduced upon serum starvation. In the same panel it is visible that after 24
hours of serum starvation, most of the data points are localized close to the centrosome. The same transition
from dispersal to a high concentration in the centrosome vicinity of OFD1 CS granules is also observed in
cells depleted of Cep164 or ODF2 (Figure 17).

The methods of visualization and analysis of CS spatial context data here presented, the density pro-
file and the intensity distribution around the centrosome, allowed to identify and distinguish different CS phe-

notypes of dispersal presented by cells with defective distal and sub-distal appendages.

lILIL.VIl.Quantification of CS dispersal using an entropy value

To score each cell with a single value corresponding to the degree of dispersal of the centriolar satel-
lite particles, | borrowed the concept of Wiener entropy. WE is a measure of randomness that can be applied
to the quantification of texture variation on speckled images (Woodhouse, 2001). It is defined as the ratio
between the geometric and arithmetic means of a given set, and | borrowed it from the fields of digital audio
signal processing and radar imaging (Aldaz, 2010; Tchernichovski et al., 2000; Woodhouse, 2001). Besides
mathematical advantages, using entropy to quantify and describe the visual density of cellular structures fa-
cilitates the analysis of the results since cellular structures such as CSs that present themselves as having
some local density usually have a higher degree of organization (lower entropy) than structures that appear
evenly dispersed (higher entropy).

To calculate the WE of the CSs of each cell | propose a method that involves a Voronoi tessellation of
the cell area using the CSs as seeds. A Voronoi tessellation is the division of a plane based on the distance

to a particular set of points of that plane. Those unique points are called seeds, and the plane is divided ac-
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Figure 19: Centriolar satellite dispersal caused by nocodazole treatment can be quantified in terms

of Wiener entropy. (A) RPE1 cells were serum starved for 24 hours and then treated with 6 pg/mL no-

codazole or DMSO for 1 hour at 37 °C. After the treatment cells were fixed and stained for polyglutamy-

lated tubulin (GT335), OFD1 and DAPI. Regions within the white boxes are depicted at higher magnifica-

tion on the right. (B) violin plot of the Wiener entropy of the centriolar satellites containing OFD1 for cells

either treated with DMSO or nocodazole. Diagram on the right side of the y-axis ilustrates the degree of

dispersal. *** corresponds to p<0.001. Label under the violin corresponds to N. One represen-

tative experiment out of three is shown.
cording to the nearest-neighbor rule: each point is associated with the region of the plane closest to it
(Voronoi, 1908). These areas around each seed are called tiles. In our case, the plane to be divided is the
cell area and the seeds are the CS particles, both obtained by computational analysis from high resolution,
high definition, micrographs. Having segmented the cells and CS (Figure 6B and C and Figure 18A and B) it
was possible to create a Voronai tilling of the cell area using the CS as input objects (Figure 18C). After per-
forming the Voronoi tessellation, the area of each tile was measured, and the WE value for each cell was
obtained by calculating the ratio of the geometric (GM) to the arithmetic (AM) mean of the area of the tiles in
any given cell. If all the CSs were homogeneously distributed in the cell, that state of CS organization would
correspond to the case where the entropy is at its maximum. In this situation, the area of the tiles obtained
by Voronoi tessellation of the cell area would, by definition, be the same. In this case of maximum entropy,
GM=AM and the highest value for WE is obtained. Other CS particle spatial distributions, where the homo-
geneity is lowered by bringing CS particles to be confined to smaller areas, have higher organization and
therefore lower entropy. In these circumstances, the AM-GM inequality kicks in and GM will always be small-
er than AM leading to WE values to be between 0 and 1. As CSs get close to each other, the space between
the CSs that are in the center is smaller. At the same time, the space around the edge CSs gets bigger. The
result is an increasing AM-GM inequality as the CSs are more concentrated, leading to lower values of WE.
Given the properties of real numbers, the GM/AM ratio is not linear but tends to be compressed as the WE

values tend to 0. The base 10 significant of the GM/AM ratio is used to expand the scale to be between 0
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Figure 20: Comparison of quantification of centriolar satellite dispersal by Wiener entropy, geometric mean distance to
the centrosome and density 1 pm around the centrosome. (A-D) RPE1 cells, treated with control, Cep164 or ODF2 siRNAs,
were serum starved for 24h and stained for gamma-tubulin + polyglutamylated tubulin (GT335), PCM1 and DAPI. (A) transformed
images used by the automated image analysis pipeline described in the Methods section. Due to high dynamic range, pixel inten-
sity values of PCM1 are log transformed to allow the visualization of both the brightest and the faintest granules. (B-D) violin plot
of (C) the Wiener entropy, (B) geometric mean distance to the centrosome and (D) density 1 ym around the centrosome of centri-
olar satellites containing OFD1. (B) Diagram on the right side of the y-axis ilustrates the degree of dispersal. (B-D) *** corresponds
to p<0.001, °** corresponds to p<0.01, °°* corresponds to p<0.05, °°° corresponds to non statistically significant. Label over the
violin is the value of N. One representative experiment out of two is shown.
and minus infinity (Tchernichovski et al., 2000). With this system of measurement, we know that the differ-
ence of 5to 10 is the same as from 10 to 15 and can directly compare results obtained for CS distribution in
different cells or treatments. Wiener entropy is a unit-less Pure number.
To demonstrate that this measurement can be used to distinguish between "clustered" and "unclut-
tered" CSs, | treated cells with either DMSO or nocodazole and imaged OFD1 containing CSs. Because of
the association between CSs and microtubules (Dammermann and Merdes, 2002), nocodazole treatment is

known to lead to the dispersal of several CS proteins (Kim et al., 2008; Lopes et al., 2011). We can see in
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Figure 21: Centriolar distal and sub-distal appendages have different roles in regulating centriolar sat-

ellite architecture dynamic upon serum starvation. Violin plot of the Wiener entropy of PCM1, OFD1 and

CEP290 centriolar satellites in RPE1 cells, treated with control, Cep164 or ODF2 siRNAs and serum starved

for 24h. Samples were taken at the indicated time points and resulting immunofluorescence microscopy images

were processed as described in Methods. Diagram on the right side of the y-axis ilustrates the degree of disper-

sal. *** corresponds to p<0.001, °°* corresponds to p<0.05, °°° corresponds to non statistically significant. The

number on the head or at the foot of the violin is N. One representative experiment out of two is shown.
Figure 19A that in DMSO-treated cells, OFD1 positive satellites are concentrated around the centrosome
whereas in cells treated with nocodazole the satellites are redistributed throughout the cytosol in an almost
uniform way. Using the image analysis pipeline explained above, | calculated the WE for each cell. As shown
in Figure 19B the WE of cells treated with nocodazole is much higher than the entropy of cells treated with
DMSO.

To validate the WE value as a reliable indicator of CS organization around the centrosome | analyzed
the dispersion of PCM1 CSs in cells depleted of control, Cep164 and ODF2 mRNAs. By doing this, | would
be introducing perturbations to the organization of distal and sub-distal appendage of the mother centriole. |
had preliminary indications that interference with Cep164 and ODF2 would induce differences in CS order
that would be possible to distinguish using WE as a measurement. As seen in Figure 20A, cells lacking
Cep164 do not have significant disruption of their PCM1 CS cellular layout when compared to control-de-
pleted cells, but ODF2 depletion leads to a dramatic dispersal of the PCM1 CSs. | used an automated image
analysis protocol to perform a comparison analysis of three different methods to quantify the degree of dis-
persal of the CS: the WE of the CSs, the geometric mean of the distance of each CS to the nearest centro-
some and the density of CSs 1 um around the centrosome (Figure 20B-D). Quantification shows that cells
subjected to ODF2 depletion have a CS geometry with significantly higher values of WE than the control
cells (Figure 20B). Both the mean distance of each CS to the nearest centrosome and the density of CSs 1
pim around the centrosomes are consistent with the WE quantification results shown in Figure 20B and to
what is apparent in the micrographs of Figure 20A. Centriolar satellites of cells lacking ODF2 have higher
mean distances to the closest centrosome than control cells (Figure 20C). Regarding the density of CSs

near the centrosome, ODF2 cells have a significantly lower median value than control (Figure 20D). For
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Figure 22: Cell size and clustering of CS particles are not correlated in RPE1 cells. (A and B) RPE1 cells, control, CEP164
and ODF2 depleted, were serum starved for 24 hours, samples were taken at the indicated time points and resulting immunoflu-
orescence microscopy images were processed as described in Methods. (A) The data points plotted refer to the values for each
cell of the cell area and Wiener entropy of CSs obtained by automated quantification. One representative experiment out of two
is shown. 57<N, .., <95, 72<N <103, 70<N___.<97.

PCM1 Cep290 OFD1

Cep164, comparison of CSs clustering around the centrosome with control-depleted cells reveals a statistical
difference between the two depletion conditions if we take the mean distance to the centrosome (Figure
20C) or the density next to the centrosome (Figure 20D) but not in WE (Figure 20B). This difference in re-
sults most likely reflects a property of WE that is its independence from a reference point (such as the cen-
trosome in this case). This aspect will be discussed in more detail below (Discussion section of this chapter).

Considering how the depletion of Cep164 and ODF2 have opposite effects on CS localization patterns
when cells are grown in serum rich conditions, | further investigated how the CS degree of dispersal evolved
upon serum starvation. In Figure 21 we can see the evolution of WE values at different time points for differ-
ent CS localized proteins after the cells were serum starved. We can see that as the cells adapt to the no
serum conditions and undergo cilium formation, the dispersal of the different CS proteins varies differently
according to the CS protein and with the integrity of the distal and sub-distal appendages. In control-depleted
cells, the clustering around the centrosome of PCM1 granules decreases whereas OFD1 particles are found
to be more concentrated around the centrosome. For control cells, Cep290 CSs do not appear to change
much its degree of CS dispersal over time. The depletion of Cep164 does not lead to a significant difference
in satellite dispersal compared to control cells in any of the considered CS markers in cells that are grown in
serum rich conditions (t=0). However, opposed to what happens to control-depleted cells, the degree of dis-
persal of the PCM1 and OFD1 CS proteins changed little after Cep164-depleted cells were subjected to
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Figure 23: Centriolar satellite architecture is dynamic upon serum starvation.
(A-D) RPET1 cells were serum starved for 24 hours, samples were taken at the indicat-
ed time points and resulting immunofluorescence microscopy images were processed
as described in Methods. (A) violin plot of the mean fluorescence intensity of PCM1
and OFD1 in the whole cell. (B) violin plot of the fraction of the total intensity of PCM1
and OFD1 that is specifically localized at the centriolar satellites. (C) violin plot of the
PCM1 and OFD1 centriolar satellites density per cell area. (D) violin plot of the mean in-
tensity per PCM1 and OFD1 centriolar satellite granule. (A.U.) arbitrary units. *** cor-
responds to p<0.001, °** corresponds to p<0.01, °°°, not statistically signif-
icant. (A-D) values of N indicated on top of the violins of panel A. One repre-
sentative experiment out of two is shown.

serum-free conditions. Regarding the importance of sub-distal appendage integrity for satellite organization,
ODF2-depleted cells have a higher dispersion around the centrosome of PCM1, OFD1, and Cep290 and for
all CSs markers the dispersal increases upon serum starvation.

To understand better the relation between CS proteins and cell size, | plotted, for each cell, the cell

area in function of WE for that cell. The results are shown in Figure 22 and do not reveal any strong correla-

tion between these two variables.
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lILILVIIL.Application of the quantification to previously reported phenomena

Centriolar satellite architecture dynamics have been previously reported in the context of ciliogenesis,
specifically regarding PCM1 (Kobayashi et al., 2014) and OFD1 (Tang et al., 2013). Kobayashi et al., report
that in untreated RPE1 cells, the number of cells with PCM1 granules around the centrosome decreases
gradually with the onset of serum starvation and increasing number of ciliated cells. This granule disappear-
ance was not accompanied by a reduction in PCM1 levels in cell lysates, what suggests some reorganization
of these proteins triggered by serum starvation which may govern or be governed by cilia formation. | ob-
served that in untreated RPE1 cells, the mean fluorescence intensity of PCM1 decreased slightly during the
24 hours of serum starvation (Figure 23). However, as it is visible in the same column of Figure 23, the frac-
tion of the PCM1 fluorescence signal that was detected in the CS increased. By segmenting the CSs and
measuring the total cell size, | calculated the CSs density per cell. | found that during the serum starvation
period the density of CSs increased (Figure 23). The growth in the ratio of PCM1 fluorescence signal in the
CSs to the total PCM1 fluorescence is explained by the formation of new PCM1 containing CS particles and
not by an enrichment of PCM1 in the CSs already present in the cell. This conclusion is supported by the fact
that the mean intensity of each PCM1 containing CS did not change upon serum starvation. The explanation
for the previously reported decrease in PCM1 granules around the centrosome can not be attributed to
PCM1 protein degradation but instead to a rearrangement in CSs distribution around the centrosome. As
previously shown in Figure 22, increase in WE for PCM1 CSs indicates that the CSs that contain this protein
have a more dispersed structure after serum starvation.

Tang et al., document the autophagy-dependent degradation of OFD1 at the CSs upon serum depriva-
tion and how OFD1 at the CSs degradation promotes cilia formation. Regarding OFD1 breakdown, | fond
that OFD1 mean fluorescence intensity values drastically decrease after serum starvation (Figure 23), indi-
cating that the OFD1 levels are indeed reduced in cells that underwent ciliogenesis. At the same time, as it is
visible in the same column of Figure 23, the density of OFD1 granules in the cells drops to very low values
(which is in line with what was previously published by Tang). Also, the fraction of the OFD1 fluorescence
signal that is incorporated in the CSs increases. During the serum starvation process that leads to cilia for-
mation, the levels of OFD1 per single centriolar satellite did not change (Figure 23). These methods give

tools to the cell biologist that allow detecting CS behaviour in a spatial and timely manner.
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lILIIl. Discussion

The use of automated image analysis to segment and extract high-content information of cilia, centro-
somes and centriolar satellites captured in big immunofluorescence microscopy datasets allows to collect
data of a large variety of variables such as fluorescence intensities, the number of features or geometric co-
ordinates of those features. A large number of observations for each experimental condition lends robust-
ness to hypothesis testing allowing to separate what is a population phenotype from minor variations inher-
ent to the sampling process.

In principle, a large cell should have more CS particles than a small cell. The correlation between cell
size and the number of CS particles (corrACS) measures how closely to the population average, the number
of CS patrticles in one cell scales up with the cell size. This measurement can provide valuable information
about CS integrity in a given population. Here | presented the corrACS for three CS proteins: PCM1,
Cep290, and OFD1. It is remarkable that the number of CSs particles is linked to the cell size in such a fast
manner. | found that the corrACS is not the same for all the CS proteins and moreover, it varies upon serum
starvation. The corrACS increases upon serum withdrawal for PCM1 and at the same time decreases for
OFD1 and Cep290. These corrACS changes are notable results since they show that even though PCM1 is
believed to serve as the platform for CS particles, the composition of the particles is differently regulated de-
pending on the CS protein. It begs the question of how this regulation is accomplished. Do PCM1 CS parti-
cles function as a platform for other CS proteins to be loaded and unloaded? Or does a PCM1-containing CS
particle have a particular fixed composition such as the formation of new CS particles demands the degrada-
tion of old ones? Hopefully, when used for distinct CS proteins simultaneously, the corrACS can be used to
know more about CS biogenesis, modification, and degradation. The observation that OFD1 corrACS drops
significantly upon serum starvation is in agreement with the report that OFD1 CSs disappear during serum
starvation-induced ciliogenesis (Tang et al., 2013). The decline in corrACS is explained by the fact that OFD1
CS particles dissipate regardless of the cell size.

My results suggest that ablation of the integrity of distal or sub-distal appendages of the mother centri-
ole does not have an impact in the OFD1 corrACS when cells are in serum-rich growth conditions. However,
once serum starvation starts, the corrACS falls apart. The change in OFD1 corrACS that is observed in con-
trol-depleted cells can not be reproduced in Cep164 and even less in ODF2-depleted cells. Since the cell
sizes did not vary during the serum starvation process, this result implicates a role for distal and sub-distal
appendages in OFD1 CS disappearance upon serum starvation.

As for PCM1 CSs, the corrACS drop observed for Cep164 but not for control or ODF2-depleted cells
indicates that Cep164 has some role in the coupling of the cell size and the number of PCM1 positive CS
particles a cell bears. The corrACS of PCM1 CSs is the same for control, and ODF2-depleted cells even
though the cells of both groups have radically different sizes. We can thus conclude that the role of the sub-
distal appendages in CS regulation does not touch the balance between CS number and cell size.

Not much change was observed in the corrACS of Cep290 positive CS particles during the serum
starvation process either for control or distal/sub-distal deficient cells. From these results, we can conclude
that Cep290 loaded CS particles do not share the same fate of OFD1 positive particles. Is it because
Cep290 and OFD1 never share the same PCM1 platform and only the OFD1 loaded particles are degraded,

or it is because OFD1 is selectively subtracted to the PCM1 scaffold? Single-molecule approaches such as
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Forster resonance energy transfer (FRET) or live-cell imaging with single particle tracking could be useful for
answering these questions.

To have a more clear picture of CS organization, we need to take into consideration more than just the
number of CSs in a cell. We also need to know how are the CSs particles distributed around the centrosome.
Here | smooth out the inherent to CS density variation by averaging, for all the cells in a given condition, the
CS density values in concentric rings, 0.5 um of radius around the centrosome. By applying a natural cubic
spline function to an interpolating line between the data points, it was possible to represent the CS particle
density in function of the distance to the nearest centrosome. The resulting profile synthesizes how the CS
density of a given CS protein drops around the centrosome. The resulting diagram allows evaluating in an
unbiased and quantitative way if the CS particles are more concentrated or dispersed around the centro-
some, if there are any plateau regions or if the drop fits a linear, exponential, or power function. This informa-
tion will be useful for modeling purposes and model formulation considerations. Here | found that, in serum
rich conditions, the empirical distribution of OFD1 CSs in cells subjected to a control mRNA depletion is best
approximated by a power law of the form:

f(x)=x" where P is constant.

With this tool, | analyzed the impact of interfering with the distal or sub-distal appendages on the CS
profile around the centrosome for different CS proteins during the serum starvation process that leads to cili-
ogenesis. For OFD1 containing CSs in control-depleted cells, as previously observed and reported (Tang et
al., 2013), there is a significant drop in CS density throughout the serum starvation process. The overall
shape of the curve did not change much during the starvation process (Figure 11) except for the last time
point (24 hours) where the density away from the centrosome suffers a sharp drop. This change in density
profile shows that, in control-depleted cells, at the final stages of ciliogenesis there is not just an overall de-
crease in OFD1 CS density but that the edge of the CS cloud is closer to the centrosome.

Depletion of Cep164 leads to a lack of response of the cell regarding OFD1 CS degradation once the
cell is subjected to serum starvation. | register fluctuations in OFD1 levels but not of the magnitude and di-
rection observed for control-depleted cells. Consistent with results presented in Chapter 2, probably the
OFD1 role in promoting ciliogenesis is only put into play after the ciliary vesicle docking step is realized.
When Cep164 is not present, vesicle docking to the mother centriole is not possible, and therefore the cell
does not progress to further stages of cilium assembly, in this case, OFD1 CS degradation.

The profile of OFD1 CSs in ODF2-depleted cells is somehow unique because it unveils the existence
of a CS density plateau between 1 and 3 um from the centrosome. This observation would be impossible to
achieve without the image analysis processing presented here. The biological significance of this plateau is
hard to ascertain, but its appearance invites to revisit the study of CSs using EM, this time with state of the
art fixation techniques that have significantly evolved since the 1970s in their ability to preserve the speci-
men.

The profile obtained from the analysis of CSs stained against PCM1 showed these to be more static
than the previously analyzed OFD1 CSs for control, and Cep164-depleted cells but not for ODF2-depleted
cells. Cells lacking ODF2 and subjected to serum starvation show a rapid response to the withdrawal stimu-
lus. Also, the density levels of PCM1 CSs drop in the middle of the cell, that is, between 1 and 3 pm from the

centrosome. It is, therefore, tempting to speculate that this region between 1 and 3 um, outside the inner
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realm of the centrosome, may represent a critical stage where CS regulation takes place in cells devoid of
ODF2. This result shifts the focus of analysis of CS control away from the centrosome and suggests that CS
can be modulated not only from the centrosome but also from the cell periphery.

It is important to take into consideration the fluorescence intensity of the individual CS particles and
how is it correlated with the distance from the centrosome to complement the information that was gathered
so far concerning the spatial organization of the CSs. | wanted to know if behind the manifest noisy localiza-
tion, hides some order regarding CS particle size, more precisely, if the size distribution of the CS is uniform
or it has steps or optimal values, a consequence of CS structure. | used fluorescence intensity as a proxy
measurement for CS particle size since CS particles are smaller than the diffraction limit of light microscopy.
Regardless of their real size, the point spread function (PSF) of CS particles minor than 200 nm in size will
always have the same dimensions. On the other side, the fluorescence intensity of that PSF is related to the
number of epitopes the secondary antibodies labeled with fluorescent probes that originate that PFS can
recognize. And larger CS particles, more CS protein, more epitopes, more secondary antibodies, more fluo-
rescent probes and presto: more fluorescence intensity. To better understand this aspect of CS biology, |
plotted the mean intensity of each CS particle as it was detected by the image analysis pipeline in all the
cells in a given condition in function of the distance of that particle to the centrosome. By using the trans-
parency of the data points in the representation, we were able to discern that there are different regimes of
intensity and distance to the centrosome of CS particles, namely, a central group of CSs and a peripheral
group of CSs. The central group of CSs has a wide intensity distribution, but it is confined to about 5 um from
the centrosome whereas the peripheral group has a limited fluorescence intensity range but is spatially dis-
tributed throughout the cell.

