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SUMMARY

Neurogenesis is the process by which a population of cells called Neural Progenitor Cells (NPCs)
produces neurons and glia within the central nervous system. This is a crucial process for
development, and it has been shown that in the adult brain continues in restricted areas to support
functions like learning, memory formation, or injury recovery. NPCs can divide differently to
maintain the pool of progenitor cells and produce newly differentiated cells. These different
division modes are tightly modulated by the cell cycle, and disturbances in it can result in severe
disorders in development and aging. Centrosomes are cellular structures essential for cell cycle
progression, and the correct structure of this organelle in cycling cells is pivotal for the generation

of neurons, and disruption of it leads to neurodevelopmental and neurodegenerative disorders.

Interestingly, several studies have highlighted alternative roles of endocytic machinery proteins in
the cell cycle, also called moonlighting. This thesis reports a novel role of Adaptor Protein
Complex-2 (AP-2) in centrosome structure and cell cycle progression. AP-2 was found to interact
with components of the y-tubulin ring complexes (y-TuRC), a set of proteins crucial for
centrosome formation and microtubule (MTs) nucleation. NPCs deficient for AP-2 reveal defects
in centrosome formation and p53-dependent G1/S phase cell cycle arrest together with
senescence-related cell death. This function of AP-2 in regulating NPC proliferative capacity is
independent of clathrin and requires its association with components of y-TURC. AP-2-dependent
y-TuRC assembly at the centrosome prevents premature NPC differentiation. Taken together, our
data identify a novel non-canonical function of the endocytic adaptor AP-2 in regulating the
proliferative capacity of NPC and set directions for identifying novel therapeutic strategies for the
treatment of neurodevelopmental and neurodegenerative disorders with AP-2 complex

dysfunction.
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ZUSAMMENFASSUNG

Neurogenese ist der Prozess, bei dem eine Zellpopulation, die so genannten neuronalen
Vorlauferzellen (NVZ), sich zu Neuronen und Glia ausdifferenzieren im Zentralnervensystem.
Dieser Prozess ist fur die Entwicklung von entscheidender Bedeutung, und es hat sich gezeigt,
dass er auch im erwachsenen Gehirn in begrenzten Hirnarealen fortgesetzt wird, um Funktionen
wie z.B. das Lernen, die Gedéachtnisbildung oder die Heilung von Verletzungen zu unterstitzen.
NVZ kénnen sich auf unterschiedliche Weise teilen, um den Pool der Vorlauferzellen zu erhalten
und/oder neue differenzierte Zellen zu produzieren. Diese verschiedenen Teilungsmodi werden
durch den Zellzyklus streng reguliert, und Stérungen in diesem Zyklus kdnnen zu
schwerwiegenden Storungen in der Entwicklung und im Alterungsprozess fuhren. Zentrosomen
sind zellulare Strukturen, die fur die Progression des Zellzyklus unerlasslich sind. Die korrekte
Struktur dieser Organelle in zyklischen Zellen ist entscheidend fir die Bildung von Neuronen, und

eine Storung dieser Struktur fiihrt zu neurodegenerativen Stoérungen.

Interessanterweise haben mehrere Studien alternative Rollen von Proteinen der endozytischen
Maschinerie im Zellzyklus aufgezeigt, die auch als ,Moonlighting“ bezeichnet werden. In dieser
Arbeit wird Uber eine neue Rolle des Adaptor-Protein-Komplexes-2 (AP-2) bei der
Zentrosomenstruktur und der Zellzyklusprogression berichtet. Es wurde festgestellt, dass AP-2
mit Komponenten der y-Tubulin-Ring-Komplexe (y-TuRC) interagiert, einer Gruppe von
Proteinen, die fiir die Zentrosomenbildung und die Nukleation von Mikrotubuli (MTs) entscheidend
sind. NVZs, denen AP-2 fehlt, weisen Defekte bei der Zentrosomenbildung und einen p53-
abhangigen G1/S-Phasen-Zellzyklusstillstand sowie einen seneszenzbedingten Zelltod auf.
Diese Funktion von AP-2 bei der Regulierung der proliferativen Kapazitat von NVZ ist unabhangig
von Clathrin und erfordert seine Assoziation mit Komponenten von y-TURC. Die AP-2-abhangige
y-TURC-Assemblierung am Zentrosom verhindert eine vorzeitige NPC-Differenzierung.
Zusammengenommen identifizieren unsere Daten eine neuartige, nicht-kanonische Funktion des
endozytischen Adapters AP-2 bei der Regulierung der Proliferationsfahigkeit von NVZs und
weisen den Weg fiur die Identifizierung neuartiger therapeutischer Strategien zur Behandlung von

neurodegenerativen und neurodevelopmentalen Erkrankungen mit AP-2-Komplex-Dysfunktion.



1. INTRODUCTION

1.1 Brain development

Multicellular organisms are created from a fusion of two haploid gametes (sperm and egg) into a
diploid cell, the zygote (Molé et al, 2020). Eventually, it will become an embryo, in which the three
germ layers (ectoderm, endoderm, and mesoderm) formed after gastrulation will start to form the
organs that will compose the body in a process called organogenesis (Gilbert & Barresi, 2016).
Cells in the germ layers will undergo a complex cascade of signals that will specialize these cells
for their role in the mature tissues and organs (Hobert, 2008, 2011; Young, 2011). We call this
process differentiation, which is critical for adult organism formation since defective differentiation
during development can compromise proper organ formation and function (Cai et al, 2021;
Langen et al, 2017; Ping et al, 2014), and in adults, it can degenerate in tumorigenesis (Luo et al,
2008; Shats et al, 2007). While differentiated cells have only self-renewal capacity, stem and
progenitor cells have a multipotent differentiation potential, producing different cell types or a
restricted number in the case of progenitor cells (Zakrzewski et al, 2019). The cell
microenvironment strongly determines this capacity, and each cell layer will give rise to different
cells and organs(Bloom & Zaman, 2014). The endoderm will form tissues that will assemble into
the lungs, thyroid, and pancreas; the mesoderm, muscles, kidneys, and red blood cells; and the
ectoderm will form skin and brain cells (Gilbert & Barresi, 2016). The brain has a complex structure
and a heterogeneous population of specialized cells. This cellular diversity arises from a single
population of cells called Neural Progenitor Cells (hereafter refer as NPCs), undifferentiated cells
that produce neurons and glia within the central nervous system (CNS) (Gotz & Huttner, 2005;
Martinez-Cerdeno & Noctor, 2018).
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Figure 1. Neuronal progenitor cells lineage determination. NPCs in response to different stimuli can

differentiate into different cell types. They can divide into another NPC maintaining the progenitors pool,
differentiate into oligodendrocytes, myelinating cells of the CNS, astrocytes, supportive cells of the CNS or
neuronal intermediate progenitors, which will eventually turn into neurons. lllustration reproduced courtesy
of Cell Signaling Technology, Inc. (www.cellsignal.com).

1.1.1 Neural Progenitor Cells (NPCs) and the neurogenic process

NPCs are characterized as being able to divide in different ways. Before organogenesis, they
divide symmetrically into two identical NPCs, expanding the population of cells with neurogenic
capacity. This initial expansion of the progenitors' pool is crucial to ensure that the correct number
of neurons and glia are produced during neurogenesis (Kriegstein et al, 2006; Takahashi et al,
1994). If proliferation is compromised, it can result in several neurodevelopmental disorders, e.g.
a decrease in the progenitor pool will result in a smaller brain size, called microcephaly (Rhinn et
al, 2022; Woods & Basto, 2014), or, in the opposite case, an increase in the pool will augment
brain size, macro- or megalocephaly (Mirzaa et al, 2013). Upon neurogenesis start, around
embryonic day 12.5 (E12.5), they can divide either symmetrically and eventually give rise to two
differentiated cells (symmetric terminal differentiation) or asymmetrically, into one NPC and one
differentiated cell (Caviness et al, 2003; Franco & Muller, 2013; Noctor et al, 2004).
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Figure 2. Schematic illustration of neural progenitor cell division modes and neurogenesis process.
NPCs can divide into two different ways. 1) Before neurogenesis, NPCs will only divide symmetrically into
two NPCs, expanding the pool of progenitors in preparation for neurogenesis. 2) At the onset of
neurogenesis at E12.5, they will also make neurogenic divisions, which can be symmetric (in the case of
the generation of two differentiated cells) or asymmetric (the division will result in one NPC and one
differentiated cell). Additionally, Radial Glial Cells (RGCs) protrusion will guide cell migration to the cortical

plate during development. Image modified from (Sueda & Kageyama, 2020).

The generation and differentiation of cells is only one part of this process. Cells must reach the
right place within the developing brain with the help of NPCs, called Radial Glial Cells (RGCs),
which will serve as migration guidelines for the newly generated cells (Gregg & Weiss, 2003).
During asymmetric division, the daughter RGCs long projection will allow the differentiated
daughter cell to adhere starting the migration process (Arno et al, 2014; Noctor et al., 2004; Rakic,
1971, 1974). At the right moment, the cell should be able to detach from the process and continue
its migration to its destination (Elias et al, 2007; Jossin & Cooper, 2011; Mestres et al, 2016; Shieh
et al, 2011). After the NPCs complete their neurogenic cycle, they can stop cycling in different
ways. They can arrest the cell cycle reversibly, in a process called quiescence (Otsuki & Brand,
2018; Terzi et al, 2016), which is crucial to avoid exhausting the progenitor pool. There are two
irreversible options, the first one is a terminal division (the two daughter cells undergo terminal
differentiation) to produce a pair of neurons (Haubensak et al, 2004; Miyata et al, 2004; Noctor et
al., 2004; Noctor et al, 2008), further migrating to the cortical plate (Martinez-Cerdeno & Noctor,

2018). Such directional migration requires polarized membrane remodeling and concerted cycles



of adhesions and deadhesion events (Vitriol & Zheng, 2012; Webb et al, 2002). The last one is
senescence, which is an irreversible state in which damaged or aged cells are permanently
arrested (Fridlyanskaya et al, 2015; Serrano, 2010; Terzi et al., 2016) this permanent arrest
degenerates in cell death, in order to clear defective cells (Lim et al, 2021; Nguyen et al, 2021,
Wickman et al, 2012).