For PCM1 CSs we observed that in control-depleted cells grown in serum rich conditions the central
and peripheral groups of CSs are indistinguishable, but upon serum starvation, the separation between
these two regimes of fluorescence intensity vs. the distance to the centrosomes becomes more apparent.
This remodeling indicates a radical change in PCM1 CS character that was not obvious either by looking at
the cells or by using the previous methods so far described. It principally shows that in control-depleted cells
subjected to 24 hours of serum starvation, the peripheral PCM1 CSs fluorescence intensity falls into a single
range of values with apparently a normal distribution. In the case of Cep164-depleted cells, 24 hours of
serum starvation leads to the dissolution of a clearly defined central group of PCM1 CSs into a two banded
peripheral group of CSs. This result indicates that upon Cep164 depletion followed by serum starvation, the
PCM1 peripheral CSs size tends to fall into two discrete categories. Considering that control cells responded
to the serum starvation stimulus by enriching themselves with peripheral PCM1 CSs of a unique size, we can
conclude that Cep164 has an influence on the patrticle size of PCM1 CSs that are way from the centrosome
and distributed throughout the cell periphery. Cells depleted of ODF2 and grown in serum rich medium have
much less PCM1 CSs near the centrosome when compared control-depleted cells. On the other side,
Cep164-depleted cells have much more. Is this an indication that the distal appendages of the mother cen-
triole are necessary for PCM1 CS movement away from the centrosome whereas the sub-distal appendages
are essential for CS movement to the centrosome? The answer to this question could be obtained through

live-cell imaging.
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If we use the same diagram to plot the results obtained for Cep290 CSs, we conclude that for this pro-
tein the fluorescence intensity values per CS particle are much more restricted than for PCM1 CS particles.
For control, Cep164 and ODF2-depleted cells the results are similar and show that in these cells the intensity
of Cep290 CSs is uniform throughout the cell and that are rare bright CS particles close to the centrosome,
as was the case for PCM1 CSs. The implication of this result is that even tough PCM1 CS scaffold particles
can have different sizes, the amount of Cep290 loaded into them is not proportional to the amount of PCM1
in the particle. Naturally, this analysis does not constitute a definitive proof for this hypothesis, but biochemi-
cal, immunofluorescence microscopy and live cell imaging experiments could provide useful additional data
in its support or against it. An extreme case of CS dispersal is Cep290 CSs in ODF2-depleted cells subjected
to serum starvation since, contrary to what happens to control or Cep164-depleted cells, the highest density
of CS patrticles does not occur close to the centrosome but in the cytoplasm. For Cep290 CS particles,
Cep164 does not seem to play a significant role in its size or spatial distributions since its CS particle mean
fluorescence intensity vs. distance to the nearest centrosome plot data point cloud is identical to that of con-
trol-depleted cells under the same serum conditions.

We could see that regardless of being depleted of Cep164 or ODF2, RPE1 cells respond the same
way (even if the intensity is not the same) to serum starvation concerning the size and localization of OFD1
loaded CSs: there are more particles with lower intensity values and more concentrated near the centro-
some. This result is consistent with what was previously reported (Tang et al., 2013) and presented in this
thesis: most OFD1 CS particles are degraded upon serum starvation at the same time that the ones that re-
sist degradation are more concentrated close to the centrosome.

Another way to summarize the data for comparison and interpretation is to refer to CS dispersal as a
value in a scale of dispersion.To my knowledge, very few studies used Voronoi tessellations to quantify spa-
tial density as | did here. Even those that used it did it either for graphical representation purposes (Cauda et
al., 2012; Prodanov et al., 2007) or (spatial) data clustering determination (Andronov et al., 2016; Levet et
al., 2015). In most cases, the estimation of local densities has been done using Ripley's L function. However,
it is a computing intensive method and impractical to perform in sizeable datasets. Moreover, since there is
the irregular cell border to take into account when it is time to perform the necessary edge correction, using
Ripley's L function to obtain a value per cell that quantifies how dispersed the CSs are is not a straightfor-
ward process (Andronov et al., 2016; Jafari-mamaghani et al., 2010; Kiskowski et al., 2009).

Comparison of CSs WE between control and Cep164 indicates that depletion of the distal appendage
protein does not have a major effect (Figure 20B) but what we see in Figure 20A may suggest otherwise. It is
arguable that cells Cep164-depleted have CSs more tightly clustered to the centrosome than control-deplet-
ed cells, and the WE measurements are failing to detect it, but that is not what is happening. The difference
in CS dispersal in not quantitative but qualitative: as CSs are repositioned in the cell, small, local clusters can
be formed independently of the centrosomes as is visible in Figure 20A and as was previously reported (Kim
et al., 2008; Stowe et al., 2012). The local decrease in entropy caused by these many small clusters bal-
ances the large entropy increase that occurs next to the centrosome. That is why the CSs cellular layout dif-
ference, measured as WE, between control and Cep164-depleted cells is not significant. This apparent
paradox highlights one interesting property of WE to quantify CSs disposition in the cell: its independence

from a reference point. Besides the computational challenges of determining centrosomal coordinates and
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calculation of a broad array of distances, analyzing CS dispersal in the cell having the centrosome as the
only reference point can lead to misinterpretation of biological data by not taking into consideration the over-
all cellular arrangement of CSs. The independence of WE from a reference point can be an advantage in
other applications when it needs to be quantified the degree of clustering of cellular structures visible as
spots in fluorescence microscopy. These structures include lysosomes, chromosomal centromeres or mito-
chondria, among many others, where there is no clear reference point around which these cellular structures
are clustering.

When we use WE to follow how CS dispersal changes during serum starvation we find that different
CS proteins behave differently and not all of them follow the same tendencies as the CS scaffold protein
PCM1. In control-depleted cells, PCM1 CSs are more dispersed during serum starvation whereas OFD1
CSs get more concentrated around the centrosome and Cep290 CSs dispersal status does not change. Ac-
cording to the CS paradigm, interaction with PCM1 is a condition sine qua non for a protein to be considered
a CS protein (Barenz et al., 2011; Hori and Toda, 2016; Tollenaere et al., 2015). However, we observe
changes in some CS proteins dispersal that are in the opposite direction of what happens to PCM1, as is the
case of OFD1 or do not follow the changes in PCM1 cellular distribution, as is the case for Cep290. These
changes in opposite directions of the dispersal of CS proteins imply first that there are CS particles that have
distinct compositions and second that CS structure regarding the proteins that are assembled in one CS par-
ticle can be modulated. One example of such modulation is the disappearance and higher concentration
around the centrosome of OFD1 particles to allow cilia formation. Centriolar satellites in cells depleted of
Cep164 do not change their WE throughout serum starvation, therefore implicating once again Cep164 or
distal appendage integrity in CS distribution. Also implied in CS cellular distribution but in the opposite direc-
tion is ODF2 or sub-distal appendage integrity. In cells depleted of ODF2, all the CS proteins here analyzed
had an increase in their WE and therefore in their dispersal throughout the cell.

Changes in protein composition of the CSs can prove challenging to measure using the traditional
immunoblot method since detection in small changes of protein make-up, in this case of CSs, can be
masked by the heterogeneity of the sample. To overcome this problem, | propose a single cell based analy-
sis where instead of measuring all the sample, the protein composition and localization is measured by high
resolution and high definition microscopy allied to automated image analysis procedures. Using such tech-
niques as here described, | revisited some previous reports related to CSs dynamics during the serum star-
vation process. Regarding the claims of Kobayashi et al. (Kobayashi et al., 2014), we observed that the
mean intensity of each PCM1 containing CS did not change upon serum starvation. We can conclude that
the increase in the ratio of PCM1 fluorescence signal in the CSs to the total PCM1 fluorescence is explained
not by an enrichment of PCM1 in the CSs already present in the cell but by the formation of new PCM1 con-
taining CS particles. The explanation for the previously reported decrease in PCM1 granules around the cen-
trosome can not be attributed to PCM1 protein degradation but instead to a rearrangement in CSs distribu-
tion around the centrosome. Regarding CS OFD1 degradation reported by Tang et al., we were able to con-
firm that there is not only a decrease in OFD1 fluorescence signal upon serum starvation, but there is also a
reduction in the number of OFD1 CS particles per unit of area of the cell. At the same time, it is interesting to
observe that from the OFD1 that is still in the cell after 24 hours of serum starvation there is a higher fraction

of OFD1 in the CS particles than before the cells were subjected to serum-free conditions. At least in RPE1
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cells, contrary to what was reported for mouse embryonic fibroblasts (MEFs) (Tang et al., 2013), OFD1 CS
do not completely disappear from the vicinity of the centrosome. Using the image analysis here described |
were able to replicate results and conclusions previously obtained by other studies and were able to provide

new tools that hopefully will enable further exploration of CS biology and its understanding.
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IV. Chapter 2: MARK4 at the crossroads of autophagy and ciliogenesis

IV.l. Introduction

IV.Ll. Regulation of autophagosome formation

Eukaryotic cells have vesicular organelles specialized in bulk digestion using hydrolytic enzymes that
are called lysosomes. The substrates of the lysosome are delivered to it either from the cell exterior, as is the
case of a phagocytized bacterium or from within the cell, as it happens during stress or starvation. Cells rec-
ognize changes in the cell context and respond by engulfing organelles or dysfunctional protein complexes
to be delivered to the lysosome for degradation in double-membrane vesicles, called autophagosomes. This
process is called macroautophagy (henceforward referred to as autophagy). The process of autophagosome
formation is initiated at the phagophore assembily site (PAS in Figure 24) also known as isolation membrane
where the uncoordinated-51-like kinase (ULK) complex and the class Il phosphatidylinositol-3-kinase (PI3K)
assemble. At the PAS, the activated ULK complex, composed of ULK1 or ULK2, autophagy-related protein
(ATG) 13, FAK family kinase interacting protein of 200 kDa (FIP200) and ATG101, stimulates the class PI3K
complex (also known as Beclin 1 complex). The Beclin 1 complex (composed of vacuolar protein sorting 34
(VPS34), protein of 150 kDa (p150), Beclin 1 and ATG14), promotes the production of an autophagosome
specific pool of phosphatidylinositol 3-phosphate necessary for phagophore nucleation. Autophagosome ex-

pansion is achieved by the action of the ATG12-ATG5-ATG 16 complex that is recruited to the phagophore
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Figure 24: The mammalian autophagy pathway. Macroautophagy initiation starts
at the phagophore assembly site (PAS) with the activation of the ULK complex by the
AMPK kinases. Subsequent phagophore membrane elongation requires that the ubig-
uitin-like conjugation complex formed by ATG5, ATG12 and ATG16 converts cytoplas-
mic LC3-I in membrane bond LC3-1l. LC3-Il interacts with the cargo to be engulfed in
the autophagosome that is delivered to the lysosome forming the autophagolysosome
where the cargo is recycled into its carbohydrate, protein and lipid constituents. The
mTORCH1 is active when it localises at the lysosome and inactive when is cytosolic.
When active, it inhibits the ULK complex and therefore autophagy. The AMPK complex
activates autophagy by contracting mTORC1’s inhibition and activating the ULK com-
plex. Adapted from Kaur, J. & Debnath, J. Autophagy at the crossroads of catabolism
and anabolism. Nature reviews. Molecular cell biology 16, 461-472 (2015) and Stolz,
A., Ernst, A. & Dikic, |. Cargo recognition and trafficking in selective autophagy. Nature
cell biology 16, 495-501 (2014).
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membrane where it functions as an E3-like ligase and conjugate phosphatidylethanolamine to the micro-
tubule-associated protein 1 light chain 3 (LC3) protein. LC3 exists in two forms: LC3-I that is soluble in the
cytoplasm and LC3-1I that is tightly associated with the autophagosomal membrane. By interacting with car-
go and cargo-adaptor proteins, LC3 recruits autophagy substrates into the autophagosomes for degradation
(Kaur and Debnath, 2015; Lamb et al., 2013; Stolz et al., 2014).

The bulk digestion of intracellular components achieved by the autophagic process plays a critical role
in nutrient mobilization and hence an important part in the control of cellular metabolism and homeostasis.
Currently, it is believed that the regulation node where coordination between autophagic activity with nutrient
levels and proliferation cues occurs is the interaction of ULK, AMP-activated protein kinase (AMPK) and
mammalian target of rapamycin (TOR) complex 1 (mTORC1) complexes.

The TOR kinase was first identified as the target of the anti-fungal drug rapamycin that inhibits the
growth of Saccharomyces cerevisiae (Heitman et al., 1991). A highly conserved kinase, the mammalian ver-
sion mTOR, exists in two complexes with related but distinct functions. mTORC1 regulates cell growth
through coordination of protein anabolism, nucleotide biogenesis, lipogenesis, glycolysis and autophagy, and
mTORC2 that controls cell growth through regulation of lipogenesis, glucose metabolism, actin cytoskeleton
and apoptosis (Betz and Hall, 2013). In an amino acid (a.a.) rich environment, mMTORCI1 is recruited to the
lysosome by activated Ras-related GTP-binding protein (Rag) GTPases dimers (Sancak et al., 2008, 2010).
There, mTORC1 binds Ras homolog enriched in brain (Rheb) to form an active holoenzyme (Inoki et al.,
2003a; Tee et al., 2003). Upon a.a. deprivation, the Rag dimers are switched to an inactive conformation that
no longer keeps MTORC1 at the lysosomal surface (Kim et al., 2008a). It is believed that this loss of interac-
tion with active Rheb renders the mTORC1 complex inactive (Demetriades et al., 2014). When cells are un-
der optimal growth conditions, mTORC1 complex phosphorylates the autophagy promoter ULK kinase, pre-
venting the formation of the ULK complex and therefore autophagy initiation (Ganley et al., 2009; Jung et al.,
2009; Kamada et al., 2010; Kim et al., 2011; Utani, 2010).

As its name indicates, AMPK is a sensor of intracellular levels of adenosine nucleotides that activates
its kinase domain when there is a decrease in the ATP to AMP and ADP ratio (Alers et al., 2012; Hardie et
al., 2012; Mihaylova and Shaw, 2011). Being ATP the energy source of the cell, AMPK is an energy-sensing
kinase complex that activates catabolic processes such as glucose uptake and metabolism at the same time
that inhibits several anabolic pathways such as protein, carbohydrate and lipid biosynthesis (Hardie, 2007).
Several studies were able to confirm the direct interaction between AMPK and ULK1 and the positive effect
on the ULK1 activity of AMPK phosphorylation (Egan et al., 2011; Heitman et al., 1991; Lee et al., 2010;
Shang et al., 2011). The fact that AMPK phosphorylates the mTORC1 subunits Regulatory-associated pro-
tein of mMTOR (Raptor) and Tuberous Sclerosis Complex 2 (TSC2) rendering the kinase complex inactive
(Gwinn et al., 2008; Inoki et al., 2003b) and hence unable to repress UKL1, gives prominence to AMPK as a
regulatory keystone of autophagy.

Besides the regulation of autophagy in response to nutrient levels, cellular quality control and ho-
meostasis is another important function of autophagy that needs to be tightly controlled by the cell. Even in
situations where the cell does not have nutritional or energetic constraints, a basal level of autophagy is al-
ways observed (Kraft et al., 2010; Murrow and Debnath, 2012). Murine models with a tissue-specific knock-

out of Atg5 or Atg7 accumulate abnormal mitochondria and ubiquitinated protein aggregates in those tissues
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(Ebato et al., 2008; Komatsu et al., 2005; Mizushima and Hara, 2006; Raben et al., 2008). Therefore, two
types of autophagy have been defined: basal autophagy that is responsible for cell maintenance and ho-
meostasis, and inducible autophagy that occurs when the cell is subjected to an acute stress event such as
nutrient deprivation (Kraft et al., 2010; Murrow and Debnath, 2012).

Conserved mechanisms have evolved to concentrate, in a microtubule-dependent manner (Kimura et
al., 2008), cytoplasmic aggregates that can cause cell toxicity. These aggregates concentrate at a special
cell location in the vicinity of the centrosome that is called the aggresome (Chung et al., 2001; Corboy et al.,
2005; Webb et al., 2004), where the autophagic machinery gets recruited for its disassembly (Chin et al.,
2010; lwata et al., 2005a, 2005b). The localization and coordination of the autophagosomes and lysosomes
have been shown to be regulated and central for the proper function of this cellular scrap yard (Korolchuk et
al., 2011; Zaarur et al., 2014).

IV.LII. Autophagic regulation of ciliogenesis

Autophagy and ciliogenesis have been showing to be functionally related (Lam et al., 2013; Orhon et
al., 2016; Pampliega et al., 2013; Tang et al., 2013). The current understanding is that basal and inducible
autophagy have distinct substrate specificities. Basal autophagy represses cilia biogenesis by degrading cil-
iary components, whereas induced autophagy promotes it by degrading ciliogenesis inhibitors. Serum star-
vation of cultured cells is a stimulus used to study these two apparently unrelated phenomena: ciliogenesis
and autophagy. Both for autophagy studies and ciliogenesis essays, the removal of the animal serum
present in the growth medium of cultured cells is the method we use to bring about our subjects of investiga-
tion. It is thou somehow unsurprising that both phenomena are related. According to Orhon et al. (Orhon et
al., 2014), when cells grow in serum rich medium, basal autophagy represses ciliogenesis by degrading
IFT20 (Pampliega et al., 2013). According to these authors, this basal degradation of an essential compo-
nent for ciliogenesis is the mechanism through which basal autophagy keeps ciliogenesis in check. On an-
other publication, Tang et al. (Tang et al., 2013) provide an alternative and possibly complementary explana-
tion for the role of autophagy in ciliogenesis that involves the interaction of the protein OFD1 with LC3. The
mentioned article reports that in MEFs, the OFD1 pool that specifically localizes at the CSs is degraded by
autophagy and the failure to do so by Atg- cells is the cause for the probability to be ciliated 24 hours after
serum starvation to be lower in these cells than in WT. Reinforcing the idea that the undegraded upon serum
starvation CS pool of OFD1in Atg5-/- MEFs is the culprit of these cells cilia formation defect, Tang et al.
achieve the rescue of ciliogenesis by ectopically degrading OFD1's CS pool using RNA interference. On a
later review, Orhon et al. (Orhon et al., 2014) try to conciliate the two mechanisms by proposing that upon
serum withdrawal, starvation-induced autophagy is activated and its substrate specificity is shifted from
IFT20 to the OFD1 pool that localizes in the CSs. The effects of this substrate specificity change seem to
enable cilia formation: IFT20 is not degraded and can incorporate the IFT-B complex whereas the CS pool of

OFD1 is degraded and its inhibitory role in ciliogenesis is dissipated.

IV.LIILMARKS4’s role in autophagy and ciliogenesis
The microtubule-associated protein (MAP)/microtubule affinity regulating kinase 4, MARK4 (Kato et
al., 2001; Kuhns et al., 2013; Rovina et al., 2014; Trinczek et al., 2004), has been found to be implicated both
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in ciliogenesis (Kuhns et al., 2013) and in inducible autophagy (Zaarur et al., 2014). Regarding ciliogenesis,
depletion of MARK4 negatively affects the loss of the CP110-Cep97 complex from the basal bodies at the
same time that vesicle attachment to the mother centriole does not appear to be affected (Kuhns et al.,
2013). These results assign MARK4 a role that coincides with the period between vesicle fusion and CP110
displacement from the mother centriole. This period is pivotal in cilia biogenesis since only after these two
events is the axoneme allowed to grow (Goetz and Anderson, 2010; Kuhns et al., 2013; Schmidt et al., 2012;
Sillibourne et al., 2013; Spektor et al., 2007). On the side of autophagy regulation, cells depleted of MARK4
were reported to have defects in clustering the lysosomes around the aggresome and concomitantly fail to
degrade the ubiquitinated protein aggregates there located (Zaarur et al., 2014). Additionally, MARK4 was
found to be a negative regulator of the mTORC1complex, which as already mentioned, is a negative regula-
tor of autophagy. Finally, MARK4 is an AMPK related kinase (Lizcano et al., 2004) and recently the liver ki-
nase B1 (LKB1)-AMPK pathway has been implicated in the crosstalk between ciliogenesis and autophagy
(Orhon et al., 2016). |, therefore, postulated that MARK4 might contribute to ciliogenesis by regulating au-
tophagy and therefore OFD1 degradation from the centriolar satellites. The aim of this study was to investi-
gate whether MARKA4's role in ciliogenesis is played through regulation of inducible autophagy. If MARK4,
has a role in regulating the inducible autophagy process that degrades the OFD1 CSs that inhibit ciliogene-
sis, then we should expect to find an excess of OFD1 in MARK4-depleted cells. Moreover, it would be possi-

ble to rescue the ciliogenesis defect caused by MARK4 depletion by performing an OFD1 CS co-depletion.
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IV.Il. Results

IV.IL.I. MARK4 is a positive regulator of inducible autophagy

To investigate whether MARK4 regulates autophagy, | used RPE1 cells stably expressing YFP-LC3. In
the YFP-LC3 RPET1 cells it is possible to identify autophagy induction by visualizing the formation of fluores-
cent puncta that correspond to LC3-II rich autophagosomes. | thus compared the number of YFP-LC3 punc-
ta formed in control and MARK4-depleted cells before (t=0) and after serum starvation (Figure 25A and B).
As expected (Alpadi et al., 2012; Badr et al., 2011; Kabeya et al., 2003), the number of YFP-LC3 puncta
increased upon serum withdrawal in control-depleted cells. The amount of YFP-LC3 increased upon MARK4
depletion and serum starvation, but the number of puncta stayed significantly bellow the control in all time
points (Figure 25B). To confirm that in the first hours of serum starvation, control cells exhibit an autophagic
burst that is significantly diminished in MARK4-depleted cells, | analyzed the ratio of LC3-I to LC3-II by im-
munoblot, as autophagy induction increases the levels of LC3-Il. To induce autophagy to a maximum, | treat-
ed control and MARK4 siRNA-treated cells with the proteasome inhibitor MG132 (inductor of autophagic re-
sponse). The exposures presented in Figure 25C attest that cells lacking MARK4 are not able to deliver such
robust autophagic response to the serum starvation stimulus as control treated cells. The same was true for
the autophagic response to MG132 (Figure 25C).