Despite being primarily embryonic, neurogenesis continues in restricted areas in the adult brain.
Those areas are the Subventricular zone (SVZ), which generate cells that will migrate to the
olfactory bulb to differentiate into interneurons that will participate in the sense of smell, and the
Subgranular zone (SGZ) in the hippocampus, where granule cells are produced, which are crucial
for memory formation and learning (Eriksson et al, 1998; Kuhn et al, 1996; Shohayeb et al, 2018).
Adult neurogenesis is also crucial in injury in pathology. In neurodegenerative diseases, reduced
self-renewal of NSCs results in neuronal loss (Horgusluoglu et al, 2017). Reduced NSC
proliferation has been found in Parkinson’s Disease (PD) (Hoglinger et al, 2004), Alzheimer’'s
Disease (AD) (Mu & Gage, 2011), Huntington's Disease (HD) (Kandasamy et al, 2010), and
Amyotrophic Lateral Sclerosis (ALS) (Lee et al, 2011). After brain insult in ischemic stroke, there
is an increase of neurogenesis in the SVZ and migration of neuroblasts to the striatum (Jin et al,
2001; Jin et al, 2003). Neurogenesis is tightly related to the cell cycle, in the next section the cell

cycle will be described and its implication in the neurogenic process.
1.1.2 Cell cycle and neurogenesis

The cell cycle is the process by which cells multiply in a process in which one mother cell will
divide into two daughter cells (usually in a symmetric way been both daughter cells identical to
each other) (Alberts et al, 2007). We can divide the cell cycle into two major phases, interphase,
where the cell starts preparing all the requirements for division, and mitosis, the division of the
cell into two daughter cells (Foster et al, 2010). In addition, there is one more state called
quiescence or GO, a reversible state in which the cell is out of cycling (Otsuki & Brand, 2018; Terzi
et al., 2016). Interphase begins with the Growth Phase 1 (G1) after mitotic exit, in which the cell
starts to duplicate all its components except for the genetic material, which will be duplicated
during the DNA Replication Phase (S) and will finalize just before mitosis with the Growth Phase
2 (G2) in which any replication problem prior to mitosis is fixed. After G2 cells enter Mitosis, that
will start with the pairing of sister chromatids and the beginning of the mitotic spindle formation
during pro-/prometaphase. Afterward, the chromosomes are aligned thanks to the fully formed

mitotic spindle in the Metaphase, and finally, the separation into two cells will start during Ana-



and Telophase to culminate with the membrane separation or cytokinesis (Alberts et al., 2007).
To ensure the correctness of the process, there are several control checkpoints in which the cell
will look for potential defects and, in case of defects been found, the cell cycle is interrupted
(Bower et al, 2017). The first checkpoint is the GO/G1 Restriction Point, in which the cell commits
to the cycle. Otherwise, it becomes quiescent (Pardee, 1989). The Rb/E2F signaling pathway is
the primary mechanism behind this control, and when Rb releases transcription factors to the E2F
gene, it starts a transcriptional cascade of gene activation, which is vital for the whole replication
process (Classon & Harlow, 2002; Weinberg, 1995). The second one is the DNA-damage
Checkpoint at the G1-S transition, which delays DNA replication if damage is found in the genetic
code. This checkpoint is heavily dependent on the p53/p21/Mdm2 pathway, and p53 mutations
or loss leads to a bypass of this point (Agarwal et al, 1995; Brown et al, 2009; Hartwell & Weinert,
1989; Menendez et al, 2009). Following DNA damage or centrosomal defects, caspase-2 is
activated to cleave MDM2, which is a p53 repressor inducing cell cycle arrest and apoptosis (Lim
et al., 2021). The Intra-S Checkpoint is a second DNA-damage checkpoint to ensure there are no
genetic defects before mitosis after replication. If that is the case, inactivation of cyclins will delay
the G2/mitosis entry (Morgan, 1995; Nigg, 1995). After ensuring an error-less DNA, the next
control point is the Decatenation G2 Checkpoint that ensures that the sister chromatids are ready
for mitosis, if that is not the case the cell will not enter mitosis (Downes et al, 1994; Luo et al,
2009; Skoufias et al, 2004). Finally, the Spindle Assembly Checkpoint (SAC) acts in mitosis to
ensure a perfect bipolar mitotic spindle in Anaphase and the equal segregation of the chromatids
(Kung et al, 1990; Musacchio, 2015; Taylor & McKeon, 1997; Wang et al, 2004). The checkpoint
is mainly mediated by the mitotic checkpoint complex (MCC) which includes the proteins BubR1,
Bub3, Cdc20, and Mad2 (Alfieri et al, 2016; Izawa & Pines, 2015; Sudakin et al, 2001).
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Figure 3. Cell cycle diagram. The cell cycle is controlled by different checkpoints that ensure the correction
of DNA defects during interphase (from the G1-S transition until the beginning of mitosis) and the correct
segregation of the sister chromatids in mitosis. After mitosis exit, the GO restriction point will be the point of
decision if the cell will divide or remain in quiescence. After this point, DNA quality controls will be done in
G1-S transition, at the middle of S-phase during DNA duplication, and on the onset of mitosis. Finally one
more checkpoint will ensure the correct chromosomal alignment at the end of metaphase to extra the cell
division. Image modified from (Bower et al., 2017)

The division mode is tightly related to the cell cycle, and differences in the cycle length, incorrect
assembly or duplication of cellular structures, or the positioning of the mitotic spindle will influence
the promotion of proliferation or the differentiation of daughter cells (Calegari et al, 2005; Calegari
& Huttner, 2003; Lange et al, 2009; Salomoni & Calegari, 2010). The probability of a proliferative
or neurogenic division has been shown to depend on G1 length, with shorter G1 leading to
proliferation and longer to cell differentiation (Calegari et al., 2005; Calegari & Huttner, 2003). The
mitotic spindle determines the cell's division angle, which will also determine how the cell will
divide. If the cell presents abnormal spindles or a compromised microtubule activity, the cells will
not be able to mediate a correct division (D'Aquino et al, 2005; Pereira & Schiebel, 2005; Yeh et
al, 1995). Finally, cellular structures are crucial for the cell cycle and neurogenesis. The



centrosome will be examined in detail in the next chapter because of its essential role in division

and neurogenesis.
1.2 Centrosomes and cell cycle

Centrosomes are organelles composed of two centrioles embedded in a protein matrix called the
pericentriolar matrix (PCM) (Lin et al, 2022; Luders & Stearns, 2007), which are crucial for cell
cycle progression, especially during the G1-S transition in which cyclin recruitment to the
centrosome is required for S-phase initiation (Lin et al., 2022; Mattaloni et al, 2013; Tsou &
Stearns, 2006). Centrosomes are also the cell's primary microtubule-organizing center (MTOC).
Proteins forming the PCM mediate microtubule nucleation, which is essential during mitosis in the

formation of the mitotic spindle (O'Toole et al, 2012; Strome et al, 2001).
1.2.1 The centrosome cycle

The centrosome cycle consists of four phases synchronized to the cell cycle. Starting in anaphase
and through the G1-phase, the centriole pair will start the disengagement to be duplicated
simultaneously with the DNA in the S-phase. Once we have two centrosomes in the G2 phase,
they will be disjunct and separated in preparation to have two mature centrosomes that will form
the bipolar spindle for mitosis, ensuring the correct chromosomal separation (Fuijita et al, 2016;
Mazia, 1987; Meraldi & Nigg, 2002; Nigg & Stearns, 2011; Winey, 1999).

Out of the cell cycle (during G0), since the centrosome is hot necessary, it will become a different
structure, the basal body, that will assemble the primary cilium, a microtubule structure that will
sense environmental conditions, if the conditions are suitable for cycling, the cilium will
disassemble, and the cell cycle will start all over again (Plotnikova et al, 2009). The primary cilium
is an important signaling center. It maintains cellular quiescent state by Sonic Hedgehog (Shh)
and TGF-f signaling (Ghossoub et al, 2016; Molla-Herman et al, 2010; Pedersen et al, 2016).
Interestingly this signaling is also crucial for development, for example, Shh is required for
progenitor expansion cell migration in the brain (Spassky et al, 2008; Tobin et al, 2008; Willaredt
et al, 2008).
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Figure 4. Diagram of the centrosome cycle. Cilium disassembly will start the centrosome formation and
the start of the cell cycle. Centrosome starts to be formed during G1 after it is separated from the
disassembled primary cilium. From this point, the procentriole will start to form during the S-phase allowing
the duplication of the centrosome, to have two different centrosomes (mother and daughter centrosome)
that will ensure a bipolar morphology of the cell in mitosis, and the formation of the mitotic spindle. After
mitosis completion it will become again the basal body and the primary cilium will be assembled again.
Image is taken from (Jaiswal & Singh, 2021)

The centrosome assembly is crucial for its progression towards the cell cycle, and several proteins
and mRNAs are required to form a functional centrosome properly (Lin et al., 2022; Mattaloni et
al., 2013; Tsou & Stearns, 2006) and if the centrosome is perturbed, it leads to genomic instability
and disease (Conduit et al, 2015). Crucial for microtubule nucleation at the centrosome, vy-
Tubulin, a highly conserved member of the tubulin family (Luduefia, 2013; Oakley & Oakley,
1989), serves as a scaffold, combined with other proteins called GCPs, for the tubulin heterodimer
formation (Oakley et al, 2015; Petry & Vale, 2015; Thawani & Petry, 2021; Tovey et al, 2018). y-
tubulin together with GCP2 and GCP3, will form the y-Tubulin Small complex (y-TuSC). When the



y-TuSC binds to the other complex components (such as GCP4) will form the y-Tubulin Ring
Complex (y-TuRC).
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Figure 5. Structure of the y-tubulin complex and its association with the centrosome. In C there is a
representation of the y-TuSC with two y-tubulin molecules (in orange and yellow), a GCP2 molecule
(green), and a GCP3 molecule (dark blue). In A, the y-TuRC is represented with a typical ring organization

with different components and attachment points to the MTOC. Image is taken from (Sulimenko et al, 2022)

1.2.2 Centrosome-related disorders

Despite early evidence of centrosomes' relation to disease, the mechanisms behind them have
started to be elucidated recently, indicating that pathology causes in different tissues are diverse
and specific (Bettencourt-Dias et al, 2011). We englobe centrosomal defects into structural
defects, happening because of altered expression of protein leading to larger centrosome or
reduced microtubule nucleation; and numerical changes in the number of centrosomes, it can
happen by different causes such overexpression of regulators of centrosome duplication (e.g.,
PLK4/SAK) or mutations in oncogenes or tumor suppressors (e.g., p53, BRCA1) (Bettencourt-
Dias & Glover, 2007; Fukasawa, 2007), prolonged G2 cell cycle arrest (Bourke et al, 2007;
Loncarek et al, 2010; Robinson et al, 2007) or cell division failure (e.g., mitotic catastophre and

cytokinesis failure) (Hayashi & Karlseder, 2013). Errors in chromosome attachment are not
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detected by the spindle assembly checkpoint and result in lagging chromosomes and genetic
instability (Ganem et al, 2009; Silkworth et al, 2009).

As evidenced by its tight interaction with the cell cycle, most of the disorders associated with the
centrosome have to do with cell cycle defects. Centrosome abnormalities are observed in different
tumors (Lingle et al, 1998; Pihan et al, 1998). Moreover, decreasing p53, a tumor suppressor
protein, results in a heterogeneous population of cells with multiple centrosomes and typical
centrosome numbers. In the developing brain, centrosome integrity is pivotal for NPC cycle
progression, and alterations of the centrosome result in severe defects (Chavali et al, 2014; Kaindl
et al, 2010; Nano & Basto, 2017; Thornton & Woods, 2009; Woods & Basto, 2014). These
disorders are defects of neural migration (such as lissencephaly), general growth defects with
disproportional brain size (microcephalic osteoplastic primordial dwarfism type Il (Griffith et al,

2008; Rauch et al, 2008)), and primary microcephalism (only brain size reduction).
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Figure 6. Several centrosomal proteins are linked to disorders. Centrosome function is crucial for cell
cycle progression. Mutations of centrosomal proteins during S-phase (mostly important for centrosomal
maturation) are primarily associated with microcephalism and dwarfism, while defects in G2 and Mitosis
(most of these proteins important for bipolar mitotic spindle formation) can also be associated additionally

with tumorigenesis. Image is taken from (Bettencourt-Dias et al., 2011)

1.3 Endocytosis

Cells are isolated from the environment by a lipidic bilayer encrusted with proteins that separate
the intracellular space from the environment called the plasma membrane (PM). Despite its

protective function, it has mechanisms that facilitate the internalization of nutrients and molecules
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into the cell that cannot diffuse through the membrane. Endocytosis can be described broadly as
the invagination of the PM in order to engulf molecules or genetic material. As a result, the cell
will internalize a membrane vesicle by scission of the PM. These vesicles are crucial for cellular
functions such as cell signaling, nutrient uptake, or membrane remodeling (Conner & Schmid,
2003b; Kaksonen & Roux, 2018; McMahon & Boucrot, 2011).

We could roughly classify endocytosis into two big groups: one with two unspecific processes
called phagocytosis and macropinocytosis in which the PM engulfs bulk amount of extracellular
particles or volumes with high energy consumption (Lim & Gleeson, 2011). The second one is
receptor-mediated endocytosis, which capitalizes on membrane receptors that bind to
extracellular molecules with a lower energy demand than the previous modes described (Edeling
et al, 2006; Kirchhausen, 2000, 2009).

Figure 7. Different endocytosis mechanisms. Endocytosis englobes different internalization
mechanisms, which differ in the specificity of the englobed substances and molecules involved. 1) Macro-
/phago-/pinocytosis is the unspecific engulfing of bulk substances. 2)Receptor-Independent internalize
smaller molecules without the involvement of clathrin, and finally 3) Clathrin-mediated endocytosis requires
specific binding to membrane receptors and the complex molecular machinery behind it. Picture Image is

taken from scientificanimations.com, CC BY-SA 4.0, via Wikimedia Commons.
1.3.1 Phagocytosis and Macropinocytosis

Macropinocytosis is a process by which actin-driven PM ruffling, also called macropinocytic cup,
engulfs bulk particles in large vacuoles called macropinosomes (Swanson, 2008; Swanson &
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Yoshida, 2019). This process is independent of receptors and cargo, and its mechanism still
needs further investigation (Veltman et al, 2016). High macropinocytosis rates can be maintained
for hours (Donaldson, 2019), a process which is vital for cancer cells obtaining of nutrients

(Commisso et al, 2013) and immune cells in antigen presentation to T cells (Liu & Roche, 2015).

This process requires different proteins, such as several small GTPases, cytoskeletal proteins
(e.g., WASP, ARP2/3), and inositol phospholipids (Buckley & King, 2017). From the first group,
the most well-characterized is the RAS superfamily of GTPases (e.g., RAC1, CDC42, RAS,
ARF6), essential for actin cytoskeleton rearrangement (Egami et al, 2014; Fujii et al, 2013; West
et al, 2000). Three kinases are essential for macropinosome formation, the phosphoinositol (PI)
3-kinase (PI3K), the PI 4-phosphate 5-kinase (PI(4)P5K), and the phospholipase C-c-kinase
(PLCc) (Yin & Janmey, 2003). From these, two can be activated by growth factor, PLCc and PI3K
(Griner & Kazanietz, 2007; Rosse et al, 2010). PI3K and PI4P5K mediate the formation of
membrane ruffles of PI to recruit and activate actin-regulatory proteins (Yin & Janmey, 2003).
P1(4,5)P2 is hydrolyze by the action of PLC to produce inositol-1,4,5-trisphosphate (Ins(1,4,5)P3)
and diacylglycerol (DAG). DAG will recruit to the macropinocytic cup, and activate kinases such
as protein kinase Ca (PKCa) and PKCe, promoting macropinosome formation (Mercer &
Helenius, 2009).

1.3.2 Receptor-Mediated Endocytosis, CIE, CME, and AP-2

CIE is an internalization of membrane structures that does not require clathrin assembly around
the pit/vesicle. There are several ways to classify CIE depending on several characteristics, such
as crucial molecular components (endophilin-mediated endocytosis requires the molecule
endophilin (Boucrot et al, 2015)), speed of the process (ultrafast endocytosis (Watanabe et al,
2013)), or PM markers associated to it (caveolin-associated endocytosis (Kovtun et al, 2015)).
CIE is only activated by signals such as growth factors or cytokines and in response to
pathogenesis (bacterial toxins and viruses) (Ferreira & Boucrot, 2018); (Lim & Gleeson, 2011;
Mayor et al, 2014). CIE molecular mechanisms are not fully understood, but several key players
have been identified, such as actin-polymerization factors, BAR domain proteins, and dynamin
(Hinze & Boucrot, 2018; Renard et al, 2015; Watanabe et al, 2018; Watanabe et al, 2014).

Clathrin-Mediated Endocytosis (CME) is a process where the formation of a clathrin-coated pit
(CCP), atriskelion-shaped scaffold protein, which will invaginate receptor-specific cargo in coated
vesicles (Edeling et al., 2006; Kirchhausen, 2000, 2009). CME starts with the recruitment of
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membrane bending-inducing proteins like epsin, AP180, or CALM (Chen et al, 1998; Ford et al,
2002; Koo et al, 2011; Miller et al, 2011; Schmid & McMahon, 2007) and cargo adaptors, such as
FCHO (Henne et al, 2010), EPS15 (Benmerah et al, 1998), stonins (Walther et al, 2004), the
assembly protein (AP) complex 2 (AP-2) (Conner & Schmid, 2003a) to the PM. Adaptors link
clathrin to the PM via association with PI, such as P1(4,5)P2 (Owen et al, 2004). From all this, AP-
2 is the major clathrin adaptor protein for CME (Robinson, 2004), is a heterodimer comprised of
two binding subunits (a and B) and a stabilizing subunit (u) (Kirchhausen, 1999), containing
several PI(4,5)P2-binding sites (Honing et al, 2005; Rohde et al, 2002) and interacting with cargos
containing either tyrosine- or dileucine-based motifs (Kadlecova et al, 2017; Kelly et al, 2008;
Mattera et al, 2011). CME starts with the recruitment of AP-2 to the plasma membrane by
phosphorylation of the yu2 subunit by kinase AAK1 (Conner & Schmid, 2002; Ricotta et al, 2002).
AP-2 can bind simultaneously to the PM and transmembrane cargo, modulating protein
concentration to be internalized (Brodsky et al, 2001). Clathrin will bind to AP-2, starting the
formation of the CCP by dynamin-dependent invagination. Membrane fission will generate a
clathrin-coated vesicle (CCV). This fission it does not require only of dynamin, but several
binl/amphiphysin/RVS167 (BAR) domain protein family members (e.g., endophilin A1-3) and the
actin cytoskeleton (Damke et al, 1994; Daumke et al, 2014; Ferguson et al, 2007; Gad et al, 2000;
McMahon & Boucrot, 2011; Meinecke et al, 2013; Ringstad et al, 1999; Schuske et al, 2003; Takei
et al, 1996). After fission CCV will disassemble their coating, in this process PI(4,5)P2-
phosphatase synaptojanin-1 (SYNJ1) (Mani et al, 2007; Verstreken et al, 2003) and the clathrin
disassembling chaperone heat-shock cognate 70 along with its cofactor auxilin (Prasad et al,
1993; Ungewickell et al, 1995) will mediate the correct uncoating of the vesicle. The uncoated
vesicle be sent to the RAB5-positive early endosome (Mettlen et al, 2018), here there are two
options for the cargo; to be recycled back to the PM (via the RAB11-positive recycling endosome)

or sent to the lysosome for the degradation.