Since MARK4 has an effect regarding the ability of cells to form de novo autophagic vesicles, | also
wanted to investigate if MARK4 kinase knock-down could have an effect on degradation activity. Autophagic
degradation activity is often known as autophagic flux (Alpadi et al., 2012; Loos et al., 2014). From the many
ways used to quantify autophagic flux (Alpadi et al., 2012), | chose a microscopy coupled with automated
image analysis approach. For this, | cultured RPE1 cells stably expressing mCherry-EGFP-LC3. As previ-
ously mentioned, LC3BII decorates autophagic vesicles, and it goes through all the autophagosome cycle
until its recycling when the autophagosome fuses with the lysosome. The tandem tagged LC3 with mCherry
and EGFP will fluoresce in both red and green wavelengths when it is free in the cytoplasm or when it is in-
corporated in the autophagosomes. However, when the autophagosome fuses with the lysosome, the low
lysosomal pH leads to the loss of EGFP but not mCherry fluorescence signal, due to change in EGFP protein
conformation. In this situation, LC3 will only fluoresce in the red wavelength. In Figure 26A is shown that un-
der microscopy, RPE1 cells stably expressing mCherry-EGFP-LC3 and fixed for fluorescence microscopy
analysis exhibit yellow and red puncta. These, correspond to autophagosomes in different stages of the au-
tophagic degradation cycle: yellow dots are early autophagosomes (where both mCherry and EGFP are fluo-
rescent) and red dots that correspond to late autophagosomes after lysosomal fusion (where EGFP is un-
folded and only mCherry is fluorescent). The ratio of yellow to red puncta in any single cell gives us a quan-
tification of the autophagic flux in that cell. Using wide-field high-resolution microscopy and an automated
image analysis pipeline described in Materials & Methods, | quantified the autophagic flux in cells treated
with control or MARK4 siRNAs. To follow the autophagic flux dynamics through the serum starvation re-
sponse, | fixed cells for imaging before and after serum starvation. In control cells, autophagic flux peaks 6
hours after serum starvation and undergoes a steady decrease after this time (Figure 26). In MARK4-deplet-
ed cells, however, the flux peak happens immediately after the serum starvation stimulus is applied and

stays quite high through the serum starvation process.
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Figure 25: MARK4 depleted cells are not capable of a full scale autophagic response to serum starvation. (A
and B) RPE1 cells stably expressing YFP tagged LC3B protein, treated with control or MARK4 siRNA, were serum
starved and imaged for 12 hours. (A) Sample images of cells just before serum starvation (Oh) or 2 hours after serum
starvation (2h). Nuclear staining used for live cell imaging was DRAQ5. (B) Autophagic vesicle number and cell area
were determined using an automated image analysis protocol detailed in Materials & Methods. Shaded area around
the line defined by the vesicle density at a certain time point corresponds to the SEM. Data shown is the combination
of three independent experiments. 115<N_ <138, 106<N,,,.,,<150. (C) Total cell extracts of RPE1 cells treated with
control or MARK4 siRNA in the presence of serum, without serum or treated with proteasome inhibitor MG132 were
analyzed by immunobloting. | and Il indicate the LC3B forms as they run in the SDS-PAGE. Actin served as a loading
control. One representative experiment out of three is shown.

IV.ILILMARK4 is a negative regulator of mTOR kinase activity

I next asked how MARK4 influences the autophagic response to serum starvation. It was previously

documented that MARK4 can phosphorylate Raptor (Li and Guan, 2013), a key component of the mTORC1
protein complex. An active mTORC1 complex is known to inhibit autophagy activation. To have an idea of
mTOR activity status and thus its influence on autophagic response to serum withdrawal, | started by analyz-

ing whether mTOR localization was affected by MARK4 depletion. Recall that the mTORC1 complex local-

ized to the lysosome is catalytically active and therefore phosphorylates the ULK complex inhibiting au-

tophagosome formation. In Figure 27A it is shown how MARK4 depletion leads to a stronger colocalization of

mTOR and lysosomal marker Lysosomal-associated membrane protein 1 (LAMP1) proteins when the cells

are grown in serum-rich media. Upon serum starvation, both control and MARK4-depleted cells exhibit a

marked mTOR lysosomal localization. If we attend to the colocalization of mMTOR and LAMP1 concerning
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Figure 26: MARK4 depleted cells have altered autophagic flux. (A and B) RPE1 cells stably
expressing mCherry and EGFP tagged LC3B protein were treated with control or MARK4 siRNA
and serum starved for 24 hours. Cells were fixed and stained with DAPI for DNA visualization.
(A) lllustrative example of RPE1 cells stably expressing mCherry-EGFP tandem tagged LC3B.
(B) Autophagic flux in control and MARK4 depleted cells in the time points indicated by a white
circle. Autophagic flux is measured by the amount of mCherry-GFP-LC3 incorporated into lys-
osomes (red signal only) per amount of mCherry-GFP-LC3 incorporated into autophagosomes
(yellow signal reflection of mCherry-GFP colocalization). Classification of red and yellow vesi-
cles was performed using the automated image analysis pipeline detailed in Material & Meth-
ods. Shaded area around the line defined by the vesicle ratio at a certain time point corresponds
to the SEM. Data shown is the combination of three independent experiments. 90<N___ <196,
102<N <208. One representative experiment out of three is shown.

control

MARK4

Pearson's R value for the correlation between the red and green intensities at each pixel, we can see in Fig-
ure 27B that MARK4-depleted cells have as high signal overlap when grown in serum rich than in serum-free
conditions. In Figure 27C we see that upon serum starvation, in control-depleted cells, the kinase activity of
mTOR towards its model substrate Ribosomal protein S6 kinase (S6K) is substantially decreased. Given the
high lysosomal localization of mMTOR in MARK4-depleted cells, it would be expectable to find, after serum
starvation, a significant mTOR activity. Indeed, a significant residual activity is still detected when cells are
depleted of MARK4 (Figure 27C). Regarding mTOR regulation via Raptor phosphorylation the results are
paradoxical: when MARK4 kinase is knocked-down, cells exhibit higher phosphorylation on S792 of Raptor
than control cells (Figure 27C).

IV.ILIILMARK4 depletion leads to abnormal lysosomal positioning

One striking effect of MARK4 depletion in RPE1 cells that is visible in Figure 27A and Figure 28A is
the positioning of lysosomes in dense perinuclear clusters. This effect of MARK4 depletion is noticeable ei-
ther in cells grown in serum-rich media or cells subjected to serum starvation (Figure 28A). Using the cluster-
ing quantification method described in Material & Methods, | quantified the degree of geometric clustering of
the lysosomes for each cell in the conditions presented in Figure 28A and B. Quantification shows that the
level of perinuclear concentration of the lysosomes is always higher in MARK4-depleted cells compared with
control cells. This observation is valid both for cells grown in serum-rich media or under serum starvation
conditions. When cells are stimulated to condense its lysosomes by inhibition of the proteasome by the addi-
tion of MG132 to the growth medium, the difference between control and MARK4 depletion is smaller. In
these conditions, in MARK4-depleted cells, the lysosomes are less densely packed around the centrosomes
as in the control-depleted cells also subjected to MG 132 treatment. This result is consistent with what was

previously reported by Zaarur et al. (Zaarur et al., 2014) where they found that MARK4-depleted cells were
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Figure 27: MARK4 influences mTOR localization and activity response to serum starvation. (A, B and C) RPE1
cells, treated with control or MARK4 siRNA, were taken for analysis either while grown in complete medium or after
being serum starved for 24 hours. (A) Cells were stained for mTOR, LAMP1 and DAPI. Colocalization column shows
the area of each cell where the green and red signal merge into the yellow color indicative of colocalization. (B) Violin
plots showing the quantification of the degree of colocalization of the mTOR and LAMP1 signals as determined by
the automated image analysis protocol detailed in Materials & Methods. *** corresponds to p<0.001, °°° corresponds
to not significant. Data shown is the combination of three independent experiments. The number over the violin is N.
(C) Total cell extracts of control and MARK4 depleted RPE1 cells were analyzed by immunoblotting. pS6K/S6K is the
ratio of integrated pixel intensity after background subtraction of the pS6K and S6K bands. Actin was used as load-
ing control. One representative experiment out of three is shown.
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Figure 28: MARK4 depletion disturbs lysosomal localization. RPE1 cells treated with control or MARK4
siRNA in the presence of serum, without serum or treated with proteasome inhibitor MG132 were fixed and
stained against y-tubulin, LAMP1 and with DAPI. (A) Representative maximum intensity projections of flu-
orescence micrographs for the localization patterns of LAMP1. (B) Violin plot of the Wiener entropy quanti-
fication of the spatial organization of LAMP1 positive vesicles as determined by automated image analysis
protocol detailed in Materials & Methods. Diagram on the right side of the y-axis ilustrates the degree of dis-
persal. The number under the violin is N. One representative experiment out of three is shown.

less efficient than control-depleted cells to dispose of the lysosomes around the aggresome when this lyso-
somal positioning was promoted by proteasome inhibition with MG132.

The peculiar lysosomal positioning phenotype of cells depleted of MARK4 inspired the hypothesis that
MARK4 could affect lysosomal positioning and inducible autophagy via its role in cytoskeleton regulation
(Bulinski et al., 1997; Rovina et al., 2014; Semenova et al., 2014; Zaarur et al., 2014). One of the cytoskele-
ton components that has been previously identified as one of the factors that influences lysosomal position-
ing and autophagosome formation is the intermediate filament vimentin (Styers, 2004; Toivola et al., 2005).
Figure 29 shows that cells depleted of MARK4 have much fewer vimentin fibers in the cytoplasm than cells

treated with control siRNA.
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IV.ILIV.MARKA4 is critical for MAP4 dissociation from the microtubules upon serum starvation

Another possible explanation for abnormal lysosome positioning and incomplete autophagic response
to serum starvation in MARK4-depleted cells is an anomaly in MAP4 regulation. MAP4 has been implicated
both in ciliogenesis (Ghossoub et al., 2013) and control of organelle positioning (Bulinski et al., 1997; Se-
menova et al., 2014). M ARK4 is a known regulator of MAP4 by phosphorylating MAP4's microtubule-binding
domain. This phosphorylation leads to the dissociation of MAP4 from microtubules and in some cell lines,
increased microtubule dynamics (Drewes et al., 1997; Trinczek et al., 2004).

Immunofluorescence microscopy of cycling or serum starved cells treated with control siRNA (Figure
30) shows that cells subjected to serum starvation have a decrease in the levels MAP4 associated with mi-
crotubules. The same does not occur when cells are depleted of MARK4. We can see in Figure 30 that cy-
cling MARK4-depleted cells do not have a different amount of MAP4 associated with the microtubules when
compared with cycling cells that were control-depleted. On the contrary, upon serum starvation, MARK4-de-
pleted cells have an increase in microtubule-associated MAP4 instead of the decrease observed in control
cells.

Could the MAP4 accumulation on microtubules be the cause for the ciliogenesis defect in MARK4-de-
pleted cells subjected to serum starvation? According to the mechanism proposed by Semenova et al. (Se-
menova et al., 2014)) MARK4 depletion and its effect of decreasing MAP4 phosphorylation and consequent
accumulation on the microtubules should lead to inhibition of minus-end directed microtubule transport and
stimulation of plus-end transport. If so, we would expect that cargos whose transport is dependent on micro-
tubules and dynein-dynactin, such as CSs (Dammermann and Merdes, 2002), to be more dispersed away

from the centrosome in MARK4-depleted cells

siRNA when compared to control cells. Recall that in

control MARK4 metazoans the centrosome is the microtubule
organizing center and because of that, the mi-
nus-end of microtubules tends to be oriented
towards the centrosome and the plus-end to-
wards the cell periphery. We observed that a
broad range of CS proteins has disturbed local-
ization in MARK4-depleted cells. We can see in
Figure 31A-F that CS proteins PCM1, Cep290

vimentin/ GTU88/ DAPI

and WD repeat-containing protein 8 (WDR8)
have its CS granules much more dispersed

around the centrosome than control-depleted

vimentin

cells.

In Figure 32A we can see that a striking differ-
ence between cells treated with control or

10 ym MARK4 siRNAs is OFD1 CS dispersal. Both in

cycling and serum-starved control treated

Figure 29: MARK4 depletion leads defective vimentin cytoskele-

ton. RPE1 cells treated with control or MARK4 siRNA in the presence  RPE1 cells, OFD1 satellites are more concen-
of serum or serum starved for 24 hours were fixed and stained against

vimentin, y-tubulin (GTU88) and with DAPI. Lower row shows vimentin

staining using a polychromatic lookup table with the scale shown agpthe

box on the left side. Representative micrographs of one representative

experiment out of three are shown.
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Figure 30: MARK4 depletion leads to MAP4 accumulation at the microtubules. RPE1 cells treated with control or
MARK4 siRNA in the presence of serum or serum starved for 24 hours were fixed and stained against polyglutamilated
tubulin (GT335), y-tubulin (GTU88), MAP4 and with DAPI. Lower row shows MAP4 staining using a polychromatic lookup
table with the scale shown on the box on the left side. Representative micrographs of one representative experiment out
of three are shown.
trated around the centrosome than in MARK4-depleted cells, where OFD1 satellites can be observed scat-
tered throughout the cytosol. Quantification of CS Wiener entropy (WE) (see Chapter 1 for more details
about this method) shown in Figure 32B confirms this observation.

The observed dispersion and inability to concentrate OFD1 CSs around the centrosome is consistent
with a compromised minus-end-directed transport of the centriolar satellite granules in MARK4-depleted
cells. | reasoned that an inhibited minus-end directed transport caused by an abnormal MAP4 abundance on
the microtubules could have an impact on ciliogenesis by inhibiting the transport to the basal body of cargo,
such as IFT complexes or vesicular structures, essential for cilia formation and extension. To investigate the
plausibility of this mechanism, | hypothesized that the ciliogenesis defect observed in the absence of MARK4
could be rescued by depleting MAP4. Figure 33A shows that the depletion of MAP4 was sufficient but not
complete, especially in the case of cells with lowered levels of MARK4. It is important to only partially deplete
MAP4 since, as observed in Figure 33B and previous publication (Ghossoub et al., 2013), MAP4 depletion
by itself has the effect of reducing the number of cells able to form cilia. As we can see in Figure 33B, even
taking in consideration the adverse effects that MAP4 depletion has on ciliogenesis, its co-depletion with

MARK4 does not rescue the defect on ciliogenesis.

IV.IL.V.Autophagy-deficient cells ciliate faster but in lower numbers than control

Since, to my best knowledge, no characterization of the role of autophagy on ciliogenesis in RPE1
cells has been published, | set to investigate the impact of autophagy deficiency, caused by ATG5 depletion,
on the probability of cells to ciliate once subjected to serum starvation. A cell depleted of ATG5 has a limited

capacity of converting LC3-1 into LC3-1, therefore to form autophagosomes and to have a normal autophagic
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Figure 31: MARK4 depletion causes centriolar satellite proteins to be more dispersed
around the centrosome. RPE1 cells treated with control or MARK4 siRNA and serum starved
for 24 hours were fixed and stained against polyglutamilated tubulin (GT335), PCM1, CEP290,
WDRS8 and with DAPI. (A, C, and E) Transformed images used by the automated image anal-
ysis pipeline described in the Material & Methods section. Due to high dynamic range, pixel in-
tensity values of (A) PCM1, (C) CEP290 and (E) WDRS8 are log transformed to allow the visual-
ization of both the brightest and the faintest granules. (B, D and F) Violin plot of the Wiener en-
tropy quantification of the spatial organization of (B) PCM1, (D) CEP290 and (F) WDR8 posi-
tive foci as determined by automated image analysis protocol detailed in Materials & Methods.
*** corresponds to p<0.001. Diagram on the right side of the y-axis ilustrates the degree of dis-
persal. The number under the violin is N. Representative micrographs and quantification of one
representative experiment out of three are shown.
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Figure 32: MARK4 depleted cells are not able to concentrate OFD1 centriolar satellites around the cen-
trosome. (A and B) RPET1 cells treated with control or MARK4 siRNA in the presence of serum or serum starved
for 24 hours were fixed and stained against polyglutamilated tubulin (GT335), y-tubulin (GTU88), OFD1 and with
DAPI. (A) Transformed images used by the automated image analysis pipeline described in the Material & Meth-
ods section. Due to high dynamic range, pixel intensity values of OFD1 are log transformed to allow the visualiza-
tion of both the brightest and the faintest granules. (B) Violin plot of the Wiener entropy quantification of the spa-
tial organization of OFD1 positive foci as determined by automated image analysis protocol detailed in Materials
& Methods. *** corresponds to p<0.001. Diagram on the right side of the y-axis ilustrates the degree of dispersal.
Label under the violin is the value of N. Representative micrographs and quantification of one representa-
tive experiment out of three are shown.

response. In Figure 34A we can see that the depletion of ATG5 leads to a decreased autophagic response to
serum starvation. The quantification of the autophagosome density performed using the automated image
analysis protocol detailed in Material & Methods and shown in Figure 34B reveals that ATG5-depleted cells
have a significantly lower amount of autophagosomes than control-depleted cells both in serum supplement-
ed and free media. Serum-starved cells depleted of ATGS5 are still able to respond to serum removal by pro-
ducing new LC3-II positive autophagosomes but not to the same degree as control-depleted cells. The de-
fective incorporation of LC3-1l in the newly formed autophagosomes is evident in Figure 34C-D. In Figure
34C we can see that both in cycling and serum starved cells, there is a lower ratio of LC3-Il to total LC3 in

ATG5- than in control-depleted cells. However, the highest LC3-II to total LC3 ratio drop is observed when
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Figure 33: MAP4 co-depletion with MARK4 does not rescue MARK4 deplet-
ed cells ciliogenesis defect. (A and B) RPE1 cells treated with control or MARK4
siRNA for 24 hours were further treated with control or MAP4 siRNA for 12h and
serum starved for 24 hours. (A) Cells were fixed and stained against MAP4, ARL13B
and with DAPI. Representative fluorescence micrographs of one representative ex-
periment out of three are shown. (B) Quantification of the probability of a cell to cil-
iate under the indicated treatments. *** corresponds to p<0.001, °°° corresponds to
not significant. Data shown is the combination of three independent experiments.
N_ .. =312,285; N =311, 267.

control MARK4

siRNA treated cells are subjected to serum starvation, that is, when inducible autophagy is activated. In Fig-
ure 34A we can see that there is an increase in the green signal that is dispersed throughout the cytoplasm
(and not in the autophagosomes) in ATG5-depleted cells that were serum starved for 2 hours. It appears that
cells can mobilize LC3 to deal with the serum starvation response, but the lack of ATG5 renders them unable
to convert it into LC3-II. Confirming this hypothesis is the fact that the median of the mean fluorescence in-
tensity per autophagosome increases in control treated cells subjected to serum starvation but remains un-
changed when ATG5-depleted cells are serum deprived (Figure 34D). Regarding the ability of autophagy-
defective cells to ciliate, we can see in Figure 34E that a significant proportion of ATG5-depleted cells are
more probable to be ciliated in serum-rich medium (t=0) when compared with control-depleted cells. Upon
serum starvation, the probability that ATG5-depleted cells are ciliated increases sharply in the first hours and
reaches its maximum just 6 hours after serum removal whereas for control-depleted cells the growth in prob-
ably to be ciliated is linear, and this probability keeps increasing throughout the 24 hours that the experiment

took.

IV.ILVI.OFD1 is degraded upon serum starvation both via autophagy and proteasome pathways

To understand how OFD1 protein abundance upon serum starvation is regulated in RPE1 cells, |
quantified OFD1 by immunoblot in cycling cells and cells subjected to 12h of serum starvation (Figure 35A
and B). To estimate OFD1 abundance, | calculated the ratio of integrated pixel intensities of OFD1 to loading
control bands in the image and divided all values by the proportion of the "cycling-mock" condition for nor-
malization. Figure 35A shows how the efficiency of OFD1 knock-down translates in the disappearance of the
OFD1 specific band (OFD1 KD).
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Figure 34: Ciliogenesis kinetics are enhanced in autophagy-compromised cells. (A-E) RPE1 cells treated with
control or ATG5 siRNA in the presence of serum or serum starved for 24 hours were fixed and stained against polyglu-
tamilated tubulin (GT335), y-tubulin (GTU88), LC3B and with DAPI. (A) Sample images of cells just before serum star-
vation (Oh) or 2 hours after serum starvation (2h). Transformed images used by the automated image analysis pipeline
described in the Material & Methods section. Due to high dynamic range, pixel intensity values of ATG5 are log trans-
formed to allow the visualization of both the brightest and the faintest granules. (B-D) Violin plot of the (B) autopha-
gosome density, ratio of LC3-Il integrated intensity over the total cellular LC3 integrated intensity and (D) mean fluo-
rescence per autophagosome as determined by automated image analysis protocol detailed in Materials & Methods
of cells just before serum starvation (Oh) or 2 hours after serum starvation (2h). *** corresponds to p<0.001, °°° corre-
sponds to not significant. A.U. - arbitrary units. The number on top of the violin in panel B is N for the panels B, C and
D. (A-D) Representative micrographs and quantification of one representative experiment out of three are shown. (E)
Quantification of the probability of a cell to ciliate in the indicated time points. Data are means + SEM of the combina-
tion of three independent experiments. 515<N__ <583, 343<N,__.<511.
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Figure 35: OFD1 degradation upon serum starvation is compromised in MARK4 depleted cells. (A) Total cell
extracts of RPE1 cells treated with control or MARK4 siRNA in the presence of serum or without serum, treated with
chloroquine (CQ) or proteasome inhibitor MG132 and in the presence of cycloheximide were analyzed by immuno-
bloting. An unspecific band was used as loading control. (B) Total cell extracts of RPE1 cells treated with control or
MARK4 siRNA in the presence of serum or without serum were analyzed by immunobloting. Actin was used as load-
ing control. R indicates the ratio of integrated pixel intensities of OFD1 to loading control bands in the image and di-

vided all ratios by the ratio of the “control” condition for normalization. The R values shown are means of three inde-
pendent experiments.

To know if there is a variation of OFD1 abundance before and after serum starvation, we need to
compare the lanes “mock” in Figure 35A. Interestingly, in RPE1 cells it appears that there is no significant
difference in OFD1 protein levels between untreated cells that were cycling or serum starved. Comparison of
band intensity in these conditions either by visual or computational means indicates a difference in protein
levels that is within the error margins of the method. To exclude de novo OFD1 protein synthesis from the
analysis, | inhibited protein synthesis by cycloheximide addition to the cell medium and serum starved the
cells for 12 hours. To inhibit autophagy related degradation | used chloroquine (CQ) and to obstruct the pro-
teasome pathway | used MG132. Figure 35B shows the result of an immunoblot performed with samples of
all the conditions above. After cycloheximide addition, we can see that a difference between the OFD1 pro-
tein levels of mock treated, cycling and starved cells is noticeable: cells that were serum starved for 12h
have almost half the amount of OFD1 than cells that were grown in the presence of serum (Figure 35B). Re-
garding which protein degradation pathway is preferred by the cell for the OFD1 breakdown, results indicate
that both autophagy and proteasome pathways can be used to degrade it. We can see that the bands corre-
sponding to OFD1, in the lanes where the proteins of CQ or MG132 treated cells were separated, are signifi-
cantly more intense than of the mock treatment cells. However, in contradiction to what was published by
Tang et al. for MEFs, the proteasome pathway appears to be the main responsible for OFD1 degradation in
RPE1 cells, especially when cells are subjected to serum starvation.

Having established that there is OFD1 degradation upon serum starvation in RPE1 cells, it was time to
inquire about the role of MARK4 in the process. As seen in Figure 35C, MARK4 knock-down cells accumu-
late a higher amount of OFD1 than cells treated with control siRNA. The normalized ratio of OFD1 band in-
tensity to the intensity of the loading control band, in this case, actin, shows that MARK4-depleted cells have
consistently 40% higher levels of OFD1 than control-depleted cells either when they are cultivated in the

presence of serum or after 24 hours of serum starvation. Figure 35C also shows the migration pattern of
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Figure 36: Limited OFD1 co-depletion with MARK4 partially rescues MARK4 depleted cells ciliogenesis defect. (A, B and C)
RPE1 cells treated with control or MARK4 siRNA for 24 hours were further treated with control or OFD1 siRNA for 12h and serum
starved for 24 hours. (A) Cells were fixed and stained against polyglutamilated tubulin (GT335), OFD1 and with DAPI. (A) Represen-
tative maximum intensity projections of fluorescence micrographs of one representative experiment out of three are shown. (B) Quan-
tification of the probability of a cell to ciliate under the indicated treatments. *** corresponds to p<0.001. Data shown is the combina-
tion of three independent experiments. N, =690, 660, 631; N, =527, 603, 560; N,.,=317, 251; N, ., =644, 540, 552. (C) Cells
were fixed and stained against polyglutamilated tubulin (GT335), ARL13B and with DAPI. Representative micrographs of one repre-
sentative experiment out of three are shown.

OFD1 in a gradient gel. Interestingly, it reveals not only higher amounts of OFD1 but also that OFD1 bands

present a distinct pattern in cells treated with MARK4 siRNAs when compared to control treated cells.

IV.ILVII.Co-depletion of OFD1 rescues the loss of cilia in MARK4-depleted cells

If MARK4-depleted cells can not become ciliated due to the inability of these cells to degrade the CS
pool of OFD1, an ectopic degradation of OFD1 from the CSs should bypass MARK4’s role of promoting the
degradation of this inhibitory pool of OFD1 and restore ciliogenesis proficiency in MARK4-deficient cells. To

test this hypothesis, | performed a depletion of OFD1 so that only the satellite pool of this protein would be
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Figure 37: OFD1 co-depletion with MARK4 partially rescues MARK4 depleted cells defective ODF2 recruitment to the cen-
trosome. (A, and B) RPE1 cells treated with control or MARK4 siRNA for 24 hours were further treated with control or OFD1 siRNA
for 12h and serum starved for 24 hours. (A) Cells were fixed and stained against ODF2, polyglutamilated tubulin (GT335) and with
DAPI. (A) Representative micrographs of one representative experiment out of three are shown. Regions within the white boxes
are depicted at higher magnification on the right. (B) Violin plots show the relative ODF2 intensity at the centrosome under the in-
dicated treatments. *** corresponds to p<0.001. Rel. mean Int. - relative mean intensity, A.U. - arbitrary units. Data from one rep-
resentative experiment out of three. The number on top of the violin is N.

affected by a short exposure and low siRNA concentration transfection. The centrosomal pool reported to be
essential for cilia formation (Lopes et al., 2011), would be for the most part uninfluenced by the depletion
procedure. Figure 36A shows that with the transfection conditions used, the selective reduction of the CS
pool of OFD1 was satisfied and only the centrosomal pool of OFD1 was left in the cell. In Figure 36A-B we
can see that the treatment of MARK4-depleted cells with small doses of two different OFD1 targeting siRNAs
can rescue primary cilia formation. As can be seen in Figure 36B, MARK4-depleted cells treated with control
siRNA have a probability of being ciliated under 40%, but when treated with any of the OFD1 targeting siR-
NAs tested, the probability to be found ciliated after 24 hours of serum starvation rises to around to 60%. We
can also see that OFD1 depletion from the CSs is not a general panacea for ciliogenesis defects, as deple-
tion of OFD1 did not rescue the ability of Cep164 depleted cells to ciliate (Figure 36B).

Since OFD1 was reported to be involved in the regulation of centriole length (Singla et al., 2010), |
wanted to know if the structures that we positively identified as cilia in Figure 36A-B were in reality cilia or
just aberrantly over-extended centrioles. Staining against ciliary membrane specific protein ARL13B (Canta-
grel et al., 2008) demonstrates that the polyglutaminated structures that we see on Figure 36C are the ax-
onemes of primary cilia and not abnormally extended centrioles.

MARK4 notorious role in primary cilia formation has been linked with its ability to recruit sub-distal ap-
pendage protein ODF2 to the basal body (Kuhns et al., 2013). Moreover, ultra-structural analysis of the basal
bodies of cells subjected to ODF2 depletion reveals a similar phenotype to MARK4-depleted cells: failure of
the axoneme to extend. For these reasons, in Kuhns et al., 2013, we postulate that MARK4 could contribute
to primary cilia formation by promoting the accumulation of a critical level of ODF2 at the basal body. Deple-
tion of ODF2 has the effect of lowering the probability of a given cell to ciliate after being subjected to 24
hours of serum starvation to about 60% as can be seen in Figure 36B. However, co-depletion of OFD1 with

ODF2 does not lead to a restoration of the probability of cells low on ODF2 to ciliate.
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In MARK4-depleted cells, ODF2 fails to accumulate at the basal body, but its total levels are compara-
ble to control-depleted cells (Kuhns et al., 2013). If, as can be seen in Figure 37A-B, we compare the ODF2
levels at the centrosome, we see that OFD1 co-depletion with MARK4 leads to a partial restoration of the

ability of cells to accumulate ODF2 at the centrosome.
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IV.IIl. Discussion

The working hypothesis for this part of the project was that by regulating autophagy induced by serum
starvation, MARK4 contributed to the degradation of the centriolar satellite pool of OFD1 that plays an in-
hibitory role in ciliogenesis. If this were the case, the artificial depletion of OFD1 from the centriolar satellites
would result in a rescue of the ciliogenesis defect shown by cells treated with siRNA against MARK4.

The first premise of the hypothesis is that MARK4 is necessary for the correct activation of autophagy
upon serum withdrawal. Using RPE1 cells stably expressing YFP-LC3 we could compare the efficiency of
autophagy activation upon serum starvation between control and MARK4-depleted cells. We saw that even
though autophagy activation in MARK4-depleted cells is not completely compromised, the increase in the
number of autophagic vesicles is much lower in MARK4 than in control-depleted cells. We also saw how this
defect in autophagic vesicle formation translates in the inability of cells devoid of MARK4 protein to biochem-
ically convert the cytoplasmic LC3-1 into phosphatidylethanolamine-conjugated LC3-1I. Even when autophagy
was induced by chemical inhibition of the proteasome pathway, the amount of LC3-Il relative to LC3-1in
MARK4-depleted cells was lower than in control-depleted cells.

To know if this failure of MARK4-depleted cells to produce LC3-1l and new autophagic vesicles upon
serum starvation is caused by a defect in LC3-1 to LC3-1l conversion or by an increased autophagic turnover,
we followed the autophagic flux during the serum starvation process using cells stably expressing mCherry-
EGFP-LC3. We saw how contrary to control-depleted cells (that have an autophagy flux peak at the 6 hour
mark), MARK4-depleted cells have an earlier and sudden flux increase only a couple of hours after serum
starvation started. These results can be explained by a defect in MARK4-depleted cells to form early au-
tophagosomes when stimulated by serum starvation. If so, MARK4 activity appears to influence mainly the
autophagosome formation step, although a role in the LC3 recycling process can not be excluded. In control
cells, the autophagic flux values are comparatively small for the first hours because the increase in au-
tophagic degradation is balanced by the autophagic burst caused by the cell's response to serum starvation.
As we previously saw in Figure 25, in MARK4-depleted cells the autophagic burst is compromised. In these
cells, the increase in autophagic degradation is not counterbalanced by the formation of new autophagic
vesicles and the values of autophagic flux experience a sharp increase early after serum starvation. The fact
that, in MARK4-depleted cells, there is a predominance of red over yellow autophagic vesicles up to 24
hours after serum starvation indicates that the defects caused by MARK4 depletion may also affect LC3 re-
cycling from the late autophagosomes.

MARK4 was reported to be a negative regulator of mTOR (Li and Guan, 2013), itself a negative regu-
lator of autophagy (Ganley et al., 2009; Jung et al., 2009; Kim et al., 2011; Utani, 2010). Since mTORCH1
complex localization provides an indication of its kinase activity, we compared mTOR localization in MARK4
and control-depleted cells either growing in the presence of serum or without it. We found that in MARK4-
depleted cells mTOR strongly colocalizes with the lysosomal marker LAMP1 independently of the presence
of serum in the growth medium. The high colocalization of mTOR with the lysosomes indicates an activated
state of mTOR since it is at the surface of the lysosome that it can interact with activating GTP-loaded RHEB
GTPase (Betz and Hall, 2013; Shimobayashi and Hall, 2014). That is consistent with our finding that when
MARK4-depleted cells are serum starved, the mTOR residual kinase activity towards its model substrate

S6K is 75% higher than when cells are treated with control siRNA. Therefore, is possible that this remaining

70



MARK4 at the crossroads of autophagy and ciliogenesis

mTOR activity in MARK4-depleted cells after serum starvation is the cause of the incomplete autophagy ac-
tivation in those cells. Regarding the claim that MARK4 is a negative regulator of mTOR through phosphory-
lation of the Ser792 of Raptor (Li and Guan, 2013), that is not supported by the data presented in Figure
27C. The results indicate that contrary to what happens in HEK293, in RPE1 cells, MARK4 kinase activity
has an inhibitory role on Raptor's Ser792 phosphorylation. The fact that Human embryonic kidney cells 293
(HEK293) cells proliferate at much higher rates than RPE1 cells inspires the hypothesis that since mTOR is
a major player in cell growth and proliferation, its activity regulation may be different in these cells.

It was previously reported that in HelLa cells subjected to growth factor starvation but not complete
nutrient deprivation, the localization of mMTOR on lysosomes was increased at the same time that mTOR ki-
nase activity was lost (Korolchuk et al., 2011). Here | report that, as shown in Figure 27, the high colocaliza-
tion with the lysosome but little kinase activity of mMTOR upon growth factor starvation but not total nutrient
deprival does not happen only in HelLa cells, but it is also observed in untransformed RPE1 cells.

In any serum condition, MARK4-depleted cells show a localization pattern of the lysosomal marker
LAMP1 that differs from what is found in control-depleted cells. Instead of the uniform distribution through the
cytosol of control-depleted cells, MARK4-depleted cells have their lysosomes clustered around the nucleus.
With a phenotype reminiscent of MARK4-depleted cells, Styers et al. (Styers, 2004) showed that lysosomal
distribution is modified in fibroblasts from vimentin-deficient mice. Moreover, it is known that cells with dis-
rupted intermediate filament cytoskeleton, namely vimentin, have a reduced autophagosome content pheno-
type (Blankson, 1995; Styers, 2004; Toivola et al., 2005), similar to what we saw in cells where MARK4 ex-
pression is suppressed. The severe loss of vimentin fibers in MARK4-depleted cells is consistent with an
abnormal lysosomal distribution and lowered inducible autophagic response also observed in these cells.
However, the mechanism that connects vimentin with lysosomal sorting and the autophagic response is still
poorly understood. This lack of knowledge makes it tough to predict the putative MARK4 substrate that is
responsible for the weakened vimentin cytoskeleton solely based on a systematic literature review. For a
reliable identification of the factor or factors involved in this MARK4 mediated regulation of the vimentin cy-
toskeleton, an unbiased screen could be performed where the MARK4 depletion induced vimentin pheno-
type could be rescued. Furthermore, a functional link between vimentin and microtubule structures has al-
ready been found (Whipple et al., 2008).

Reported in first hand in this study is the importance of MARK4 for the inhibition of MAP4 binding to
the microtubules when cells are subjected to serum starvation. Semenova et al. (Semenova et al., 2014)
propose that MAP4 regulates directed microtubule transport in two ways: it inhibits minus-end directed
transport by blocking the movement of dynein motors along the microtubules and stimulates plus-end-direct-
ed transport through the interaction with cargo-bound p1506lued that increases the processivity of kinesin-2
motors. Since CS proteins are known dynein-dynactin cargo, | used them as probes of minus-end directed
transport along the microtubules to verify if MAP4 abundance at microtubules in MARK4-depleted cells set
back minus-end transport. | found out that CS markers PCM1, CEP290 and WDR8 were dispersed through-
out the cell in MARK4-depleted cells, whereas in control-depleted cells CS protein localization was more
concentrated around the microtubule organizing center (a microtubule minus-end abundant zone). Moreover,
consistent with a failure to displace MAP4 from the microtubules, OFD1 CS dynamics upon serum starvation

confirms that in MARK4-depleted cells minus-end microtubule transport dominates over minus-end transport.
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It is credible that the defect of MARK4-depleted cells to displace MAP4 from the microtubules has a disrup-
tive effect on the transport of essential ciliary components along the microtubules in a predominantly minus-
end direction, therefore with the bearing of the basal body where the ciliary assembly is taking place. If we
deplete MAP4 in MARK4-depleted cells, we would be removing the constraint to ciliogenesis posed by the
increased inhibition of minus-end directed transport caused by MAP4 and a rescue, at least partial, of
MARK4's ciliogenesis defect would be expectable. Here | could not demonstrate that MAP4 depletion has
any alleviating effects on the defect of MARK4-depleted cells to ciliate. This result is explained either be-
cause the MAP4 accumulation phenotype in MARK4-depleted cells and consequent CS protein dispersal
has no relation with ciliogenesis or because of the adverse effects of MAP4 depletion on ciliogenesis bal-
ance the benefits that its removal may have in an increased minus-end directed transport to the basal body.
The fact that MAP4 depletion does not decrease the probability of a given cell already depleted of MARK4 to
form cilia indicates that MAP4 may act downstream of MARK4 in the same ciliogenesis pathway. Further
inquiries about the details of this pathway and its plausible connections with vimentin intermediate filament
cytoskeleton and lysosome and autophagy functions have here preliminary data at their disposal.

Actin has also been identified as a participant in autophagosome formation (Aguilera et al., 2012; Mi et
al., 2015). However, contrary to what happens with vimentin and MAP4, cells depleted of MARK4 do not ap-
pear to have an altered actin cytoskeleton compared to control-depleted cells (results not shown).

The link between autophagy and ciliogenesis was put forward in 2013 in a back-to-back publication of
Pampliega et al. (Pampliega et al., 2013) and Tang et al. (Tang et al., 2013). Even though both these papers
uncover a particular aspect of cell biology that appears to demonstrate a link between starvation-induced
ciliogenesis and autophagy, their results are barely overlapping and sometimes even contradictory (Orhon et
al., 2014). These results of our depletion of ATG5 in RPE1 cells are in agreement with the findings of Pampil-
iega et al. (Pampliega et al., 2013). As | did here for RPE1 cells, these authors also reported an increase in
the ability to ciliate of ATG5 null MEFs that were cultivated in serum rich medium and the faster kinetics of
the ciliation process. Tang et al. (Tang et al., 2013), on the other hand, did not find Atg5-- MEFs to be more
ciliated than wild-type cells in medium supplemented with serum. They did report, however, that 24 hours
after serum starvation, Atg5”- MEFs were less probable to be ciliated than wild-type. The same happens with
RPE1 cells. ATG5-depleted cells have in fact faster ciliogenesis kinetics but the total fraction of ciliated cells
peaks at slightly above 60%. In the subsequent hours, the fraction of ciliated cells decreases gradually to
slightly below 60%, which compared with 80% of ciliated cells for the control group indicates that autophagy-
deficient cells have difficulties to achieve all its ciliation potential. Therefore, in RPE1 cells, autophagy plays
a dual role in its dance with ciliogenesis: in normal conditions, it represses the ciliogenesis program, but it is
also necessary for the cell to achieve full ciliation ability and to be capable of performing cilia maintenance.

So far we can conclude that MARK4-depleted cells have an attenuated autophagic response to serum
withdrawal caused either by a defect in mMTORC1 inhibition, vimentin cytoskeleton regulation or MAP4 re-
moval from the microtubules. | proceeded to investigate if OFD1 CS degradation occurs in the same fashion
in RPE1 as reported by Tang et al. (Tang et al., 2013) in MEFs. | found out that in RPE1 cells there is indeed
OFD1 degradation but, contrary to what was previously reported for MEFs, the primary degradation pathway
in this cell line is via proteasome degradation and not autophagy. Moreover, when de novo protein synthesis

is not inhibited, the differences in protein levels are not even noticeable. What is clear in the results is that
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MARK4 influences the post-translational state of OFD1, apparent in the different mobilities in an acrylamide
gel of OFD1 protein bands of MARK4 and control treated total cell extracts. If we take as valid the conclusion
that upon serum starvation cells respond by degrading a large pool of its OFD1 protein but we observe that
the overall protein levels remain similar before or after the starvation, we are forced to conclude that, upon
serum starvation, the cell undergoes a massive replacement of its OFD1 pool. Such a time coordinated
massive turn-over of a CS protein is intriguing, but it is possible that has something to do with the OFD1 CSs
function in inhibiting ciliogenesis reported by Tang et al. (Tang et al., 2013).

It would be very useful for further understanding of CS function to perform a characterization of OFD1
and other CS proteins post-translational modifications in different growth conditions. The understanding of
how post-translational modifications of CS proteins correlate with various phases of the cell cycle or cellular
proliferative states could reward valuable tools for disease diagnostics and research and reveal novel targets
for therapy.

| was able to show that artificial degradation of the CS pool of OFD1 in cells depleted of MARK4 was
enough to restore the capacity of these cells to ciliate. Using two distinct siRNA sequences to target OFD1
mRNA yielded similar results, with an efficient rescue of ciliation of MARK4-depleted cells but not of cells
depleted of Cep164. Cep164 depletion has a strong phenotype of cilia loss caused by defects in the distal
appendages of the mother centriole that render it unable to dock a ciliary vesicle and become a basal body
(Schmidt et al., 2012). OFD1 does not appear to have any influence on this process since the co-depletion of
Cep164, and OFD1 does not alter the probability of Cep164 depleted cells to ciliate.

The fact that OFD1 depletion does not rescue ODF2 depletion ciliogenesis phenotype indicates that
either MARK4 mediated processes of degradation and correct spatial organization of OFD1 upon serum
starvation and ODF2 recruitment to the basal body have no relation with each other or OFD1 at the CSs pre-
vents ODF2 to accumulate at the basal body. If the second is true, the failure of OFD1 depletion to rescue
ciliogenesis in previously ODF2-depleted cells should be expected. Overall levels of ODF2 were small in
these cells and not enough to promote ciliary extension even if its recruitment to the basal body was unhin-
dered by the disappearance of the CS pool of OFD1. This mechanism is consistent with the partial restora-
tion of ODF2 levels at the centrosome in cells subjected to MARK4 and OFD1 double knock-down and rein-
forces the idea put forward in Tang et al. (Tang et al., 2013) that OFD1 at the centriolar satellites may have

the role of preventing ciliation of cycling cells.
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V. Chapter 3: MARK4 and TTBK2 interactions with CP110 and Cep97

V.l. Introduction

Ciliogenesis occurs in most mammalian cells (Bowser and Wheatley; Wheatley et al., 1996) when they
exit the cell cycle and enter a quiescent state (Tucker et al., 1979a, 1979b). The process of bringing together
the incredible structure that is a photoreceptor cone cell of the retina of an eagle for example, daunting as it
is in its complexity, shares its mechanism to a significant part with the formation of the flagella of the green
alga Chlamydomonas reinhardtii.

In the molecular biology of centrosomes and cilia lab, we have been investigating proteins that control
cilia formation. After conducting a screen for identification of protein kinases positive regulators of ciliogene-
sis, MARK4, and TTBK2, among others, were identified as so (Kuhns et al., 2013). The particular upstream
signals that activate MARK4 and TTBK2 kinases in their role in ciliogenesis are not known, and little is
known about their substrates. They were put together in promoting cilia formation upstream of CP110-Cep97
complex removal from the basal body (Goetz et al., 2012; Kuhns et al., 2013) (see Introduction for more in-
formation about CP110-Cep97 complex regulation).

MARKA4 is a serine/threonine kinase that phosphorylates MAPs at the KXGS motif of the microtubule-
binding domain of tau and other MAPs. This phosphorylation disrupts the interaction between the MAP and
the microtubule leading to a detachment of both (Drewes et al., 1995, 1997; Jenkins and Johnson, 2000). As
for localization, MARK4 can be found in the nucleus, centrosomes and midbody (Kuhns et al., 2013; Mag-
nani et al., 2009; Rovina et al., 2014; Trinczek et al., 2004). Structurally, MARK4 is a 752-residue-long
polypeptide divided into the protein kinase domain, the ubiquitin-associated (UBA) domain and the kinase
associated domain (Naz et al., 2013). MARK4 belongs to a family of four proteins (MARK1 to 4) which have
a highly conserved sequence. The atomic coordinates of MARK 1, 2 and 3 has been determined by crystal-
lography. Comparison of the structures, including MARK4’s prediction, reveals that all the isoforms have a
similar domain organization (Marx et al., 2006; Panneerselvam et al., 2006). Seemingly, it is assumed that
the regulation of MARK4 is identical to that of the other MARK members. MARK4 is activated by liver kinase
B1 (LKB1) and MARK Kinase (MARKK) that phosphorylate T214 in the T-loop (Brajenovic et al., 2004; Liz-
cano et al., 2004; Timm et al., 2003). Inhibition of MARK4 is achieved by a second phosphorylation on the T-
loop, this time on S218 by the glycogen synthase kinase 3b (GSK3b). This inhibition is caused by an altered
T-loop conformation, consequence of the S218 phosphorylation does not allow MARK4 to recognize its sub-
strates (Timm et al., 2008). Inhibition of MARK4 is also achieved through ubiquitination. Polyubiquitinated
MARK4 interacts with the deubiquitinating enzyme, ubiquitin-specific protease (USP)9X. Mutants of MARK4
that are not able to interact with USP9X are not phosphorylated at T214. The model of MARK4 regulation via
ubiquitination proposes that MARK4’s UBA domain interacts with the polyubiquitin chain and through con-
formational changes precludes LKB1’s access to the T214 site. Polyubiquitin removal from MARK4 by US-
P9X allows MARK4’s UBA domain to interact with the catalytic domain, making the T-loop accessible to
LKB1 (Al-Hakim et al., 2008).