CME is the primary way of entry of surface receptors and ligands (Baschieri et al, 2020) and it is
required for essential functions of the cell such as nutrient acquisition, the composition of the PM,
cell surface receptor signaling (Polo & Di Fiore, 2006; Reider & Wendland, 2011), and regulation

of cellular ion homeostasis (Lopez-Hernandez et al, 2020).
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Figure 8. AP-2 complex and CME. Representation of the AP-2 heterodimer with its binding subunits (a
and ) and its core (o and u). AP-2 binds directly to the receptors in the plasma membrane to recruit clathrin
for the internalization of these receptors. This will start the invagination of the membrane into a CCP which
will be eventually closed and become a vesicle coated on clathrin. AP-2 and clathrin are recycled to be
reused in endocytosis and the uncoated vesicles will be targeted to lysosomes for its degradation. Image
is taken from (Chen et al, 2011)

1.3.3 Endocytosis functions in the brain, cell cycle, and neurogenesis

Endocytosis is required for the cell's vital functions, such as communication with the extracellular
environment, nutrient uptake, and signaling by the cell surface receptors. In the brain, CME
internalizes transmembrane receptors together with their extracellular ligands (Yamashita &
Kuruvilla, 2016), propagate signals between axon and soma (Cosker & Segal, 2014; Harrington
& Ginty, 2013; Yamashita & Kuruvilla, 2016), contributes to synaptic plasticity (Wilkinson & Lin,
2004) and regulates guidance receptors and adhesion molecules, crucial for neural development
(Yap & Winckler, 2012, 2015). Additionally, membrane retrieval by endocytosis is a crucial tool
for neurons and other cells in the brain to maintain the membrane pool in neuronal activity by
recycling synaptic vesicles (SV) (Kononenko & Haucke, 2015). There is a large body of evidence

that endocytosis is the mechanism that ensures the asymmetric distribution of PM-localized
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receptors and ligands (cell determinants) during division, ensuring a temporal and spatial

regulation of neurogenesis (Yap & Winckler, 2015).

NUMB is an endocytic protein (Santolini et al, 2000), which is also a cell fate determinant. NUMB
was discovered to bind directly to AP-2 subunit a and endocytic protein EPS15, as an endocytosis
adaptor (Salcini et al, 1997; Santolini et al., 2000; Yap & Winckler, 2012). NUMB endocytic activity
can also be regulated by the kinase AAK1, which, when overexpressed, induces NUMB
redistribution to perinuclear endosomes (Sorensen & Conner, 2008). During mitosis, NUMB wiill
interact with the Golgi component ACBD3 (Zhou et al, 2007b) for asymmetric distribution to the
apical membrane of the only one daughter cell that remains a progenitor (Shen et al, 2002).
Interestingly, this distribution changes during corticogenesis, and while NUMB-containing
daughter cell will remain a progenitor at embryonic mouse day 10 (E10), at E13, NUMB-containing
daughter cells will undergo differentiation (Shen & Temple, 2002; Yap & Winckler, 2015; Zilian et
al, 2001). Hence, NUMB different roles during development will modulate the balance between
proliferation and differentiation. Additionally, via endocytosis, NUMB will internalize Notch
(Berdnik et al, 2002), integrin (Nishimura & Kaibuchi, 2007), and RTK (Zhou et al, 2011) receptors.
These receptors are involved in signaling pathways crucial for development, such as Notch, which
promotes neural differentiation when PM receptor levels are reduced by NUMB internalization
(Koch et al, 2013). Moreover, NUMB controls the asymmetric localization of AP-2a during cell
division, which is believed to modulate Notch signaling (Berdnik et al., 2002). In line with this
evidence, NUMB knockout (KO) mice display premature neuronal differentiation in the cortex
(Shen et al., 2002) and cerebellum (Klein et al, 2004).

WNT signaling is an essential pathway for neurodevelopment (Houart et al, 2002) and adult
neurogenesis (Kuwabara et al, 2009). This pathway is also modulated by CME (Blitzer & Nusse,
2006), although it has not been proven that CME WNT regulation is essential in NPCs. Clathrin
and AP-2 have been proposed as regulators of Frizzled co-receptor LRP6 signalosome assembly,
and AAK1 promotes the clearance of LRP6 from the PM (Agajanian et al, 2019). WNT signaling
and proliferation of NPCs might also be regulated by formin-dependent CIE endocytosis (Soykan
et al, 2017). Actin-nucleating protein formin-2 and another actin-binding protein FInA mediate

LRP6 endocytosis, hence regulating the GSK3 and B-catenin signaling (Lian et al, 2016).

Macropinocytosis machinery is also crucial for the NPCs proliferation and differentiation. RAC1 is
vital in the learning-induced increase in the proliferation of NPCs in the adult hippocampus

(Haditsch et al, 2013), and CDCA42 activation is required for the proliferation and differentiation of
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SVZ NSCs (Chavali et al, 2018; Keung et al, 2011). Pl kinases are also crucial for
neurodevelopment (Cosker & Eickholt, 2007; Waite & Eickholt, 2010). PI3K and its downstream
effectors (MTOR and AKT) promote neuronal differentiation when they are upregulated (Zhang
et al, 2017). Downregulation results in critical differentiation delays (Le Belle et al, 2011; Zucco et
al, 2018).

Endocytosis is also indispensable for the migration, and internalization of surface guidance
receptors (e.g., N-cadherin, bl-integrin) in migrating neuroblasts (Chao & Kunz, 2009; Ezratty et
al, 2009), hence modulating, cell adhesion and detachment. CCP are enriched to adhesive
contacts with matrix substrates in migratory neuroblasts, while inhibition of dynamin and clathrin
impairs neuronal migration because of impaired sorting of adhesion proteins (Shieh et al., 2011).
NUMB binds to several adhesion proteins (E-cadherin, N-cadherin, and b-catenin), and its
inactivation in RG cells causes progenitor dispersion and disorganized cortical lamination (Rasin
et al, 2007). It also regulates the endocytosis of BDNF-activated TRKB receptors at leading
processes of the cell, regulating the migration of granule cell precursors in the cerebellum (Zhou
et al., 2011; Zhou et al, 2007a).

Endocytic protein disabled-2 (DAB2, also known as DOC-2) is known to interact with clathrin
(Mishra et al, 2002a; Morris & Cooper, 2001) and AP-2 (Gertler et al, 1989; Mishra et al., 2002a;
Morris & Cooper, 2001). DAB1, a close homolog of DAB2, is enriched in the brain (Howell et al,
1997a; Howell et al, 1997b), and mutation results in defective brain development (Sweet et al,
1996; Yoneshima et al, 1997). DAB1 KO results in cortical lamination defects and aberrant
cerebellum development (Howell et al., 1997b). Interestingly, the phenotype is identical to mice
lacking reelin or its receptors (Rice & Curran, 2001). This similarity is because of DAB1
importance for reelin signaling. DAB1 phosphorylated is increased via ApoE receptor 2 (ApoER2)
and very-low-density lipoprotein receptor (VLDLR) regulating neuroblast migration (Howell et al.,
1997a; Howell et al., 1997b; Rice & Curran, 2001). However, mice lacking the C-terminal region
of DAB1, with AP-2- and SH3-binding sites, are born normal with no severe defects in cortical
lamination (Herrick & Cooper, 2002). Intersectin 1 (ITSN1), part of the CME machinery (Koh et
al, 2004; Pechstein et al, 2015; Sakaba et al, 2013), was shown to regulate CA1 splitting by
interactions with VLDLR and DAB1.

Doublecortin (Dcx) is a microtubule-binding protein linked to X-linked lissencephaly syndrome in
humans (des Portes et al, 1998; Friocourt et al, 2001; Taylor et al, 2000), typically expressed in

migrating newborn neurons, and it is essential for an array of function crucial for migration, such
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as regulation of microtubule dynamics, dynein-mediated nucleus centrosome coupling, and
internalization of cell adhesion L1-CAM family member neurofascin (Tanaka et al, 2004; Yap et
al, 2012). Neurofascin endocytosis requires its interaction with AP-2, as shown by AP-2 binding-
deficient doublecortin mutant (Yap et al, 2018). Last but not least, EGF receptor, important for
neuronal migration (Burrows et al, 2000; Puehringer et al, 2013), is internalized and degraded via
CME (Le Roy & Wrana, 2005).