MARK4 knock-down experiments reveal a relative increase in the number of non-ciliated cells with two
CP110 or Cep97 foci at the centrosomes (Kuhns et al., 2013). This result can have two interpretations: in-

creased number of cells are unresponsive to the serum starvation to form cilia or, an increased number of
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cells is not able to proceed with axoneme extension because of the remaining inhibitory CP110-Cep97-Kif24
complex at the distal ends of the mother centrioles. The ectopic depletion of CP110 on top of MARK4 deple-
tion was enough to partially rescue MARK4's primary cilia loss phenotype (Kuhns et al., 2013). Therefore, we
can place MARK4 upstream of CP110 removal from the mother centriole in the ciliogenesis pathway.

TTBK2 belongs to the casein kinase 1 (CK1) superfamily (Houlden et al., 2007; Manning, 2002; Sato
et al., 2006). As other kinases of the superfamily, TTBK2 can phosphorylate both the MAP tau and tubulin
itself (Ikezu and lkezu, 2014; Sato et al., 2006; Takahashi et al., 1995). The primary phenotype of mutant
TTBK2 is associated with a type of severe neurodegeneration called autosomal dominant spinocerebellar
ataxia type 11 (SCA11) (Houlden et al., 2007). The mechanism linking the TTBK2 mutant and SCA11 is still
unknown, but it is plausible that the essential role that TTBK2 plays in ciliogenesis initiation is the link to the
disease (Goetz et al., 2012). TTBK2 is a centrosomal protein composed of 1244 a.a. with an N-terminal ki-
nase domain. The C-terminal’s structure and function are not well studied except for the identification of an
SxIP motif (Jiang et al., 2012). Homology studies indicate that this well conserved region downstream of the
kinase domain should be responsible for kinase localization and substrate recruitment(Goetz et al., 2012;
Liao et al., 2015). TTBK2 is localized to the base of primary cilia or the distal end of the mother centriole
where it is necessary for IFT88 recruitment and removal of CP110 before axoneme extension (Goetz et al.,
2012). Genetic deletion of TTBK2 in murine cells leads to an inability to ciliate, being the persistence of
CP110 at the basal bodies a distinguishing feature of these cells. Overexpression of the kinase domain of
TTBK2 in these cells can partially rescue the ciliogenesis defect (Goetz et al., 2012). Additionally, recombi-
nant TTBK2 kinase domain was reported to phosphorylate Cep97 in vitro (Oda et al., 2014).

Here | start by presenting the work performed establishing a biochemical method that proved by bio-
chemical means that MARK4 localizes at the centrosome and that the variation of the amount of ODF2 pro-
tein recruited to that organelle depends on the MARK4 kinase activity (Kuhns et al., 2013). With the collabo-
ration of Bachelor of Science student Evangeline Kang, | investigated if MARK4 influences CP110 removal
directly by interacting with the CP110-Cep97 complex or if its activity is critical for ciliogenesis in a more indi-
rect way. Finally, once MARK4 and TTBK2 were implicated as upstream regulators of the CP110-Cep97
complex removal from the mother centriole in the ciliogenesis process, | wanted to know more details on
how these kinases interact with CP110 and Cep97 and if there is an overlap in their role upstream of ax-

oneme extension.
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V.Il. Results
V.ILI. MARK4 in ciliogenesis
V.ILLI.MARKA is at the centrosome and controls local levels of ODF2

Based on microscopy images of cells over-expressing fluorescent proteins fused with MARK4, the
localization of this kinase appears to be cytoplasmic with a particular signal on the centrosome (Kuhns et al.,
2013; Trinczek et al., 2004), basal body and possibly on the ciliary axoneme (Kuhns et al., 2013). To demon-
strate the presence of MARK4 at the centrosome/basal body by biochemical methods, | optimized a small
scale centrosome purification protocol that allows easily and with a small amount of biological material the
determination of the localization and abundance of specific proteins at the centrosome. Figure 38A shows
the result of the centrosome purification process performed with the lysate of murine NIH 3T3 cells stably
expressing LAP-MARK4 wild type or the kinase-dead mutant under the control of a TET-on promoter. The
centrosomal fraction, labeled number 3, can be identified by the protein concentration peak on the graph and
positive y-tubulin and ODF2 signals in the immunoblot. In this fraction, but not in the adjacent ones, we can
see that GFP-MARK4 is present whenever is being expressed either as wild-type or kinase-dead mutant.

This work was done in the context of the Kuhns et al. publication in 2013 where we determined
MARK4 localization at the centrosome and if it's kinase activity was determinant for ODF2 recruitment to the
basal body. By performing a mini centrosome prep followed by quantitative immunoblot it was possible to
quantify the influence of MARK4 kinase activity in ODF2 recruitment to the basal body. In Figure 38B it is
shown that the over-expression of wild type MARK4 leads to a greater accumulation of ODF2 in the centro-
somal fraction of the cell lysate. This result gives support to the idea that MARK4 activity is one of the deter-
minants of ODF2 localization at the basal body of ciliated cells. The over-expression of the kinase-dead mu-
tant of MARK4 does not make the ODF2 concentration at the basal body to differ from control cells, where

no over-expression was induced (Figure 38B).

V.ILLILMARK4 interacts with Cep97 in vivo

| wanted to know if MARK4 interacted in vivo with the CP110-Cep97 complex. To maximize the effects
of MARK4 kinase activity all identified residues that upon phosphorylation render MARK4 a hyperactive ki-
nase (ka) were mutated (S26E and T214E)(Wissing et al., 2007). A further mutation (K88A) was introduced
in the hyperactive mutant to increase the likelihood of MARK4 to stay bound to its substrates. This mutation
in the kinase catalytic site where a magnesium ion is coordinated renders the kinase dead, that is, unable to
catalyze the phosphorylation reaction. Lysine 88 is one of the residues necessary for MARK4 coordination
with one of the magnesium ions essential for ATP to bind the enzyme and feed the kinase catalytic activity
(Jenardhanan et al., 2014; Marx et al., 2006). This MARK4 mutant labeled kinase active dead (kad) is poten-
tially a good substrate entrapment mutant.

Co-over-expression of FLAG-tagged Cep97 with EGFP-MARK4 in HEK293T cells, followed by im-
munoprecipitation (IP) revealed that Cep97 interacted with MARK4-kad but not with MARK4-ka (Figure 39A-
B). We can see in Figure 39B that none of the MARK4 mutants interact strongly with CP110, at least in the
conditions tested. A second effect noticeable in the co-over-expression of Cep97 with MARK4 is the differ-
ence in electrophoretic mobility of Cep97 when exposed to the different kinase mutants (Figure 39A-B).

When over-expressed with MARK4 ka mutant, Cep97's distinct three band pattern in an immunoblot

77



A

MARK4 and TTBK2 interactions with CP110 and Cep97

NIH3T3

% Sucrose
S5 0.2
5 -
~ T

Fractions 1

Protein
Concentration
A
o
N

ODF2/y-tubulin at

y-tubulin - | = - 50
ODF2 — _...|,,-97
kD
centrosome
fraction

LAP-hMARK4L

C

2 % Sucrose

©
c5 1
gE305
i O S/ 0 T T T T T T T T 1 g
Fractons 1 2 3456 7 8 9 £

y-tubulin e ——— - 50
ODF2 — ——] -7
GFP s — e - 116
4 -I kD
centrosome
fraction
LAP-MARKA4L kinase dead
C
-(% % Sucrose
= ‘
-
2 % S5 05 :|_/\/
OL- O s O 1 T T T T T T T 1 -‘g-
Fractons 1 2 3 4 5 6 7 8 9 £
y-tubulin —_ - -*' 50
ODF2 - - -——| -97
GFP 4 —"'"'I"" - &1D6
centrosome
fraction

—~ 16
) 1
< 1.2
8 0.8
S
3 0.41
o
c 0
S 100~ [ ODF2
o
£ o0 . -tubulin
S R w kd
= 2 LAP-
Z hMARKA4L

Figure 38: MARK4 activity modulates ODF2 recruitment to the centrosome. Centrosomes from NIH 3T3 cells stably expressing
either LAP-hMARKA4L wild type or kinase dead mutant under the control of the TET-on promoter were isolated by centrifugation using
a discontinuous sucrose gradient. (A) immunoblot for ODF2, y-tubulin and GFP in all the sucrose gradient fractions. (B) immunoblot
for ODF2 and y-tubulin in the centrosomal fraction. The graph shows the quantification of centrosome-associated ODF2 normalized
to y-tubulin. Data are means + SD of three independent experiments. Published in Kuhns et al., 2013.
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changes to a single inferior line. This effect can be
seen already in the input lysate, the intensity of the
higher bands is lower than when the MARK4 kad
mutant is present (Figure 39A-B). This result indi-
cates that the Cep97's post-translational modifica-
tions are sensitive to the expression level of
MARK4. These band mobility changes are usually
caused by electrostatic charge variations arising

from covalent modifications of the polypeptide.

V.ILLIILIn vitro phosphorylation of
CP110 and Cep97 by MARK4 and
PLK-1
To know if CP110 and Cep97 are in vitro sub-
strates of MARK4, we purified two recombinant
truncations for each CP110 and Cep97 proteins.
The schematic representation of these constructs
can be seen in Figure 40. For CP110, | created two
GST tagged truncations comprising the N-terminus
including the Cep97 binding domain (GST-

CP110-N, a.a. 1-300) and the middle region that A

includes the site of interaction with centrosomal
protein of 76 kDa (Cep76) (Tsang et al., 2009)
(GST-CP110-M, a.a. 301-600). Cep97's trunca-
tions comprise the N-terminal region that har-
bors eight leucine rich repeats and tagged with
a 6xHis (His-Cep97-N, a.a. 1-260) and the GST-

tagged C-terminal region where binding of B

CP110 takes place. Recombinant 6xHis tagged
MARK4 was purified from Escherichia coli (E.
coli). A particular mutation on MARK4's already

mentioned S26 to A26 was performed, to pre-

Cep97-C

vent MARK4 auto-phosphorylation. By doing
this, we intended to prevent an auto-phosphory-
lation band from occurring at 80 kDa. As ex-
pected, MARK4 did not show auto-phosphoryla-

tion in the in vitro kinase assays (Figure 41, buf-
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A
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Figure 39: Cep97 interacts preferentially with the MARK4 kinase
entrapment mutant. HEK293T cells were transiently transfect-
ed with FLAG tagged CP110, Cep97 or MARK4 and GFP tagged
MARK4 as indicated. Catalytic active (ka), catalytic active and
kinase dead (kad) mutants of MARK4. Immunoprecipitations (IP)
were performed using anti-FLAG agarose. Interacting proteins were
detected by immunoblotting.

[ Cep97 binding
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[ Calmodulin binding
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[l CP110 binding

MARK4
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fer lane). The T214E mutation was introduced
(MARK4-ka), to increase MARK4 activity. This

phospho-mimicking mutation introduced in

Figure 40: CP110 and Cep97 truncations. (A) Schematic representation
of CP110 constructs used in this study. (B) Schematic representation of
Cep97 constructs used in this study with inset representing MARK4 phos-
phorylated residues in magenta and Plk1 phosphorylations in cyan. Res-
idue in green is phosphorylated by both kinases.
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His-hMARK4L ka e MARK4 activation loop stabilizes the interaction
His-hMARK4L kd e CBB ep with its partners (Kuhns et al., 2013; Matenia et al.,
° i| ; 2005). As mentioned above, the mutation K88A
GST-CP110-N , |
: 1l ! was introduced to the MARK4 coding sequence
. " l i (MARK4-kd), to inhibit MARK4 protein-kinase activ-
GST-CP110-M _
° A Il ity.
q £ By combining the tagged CP110 and Cep97 re-
His-Cep97-N ¢ ‘
° ‘ combinant proteins with MARK4 and radioactive

° bl ATP | could detect if any of the fragments were an
GST-Cep97-C

° [ in vitro MARK4 substrate. Figure 41 shows the ex-
GsT ° 'f ( : istence of MARK4 specific phosphorylation sites in

° l CP110, both in its N-terminal Cep97 binding do-

° ( . main and in the region that comprises its interac-
Buffer ° tion site with Cep76. The phosphorylation was spe-

KDag & Q 988 w ~ o wol cificto GST-CP110, as GST alone was not phos-

-~ ™ O N

phorylated by MARK4-ka. As for Cep97 phosphory-
Figure 41: CP110 and Cep97 are phosphorylated in vitro by MARKA4.

Purified 6His-MARKA4L, either catalytic active (ka) or kinase dead (kd), lation by MARK4, we can see in Figure 41 that the
was incubated with recombinant CP110 and Cep97 truncations. GST

was used as a negative control. Samples were subjected to SDS-PAGE ~ Cep97 fragments do not appear to be phosphory-
followed by autoradiography (*2P) and Coomassie Brilliant blue staining

(CBB). Asterists indicate the relevant bands. Experiment performed by  lated by MARK4 given that the intensity of the ra-
Evangeline Kang. dioactive Cep97 bands is much lower than the ra-
dioactive bands of both CP110 fragments. Consider-
ing the background phosphorylation that the His-hMARK4 ka mutant causes when it reacts with itself (Figure
41, buffer lane) or with the GST tag (Figure 41, GST lane, bands at 75 kDa), | consider that MARK4 did not
specifically phosphorylate GST-Cep97 in vitro under the conditions used here.

To determine which sites MARK4 phosphorylates in the CP110-Cep97 complex, CP110 or Cep97
were pre-incubated with the hyperactive form of MARK4 in the presence of ATP and sent for mass spectro-
metric analysis for identification of phosphorylated residues. | included Cep97 in this analysis because

Cep97 and Mark4-kd intensely interacted in vivo. Six phosphorylated sites were found in CP110 and, inter-

Table 1: Phosphorylation sites by MARK4 kinase identified on CEP97 and CP110 peptides by mass spectrometric analysis.
Purified catalytic active 6His-MARK4L was incubated with recombinant CP110 and Cep97 truncations. Samples were subjected to
SDS-PAGE, the appropriate bands were excised and the protein content was subjected to trypsin digestion followed by mass spec-
trometry for identification of phosphorylated residues.

Protein name Phosphorylated peptide Phosphorylation site

CEP97 NNFPASVHTTRYSR S378
SSTEGSESSIMGNSIDTVR S728
SSTEGSESSIMGNSIDTVR S730
SSTEGSESSIMGNSIDTVR T725
SSTEGSESSIMGNSIDTVR S736

CP110 IQEASLSTESFLPAQSESISLIR S21
TGHPTVLESNSDFK S337
SLTGSYAKLPSPEPSMSPK S360
LHEPYASSQCIASPNFGTVSGLKPASMLEK S510
LHEPYASSQCIASPNFGTVSGLKPASMLEK S511
NCSLQTELNK S536
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estingly, two phospho-peptides were identified in GST-PLK-1 wt e

Cep97 (Table 1). Because | have used recombinant ~ GST-PLK-1kd e CcBB #p
. . _ - * %. *

proteins (MARK4 and Cep97) in these assays, | con GST-CP110-N ° |

sider as unlikely that a contaminating kinase phos- ® !

phorylates Cep97. One phospho-site found in Cep97

GST-CP110-M ° I
interestingly overlaps with a PLK-1 site (Table 1, Ta- ¢

ble 2 and Figure 40B, bottom), raising the question of His-Cepa7-N ° ‘

whether Cep97 is a PLK-1 substrate. ¢ ! . .
By performing a radioactive labeling assay us- GST-Cep97-C ° ‘ "

ing CP110 and Cep97 truncations as substrates and ¢ N l "

GST-PLK-1 as the kinase, it was possible to identify GgsT ° ‘ - g

the C-terminal domain of Cep97 as an in vitro sub- : N *

strate of PLK-1 (Figure 42). Regarding CP110 phos- Buffer °

phorylation by PLK-1 is more unclear. There is just

wag 5y eS8y 5 g8

some background noise coming from the region
where the purified GST-CP110-N runs on a 10% Figure 42: Cep97 is phosphorylated in vitro by PLK-1. Purified
GST-PLK-1, either wild type (wt) or kinase dead (kd), was incubated
SDS-PAGE ge| This signa| is consistent across ex- with recombinant CP110 and Cep97 truncations. GST was used as a

negative control. Samples were subjected to SDS-PAGE followed by
periments but not strong enough to support the claim  autoradiography (*P) and Coomassie Brilliant blue staining (CBB).

that CP110 is a substrate of PLK-1.
Mass spectrometry of Cep97 pre-phosphorylated with recombinant PLK-1 shows that Cep97 can be
phosphorylated by PLK-1 in the pleiad of sites, shown in Table 2. The overlap of one PLK-1 and MARK4

phospho-site opens the possibility for the existence of a regulatory cross-talk between the two kinases.

Table 2: Phosphorylation sites by PLK1 kinase identified on CEP97 peptides by mass spectrometric analysis. Purified GST-
PLK1 was incubated with recombinant Cep97 truncation. Samples were subjected to SDS-PAGE, the appropriate bands were excised
and the protein content was subjected to trypsin digestion followed by mass spectrometry for identification of phosphorylated residues.

Protein name Phosphorylated peptide Phosphorylation site

CEP97 ESDLGDVSEEHGEWNK S8
ESSNNEQDNSLLEQYLTSVQQLEDADER S770
NDLHLEDIQTDEDKLNCSLLSSESTFMPVASGLSPLSPTVELR S397 — T404
QLMNQSQNEELSPLVPVETR S308
SSTEGSESSIMGNSIDTVR S728 — S731

V.ILII. TTBK2 in ciliogenesis
V.ILILLTTBK2 centrosomal localization is Cep164 and Cep123 dependent
To be able to compare the role of MARK4 and TTBK2 in ciliogenesis, it was necessary to perform a
preliminary characterization of TTBK2 in RPE1 cells. TTBK2 is localized at the centrosome and/or at the
base of the primary cilium (Figure 43C). A close-up analysis (Figure 43A) indicates that TTBK2 localizes at
the distal appendages of the mother centriole. Its signal overlaps with Cep164 fluorescence but less so with
sub-distal or transition zone proteins ODF2 and NPHP1 respectively. Regarding antibody specificity, panels

C and D of Figure 43 shows that the TTBK2 signal significantly decreases upon treatment with TTBK2 tar-
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Figure 43: TTBK2 is a positive regulator of ciliogenesis and localizes to the distal appendages of the mother
centriole. RPE1 cells, treated with control or TTBK2 siRNA, were serum starved for 48 h. (A and C) Cells were stained
for TTBK2, polyglutamylated tubulin (GT335), Cep164, NPHP1, ODF2 and DAPI. Regions within the white boxes are
depicted with higher magnification on the right and bottom. Scale bar is 5 ym. (B) Percentage of ciliated cells based
on polyglutamylated tubulin staining. Data are means + SEM of three independent experiments. N =300; Nohgc ,=255;
Noﬁgu ,=212. (D) Total cell extracts of control and TTBK2-depleted RPE1 cells were analysed by immunoblot. Ponceau-S
staining served as a loading control.

geting siRNA. TTBK2 depletion leads to ciliogenesis defects as shown in Figure 43B and Figure 46A and as

has been previously reported (Goetz et al., 2012).

The presence of TTBK2 at the centrosomes varies along the cell cycle (Figure 44A). Its signal is active
in cells undergoing G1 phase but absent in G2, metaphase or telophase (Figure 44A). A high TTBK2 pres-
ence can also be detected in the midbody (Figure 44A) which is in agreement with published results (Chaki
et al., 2012). The centrosomal localization dynamics of TTBK2 along the cell cycle resemble those of
Cep164 (Schmidt et al., 2012). TTBK2 co-immunoprecipitates with Cep164 when both proteins are over-ex-
pressed in HEK293T (Figure 44C). GFP-tagged Cep164 interacted with FLAG-tagged TTBK2 only when the
expressed GFP construct carried an entire WW domain harbored in the N-terminus (Figure 44B-C). The fact
that this WW domain has been shown to be crucial for ciliogenesis (Schmidt et al., 2012) indicates that Cep-
164-TTBK2 interaction is critical for primary cilia formation.

| wanted to know if TTBK2 localization depended only on the Cep164 interaction or if there were addi-
tional components involved in its targeting to the distal appendages of the mother centriole. Analyzing the
distal appendages protein assembly pathway, | decided to investigate if Cep123 had any role in TTBK2 re-
cruitment. Both Cep164 and Cep123 assembly in the distal appendages is made via the Cep83 branch, but
Cep164 assembly requires that SCLT1 is present whereas Cep123 just requires Cep83 (Tanos et al., 2013).

The localization of Cep123 and Cep164 is mutually independent, and both proteins are required for ciliary
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Figure 44: TTBK2 interacts with Cep164. (A) RPE1 cells were serum starved for 48 h and stained for TTBK2,
yY-tubulin and DAPI. Centrosomes of representative cells in G1 (arrowheads) and other stages of the cell cycle
(arrows) are indicated. (B) Schematic representation of Cep164 constructs used in this study. (C) HEK293T cells
were transiently cotransfected with the indicated Cep164 constructs fused to GFP and FLAG tagged TTBK2. Im-
munoprecipitations (IP) were performed using anti-FLAG agarose and interacting proteins were detected by im-
munoblot. Images in (A) are maximum intensity projections. Scale bar is 5 ym.

vesicle docking (Sillibourne et al., 2013). By depleting Cep164 or Cep123, | found that the knock-down of
either Cep164 or Cep123 resulted in a marked decrease in TTBK2 intensity at the centrosome (Figure 45B
and D). Therefore, TTBK2 centrosomal localization is dependent on Cep164 and Cep123 (Figure 45A-D).

V.ILILILEctopic removal of CP110 partially rescues TTBK2 depletion ciliation defect
It was previously shown that ectopic depletion of CP110 rescues the ciliogenesis defect of MARK4
depletion (Kuhns et al., 2013). If TTBK2 plays a similar role in CP110 removal, | expected that CP110 deple-
tion would also be able to rescue ciliogenesis in cells lacking TTBK2. Indeed, as shown in Figure 46 for
TTBK2, | could also partially rescue the ciliogenesis defect of TTBK2 depletion by co-depleting CP110.

V.ILILIILIFT88 recruitment to the cilium depends on TTBK2 activity

To investigate further the role of TTBK2 in cilia formation | looked into its role in the recruitment of fac-
tors essential for cilia formation. It was previously reported (Goetz et al., 2012) that TTBK2 was necessary
for IFT88 recruitment to the mother centriole and cilia elongation. | found that TTBK2 depletion was enough
for ultimately prevent IFT88 binding to the mother centriole and consequently to localize in the cilium (Figure
47A-B). Cells, in which FLAG-TTBK2 was over-expressed, were able to form cilia, and localize IFT88,
whereas cells overexpressing the kinase-dead TTBK2 mutant were not able to ciliate or to recruit IFT88 to
the mother centriole (Figure 47C). This result indicates that TTBK2 kinase activity is necessary for IFT88
recruitment to the mother centriole and that this kinase dead is a dominant negative mutation.

Since TTBK2 localization is also determined by Cep123, | investigated if the depletion of this distal

appendage protein had an impact on IFT88 recruitment to the centrosome. Cells depleted of Cep123 saw a
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Figure 45: TTBK2 localisation is Cep164 and Cep123 dependent. (A andC) RPE1 cells, treated with control, Cep164
or Cep123 siRNAs, were serum starved for 48h and stained for TTBK2, polyglutamylated tubulin (GT335) and DAPI. (B
and D) Violin plots show the relative TTBK2 intensity at the centrosome after control, Cep164 and Cep123 depletion in
RPET1 cells in three independent experiments. *** corresponds to p<0.001. (B and D) Rel. mean Int. (A.U.), relative mean
intensity (arbitrary units). Data shown is the combination of three independent experiments. The number under the violin
is N. (A and C) regions within the white boxes are depicted at higher magnification on the right. Scale bar is 5 ym.

reduction in the IFT88 intensity at the centrosome but not as severely as with Cep164 or TTBK2 depletion

(Figure 47D-E and A-B respectively).

V.ILIIL.Conjunct role of MARK4 and TTBK2 in ciliogenesis
V.ILIILL.The combined activities of MARK4 and TTBK2 contribute to cilia formation

To understand if MARK4 and TTBK2 activities could be complementary in the removal of CP110 from
the distal end of the mother centriole | took advantage of the fact that for both cases, after treatment with
MARK4 or TTBK2 siRNAs, circa 35% of the cells could still form cilia (Figure 48A). By performing a double
knock-down of MARK4 and TTBK2, the number of ciliated cells dropped to approximately 10% of the total
number of cells (Figure 48A).

When we look at the effect on CP110 removal from the mother centriole, the cells treated with the
MARK4 and TTBK2 siRNA combination show an increase in the proportion of cells that have their centro-
somes decorated with one or two CP110 signals and a decrease in the percentage of cells with a cilium
(Figure 48B-C).

V.ILIILII.Rab8a ciliary vesicle docking is compromised in cells depleted of MARK4 and TTBK2
Cep164 and Cep123 have been reported as essential proteins involved in the process of vesicle dock-

ing to the mother centriole (Schmidt et al., 2012; Sillibourne et al., 2013; Tanos et al., 2013). The mechanism
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Figure 46: Co-depletion of CP110 rescues TTBK2 depletion ciliogenesis defect.
(A and B) After treatment with control, TTBK2, or Cep164 siRNA for 24 h, RPE1 cells
were subjected to control or CP110 depletion for 24 h, subsequent serum starvation for
24 h and stained for polyglutamylated tubulin (GT335), Arl13B and DAPI. (A) Scale bar
is 2 um. (B) Percentage of ciliated cells based on polyglutamylated tubulin and Arl13B
staining. Data are means + SEM of three independent experiments. *** corresponds to
p<0.001. N =335, 412; N =311, 381; N =360, 260.

control TTBK2 Cep164

of Cep164 action involves the binding of the GEF Rabin8 and the GTPase Rab8, mediating the association
of the mother centriole and the ciliary membrane biogenesis machinery (Schmidt et al., 2012). For Cep123
no mechanistic insight has been produced so far, but published results show that ciliary vesicles fail to form
when Cep123 is absent (Sillibourne et al., 2013). Currently, it is still unknown if TTBK2 plays a role in the
vesicle docking process or its facilitating action towards ciliogenesis is reflected exclusively on the removal of
inhibitory CP110 from the distal ends of the mother centriole to allow axoneme extension. | performed siRNA
knock-down experiments using an RPE1 stable cell line that stably overexpresses Rab8a fused with an
EGFP protein (Schmidt et al., 2012). As shown in Figure 49A-B, in control cells 16 hours after serum starva-
tion, the majority of the cells presented cilia decorated with EGFP-Rab8a and polyglutamylated tubulin. Due
to the small time of serum starvation, | could still find cells that had just a small EGFP-Rab8a rich vesicle
associated with the centrosome and cells with no vesicle decorating either centrosomes or cilia (Figure 49A).
For MARK4 and TTBK2, the depletion of the single proteins caused either the cells to reveal the association
of a small vesicle with the centrosome, but had no axoneme extension, or did not show any EGFP-Rab8a
associated with the centrosome (Figure 49A-B). When the TTBK2 and MARK4 siRNAs are used together in
the EGFP-Rab8a stable cell line, the fraction of cells able to assemble a ciliary vesicle drops and the vast
majority of cells do not have any association of Rab8a with the centrosome or cilia formation (Figure 49A-B).
The results for Cep123 depletion indicate a vesicle docking defect phenotype (Figure 49A-B). The effect of
Cep123 subtraction appears to be less severe as Cep164's (Schmidt et al., 2012) but it is nevertheless

noteworthy.
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Figure 47: IFT88 localization at the basal body is TTBK2 kinase activity dependent. (A) RPE1 cells, treated with
control or TTBK2 siRNA, were serum starved for 48 h and stained for IFT88, Cep164 and DAPI. (B) Violin plot shows
the relat ive IFT88 intensity at the centrosome after control and TTBK2 depletion in RPE1 cells in three independent
experiments. (C) RPE1 cells were transiently transfected with FLAG-TTBK2 WT (wild type) or FLAG-TTBK2 KD
(kinase dead) constructs for 24 h, serum starved for 24 h and stained for IFT88, FLAG and DAPI. (D) RPE1 cells,
treated with control or Cep123 siRNA, were serum starved for 48 h and stained for IFT88, Cep164, polyglutamylated
tubulin (GT335) and DAPI. (E) violin plot shows the relative IFT88 intensity at the centrosome after control and
Cep123 depletion in RPE1 cells in three independent experiments. (B and E) The number under the violin is N. (A,
C and D) Regions within the white boxes are depicted at higher magnification on the right. Scale bar is 5 ym. (B and
E) Rel. mean Int. (A.U.), relative mean intensity (arbitrary units).

V.ILIILII.MARK4 or TTBK2 depletions lead to transition zone anomalies
A possible consequence of the failure of the cells to successfully dock a ciliary vesicle to its mother
centriole and remove the inhibitory pool of CP110 is the emergence of defects in transition zone structure
and composition. It is known that if Cep164 is not present, distal appendage and transition zone protein
NPHP1 fails to accumulate at these locations (Schmidt et al., 2012). To unveil if this effect manifests itself

trough a direct role of Cep164 or if it is related to its interaction with TTBK2, | measured NPHP1 intensity at

the centrosome upon kinase depletion. Because MARK4 may also have a role in transition zone maturation
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Figure 48: MARK4 and TTBK2 have a synergistic effect on cilia formation and in the removal of CP110 from
the basal body. (A, B and C) RPE1 cells, treated with control, MARK4, TTBK2 or MARK4 and TTBK2 siRNA, were
serum starved for 48 h. (A) Percentage of ciliated cells based on polyglutamylated tubulin (PGTub), acetylated tu-
bulin (AcTub) Arl13B and IFT88 staining. 232<N<348. (B) Staining for polyglutamylated tubulin (GT335), CP110 and
DAPI. (C) The number of ciliated cells and CP110 dots per centrosome in non-ciliated cells are indicated. N_ =475,
N =283, N =394, N =260. (A and C) Data are means + SEM of three independent experiments. *** cor-

MARK4 TTBK2 MARK4+TTBK2 T . e .
responds to p<0.001, °** corresponds to p<0.01, °°°, not statistically significant. (B) Scale bar is 2 ym.

and because the functions of MARK4 and TTBK2 in ciliogenesis seem to overlap | also performed MARK4
and double kinase knock-downs. Fluorescence microscopy shows that NPHP1 localization is more severely
affected upon MARK4 and MARK4+TTBK2 depletions (Figure 50A). TTBK2 depletion appears to affect not
so much the recruitment of NPHP1 to the centrosome, but the levels of NPHP1 assembled at this location.
The quantification of the NPHP1 signal upon TTBK2 knock-down exhibits a much bigger variance than the
other experimental groups (Figure 50B). Even though the median of NPHP1 intensity at the centrosome is
identical in control and TTBK2 siRNA treatments, the TTBK2 depleted cells presented the widest distribution
of intensity values (Figure 50B). Together, these results suggest that MARK4 but not TTBK2 plays a role in

NPHP1 recruitment to assure distal appendage integrity and/or in transition zone establishment.
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Figure 49: MARK4 and TTBK2 double depletion leads to defects in the docking of Rab8a positive vesicles
to the centrosome. (A) RPE1 cells stably overexpressing GFP-Rab8a were treated with control MARK4, TTBK2
or MARK4 and TTBK2 siRNA, serum starved for 16 h, and stained for polyglutamylated tubulin (GT335) and DAPI.
(A) Representative fluorescence micrographs are shown for the localization patterns of GFP-Rab8a. Scale bar is
5 pm. (B) Quantification of cells treated with the indicated siRNAs as described in A. Data are means + SEM of
three independent experiments. °°* corresponds to p<0.05, °°°, not statistically significant. N =190, N =147,
N =201, N =163.
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Figure 50: MARK4 and TTBK2 double depletion leads to defects in the recruitment of NPHP1 to the transition
zone. (A) RPE1 cells, treated with control, MARK4, TTBK2 or MARK4 and TTBK2 siRNA, were serum starved for 48
h and stained for NPHP1, Cep164 and DAPI. Regions within the white boxes are depicted at higher magnification on
the right. Scale bar is 5 ym. (B) Violin plot shows the relative NPHP 1 intensity at the centrosome of cells treated with
the indicated siRNAs as described in A in three independent experiments. The number under the violin is N. Rel. mean
Int. (A.U.), relative mean intensity (arbitrary units). *** corresponds to p<0.001, °°°, not statistically significant.
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V.lIl. Discussion

The presence of MARK4 in the same fraction of y-tubulin attests the centrosomal localization of
MARKA4. This permanence at the centrosome does not depend on MARK4’s catalytic activity since both wild-
type, and kinase-dead mutants can be found in the centrosomal fraction. The sensitivity of this small scale
isopycnic centrifugation assay allowed to reliably quantify the amount of ODF2 that was recruited to the cen-
trosome while over-expressing different MARK4 kinase mutants. The biochemical analysis of isolated cen-
trosomes indicated that MARK4 is a centrosome-associated kinase that controls the levels of centrosome-
associated ODF2.

Our results also suggest that the kinase-dead mutant used is not a dominant negative mutant. If the
recruitment of ODF2 to the centrosome is determined by MARK4, the fact that as much ODF2 is recruited to
the centrosome in kinase-dead or control cells indicates that the endogenous MARK4 may be still active. If
the over-expressed MARK4 kinase-dead mutant had a dominant negative effect, it should bind to MARK4
substrates and prevent the endogenous wild-type MARKA4 to fulfill its function in centrosomal ODF2 recruit-
ment.

Regarding future directions, of note is the fact that ODF2 or MARK4 depletion and the failure to de-
grade trichoplein from the mother centriole share an impairment not on ciliary vesicle docking but yes on ax-
oneme extension (Kasahara et al., 2014; Kuhns et al., 2013). Therefore, it would be easy and compelling to
perform gain- or loss-of-function experiments to investigate if MARK4 is also involved in trichoplein regula-
tion.

Since the interaction between MARK4 and Cep97 could only be stabilized and therefore detected in
the MARK4-kad mutant, this indicates that MARK4 interacts very transiently with Cep97. A faint band GFP-
MARK4 band can be discerned in the lane corresponding to MARK4 kad co-over-expression with CP110
(Figure 39A). However, the abundance of endogenous Cep97 that co-IPs with CP110 (Figure 39A) and the
high affinity of the MARK4 kad mutant to Cep97, suggests that the little amount of MARK4 kad bound to
CP110 does it indirectly through association with Cep97. The efficient binding of GFP-MARK4 kad but not
the ka mutant to Cep97 attests the potency of the kinase active dead as a useful substrate entrapment mu-
tant.

As we have seen, hyperactivity of MARK4 drives a change in Cep97's post-translation modifications. If
the higher Cep97 bands in the immunoblot correspond to different phosphorylation states, this means that
MARK4 phosphorylation has the effect of inhibiting the phosphorylation of the substrate by other kinases.
This property of MARK4 activity resonates with the properties of the orthologous kinase Kin4 in budding
yeast (Caydasi and Pereira, 2012). Kin4, a kinase involved in the spindle positioning checkpoint (SPOC),
phosphorylates Bfa1 inhibiting the Cell division cycle (Cdc)5-dependent phosphorylation of Bfa1 (Caydasi
and Pereira, 2009). Cdc5 is orthologous to the human PLK-1 kinase. We can speculate that Kin4-Cdc5 and
MARK4-PLK-1 interaction may be a conserved regulation module. Even though the function and substrates
of the control module may have changed in the course of evolution, the action of one kinase that, just on a
particular pathway, blocks the activation or inhibition of one of the cellular master regulating kinases seems
plausible. This regulation module would confer the cell with increased error correction abilities since when
combined with the degree of redundancy inherent to a biological system the expected outcome of the system

is to stop the process that the master regulator kinase is promoting until the malfunction or the error in the
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system can be corrected. Examples of such process are spindle positioning checkpoint (SPOC) (Caydasi
and Pereira, 2009) and possibly centrosome maturation (Kong et al., 2014).

Paradoxically Cep97 and CP110 both are excellent candidates for MARK4 substrates, but, never in
the same assay. When Cep97 is a good binding partner of MARK4 entrapment mutant, CP110 is not. When
CP110 serves as an in vitro MARK4 substrate, Cep97 does not. However, the results point in the same di-
rection: MARK4 interacts with the Cep97-CP110 complex in vivo, phosphorylates CP110 in vitro and share
an in vitro phosphorylated sequence in Cep97 with PLK-1. My results point to MARK4 having a role in cen-
trosome regulation, namely the maturation from centriole to basal body and subsequent ciliary axoneme ex-
tension upstream of the removal of the CP110-Cep97 complex.

Interaction of TTBK2 with Cep164 and centrosomal localization had been previously published (Ca-
janek and Nigg, 2014; Chaki et al., 2012; Goetz et al., 2012) and was further confirmed by our results. | show
that Cep164 is necessary for TTBK2 recruitment to the centrosome and was able to further map TTBK2 in-
teraction with Cep164. Now we know that TTBK2 binds to the N-terminal WW domain of Cep164 and proba-
bly this interaction is determinant for TTBK2 centrosomal localization as was demonstrated by implementa-
tion experiments by Cajanek et al. 2014.

The results also show the importance of the distal appendage protein Cep123 for TTBK2 localization.
We do not know if there is a direct interaction between TTBK2 and Cep123. We can speculate that, since
Cep123 and Cep164 share a distal appendage localization it is plausible that TTBK2 could bind both pro-
teins. Otherwise, it is possible that TTBK2 associates specifically with Cep164 but the binding affinity de-
pends on distal appendage integrity, which may be compromised when Cep123 is depleted.

The depletion of Cep164 was also reported to have an adverse impact on IFT88 recruitment to the
centriole that was possible to rescue by complementation experiments (Schmidt et al., 2012). Here, | could
also rescue IFT88 localization at the basal body and restore ciliogenesis in cells depleted of endogenous
TTBK2 by ectopically overexpressing the active form of the kinase. Since TTBK2 localization depends on
Cep164, it is possible to conclude that the Cep164 acts by recruiting TTBK2 to the distal appendages of the
mother centriole allowing TTBK2 to function downstream in the pathway of IFT88 recruitment. This rescue of
IFT88 localization was only possible when the active form of TTBK2 was over-expressed. Over-expression
of the kinase-dead version of TTBK2 had no such rescuing effect leading to the conclusion that TTBK2 ki-
nase activity is necessary for IFT88 recruitment to the centrosome. The interaction with Cep123 also ap-
pears to be relevant for TTBK2's ability to perform the IFT88 recruitment role. However, the absence of
Cep123 was not as compromising for IFT88 recruitment to the basal body as the lack of Cep164.

MARK4 and TTBK2 have very similar single phenotypes that seem to add up when their depletion is
combined. Our results indicate that MARK4 and TTBK2 could be operating in synergetic parallel pathways of
ciliogenesis since the additive effects of their combined knock-down can not be explained if they are part of
the same branch of a pathway required for primary cilia formation. One node of the cilia formation pathway
where both MARK4 and TTBK2 paths were reported to intercept, is the removal of the CP110-Cep97 com-
plex (Goetz et al., 2012; Kuhns et al., 2013). | could partially rescue TTBK2's ciliogenesis defect by co-de-
pleting CP110. This result demonstrates that, as it is the case of MARK4, the effect of TTBK2 depletion on
ciliogenesis can be rescued by bypassing TTBK2 and artificially remove CP110 from the cells. We can con-

clude that at least part of the role of TTBK2 in cilia formation resides in the importance of this kinase in dissi-

91



MARK4 and TTBK2 interactions with CP110 and Cep97

pating the pool of CP110 that localizes at the distal end of the mother centriole and that prevents axoneme
extension.

The partial synthetic lethality of MARK4 and TTBK2 regarding Rab8a vesicle docking to the centro-
some indicates that MARK4 and TTBK2 could compensate for each other since once the action of both ki-
nases is weakened, the cells are not proficient anymore in docking the ciliary vesicle to the mother centriole.
The fact that still, 25% of the cells have docked vesicles in MARK4 and TTBK2 double depletion can be ac-
counted by the fact GFP-Rab8a is being over-expressed in the cell line used. The ectopic expression of
Rab8a is known to increases the probability of cells to ciliate and leads to longer cilia (Nachury et al., 2007;
Yoshimura et al., 2007).

Previously published electron micrographs of centrosomes of cells depleted of Cep123 show small
vesicles near the distal appendages of mother centrioles, but the cells appear unable to assemble a mature
ciliary vesicle (Sillibourne et al., 2013). The fact that the majority of cells depleted of Cep123 can not recruit
Rab8a positive vesicles to the distal appendages of the mother centriole supports the notion that Cep123 is
involved in the process of ciliary vesicle docking. The parallelism of Cep123 phenotype with that of TTBK2
and MARK4 double depletion gives plausibility to the idea of a role of these kinases in the ciliary vesicle
docking pathway. We can conjecture that MARK4 and TTBK2 are the links between ciliary vesicle docking
and CP110 removal from the distal end of the mother centriole.

| also performed experiments where MARK4 and TTBK2 depletions are combined to investigate the
role of these kinases in transition zone formation. Regarding the transition zone protein NPHP1, we found
that MARK4 has probably a bigger role in NPHP1 recruitment to the mother centriole than TTBK2. Due to
the high variability of NPHP1 levels when TTBK2 is missing from the cells, TTBK2 activity appears to be re-
lated not so much to the recruitment itself but more with the fine tuning of the composition and/or structure of
the distal appendages and transition zone. From this, we can conclude that the defect in NPHP1 recruitment
to the centrosome when Cep164 (Schmidt et al., 2012) is depleted does not happen through the agency of
TTBK2.

Here | demonstrated that MARK4 interacts with the CP110-Cep97 complex and may through its phos-
phorylation regulate the displacement of the inhibitory complex from the basal body and allow axoneme
growth. TTBK2 is at the center stage of vesicle docking due to its localization dependency on Cep164 and
Cep123. Besides activating CP110 displacement from the basal body, TTBK2 may also be involved in transi-

tion zone establishment and IFT-B complex assembly.
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VI. Final remarks

Centrosomes and cilia are able to gather intrinsic and extrinsic cellular information, generate an inte-
grated response to that information and transmit that response to other cell components via cascades of
specific post-translational modifications. The functions played by centrosome or cilium localized effectors
such as protein kinases or ubiquitin ligases in cellular processes such as transcriptional activity, cytoskeleton
regulation, autophagy or the cell cycle, among others, confer to these centriole-nucleated structures the role
of central processing units of the cell. Mutations in centrosomal and ciliary proteins have been found to be
the cause of developmental and metabolical pathologies. This leads to the realization that harmonious de-
velopment and cellular homeostasis of an organism is dependent on the central processing role that centro-
somes and cilia play in the animal cell. Although centrosomes and cilia appear to be so important in defining

what is the animal cell, details about their biology have only started to be unveiled.
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VIl.Material & Methods
VILl. Material
VILLIL. Chemicals
Unless stated otherwise, all the chemicals used were acquired from Merck (Darmstadt, Germany),
Roche Diagnostics (Mannheim, Germany), Roth (Karlsruhe, Germany) or Sigma- Aldrich (Taufkirchen, Ger-

many) and were of puriss pro analysi grade.

VIL.LIl.General buffers and solutions

Table 3: Buffers and solutions used in this study.