Endocytosis is vital during GO to maintain primary cilium structure and function. The basal body
of the cilia is a hotspot of CCV and endocytosis, which are required to maintain membrane delivery
and retrieval and to modulate signaling (Pedersen et al., 2016). PI(4,5)P2 is maintained close to
the cilia by OCRL (Prosseda et al, 2017), an inositol polyphosphate 5-phosphatase crucial for
clathrin-coated pits dynamics and uncoating (Nandez et al, 2014). This importance for cilia
structure is supported by CME defects in Caenorhabditis elegans resulting in the expansion of
the ciliary membrane (Kaplan et al, 2012); while the gain of function results in cilia shortening (van
der Vaart et al, 2015). CME at the cilia controls signaling necessary for maintaining a quiescent
state by internalizing Sonic Hedgehog (Shh) and TGF-B pathway receptors (Ghossoub et al.,
2016; Molla-Herman et al., 2010; Pedersen et al., 2016). CIE has been reported to happen at the
basal body (Schreiber et al, 2000); Cavl was described to mediate internalization and lysosomal
delivery of PTCHL1 (Yue et al, 2014).

Endocytosis is also essential in mitosis regulation. Autosomal recessive hypercholesterolemia
(ARH), a CME adaptor protein (He et al, 2002; Mishra et al, 2002b), mediates centrosomal
microtubule nucleation by interacting with components of y-tubulin ring complex (Lehtonen et al,
2008). Cytokinesis requires of endocytosis for the correct separation of the two daughter cells.
CME and caveolae-mediated endocytosis are crucial for zebrafish embryo cytokinesis (Feng et
al, 2002). Formins also patrticipate in cytokinesis, in Drosophila diaphanous (dia), protein deletion

causes lethality at the onset of pupation (Castrillon & Wasserman, 1994).

Interestingly, CME has been shown to be strongly downregulated during mitosis (Berlin & Oliver,
1980; Boucrot & Kirchhausen, 2007; Fielding & Royle, 2013; Fielding et al, 2012; Koppel et al,
1982; Sager et al, 1984), and endocytic proteins such as clathrin, caveolin-1, and several ESCRT
complex components, change their normal distribution in different stages of mitosis have been
shown to be present at the centrosome, the mitotic spindle, or the mid-body (Boucrot et al, 2011,
Lee et al, 2008; Maro et al, 1985; Okamoto et al, 2000; Olmos et al, 2015), which suggest that

endocytic proteins could have alternative roles in mitosis. This phenomenon is called moonlighting
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(or gene sharing) and is a phenomenon by which a protein can perform more than one function
(Jeffery, 2003). Moonlighting is a common phenomenon in endocytic proteins, especially in cell
division (Royle, 2011; Yu et al, 2021).

Clathrin and epsin regulate kinetochore stability at the mitotic spindle (Booth et al, 2011; Liu &
Zheng, 2009; Maro et al., 1985; Royle, 2012; Royle et al, 2005). Clathrin presence at the mitotic
spindle is well documented in the literature (Maro et al., 1985; Okamoto et al., 2000) and its mitotic
functions have been shown to be independent of its interphase endocytic function (Hood & Royle,
2009; Royle, 2012; Royle & Lagnado, 2006). Clathrin characteristic triskelion structure is crucial
for spindle-related functions since mutants abolish trimerization and cannot rescue the mitotic
defects caused by clathrin depletion (Royle & Lagnado, 2006). Clathrin forms a complex with
TACCS (transforming acidic coiled-coil containing protein 3) and ch-TOG (colonic and hepatic
tumor overexpressed gene), two microtubule-binding proteins implicated in mitotic spindle
assembly (Fu et al, 2010; Lin et al, 2010). Aurora A kinase phosphorylates TACC3 to produce the
formation of this complex. Mutations of serine residues of TACC3 confirm this hypothesis
abolishes its association with clathrin, as well as the mitotic spindle (Fu et al., 2010; Lin et al.,
2010). Intermicrotubule bridges are structures containing clathrin, which bundle mitotic spindle
microtubules together. Depletion of clathrin or TACC3 leads to a loss of short intermicrotubule
bridges (Booth et al., 2011). Knocksideways acute removal of the clathrin-TACC3-ch-TOG
complex from the mitotic spindle also results in a loss of intermicrotubule bridges (Cheeseman et
al, 2013). Further confirmation of the importance of clathrin at the spindle comes from RNA
interference (RNAi)-mediated knockdown of CHC, resulting in many mitotic defects, including the
instability of kinetochore fibers, continuous activation of the SAC, and errors in chromosome
segregation (Royle et al., 2005). Molecular inhibition of clathrin by PitStop2 resulted also in a
similar mitotic phenotype (Smith et al, 2013). RNAi-dependent KD of CHC results in multipolar
spindles, and chemical inactivation of clathrin induces dimerization fragments of metaphase

centrosomes (Boucrot & Kirchhausen, 2007).

Clathrin has been found to be localized to astral microtubules recruiting the microtubule-stabilizing
protein GTSE1 using the clathrin adaptor interaction sites, repurposed during mitosis to recruit
GTSEL1 (Rondelet et al, 2020). GTSEL1 inhibits microtubule depolymerase MCAK to stabilize the
microtubules (Rondelet et al., 2020). Clathrin has been reported to participate in maintenance of
centrosome structure and integrity (Foraker et al, 2012). Depletion of CHC by RNAi and acute

inactivation of clathrin by chemically induced dimerization fragments metaphase centrosomes.
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Additionally, GAK's CHC phosphorylation at T606 site targets phosphorylated CHC to the

centrosome, both in interphase and mitosis (Yabuno et al, 2019).

INTERPHASE @ MITOSIS

Figure 9. Duality of endocytic proteins. Example of different clathrin roles. On the left panel, clathrin is
located to the plasma membrane as part of the clathrin-coated pits for CME. In contrast, on the right is
localized to the mitotic spindle during mitosis to stabilize the microtubules forming it. This is a clear example

of repurposing of endocytic machinery during the cell cycle. The image is taken from (Royle, 2011)

AP-2pB interacts with the mitotic checkpoint kinase BubR1 (Cayrol et al, 2002), although the
mechanism of action is not yet understood. Dynamin2 is localized at the centrosome, modulating
cytokinesis completion (Joshi et al, 2010; Konopka et al, 2006; Thompson et al, 2004). Moreover,
dynamin importance in development is highlighted by the lethal congenital syndrome resulting
from DNM2 homozygous mutation (Koutsopoulos et al, 2013) and early embryonic lethality of

dynamin 2 KO mice (Ferguson et al, 2009).
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Cell fate determinants and spindle orientation condition mode of cell division (Lancaster &
Knoblich, 2012) and endocytic proteins have been shown to be crucial for these processes.
Deletion of endocytic machinery likely will result in defective brain development and disbalance
in NPCs proliferation and differentiation. Decreased survival embryonic or early postnatal lethality
is @ common characteristic of most mouse models with deleted CME components. Mice lacking
the clathrin light chain (CLC) a, but not the CLC isoform, have shown a 50% decrease in survival
rate during the first postnatal week (Redlingshofer et al, 2020; Wu et al, 2016).

Mutations of different AP-2 subunits, such as AP-2u deletion (Mitsunari et al, 2005), deletion of
AP-2p (Li et al, 2010), and AP-20 mutation (Gorvin et al, 2017) results in embryonic lethality. AP-
2u brain-confined KO did not result in embryonic lethality, but mice did not survive past postnatal
day 21 (P21) (Kononenko et al, 2017). Additionally, similar phenotypes have been found in KO
models for Endophilins, CALM, EPS15L1, Epsin, and dynamin 1 (Chen et al, 2009; Ferguson et
al., 2007; Ishikawa et al, 2015; Milesi et al, 2019; Milosevic et al, 2011; Raimondi et al, 2011).
Mutation of CLTCL1, encoding clathrin heavy-chain isoform 22, resulting in loss-of-function,
develop early precursor differentiation due to increased secretion of neuropeptide cargo (Nahorski
et al, 2015; Nahorski et al, 2018). Curiously, this is independent of clathrin mitotic functions,

highlighting the possibility of several roles for the same protein in neurogenesis.

ESCRT-Ill is a protein crucial for membrane remodeling during endocytosis, but alternatively, it
also participates in mitotic events such as the sealing of nuclear envelope (NE) and cytokinesis
(Yu et al., 2021). The NE starts to reassemble at the end of mitosis after encapsulating the
chromatin (Guttinger et al, 2009). Removing remaining microtubule interactions with chromatin
and closing of the NE are ESCRT-IlIl dependent (Olmos et al., 2015; Vietri et al, 2015).
Recruitment of ESCRT-III relies on the binding of CHMP?7 to the inner nuclear membrane protein
LEM2 (Gu et al, 2017). Additionally, LEM2 has microtubule-binding affinity, allowing to phase
separation of clustering microtubules to promote NE sealing (von Appen et al, 2020). LEM2-
dependent activation of CHMP7 recruits CHMP4B, CHMP3, and CHMP2A, which are
components that form the ESCRT-III spiral filament with the help of VPS4. Phosphorylation is
tightly regulated by CC2D1B (Ventimiglia et al, 2018). Afterward, via IST1, AAA-ATPase spastin
will be recruited, which will cleave any remaining microtubules. This function of ESCRT-III is
reported to be conserved in migrating cells, where it will repair NE ruptures accumulated during

cell migration in interphase (Raab et al, 2016).
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ESCRT subunits are vital for cytokinesis. ESCRT-I subunit TSG101 and its associated protein
ALIX are recruited to the midbody by centrosomal protein CEP55 (Lee et al., 2008), which will
trigger the recruitment of component of the ESCRT-III (Christ et al, 2016). Similarly that in the NE,
septins will be recruited to serve microtubules (Schoneberg et al, 2018), forming a ring on each
side of the midbody (Karasmanis et al, 2019). ALIX will bind to the membrane protein complex

Syntenin-Syndecan-4 to allow efficient scission (Addi et al, 2020).