Buffer/Solution name Reagents Notes

100% TCA 500 g TCA store at 4 °C
227 mL H20

100x DNAse | solution 5 mM Tris-HCI pH 7.5

1 mg/mL DNAse |
75 mM NaCl
0.5 mM MgCl2

50% (v/v) glycerol

100x Lysozyme solution 10 mM Tris-HCI pH 8.0

20 mg/mL lysozyme

2x HEBS 5 g HEPES-NAOH pH 7.09
8 g NaCl
0.37 g KClI

0.125 g NazHPO,

1 g L-glucose

50 mL DPBS

to 500 mL 0.22 um filter sterilize
Acid Acetone 1:39 HCl in acetone store at -20 °C
Borate buffer 1.25 g Boric acid pH 8.8

0.3725 g EDTA
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Buffer/Solution name

Centrosome purification lysis buffer

Chloroquine

Colloidal Coomassie

Complete EDTA-free protease
inhibitor cocktail

Coomassie brilliant blue

Destain solution

DNA loading dye

Material & Methods

Reagents

To 1 L with H2O

1 mM HEPES-NaOH
0.5% NP-40

0.5 mM MgCl2
1mMDTT

PMSF solution

Complete EDTA-free protease inhibitor
cocktail

Phosphatase inhibitors

20 pM chloroquine

10% (W/v) (NH4)2S04
2% (v/v) H3aPOs4
0.1% (w/v) Coomassie G250

20% (v/v) methanol

1 tablet in 50 mL buffer

0.25% Coomassie Brilliant Blue R-250
10% (v/v) acetic acid

40% (v/v) ethanol

10% (v/v) acetic acid

40% ethanol

0.04% (w/v) Bromophenol blue
0.04% (w/v) Xylen cyanol FF
2.5% (w/v) Ficoll 400

30 % glycerol
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Notes

pH 7.2

100 mM stock in H20

Diluted 1:100



Buffer/Solution name

DRAQ5

ECL solution 1

ECL solution 2

ELB

Elution buffer

FTB

FTP

Material & Methods

Reagents Notes

Diluted 1:1000 from stock

100 mM Tris-HCI pH 8.5
25 mM Luminol (3-aminophthalydrazide)

2.5 mM p-Coumaric acid

100 mM Tris-HCI pH 8.5
61.5 pL of 30% H202

To 100 mL with H20

50 mM HEPES-NaOH pH 7.0
250 mM NaCl

5 mM EDTA pH 8.0

0.1% NP-40

10% Glycerol

1 mMDTT

PMSF solution

Complete EDTA-free protease inhibitor
cocktail

Phosphatase inhibitors

50 mM sodium phosphate pH 8.0
500 mM NaCl
500 mM Imidazole

1mMDTT

10 mM PIPES 0.22 um filter sterilize
55 mM MnClz
15 mM MgCl»

250 mM KCI

10 mM MOPS 0.22 um filter sterilize

75 mM CaClz
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Buffer/Solution name

GST elution buffer

Kinase buffer

MG132

Mini-prep solution |

Mini-prep solution I

Mini-prep solution Il

Nocodazole

PBS

Material & Methods

Reagents
10 mM RbCI

12% (w/v) glycerol

50 mM Tris-HCI
150 mM NaCl

10 mM glutathione

50 mM HEPES-NaOH
100 mM NacCl
10 mM MgClz

1mMDTT

1 UM MG132

50 mM glucose
25 mM Tris-HCI
10 mM EDTA

10 pg/mL RNAse |

0.2 M NaOH
1% (w/v) SDS

3 M potassium acetate

11.5% (v/v) acetic acid

6 ng/mL

10 mM Na2HPO4

1.76 mM KH2PO4

2.7 mM KCl

137 mM NaCl
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Notes

pH 8.0

pH 7.4

42 mM stock in DMSO

pH 8.0

5 mg/mL stock in DMSO

pH 7.2



Buffer/Solution name

PBST

PBX

PHEM buffer

Phosphatase inhibitors

PMSF solution

Ponceau S

SDS-Running buffer

SDS-Sample buffer

Semi-dry blotting buffer

Material & Methods

Reagents

PBS

0.001%(v/v) Tween 20

0.1% Triton X-100

PBS

5 mM HEPES

60 mM PIPES-KOH

10 MM EGTA

2 mM MgSO4

2.5 mM Na4dpyrophosphate

1 mM B-glycerophoaphate

2 mM NaF

0.1 mM NaszVOq

1 mM phenylmethane sulfonyl fluoride

0.2% (w/v) Ponceau S

3% (v/v) TCA

25 mM Tris

192 mM Glycine

0.1% (w/v) SDS

63 mM Tris-HCI

10% (v/v) glycerol

2% (w/v) SDS

0.01% (w/v) Bromphenol-Blue

100 mM DTT

25 mM Tris
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Notes

pH7.0

Diluted 1:100

Diluted 1:100

pH 6.8
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Buffer/Solution name Reagents Notes
192 mM Glycin
0.025% (w/v) SDS

5% (v/v) Methanol

Sonication buffer 50 mM sodium phosphate pH 8.0
300 mM NacCl
10 mM Imidazole
0.1 mM MgCl2
1 mMDTT

PMSF solution

Complete EDTA-free protease inhibitor
cocktail

Stripping buffer 200 mM glycine pH 2.5
1% (w/v) SDS

Sucrose gradient buffer 10 mM PIPES-KOH pH7.2
0.1% Triton X-100

1mMDTT

Complete EDTA-free protease inhibitor
cocktail

Phosphatase inhibitors

TAE 40 mM Tris pH 8.3

20 mM acetic acid

1 mM EDTA

TY agar medium 1 LTY medium autoclaved
20 g agar

TY medium 10 g Bacto tryptone autoclaved

10 g Yeast extract

5 g NaCl
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Buffer/Solution name

Wash buffer

Wet blotting buffer

VILLII.Enzymes

Restriction Endonucleases

Material & Methods

Reagents Notes

To 1 L with H2O

50 mM sodium phosphate pH 8.0
500 mM NaCl
30 mM Imidazole

1mMDTT

25 mM Tris

192 mM glycine
0.025% (w/v) SDS

New England Biolabs

Pfu-Turbo-DNA polymerase  Stratagene
RNAse A and DNAse | Sigma-Aldrich
T4 DNA ligase Epicentre
Lysozyme Sigma-Aldrich

VILLIV.Antibiotics
Ampicillin 100 pg/mL 100 mg/mL stock in H20
Kanamycin 25 ug/mL 25 mg/mL stock in H20
Chloramphenicol 30 png/mL 30 mg/mL stock in ethanol
G418 800 pg/mL 200 mg/mL stock in H20
Doxycyclin 250 ng/mL 10 mg/mL stock in H20

VIl.I.V.Antibodies

VILLV.l.Primary antibodies

Table 4: Primary antibodies used in this study.

antigene
OFD1
PCMA1

Cep290

species source

rabbit kind gift from A. Fry, Lopes et al., 2011
rabbit kind gift from A. Merdes, Dammermann and Merdes, 2002
rabbit Bethyl Laboratories

101



antigene

y-tubulin GTU88

polyglutamylated tubulin GT335

actin

LC3B
LAMP1
mTOR

S6K

pS6K (T398)
Raptor
pRaptor (S792)
y-tubulin T5192
vimentin
MAP4
Arl13B
ODF2

FLAG M2
GFP

Cep97
Cep164-N
NPHP1
TTBK2
IFT88
CP110

acetylated tubulin C3B9

Material & Methods

species
mouse
mouse
mouse
rabbit
mouse
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
rabbit
mouse
rabbit
rabbit
rabbit
mouse
rabbit
guinea pig
rabbit

mouse

VILLV.Il.Secondary antibodies

Table 5: Secondary antibodies used in this study

antigene (conjugated with)

mouse (HRP)

rabbit (HRP)

mouse (Alexa 488)

rabbit (Alexa 488)

species
goat
goat
goat

goat

source

Sigma-Aldrich

kind gift of C. Janke, Wolff et al., 1994
Chemikon

Novus Biologicals

Santa Cruz

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Cell Signaling

Sigma-Aldrich

kind gift from H. Zentgraf
Santa Cruz

Proteintech

lab stock, Kuhns et al., 2013
Sigma-Aldrich

kind gift from E. Schiebel
Bethyl Laboratories

lab stock, Schmidt et al., 2012
kind gift from H. Zentgraf
Sigma-Aldrich

lab stock, Pazour et al., 2002
Bethyl Laboratories

Sigma-Aldrich

source
Dianova
Dianova
Molecular Probes

Molecular Probes
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antigene (conjugated with) species source
guinea pig (Alexa 488) goat Molecular Probes
mouse (Alexa 594) goat Molecular Probes
rabbit (Alexa 594) goat Molecular Probes
guinea pig (Alexa 594) goat Molecular Probes
mouse (IRDye® 800CW) goat LI-COR
rabbit (IRDye® 800CW) goat LI-COR

VILLVIL.Plasmids
Table 6: Plasmids used in this study
plasmid codons mutations vector
GST-CP110-N 1-300 pGEX-5X-1
GST-CP110-M 301-600 pGEX-5X-1
His-CEP97-N 1-260 pET28a
GST-CEP97-C 261-750 pGEX-5X-1
GST empty pGEX-5X-1
His-hnMARKA4L ka full length S26E/T214E pET28a
His-hMARKA4L kd full length S26A/K88A pET28a
GST-PLK-1 WT full length
GST-PLK-1 KD full length D176N
GFP-MARK4 ka full length S26E/T214E pEGFP-C1
GFP-MARK4 kad full length S26E/K88A/T214E pEGFP-CA
FLAG-CEP97 full length pCMV-3Tag-1A
FLAG-CP110 full length pCMV-3Tag-1A
GFP-Cep164 full length pEGFP-C1
GFP-Cep164-AC 1-1250 pEGFP-C1
GFP-Cep164-AN 298-1250 pEGFP-C1
GFP-Cep164-W62/84A  full length W62A/W84A pEGFP-CA
FLAG empty pCMV-3Tag-1A
FLAG-TTBK2 WT full length pCMV-3Tag-1A
FLAG-TTBK2 KD full length D163A pCMV-3Tag-1A
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source

Evangeline Kang
Evangeline Kang
Evangeline Kang
Evangeline Kang

GE Life Sciences
Kuhns et al., 2013
Kuhns et al., 2013
kind gift of E. Schiebel
kind gift of E. Schiebel
this study

this study

this study

this study

Schmidt et al., 2012
Schmidt et al., 2012
Schmidt et al., 2012
Schmidt et al., 2012
Agilent Technologies
this study

this study
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VILLVII.Primers

Table 7: Primers used in this study.

name

FW GST-CP110-N

RV CP110-N

FW GST-CP110-M

RV CP110-M

FW His-Cep97-N

RV Cep97-N

FW GST-Cep97-C

RV Cep97-C

MARK4-fw2

MARK4-rev2

RV CP110-C

FW TTBK2 (Sall)

RV TTBK2 (Sall)

sequence 5°-3’

GATCGGATCCTC
ATGGAGGAGTAT
GAGAAGTTC

GATCGTCGACTT
AAACATTTGATT
TATTAAGGC

GATCGGATCCTC
CTTCTCCAAGGT
GCTTCC

GATCGTCGACTT
AGCAGTTTTCTTT
TTGCAA

GATCGGATCCAT
GGCGGTGGCGCG
CGTG

GATCGTCGACTT
AAGGCCGATATG
CTCTCCC

GATCGGATCCTC
GGCCAGCACATC
CAGCTTG

GATCGTCGACCT
ACACAGTAACAC
CAAC

CTCAGATCTATGTCT
TCGCGGACGGTGC

ACCGTCGACTCAGA
GCTCGAGGTCGTTG

GATCGTCGACTT
AAATTGTCGCAA
CATTTG
GATCGTCGACATGA
GTGGGGGAGGAGA Sall
G

GATCGTCGACCTATC sall
TGCTGAGTTTACT

BamHI

Sall

BamHI

Sall

BamHI

Sall

BamHI

Sall

Bglll

Xhol

Sall

restriction enzyme purpose

Forward primer to clone CP110-N in
pGEX-5X-1 and CP110 in pCMV-3Tag-1A

Reverse primer to clone CP110-N in
pGEX-5X-1

Forward primer to clone CP110-M in
pGEX-5X-1

Reverse primer to clone CP110-M in
pGEX-5X-1

Forward primer to clone Cep97-N in
pET28a and CEP97 in pCMV-3Tag-1A

Reverse primer to clone Cep97-N in
pET28a

Forward primer to clone Cep97-C in
pGEX-5X-1

Reverse primer to clone Cep97-C in
pGEX-5X-1 and CEP97 in pCMV-3Tag-1A

Forward primer to clone hMARKA4L in
pEGFP-C1

Reverse primer to clone hMARK4L in
pEGFP-C1

Reverse primer to clone CP110 in
pCMV-3Tag-1A
Forward primer to clone TTBK2 in
pCMV-3Tag-1A

Reverse primer to clone TTBK2 in
pCMV-3Tag-1A

All primers were ordered from Sigma-Aldrich in a lyophilized form, dissolved in H20 to a stock concen-
tration of 100 uM and stored at -20 °C.

VILLVIIL.siRNA sequences

Table 8: small interfering RNAs used in this study.

name
Luciferase

Cep164 siRNAT
ODF2

target sequence (5°-3’)

comment (reference)

AACGTACGCGGAATACTTCGA

CAGGTGACATTTACTATTTCA
AAAGACTAATGGAGCAACAAG
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control siRNA (Knodler et al.,
2010)

(Graser et al., 2007)

(Soung et al., 2009)
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hame target sequence (5’-3’) comment (reference)
MARK4 GCATCATGAAGGGCCTAAA (Kuhns et al., 2013)
MAP4 AACTGGCCAGAAGATACCAAC  (Ghossoub et al. 2013)
ATG5 GE Healthcare (L-004374-00-0005)
OFD1_1 GAGCTCATAGCTATTAATTCA (Lopes et al., 2011)
OFD1_2 GATCGATCGTTCTGTCAATGG  (Lopes et al., 2011)
TTBK2_1 CACATTGGTCATGACATGTTA (Goetz et al. 2012)
TTBK2_2 AGGCATCACCTCAAGATGAAA  (Goetz et al. 2012)
Cep123 CACCCTGGTTGTTGGATATAA (Sillibourne et al. 2013)
CP110 AAGCAGCATGAGTATGCCAGT  (Spektor et al., 2007)

All siRNA oligonucleotide duplexes were ordered from Life Technologies in a lyophilized form, dis-

solved in RNAse free H20 to a stock concentration of 20 uM and stored at -80 °C.

VIL.LIX.Escherichia coli strains

DH5a deoR endA1 gyrA96 hsdR17 (rk-mk-) recA1 relA1 supE44 thi-1A(lacZYA-
argFV169) $803dlacZAM15 F- A-

BL21 (DE3) pLysS Rosetta F- ompT hsdSB(RB- mB-) gal dcm A(DES3 [lacl lacUV5-T7 gene 1 ind1
sam? nin5]) pLysSRARE (CamR)

VILLLLX.Mammalian cell lines
RPE1 human telomerase immortalized retinal pigment epithelial 1 cell line
HEK293T  human embryonic kidney cell line 293T

NIH 3T3 murine embryonic fibroblast cell line

VILII. Methods
VILIL.I.Molecular biology
VILILLL.DNA amplification

Amplification of DNA fragments by polymerase chain reaction The polymerase chain reaction (PCR)
was used to copy and amplify fragments of DNA, using as template plasmid DNA. The annealing tempera-
ture of the two primers depended on their A/T and G/C content and was calculated based on this formula
n(A, T) x 2°C + n(C, G) x 4 °C. All PCR reactions were run in a Thermocycler T-Personal (Biometra, Géttin-
gen, Germany).

Reaction set up:
50 ng DNA template

1 uM forward primer
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1uM reverse primer

1x Pfu-Turbo-DNA polymerase  Pfu-polymerase buffer

0.2 mM each dNTPs
1.25U Pfu-Turbo-DNA polymerase
to final volume of 50 pL H20

Thermocycler program:
95°C 2 minutes
95°C 30 seconds

Tm of Primers —2 °C 30 seconds

72°C 1 minute / 1kb of DNA
72 °C 10 minutes
VILILLILSite directed mutagenesis

Site directed mutagenesis was performed to replace individual base pairs in a gene sequence. The
mutations were located in the middle of the primers and flanked by 15-20 bp in each side.

Reaction set up:

30 ng Plasmid template
1 uM forward primer
1uM reverse primer

1x Pfu-Turbo-DNA polymerase  Pfu-polymerase buffer

0.25 mM each dNTPs
25U Pfu-Turbo-DNA polymerase
to final volume of 50 pL H20

Thermocycler program:

95 °C 2 minutes

95°C 30 seconds

55 °C 1 minute

68 °C 2 minutes / 1kb of DNA
68 °C 10 minutes

The template plasmid was digested by adding 20 U Dpnl for 4 hours at 37 °C, which specifically di-
gested methylated DNA. 3 pL of the digested PCR reaction were transformed into E. coli DH5a.
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VILILLIIL.Restriction digestion of DNA
DNA was digested with specific restriction endonucleases to generate DNA fragments for cloning, to
identify positive clones or to linearize integration plasmids. Digests were carried out in the appropriate buffer
system of the enzyme manufacturer (New England Biolabs, Beverly, USA). For analytical digests, 0.5 ug of
DNA was digested in a final volume of 20 pL with 5-10 U restriction enzyme and incubated for 2 hours at the
recommended temperature. For preparative plasmid digest, 1-5 ug of DNA was digested in a final volume of
50 pL with 10 U of restriction enzyme and incubated for 4-5 hours. PCR fragments were digested overnight.

Digested DNA was analyzed by agarose gel electrophoresis.

VILILLIV.Cloning of PCR products with CloneJET PCR Cloning Kit
In the cases that was necessary to enhance cloning efficiency of a PCR fragment into a vector, the
high efficiency CloneJET PCR Cloning Kit (Fermentas, St. Leon-Rot, Germany) was used. Blunt-end PCR
products generated by a proofreading DNA polymerase were directly ligated with the linearized pJET1.2/

blunt cloning vector, according to manufacturer’s protocol.

VILILLV.Agarose gel electrophoresis
DNA fragments were separated according to their size using gels with 0.8-1.5% agarose in TAE buffer.
Before loading, samples were mixed with 1/5 volume of 6x DNA loading dye. As standard marker, the 1 kb
ladder from Invitrogen (Karlsruhe, Germany) was used. Gels were run at 100 V for analytical gels or at 50 V
for preparative gels and subsequently stained with 1 ng/mL ethidium bromide in water for 10 minutes. After
destaining in water, bands were detected by UV-illumination and documented with a gel documentation sys-

tem (PEQLAB Biotechnologie, Erlangen, Germany).

VILILLVI.DNA extraction from agarose gels
Excised bands were transferred to Eppendorf vials, weighed and DNA was purified with QiaQuick col-

umns (Qiagen, Hilden, Germany) following the instructions of the manufacturer.

VILILLVII.Determination of DNA concentration
DNA concentrations in solutions were determined by measuring the absorbance at 260 nm (Azeo) of
the diluted sample after calibration of the photometer with a buffer control. An Azso of 1.0 corresponds to 50
pg/mL of DNA.

VILILLVIIL.Ligation of DNA into plasmid vectors
DNA fragments were integrated via cohesive ends in linearized plasmid vectors. Ligations were per-
formed with 10 U T4 DNA ligase (Epicentre, Madison, USA) in 20 uL reactions. 50-200 ng of linearized vec-
tor was mixed with the insert in a 1:3-5 molar ratio in the recommended ligase buffer and incubated for 4
hours at RT.

Reaction set up:

1 part linearized vector
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3to5parts DNAinsert

i0U T4 DNA ligase

1x T4 DNA ligase buffer
1.25 mM ATP

to 10 pL H20

The ligation was incubated for 4 hours at RT and 2 pL were transformed into E. coli DH5a.

VILILLIX.Generation of chemically competent E. coli
Chemically competent E. coli cells were used for transformation by heat shock. To prepare chemically
competent E. coli, a 250 mL culture was inoculated with an overnight pre-culture and grown at 18°C with
shaking to an optical density at 600 nm (ODsoo) of 0.6. The culture was pelleted at 1,000 g at 4°C and the
pellet was gently resuspended in 1/3 of the original volume in chilled FTB. After incubation on ice for 10 min-
utes, the cells were again pelleted at 1,000 g and the pellet was resuspended in 1/12 of the original volume
in chilled FTP. After the addition of 7% DMSO, the cells were incubated for 10 minutes on ice and snap-

frozen in liquid nitrogen to be stored at -80°C.

VILILLX.Heat shock transformation of chemically competent E. coli
100 pL of chemically competent E. coli suspension was thawed on ice and mixed with 0.1-1 pg of
plasmid DNA or a ligation reaction and incubated for 30 minutes on ice. After heat shock for 90 seconds at
42°C, the suspension was chilled on ice. 900 pL of TY-media were added, E. coli were incubated for 30-60
minutes at 37 °C, plated on TY-agar plates containing the appropriate antibiotic(s) and incubated at 37 °C

over night.

VILILLXIIsolation of plasmid DNA from E. coli
Colonies were inoculated in TY-medium supplemented with the appropriate antibiotics and grown un-
der shaking overnight at 37 °C. Cells were pelleted for 1 minute at 14,000 rpm and plasmid isolation was
performed using the appropriate Qiagen Plasmid Kit (Mini, Midi, or Maxi) (Qiagen, Hilden, Germany) accord-
ing to the manufacturer’s protocol. The isolated plasmids were analyzed by restriction digestion and agarose

gel electrophoresis.

VILILLXIL.Sequencing of DNA
DNA plasmids were sent for sequencing at GATC Biotech AG (Konstanz, Germany). All plasmids men-

tioned in this study were subjected to DNA sequencing.

VILILIL.Cell culture
VILILILLCultivation and preservation of mammalian cells
All cells were grown at 37 °C in a 5% CO2 atmosphere. HEK293T cells were grown in Dulbecco’s
modified Eagle’s medium (DMEM) (Lonza, Cologne, Germany), supplemented with 10% fetal calf serum
(FCS) (Biochrom, Berlin, Germany). RPE1 cells were cultured in DMEM Nutrient Mixture F-12 Ham (Sigma-
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Aldrich, Minchen, Germany) supplemented with 10% FCS, 2 mM L-glutamine and 0.348% sodium bicar-
bonate (Gibco, Karlsruhe, Germany). NIH 3T3 cells were cultured in DMEM (Lonza, Cologne, Germany)
supplemented with 10% newborn calf serum (Pan Biotech, Aidenbach, Germany).

The RPE1 cell line expressing GFP-Rab8 cells was kept with G418 and the cell line expressing YFP-
LC3 was kept with puromycin to maintain a stable expression of the tagged proteins. Protein expression was
induced in NIH 3T3 cells by adding doxycycline for 16 hours. Cilia formation was induced by serum starva-
tion in RPE1 and NIH 3T3 cells.

Mammalian cells were frozen in medium supplemented with 10% DMSO. For RPE1 cells, the freezing
medium contained 70% FCS, for NIH 3T3 cells 30% and for HEK293T cells no medium was added and the
cells were frozen in 90% serum. The cells were trypsinized, centrifuged, resuspended in freezing medium
and chilled on ice for 30 minutes before transferring to -80°C. Cells were either stored at -80°C or transferred

to a liquid nitrogen tank.