Cytokinesis with the presence of chromatin bridges has severe consequences for the cell,
generating DNA damage (Warecki et al, 2020). This is controlled by the abscission checkpoint
modulated by the chromosome passenger complex (CPC). ESCRT-IlIl component CHMP4C
controls this checkpoint by interacting with Borealin (one of the components of the CPC), inhibiting
the abscission process when phosphorylated by Aurora B (Capalbo et al, 2016; Carlton et al,
2012). Additionally, CHMPA4C localizes at the kinetochore in prometaphase participating in the
SAC (Petsalaki et al, 2018).

CIE proteins have also been linked to cell cycle regulation. Overexpression of caveolin-1 induces
GO/G1 cell cycle arrest in endothelial cells (Fang et al, 2007). Moreover, caveolae increase in
mitosis is believed to contribute to mitotic rounding (Boucrot et al., 2011). In mitosis, caveolae are
shown to be linked to mitotic spindle orientation (Matsumura et al, 2016). Integrin prevents the
internalization of caveolae (del Pozo et al, 2004). Hence cholesterol-enriched microdomains and
caveolin-1 can be selectively localized at the retracting edge of the cell by integrin signaling
(Matsumura et al., 2016), where they will recruit Gai, an anchoring component crucial for spindle
orientation (Bergstralh & St Johnston, 2014). Gai will form a complex together with LGN, NUMA,
and Dynein/Dynactin which will bind to the microtubules towards the spindle pole so they can
orient the spindle (Yu et al., 2021).

Interestingly, there is strong evidence of several alternative roles of endocytic proteins in the brain.
In neurons, BDNF receptor TRKB is internalized by CME (Beattie et al, 2000; Cosker & Segal,
2014; Howe et al, 2001; Zheng et al, 2008), although, independently of CME, AP-2 will not only
internalize activated TRK to signaling endosomes but will also regulate intracellular trafficking
(Kononenko et al., 2017). Additionally, AP-2 non-canonical function is essential for post-endocytic
regulation and degradation of BACE1 to prevent the amyloidogenic processing of APP (Bera et
al, 2020). Endophilin A is a well-studied protein for its role in synaptic vesicle endocytosis (Farsad
et al, 2001; Gallop et al, 2006; Milosevic et al., 2011; Verstreken et al, 2002), however, additional

alternative function, independent of endocytosis, at the synapses include regulation of autophagy
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(Murdoch et al, 2016; Soukup et al, 2016). Additionally, CALM can also regulate autophagy

independently of endocytosis (Moreau et al, 2014).
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2. AIMS OF THE STUDY

Knockout of AP-2u and AP-20 in mice causes early embryonic lethality (Gorvin et al., 2017;
Mitsunari et al., 2005), while disruption of the AP-2B3 subunit in developmental defects and
perinatal mortality (Li et al., 2010). Additionally, it has been shown to be important for the cell
cycle by evidence in KD models of mitotic defects (Boucrot & Kirchhausen, 2007), centrosome
overduplication, and cell cycle arrest in G1-S transition (Olszewski et al, 2014). CME
downregulation during mitosis (Berlin & Oliver, 1980; Boucrot & Kirchhausen, 2007; Fielding &
Royle, 2013; Fielding et al., 2012; Koppel et al., 1982; Sager et al., 1984), and presence of
endocytic proteins in different organelles crucial for the cell cycle such as the centrosome, the
mitotic spindle, or the mid-body (Boucrot et al., 2011; Lee et al., 2008; Maro et al., 1985; Okamoto
et al., 2000; Olmos et al., 2015), provides strong evidence of repurposing of endocytic proteins
during the cell cycle. Interestingly, despite the close relation of endocytic machinery and AP-2
with development and cell cycle, the exact mechanism and contribution of this complex has never

been studied, rising the following central question:
“What is AP-2 role in the cell cycle and how does affect development?”

Primary NPCs, astrocytes, and MEFs were obtained from tamoxifen-inducible AP-2u KO (AP2-u
flox:CAG-CreTmx) to investigate by a combination of different microcopy techniques, label-free
guantitative proteomics, flow-cytometry analysis, biochemical analysis of protein interaction by
co-immunoprecipitation, and live-cell imaging approaches to achieve three specific goals that

would answer the central question:
1. What is the contribution of AP-2 to the cell cycle?
2. s this function dependent or independent of clathrin?

3. Has AP-2 a critical role not only in the cell cycle but in other processes involve in

neurodevelopment (e.g., migration)?
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3. RESULTS

3.1 AP-2 deletion has severe consequences for NPCs proliferation and

mitosis.

Firstly, a new in vitro model for the study of AP-2 deletion was established. For this purpose,
telencephalic vesicles were extracted from E12-E13 embryos floxed for AP-2u under a tamoxifen-
inducible Cre (AP2-u flox:CAG-CreTmx) to obtain primary NPCs. AP-2y is the stabilizing subunit
of the complex and targeting it we can delete the whole AP-2 complex. After 48-72h of Tamoxifen
treatment (using EtOH treatment for control cells), protein levels of AP-2 subunit a were analyzed
by western blotting, showing undetectable levels in KO cells, confirming a successful deletion of
the complex (Figure 10). In addition, AP-2 was knocked out in other cell types (Astrocytes and

MEFs) following the same procedure (data not shown).
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Figure 10. Tamoxifen treatment completely deletes AP-2 after 72 hours. (A) Western Blot of cell lysates
of tamoxifen-treated NPCs compared with control cells (treated with EtOH) showing a significant reduction
of AP-2a levels after 48-72h of Tamoxifen treatment. (B) Protein levels are presented as relative levels
(percentage to control). KO: 7.876+5.840, ****-p=<0.0001, N=3 in which each N is protein lysates obtained
from independent cultures obtained from independent animals.

Live imaging of NPCs was performed to assess for 24h if the proliferation of neurospheres was
affected after AP-2 deletion. Strikingly, there was an observable difference in the size of the
neurospheres, with WT neurospheres growing exponentially while KO neurospheres did not
increase their size (Figure 11A). Staining cells after 3 days in-vitro (DIV) and 7DIV confirmed this
reduction of cell proliferation in the KO, but in addition, KO cells presented elongated morphology,

a typical characteristic of cells undergoing a differentiation process (Figure 11B).
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Figure 11. The proliferation of NPCs is compromised upon deletion of AP-2. (A) Timestamps from
24h live imaging in WT and KO neurospheres showing spheres growing (white circles) N=3 in which each
N is an independent cell culture obtained from independent animals. Scale bar, 50um. (B) Representative
images of NPCs cultured for 3 and 7 days after tamoxifen KO induction stained for DAPI and vimentin
(green). Reduced cell numbers and enlarged morphology are observed in KO conditions. N=3 in which

each N is an independent cell culture obtained from independent animals. Scalebar, 50uM

Despite the evidence of a phenotype within 24h, most of the experiments were done between 48h
and 72h to ensure a reliable deletion of AP-2. Mitosis is usually disrupted in proliferation defects,
and its closely linked to endocytic machinery (Lin et al., 2022; Royle, 2011); for this reason, the
mitotic phases were analyzed in detail in KO NPCs. In line with the live imaging results, a
decrease in mitotic cells in the KO condition was observed after 3DIV (Figure 12B), and within
the mitotic cells, a significant decrease in metaphase (Figure 12B). This reduction of mitotic cells

was exacerbated after 7DIV, with almost not mitotic cells in the KO condition (Figure 12C).
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Figure 12. Mitotic cells are reduced with time upon AP-2 deletion. (A) Representative images of mitotic
cells, stained with pH3 (red), in primary NPCs at DIV3 and DIV7. (B) Quantification of mitotic phases out of
total mitotic cells in WT and KO cells (DIV3). WTProrhase=3] 82 KQPFrophase=25 45 \\TMetaphase=3(0 64
KQMetaphase=1 1 03 \WTAna/Telpohase=1 5 95 KQAnaTelpohase=5 108, |n total 37 WT and 42 KO from N=3, in which
each N is an independent cell culture obtained from independent animals. (C) Quantification of mitotic cells
out of total cells in WT and KO cells. WTPV3=29,32+3.615 KOP'V3=15.27+1.653 WTPV7=57.48+ 4.745
KOPWV7=4,123+ 2.303. In total 26 WT and 26 KO, with at least 20 mitotic and 100 total cells per condition,
from N=3, in which each N is an independent cell culture obtained from independent animals. Scale bars:
10pM. **-p=<0.01; ***- p=<0.001. The data shown represent the mean £ SEM.

Detailed analysis of AP-2 KO mitotic cells highlighted the presence of mitotic spindle aberrations
with monopolar, apolar, and multiple spindles, which were not present in WT cells (Figure 13B).
In addition, chromatin bridges appeared in late mitotic cells (Figure 13D), indicating that mitosis

is reduced and severely affected by AP-2 deletion.
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Figure 13. AP-2 KO NPCs present mitotic spindle anomalies and lagging chromosomes. (A)
Representative images of mitotic cells with bipolar (WT) and abnormal spindles (monopolar spindle in KO)
3 days after tamoxifen treatment stained for Tubulin1a (green) and pH3 (red). (B) Quantification of mitotic
cells with abnormal spindles in WT and KO cells. WT=3.406+1.922 KO=92.59+5.136. In total 23 WT and
27 KO, with at least 10 mitotic cells counted per condition, from N=3, in which each N is an independent
cell culture obtained from independent animals. Scale bars: 5uM. (C) Representative images of mitotic cells
without (WT) and with chromosome bridges (KO) 3 days after tamoxifen treatment. (D) Quantification of
late mitosis cells with chromosome bridges in WT and KO cells. WT=8.68116.045 KO=62.56+10.79. In total
18 WT and 15 KO, with at least 10 mitotic cells counted per condition, from N=3, in which each N is an

independent cell culture obtained from independent animals. Scale bars: 5uM. ****-p=<0.0001.

To fully confirm that AP-2 deletion is the cause of the phenotype, KO NPCs with an empty
mCherry vector or an AP-2-RFP tagged plasmid were transfected (Figure 14A). The
reintroduction of AP-2 increased the number of mitotic cells (Figure 14B) and rescued the

chromatin bridges formed in late mitosis (Figure 14A).

A I mCherry | AP-2u-mRFP B

KO (DIV3) KO (DIV3) 100 :

% of transfected
mitotic cells
(%))
o
o
o
o
o

-
Ea

wO KO ¢P
x et « PP -'2-\"“\R

Figure 14. Reintroduction of AP-2u rescues the mitotic phenotypes of AP-2 KO cells. (A)
Representative images of mitotic cells transfected with mCherry and AP-2u-RFP in primary NPCs (DIV3).
(B) Quantification of mitotic cells out of total transfected cells. mCh=5.324+2.924 AP-2m-RFP=27.57+



28

7.030. In total 24 mCh and 14 AP-2m-RFP, with at least 20 transfected cells counted per condition, from
N=3, in which each N is an independent cell culture obtained from independent animals. Scale bars: 5uM.
**.p=<0.01

In summary, AP-2 is crucial for correct mitosis in NPCs, and AP-2 deletion results in severe mitotic
defects. However, what happens in the rest of the cell cycle? Is AP-2 involved only in mitosis or

in other phases of the cell cycle?
3.2 AP-2 is required for cell cycle entry in the G1-S transition

Looking for a mechanism behind the phenotype previously observed proteomics analysis was
done to compare pathways changed in the KO NPCs compared with the WT cell. Upregulation of
Caspase-2 (CASP2) in AP-2 KO cells indicates possible senescence-related cell death (Figure
15A), which is linked with different types of cell cycle arrest. Moreover, among the downregulated
pathways, some essential for the cell cycle were found (Figure 15B) proteins participating in G1-
S transition, DNA replication, and protein translation. Furthermore, the downregulation of kinases
and transcription factors critical for cell cycle progression was detected in KO cells (Figure 15C-
D). Considering all previous statements, this data will indicate that the reduction of mitotic cells in
the KO was probable a consequence of a cell cycle arrest before this process, either before or

during DNA replication.

A B
s
4 I.MSBIO te . G1to § cell cycle control '
2 U XPO6 TNF-alpha NF-kB Signaling Pathway
DNA Replication
APOSEEEPINC]' Retinoblastoma (RB) in Cancer
3 CDC26 o mRNA processing
g o © S100A€ Cytoplasmic Ribosomal Proteins
3 o ® I T T T 1
] Y 0 10 20 30 40
; 5 JES?PSZFZ NPC2 Pathway Enrichment Z Score
o » _® RMND5a © D
- & ©.ECHS1 = FDR<0.000001 = FDR<0.000001
o THHRS roLSanes
1 MAPK14 POLRZA pS5 MEL cell line
GSK3B MYC MEL cell line
PRKDC KAT2A GM12878
E2F4 CH12.LX
0 gDn:; MYC K562
3 vy 3 & 5 3 MYC HeLa-83

Fold change (log10 WT- KO NPCs (DIV3))

0 2 4 6 8
Kinase Enrichment Z Score

0 1 2 3 4
TF Enrichment Z Score

Figure 15. Proteins and pathways essential for cell cycle progression are affected in KO cells. (A)
Proteins changes in KO NPCs compared to WT. In the X the Fold Change log10 between WT and KO is
plotted in the X-axis against -log g-value in the Y-axis. (B) Downregulated pathways essential for the cell

cycle in KO cells are represented in the X-axis by the Enrichment Z score. FDR<0.000005 (C)
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Downregulated kinases essential for the cell cycle in KO cells represented in the X-axis by Enrichment Z
score. FDR<0.000001. (D) Downregulated transcription factors essential for the cell cycle in KO cells are
represented in the X-axis by the Enrichment Z score. FDR<0.000001. N=3 in which each N is protein lysates
obtained from independent cell cultures from independent animals

A 24h EdU pulse combined with pH3 immunostaining was further performed in WT and KO NPCs
to confirm the reduction in cycling cells before mitosis. For this experiment, mitotic cells were
quantified within cycling cells. Even considering only cycling cells, a reduction of mitotic cells was
observed in KO NPCs (Figure 16B) in line with previous results. When considering proliferating
cells regarding total cell numbers, a reduction in the number of EdU-positive cells could be
observed after 24 hours (Figure 16C).
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Figure 16. The proliferation of NPCs is reduced when AP-2 KO is induced. (A) Representative images
of NPCs after 24h EdU pulse (green) and co-stained with pH3 (red). (B) Quantification of mitotic cells out
of proliferating cells (EdU* cells). WT=13.25+1.786 KO=7.684+1.194. In total 10 WT and 10 KO from N=3.
(C) Quantification of proliferating cells (EdU* cells) out of total cells. WT=63.93+£4.556 KO=29.1+2.727. In
total 11 WT and 11 KO, with at least 30 mitotic cells, 300 EdU cell and 1500 total cell per condition, from
N=3, in which each N is an independent cell culture obtained from independent animals. Scale bars: 10uM.
*-p=<0.05; ****-p=<0.0001
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Finally, to determine the exact moment of the arrest, NPCs were fixed in EtOh and stained with
propidium iodide to analyze cell numbers in specific phases and dead cell numbers using flow
cytometry. A reduction in phases G2/M and S was detected in KO NPCs with an increase in dead
cells. Despite total G1 cells were reduced, less events were detected in KO condition, hence the

percentage of G1 cells is not significantly reduced (Figure 17).
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Figure 17. AP-2 KO arrest cells in the G1-S phase transition with increased dead cells. (A) Graphic
representation of flow cytometry results 48 hours after KO induction. The first peak of the graph are cells in
the G1 phase, followed by a plateau which are the S-phase cells, and the last peak are the G2 and mitosis
cells. Dead cells are before the G1 peak. (B) Quantification of dead and cycling cells out of total cells.
WTPeadCells=4 88 K(QPeadCels=25 89 WTC1=5558 KOC1=50.46 WTS=15.28 KOS=6.663 WTC¥M=16.83
KO®G2M=5 604. In total, each experiment measured WT=20000 events KO25500 events in three
independent experiments (N=3) obtained from independent animals. n.s. -non-significant; *-p=<0.05; **-

p=<0.01; ****.p=<0.0001

Taken together, these data provide stark evidence of a cell cycle disruption due to the loss of AP-
2, which also results in cell death. In the next section, the mechanisms behind cell cycle arrest

and cell death will be described.

3.3 AP-2 KO induces senescence-associated cell death and DNA-

damage p53-dependent

The increase in cell death and upregulation of Caspase-2, reported in the previous section, are
events associated with senescence, an irreversible state in which a cell stops division and

eventually dies (Lim et al., 2021). Senescence-associated B-galactosidase (SA-B-gal) assay was
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used in order to detect senescent cells. SA-B-gal positive cells were increased in KO NPCs

(Figure 18), indicating a senescent process when AP-2 is removed.
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Figure 18. Senescence is increased in AP-2 KO cells. (A) Representative images of NPCs showing SA-
B-gal detection (blue staining). (B) Quantification of SA-B-gal positive cells per area. WT=8.467+0.949
K0O=48.70£3.193. In total 30 WT and 30 KO from N=3, in which each N is an independent cell culture
obtained from independent animals. Scale bars: 10uM. ****-p=<0.0001

Senescence-related cell death can be activated by caspase-2 downstream of p53, a tumor
suppressor protein crucial for the G1-S checkpoint. Staining of p53 was done for detection of p53

activation in NPCs. A significant increase of p53 in KO NPCs was observed (Figure 19).
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Figure 19. p53 is activated in AP-2 deleted NPCs. (A) Representative images of NPCs, stained for p53
(red). (B) Quantification of p53 positive cells out of total cells. WT=21.53+3.327 KO=73.60+3.052. In total
30 WT and 30 KO, with at least 100 cells counted per condition from N=3, in which each N is an independent
cell culture obtained from independent animals. Scale bars: 10uM. ****-p=<0.0001

DNA damage is tightly associated with cell cycle defects and is usually present in most cases of
cell cycle arrest and p53 is usually activated in response to DNA defects. Immunostaining of
yH2AX, a well-known marker of DNA damage showed a significant increase in cells with DNA
damage (Figure 20).
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Figure 20. DNA damage is increased in AP-2 KO cells. (A) Representative images of NPCs, stained for
y-H2AX (red). (B) Quantification of y-H2AX positive cells out of total cells. WT=21.14+ 2.306 KO=48.54+
4.236. In total 26 WT and 26 KO, with at least 100 cells counted per condition from N=3, in which each N

is an independent cell culture obtained from independent animals. Scale bars: 10uM. ****-p=<0.0001

Together, these results showed that cell death is due to p53 activation and DNA damage resulting
in cellular senescence activation. This is mechanism conserved in all the cell types, so it will be
interested to test if other cells have the same phenotype when we delete AP-2, for that
experiments with mouse embryonic fibroblasts (MEFs) were done to see not only if this statement
is true, but also because these cells can be immortalize, hence bypassing the p53-dependent cell

cycle arrest.
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3.4 Disturbance of p53 signhaling rescues the AP-2 KO phenotype

Since p53 is an essential protein in cell cycle modulation and looking at the significant increase
when AP-2 is deleted, it was an excellent candidate to focus on the mechanisms behind cell cycle
arrest. However, this is a conserved mechanisms and the question rise if AP-2 role in cell cycle
is maintain in other cells. For this purpose, MEFs were obtained from embryos, and experiments
were done to see if they could recapitulate the AP-2 KO phenotype as in NPCs.