VILILILIL. Transfection of HEK293T cells
HEK293T cells were transiently transfected with plasmid DNA using the calcium phosphate precipita-
tion method. In the evening before transfection, HEK293T cells were passaged from 80% confluent dishes
with a 1:8 split ration to 10 cm cell culture dishes. In the next morning, 1-5 pg plasmid DNA was added to
500 pL 0.25 M CaClz. 500 uL of 2xHEBS were added under vortexing and the mixture was dropwise added
to the cells. After 8 hours, medium was replaced with fresh medium. 24-32 hours after transfection, cells

were harvested and further processed.

VILILILIIL.siRNA-mediated protein depletion

To transiently deplete proteins in 100,000 RPE1 cells, these were seeded in 800 uL medium in a sin-
gle well of a 12-well plate containing two glass coverslips. The reverse siRNA transfection was performed
using LipofectamineRNAIMAX (Invitrogen, Karlsruhe, Germany) as transfection reagent. 2.5 pL siRNA du-
plex (final concentration of 50 nM) were added to 100 puL OptiMEM medium, and 1.8 L LipofectamineR-
NAiMax were added to a second vial containing equally 100 uL OptiMEM. Both vials were combined by
adding the mixture containing the siRNA duplex to the vial containing the mixture with the transfection
reagent. The obtained mixture was incubated for 15 minutes at room temperature (RT) and added to the
cells. 24-72 hours after addition of the siRNA duplexes, cells were further processed. Reactions for higher

amounts of cells were proportionally upscaled.

VILILILIV.Harvesting of mammalian cells
Cells were washed once with chilled PBS. HEK293T cells were harvested by pipetting them up and
down in chilled PBS. RPE1 and NIH 3T3 cells were scrapped from the dish in chilled PBS. The suspension
was transferred to a Falcon tube and the cells were pelleted at 1,000 rpm for 5 minutes at 4°C. The super-
natant was discarded and the cell pellet either directly processed or snap-frozen in liquid nitrogen and stored
at -80°C.
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VILILIIL.General protein biochemical and immunological techniques
VILILIILI.SDS-Polyacrylamide gel electrophoresis (PAGE)
Proteins were separated according to their sizes by discontinuous SDS-PAGE system. The Bio-Rad
Mini-PROTEAN II gel system was used for running acrylamide gels of 6, 8, 10, 12 and 15% according to the
expected size of the proteins. Acrylamide solution for separating gel (5 mL/gel) and stacking gel (2 mL/gel)

were prepared as follows:

Table 9: Formulations of polyacrylamide gels.

Separating gel Stacking gel
percentage 6 % 8 % 10 % 12 % 15 % 4%
H20 (mL) 2.68 2.38 2 1.7 1.175 1.55
30% acrylamide (mL) 1 1.3 1.68 2 2.5 0.325
1.5 M Tris-HCI, pH 8.8 (mL) 1.25 1.25 1.25 1.25 1.25 -
0.5 M Tris-HCI, pH 6.8 (mL) - - - - - 0.625
10% SDS (L) 50 50 50 50 50 25
10% APS (uL) 25 25 25 25 25 12,5
TEMED (pL) 5 5 5 5 5 25

Protein samples were dissolved in SDS sample buffer and heated for 15 minutes at 65 °C before load-
ing on the gel. Mini gels were run in SDS-running buffer at 20 mA per gel. Prestained (Bio-Rad, Miinchen,
Deutschland) or unstained molecular markers (Fermentas, St. Leon Rot, Germany) were used as protein
standard. Separated proteins were either stained with Coomassie Brilliant Blue, Colloidal Coomassie or

transferred onto a nitrocellulose or PVDF membrane.

VILILIILILSemi-dry immunoblot

After SDS-PAGE, the separating gel, a nitrocellulose membrane (Schleicher and Schuell, Dassel,
Deutschland) and 6 Whatman 3MM papers were immersed in semi-dry blotting buffer. A sandwich, consist-
ing of 3 Whatman papers, the nitrocellulose membrane, the SDS-PAGE gel and another 3 Whatman papers,
was assembled between the two electrodes of a semi-dry blotting apparatus. The standard blotting condi-
tions were 110 mA for 1-1.5 hours. Transferred proteins were visualized by staining with Ponceau S solution
for 1 minute before the background was reduced by washing with H-O. Membranes were blocked with 5%
milk in PBS-T for 1 hour at RT or overnight at 4°C and then incubated with the primary antibody diluted in 3%
milk/PBS-T at RT for 1 hour or at 4°C overnight. The membrane was washed 3 times in PBS-T before incu-
bating with the secondary antibody diluted in 3% milk/PBS-T for 30 minutes. The membrane was washed 3
times with PBS-T and the Western blots were probed with the enhanced chemiluminescence (ECL) solution

1 and 2 for 90 s for visualization. The signals were detected on X-ray film (FUJIFILM).

VILILILIIL.Wet immunoblot
The PVDF membrane (Bio-Rad, Miinchen, Germany) was activated in methanol for 2 minutes before

it was rinsed in chilled wet-blotting buffer. The separating gel as well as 6 Whatman paper and 2 tissues
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were immersed in the same buffer. The blotting sandwich was assembled between the two electrodes. Blot-
ting was performed at 350 mA for 2.5 hours. The transfer apparatus was cooled during the whole transfer.

The membrane was blocked and stained as above described for nitrocellulose membranes.

VILILIILIV.Membrane stripping
Stripping was used occasionally for the detection of more than one protein on the same western blot.
For removal of primary and secondary antibodies after the first probing the nitrocellulose membrane was in-
cubated in stripping buffer for 1 hour. After washing the membrane several times with PBS, it was blocked

again and re-probed with the next antibody.

VILILIIL.V.Detection of proteins with Coomassie Brilliant Blue
Coomassie Brilliant Blue staining was used as standard method to stain proteins in SDS-PAGE. The
gel was incubated in staining solution for 1 hour with gentle tumbling. The gel was briefly rinsed in H20 and

destained by repeated washes in destaining solution.

VILILIILVI.Detection of proteins with Colloidal Coomassie
Proteins in SDS-PAGE gels were detected with Colloidal Coomassie when a more sensitive method
was required that was suitable for later mass spectrometric analysis of separated proteins. Gels were fixed
for 1 hour in fixing solution (10% TCA) and subsequently washed 3 times for 10 minutes in H20. The gel was
stained in Colloidal Coomassie staining solution for 24-48 hours. Unbound color was removed by several

washes in H20.

VILILILVIL.Co-immunoprecipitations
Proteins were overexpressed in HEK293T cells to test whether they co-immunoprecipitate. One of the
two proteins was fused to a FLAG-tag, while the other protein was fused to a GFP-tag. HEK293T cells were
lysed in 1.4 mL ELB buffer rotating at 4°C for 20 minutes. To pellet the cell debris, the total cell extracts were
centrifuged at 21,000 g for 15 minutes and further clarified by centrifugation at 27,000 g for 30 minutes. The
protein concentrations were adjusted and the FLAG-tagged proteins were immunoprecipitated using anti-
FLAG M2 Agarose (Sigma-Aldrich, Taufkirchen, Germany) for 1-2 hours. The agarose beads were washed

three times in ELB buffer. Bound proteins were eluted in SDS sample buffer and subjected to SDS-PAGE.

VILILILVIIl.Determination of protein concentrations
A defined volume of a bacterially expressed and purified protein was subjected to SDS- PAGE with
subsequent Coomassie Birilliant Blue staining. The protein concentration was estimated based on a bovine
serum albumin (BSA) standard loaded into the same gel. After scanning the gel, the intensity of the BSA
bands was measured using Imaged. The protein concentration was estimated based on the generated linear
BSA standard curve. Protein concentrations of HEK293T cell lysates were measured using Advanced Pro-

tein Assay 01 reagent (Cytoskeleton, Denver, CO, USA), according to manufacturer’s protocol.
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VILILIILIX.In vitro kinase assay
The substrate and kinase were mixed together in kinase buffer. An equal volume of 16 mM ATP and
5uCi [y-32P] were mixed and 1ul was added to each reaction. The reactions were incubated with light shak-
ing for 30 minutes at 30°C. Sample buffer was added to each sample to stop the kinase reaction before boil-
ing at 95°C for 5 minutes. The samples were subjected to SDS- PAGE, followed by autoradiography and
Coomassie Blue staining. Gels were dried in a gel dryer (Bio-Rad) and then exposed to a phosphoimager

screen (FUJIFILM) for 1-2 hours. Radioactivity was detected by phosphoimager FLA-300.

VILILIILX.Protein expression with IPTG induction

Both His-fusion and GST-fusion proteins were expressed in BL21 (DE3) pLysS Rosetta E. coli cells. E.
coli were transformed by heat shock and plated on agar plates with the appropriate antibiotics in the evening
before. The next day, 5 mL of TY medium was pipetted directly to the agar plate and a glass pipette was
used to re-suspend the colonies. The resuspended colonies were then inoculated in 500 mL TY medium with
antibiotic and grown shaking at 37 °C to OD600 0.5. Protein expression was induced by adding 0.1 mM
IPTG. After induction, the cells were harvested by centrifugation for 20 minutes at 6000 rpm. The pellet was
resuspended in 50 mL PBS, transferred to a 50 mL falcon tube and centrifuged for 15 minutes at 6000 rpm

before storing at -20 °C.

VILILILXI.Purification of GST-fusion proteins from E.coli

The cell pellet was resuspended in 20 mL of cold PBS with the addition of lysozyme, DNAse |, PMSF,
1 mM DTT and protease inhibitors followed by incubation in ice for 15 minutes. The cells were then lysed on
ice using an ultra-sonicator in 8 rounds (40% output, 30 s pulsed, 30 s pause, cycle 3). PBS/ 1% TX-100 was
added before incubating for 30 minutes in ice. The cell lysate was centrifuged (45 minutes, 20,000 rpm, 4
°C). The cleared lysate was diluted in 480 mL of PBS/1% TX-100 in an Erlenmeyer flask. 1 mL of
gluthathione-sepharose resin slurry was equilibrated by washing twice with PBS and twice with PBS/1% TX-
100 before adding it to the diluted supernatant. Binding to the beads was allowed by incubation for 1 hour at
4 °C by slow stirring on a magnetic stirrer with a stir bar. The beads were collected and separated from the
flow-through by centrifugation (3 minutes, 2,000 rpm, 4 °C). After that, the beads were washed twice with 10
mL of PBS/0.1% TX-100 and incubated 20 minutes on ice with 10 mM MgClz2 and 2 mM ATP before washing
twice with 10 mL PBS. The beads were resuspended in 2 mL PBS before loading into a column and eluted

with GST elution buffer in 1 mL fractions.

VILILILXII.Purification of His-fusion proteins from E. coli
The cell pellet was resuspended in 20 mL sonication buffer and lysed as described for GST-fusion pro-
teins. The cell lysate was cleared by centrifugation (20 minutes, 10,000 rpm, 4 °C). The cleared lysate was
added to 1mL of Ni-NTA agarose that was previously equilibrated in sonication buffer. The lysate and slurry
mixture was incubated stirring for 2 hours at 4 °C. After incubation, the beads were washed 2 times with 20
mL of wash buffer before resuspension and incubation for 20 minutes on ice with 10 mM MgClz2 and 2 mM
ATP. The beads were washed 2 times with 20 mL of wash buffer. Protein elution was performed in elution

buffer in 1 mL fractions.
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VILILILXIIl.Centrosome purification

NIH 3T3 cells and NIH 3T3 cells stably carrying inducible LAP-hMARK4L wild-type or kinase dead
constructs were grown to a density of ~80%. The TET-on constructs were induced by addition of 250 ng/mL
of doxycycline in serum-free medium overnight. After washing with ice-cold PBS, the cells were harvested by
scraping, pelleted for 5 minutes at 4 °C and 1,200 g, washed with 10 mL of 8% sucrose (BDH) in PBS, and
sedimented at 1,200 g for 5 minutes. The cell pellet was resuspended in 250 uL of 8% sucrose and frozen in
liquid nitrogen for further processing. Centrosomes were isolated by centrifugation using a discontinuous
sucrose gradient (Mitchison and Kirschner, 1984). Cells were lysed for 10 minutes in 1.5 mL centrosome pu-
rification lysis buffer. Swollen nuclei and cell debris were sedimented at 1,200 g for 10 minutes, and 1.2 mL
of the supernatant was supplemented with 1 M Hepes-NaOH, pH 7.2, and 2 mg/mL DNase | to a final con-
centration of 10 mM and 10 pg/mL, respectively. After incubation at 4 °C for 30 minutes, 1 mL lysis super-
natant was overlaid on a discontinuous sucrose gradient set in one 11 x 34 mm polyallomer tube (Beckman
Coulter), with 300 pL of 70% sucrose (wt/wt), 200 uL of 50% sucrose (wt/wt), and 400 pL of 40% sucrose
(wt/wt) prepared in sucrose gradient buffer. Gradients were run at 100,000 g at 4 °C for 1 hour in a TLS-55
Beckman Coulter rotor. Fractions of four drops (~100 uL) were collected from the bottom of the gradient, and
the protein concentration was determined. The protein content of each fraction was precipitated with TCA
before SDS-PAGE and immunoblot analysis. For protein quantification, samples corresponding to the cen-
trosomal fractions were separated by SDS-PAGE and analyzed using anti—y-tubulin and anti-ODF2 primary
antibodies and IRDye 800—conjugated secondary antibodies. Membranes were scanned with an imaging
system (Odyssey Imager; LI-COR Biosciences), and band intensities were quantified using ImagedJ software.
The background measured in an empty area of the membrane was subtracted from all measured values.
The amount of ODF2 in centrosomal fractions was normalized to the y-tubulin amount, and the ratio of
ODF2/y-tubulin in each individual sample was calculated as the percentage within each experimental set to

allow the comparison of independent experiments.

VILILILXIV.TCA precipitation
Add 250 pL of 100% TCA to 1 mL sample and place on ice for 1h. Centrifuge at 13,000 rpm at 4 °C for
10 minutes, remove supernatant and rinse the pellet with 200 pL of acid acetone kept at -20 °C. Centrifuge
again at 13,000 rpm at 4 °C for 10 minutes, remove supernatant, air dry the pellet and resuspend in the buf-

fer of choice.

VILILIV.Microscopy and image analysis
VILILIV.I.Cell fixation and immunofluorescence staining

Cells were grown on coverslips and either fixed in PFA, methanol or PFA and methanol. For methanol
fixation, the cells were kept in ice cold methanol for 3 minutes and permeabilized in ice cold acetone for 20 s.
For PFA fixation, the cells were incubated in 3% (w/v) PFA (in PBS) for 20 minutes at 37 °C. PFA fixation was
followed by a 10 minutes quenching step in 50 mM NH4CI (in PBS) and a 5 minutes permeabilization step in
0.1% (v/v) Triton X-100/PBS. PFA and methanol fixation was performed by incubating cells in 3% (w/v) PFA
(in PBS) for 2 minutes followed by a rinsing step with 50 mM NH4CI (in PBS) and incubation on ice cold
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methanol for 3 minutes. After washing the methanol with PBS, cells were permeabilized with 0.1% (v/v) Tri-
ton X-100/PBS. Cells were blocked with 3% (w/v) BSA in 0.1% (v/v) Triton X-100/PBS for 30 minutes at RT
followed by the incubation with primary antibodies at 37 °C for 1 hour or 4 °C overnight. Primary antibodies
were detected with secondary antibodies for 30-60 minutes at RT. DAPI (Sigma-Aldrich) was included with
the secondary antibodies for DNA staining. All antibodies were diluted in blocking solution. Coverslips were

mounted on glass slides in Mowiol (EMD Millipore).

VILILIV.ILImmunofluorescence microscopy
Images were acquired using a Zeiss Axiophot microscope (Carl Zeiss) equipped with a 40x (0.75 NA,
Plan-NEOFLUAR) a 63x (1.4 NA, Plan-APOCHROMAT, oil immersion) or a 100x (1.45 NA, Plan-FLUAR, oil
immersion) objective lenses (Carl Zeiss), an EM-CCD camera (Cascade 1K; Photometrics), and MetaMorph

software (Universal Imaging Corp.).

VILILIV.IIl.Batch processing of images for Autophagy related analysis

Immunofluorescence microscopy images were acquired with a 40x objective in 11 z-stacks spaced 0.5
pum from each other. Channels were separated by wavelength and processed in imaged as follows: all im-
ages in the DAPI channel were subtracted of its minimum gray value and the z-stacks were maximum inten-
sity projected; all images in the 488 nm channel (autophagosomes) were both subjected to a tophat filter with
a diameter of 3 pixels and the z-stacks were maximum intensity projected and subtracted of its minimum
gray value and the z-stacks were maximum intensity projected; all images in the 594 nm channel (centro-
somes and cilia) were both subjected to a tophat filter with diameter of 5 pixels and the z-stacks were maxi-
mum intensity projected and subtracted of its minimum gray value and the z-stacks were median intensity

projected. All this transformations were made in batch using imagedJ macros.

VILILIV.IV.Batch processing of images for CS and lysosome related analysis

Immunofluorescence microscopy images were acquired with a 63x or a 100x objective in 15 z-stacks
spaced 0.214 um from each other. Channels were separated by wavelength and processed in imaged as
follows: all images in the DAPI channel were subtracted of its minimum gray value and the z-stacks were
maximum intensity projected; all images in the 488 nm channel (CSs or lysosomes) were both subjected to a
tophat filter with a diameter of 3 pixels and the z-stacks were maximum intensity projected and subtracted of
its minimum gray value and the z-stacks were maximum intensity projected; all images in the 594 nm chan-
nel (centrosomes and cilia) were both subjected to a tophat filter with diameter of 10 pixels and the z-stacks
were maximum intensity projected and subtracted of its minimum gray value and the z-stacks were median

intensity projected. All this transformations were made in batch using imaged macros.

VILILIV.V.Automated cilia and centrosome segmentation and classification
Cilia and centrosome segmentation was done using open-source software ilastik and Cell profiler. The
binary images with the centrosomes and cilia masks resulting from the ilastik segmentation were used in Cell

profiler using the IdentifyPrimaryObjects module for object identification and further analysis of cilia and cen-
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trosomes such as measuring intensity values or geometric parameters regarding their shape and position

within the cell.

VILILIV.VI.Automated cell segmentation

In order to segment the cells | used the open-source software Cell profiler. As seeds for image based
identification of the cell boundaries | used the maximum intensity projected images of the DAPI channel and
using the IdentifyPrimaryObjects module to identify the nuclei. Using the nuclei as input objects and the me-
dian intensity projection of the 594 nm channel as input image, | identified the cell boundaries using the Iden-
tifySecondaryObjects module. As methods to identify secondary objects | used the Propagation method for
low magnification images and Watershed — Image method for high magnification images. The threshold
strategy was set to Adaptive, the threshold method to RobustBackground. It is critical for the correct identifi-
cation of the cell borders in any given dataset to manually optimize the Threshold correction factor, Lower
and upper bounds on the threshold and if the Propagation method was used to identify secondary objects,
the Regularization factor to the specific image characteristics of the dataset. To exclude the maximum
amount of segmentation errors, the identified objects were further filtered to exclude too small or too big cells

and cells with abnormal numbers of centrosomes and cilia.

VILILIV.VII.Automated autophagosome and centriolar satellite segmentation
To segment dot like structures as the autophagosomes, lysosomes and CSs | used Cell profiler's Iden-
tifyPrimaryObjects module. | used the predetermined cell shapes as Masking objects and the tophat filtered,
maximum intensity projected 488 nm as input image. The thresholding method used was RobustBackground
and the Method to distinguish clumped objects was Laplacian of Gaussian. In this module, the values of the
Threshold correction factor, Lower and upper bounds on threshold and parameters related to the Laplacian

of Gaussian filter must be empirically optimized for each dataset.

VILILIV.VIIl.Voronoi tilling of the cell area and determination of Wiener entropy values
Having previously segmented the cells and CS it is possible to create a Voronoi tilling of the cell area
using the CS as input objects. | used Cell profiller's IdentifySecondaryObjects module Distance — B method
to calculate the Voronoi tilling of the cell area and MeasureObjectSizeShape module to measure the area of
each tile nucleated by the centriolar satellites. To calculate the Wiener entropy value for each cell | divided
the geometric mean of the Voronoi tiles area by the arithmetic mean of the Voronoi tiles area and determined

the logarithm base 10 of the resulting value.

VILILIV.IX.Live cell imaging
RPE1 cells were grown in 8 well, glass bottom slides (Ibidi) with DMEM/F12 without phenol red. The
cell nucleus was stained with DRAQ5 and images were acquired using an Olympus 1X81 microscope (Olym-
pus) equipped with a 60x 1.35 NA, UPLSAPO oil immersion objective lens (Olympus), a CCD camera
(Hamamatsu ORCA-R2), ZDC hardware autofocus, microscope stage incubation system (Okolab), and

Olympus xcellence software (Olympus).
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VILIL.V.Statistical analysis
VILILV.LViolin plots
White circles show the medians; box limits indicate the 25th and 75th percentiles as determined by R
software; whiskers extend 1.5 times the interquartile range from the 25th and 75th percentiles; polygons rep-

resent density estimates of data and extend to extreme values.

VILILV.II.Significance

Statistical significance was determined using pairwise x2 tests in Figures:

Figure Panel
33 B

36 B

43 B

46 B

48 Aand C
49 B

A Wilcoxon—Mann-Whitney test (2 samples) or Kruskal-Wallis test with Dunn's post hoc with Bonfer-

roni correction analysis were used in Figures:

Figure Panel
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correlation between cell area and the number of CS foci
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dithiothreitol

Escherichia coli
ethylendiaminetetraacetic acid
Enhanced Green Fluorescent Protein
electron microscopy
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first gap phase

second gap phase
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Glioma transcription factors
geometric mean

G protein-coupled receptor
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intra flagellar transport
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MARK4 MAP/microtubule affinity-regulating kinase 4
MARKK MARK Kinase
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N- amino-

NA numerical aperture

NEK2 never in mitosis A-related kinase 2
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NPHP1 nephrocystin-1

NPHP4 nephrocystin-4

ODsoo optical density at 660 nm

ODF2 Outer dense fibre protein 2
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OFD1 oral-facial-digital syndrome 1
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PCM pericentriolar material

PCM1 Pericentriolar material 1
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RNA
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RNA interference
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Sonic hedgehog

Small interfering RNA
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