Mitotic analysis was performed in MEFs in the same way as previously reported in section 3.1.
As in NPCs, AP-2 deletion in MEFs reduced mitotic cells (Figure 21A-C) and mitotic spindle
defects with lagging chromosomal bridges (Figure 21D-F). Hence, it was confirmed that the AP-

2 role in the cell cycle is conserved in different cell types.
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Figure 21. Mitosis is reduced and abnormal in MEFs upon AP-2 depletion. (A) Representative images
of mitotic cells, stained with pH3 (red), in primary MEFs (DIV3). (B) Quantification of mitotic phases out of
total mitotic cells in WT and KO cells. WT®2=37.28 KO®?=15.28 WTProphase=13 48+ KQFrophase=5 278
WTMetaphase=25 0 KQMetaphase=33 33 \\/TAnaTelpohase=24 23 KQAna/Telpohase=44 44, |n total 52 WT and 60 KO
from N=3, in which each N is an independent cell culture obtained from independent animals. (C)
Quantification of mitotic cells out of total cells in WT and KO cells. WT=33.43+2.896 KO=13.83%£1.961. In
total 52 WT and 60 KO from N=3, in which each N is an independent cell culture obtained from independent
animals. Scale bars: 10puM. (D) Representative images of mitotic cells with bipolar (WT) and abnormal

spindles (monopolar spindle in KO) 3 days after tamoxifen treatment stained for Tubulin1a (green) and pH3
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(red). (E) Quantification of mitotic cells with abnormal spindles in WT and KO cells. WT=16.15+5.183
KO=81.63+5.195. In total 49 WT and 49 KO from N=3, in which each N is an independent cell culture
obtained from independent animals. Scale bars: 5uM. (F) Quantification of late mitosis cells with
chromosome bridges in WT and KO cells. WT=3.125+3.125 KO=64.52+8.422. In total 32 WT and 31 KO
from N=3, in which each N is an independent cell culture obtained from independent animals. Scale bars:
5uM. **-p=<0.01; ****-p=<0.0001.

Since MEFs recapitulate the mitotic defects of NPCs, it was decided to be used for p53 inhibitions
experiments. There are several p53 inhibitors commercially available, although they interfere with
other pathways. Equally, there are p53 RNAI that will knock-down p53, although there is no
warranty that it will be an effective target to circumvent the G1-S checkpoint. Finally, the
immortalization of MEFs by SV40 virus was used since SV40 transduction inactivates pRB, p53,
and SENG6, which are crucial for G1-S transition (Hubbard & Ozer, 1999). Immortalized MEFs
(IMEFs) experiments were performed in the same ways as previously with primary MEFs. A
decrease in the mitotic cells was not observed in IMEFs (Figure 22A-C). Moreover, mitosis
analysis showed that defects in the mitotic spindle and chromosome lagging were absent in AP-
2 KO iMEFS (Figure 22D-F).
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Figure 22. Mitosis phenotypes are rescued upon p53-pathway inhibition in IMEFs. (A) Representative

images of mitotic cells, stained with pH3 (red), in immortalized MEFs (DIV3). (B) Quantification of mitotic
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phases out of total mitotic cells in WT and KO cells. WT®2=31.76 KO®%2=34.40 WTProphase=20.57
KQProphase=21 57 \\WTMetaphase=17 22 K(QMetaphase=23 5() \\JTAna/Telpohase=3(0 45 KQAna/Telpohase=2(,53, In total 25
WT and 25 KO, with at least 25 mitotic cells and 200 total cells counted per condition, from N=3, in which
each N is an independent cell culture obtained from independent animals. (C) Quantification of mitotic cells
out of total cells in WT and KO cells. WT=12.35+1.906 KO=9.900+0.5416. In total 25 WT and 25 KO from
N=3, in which each N is an independent cell culture obtained from independent animals. Scale bars: 10uM.
(D) Representative images of mitotic cells with bipolar (WT) and abnormal spindles (monopolar spindle in
KO) 3 days after tamoxifen treatment for Tubulin1a (green) and pH3 (red). (E) Quantification of mitotic cells
with abnormal spindles in WT and KO cells. WT=15.22+5.308 KO=11.74+4.823. In total 23 WT and 24 KO,
with at least 25 mitotic cells counted per condition, from N=3, in which each N is an independent cell culture
obtained from independent animals. Scale bars: 5uM. (F) Quantification of late mitosis cells with
chromosome bridges in WT and KO cells. WT=4.545%4.545 KO=10.00+6.882. In total 22 WT and 20 KO,
with at least 25 mitotic cells counted per condition, from N=3, in which each N is an independent cell culture

obtained from independent animals. Scale bars: 5uM. n.s. -non-significant.

These results confirmed that p53 activation is the cause of cell cycle arrest in AP-2 KO cells and

that inhibition of this pathway is enough to rescue the observed phenotype.

3.5 AP-2interacts with centrosomal proteins and stabilizes centrosome

structure

For the search of a possible mechanism which will explain what modulated p53-activated arrest,
mass spectrometry pull-down for AP-2 subunit a was performed in WT embryonic brains to find
potential interaction partners with the complex. Interestingly, among the proteins enriched, several
components of the y-tubulin complex were found, a complex of proteins crucial for centrosome
structure and microtubule nucleation (Figure 23A). Moreover, the interaction was as strong as
traditional interactors of AP-2 involved in CME. The formation of the complex was confirmed by
the Co-immunoprecipitation pull-down in both E14-E16 and 8 weeks adult brains. In both cases,
the formation of a complex between AP-2a and several proteins of the y-tubulin complex was
detected (Figure 23B-D).
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Figure 23. AP-2 subunit a interacts with components of the y-tubulin complex, essential for
centrosome structure and function (A) Proteins enriched in the AP-2a IP compared to IgG control.
Highlighted in gray are proteins with significant FDR values. Highlighted in blue / red are proteins associated
with clathrin-mediated endocytosis / centrosome assembly. Fold Change log2 between IgG and AP-2a was
plotted on the X-axis against -log p-value on the Y-axis. N=5 (B) Representative blots of Co-
Immunoprecipitation of WT embryo lysates of AP-2a with different components of y-tubulin complex
proteins for proteomic analysis validation. N=3, in which each N is protein lysates obtained from
independent animals. (C-D) Representative blots of Co-Immunoprecipitation of WT cortex lysates of AP-2a
(C) with different components of y-tubulin complex proteins and GCP3 (D) with AP-2a and GCP2. N=3, in
which each N is protein lysates obtained from independent animals.

In addition, immunostaining for AP-2a and AP-2u with GCP3 showed a strong colocalization
between AP-2 and GCP3 (Figure 24).
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Figure 24. AP-2 subunits a and p interact physically with GCP3 (A). Representative images of co-
immunostaining of NPCs for AP-2a (Green) with GCP3 (Red) and DAPI (Blue). (B) Zoom-in is showing
strong colocalization of AP-2a (Green) with GCP3 (Red). (C) Representative images of co-immunostaining
of NPCs for AP-2u (Green) with GCP3 (Red) and DAPI (Blue). (D) Quantification of average Pearson
Coefficient (r) of AP-2a (panels A-B) and AP-2u (panel C) with GCP3. AP-2a=0.7846+0.01869 AP-
2p=0.7100+0.03724. In total, AP-2a=20 AP-2p=19 from N=3, in which each N is an independent cell culture
obtained from independent animals. Scale bars: 5uM.

For co-staining proteins from the different y-tubulin complexes, NPCs were transfected with a y-
tubulin-GFP tagged plasmid to perform immunostaining for GFP (y-Tubulin/centrosome), GCP3
(y-TuSC) and GCP4 (y-TuRC) (Figure 25A). Some of the KO NPCs presented a dispersed y-
Tubulin, an indicator of a defective centrosome assembly, and changes in the distribution of
GCPs. There was a significant reduction in GCP4 (Figure 25C) and GCP3 (Figure 25D) levels
with a loss of specific localization to the centrosomal area. In contrast, analysis of protein levels
in KO cells detected a non-significant reduction of GCP3 and GCP4 (Figure 25D).
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Figure 25. GCPs distribution and levels are altered upon AP-2 KO in NPCs. (A) Representative images
of co-immunostaining of WT and KO NPCs for y-tubulin-GFP transfected cells (white), GCP4 (green) and
GCP3 (red). (B) Quantification of GCP4 mean grey value (m.g.v) relative to area in WT and KO NPCs.
WT=47.47+5.293 KO=29.73+2.117 (C) Quantification of GCP3 mean grey value (m.g.v) relative to area in
WT and KO NPCs. WT=69.20+6.085 KO=39.80+3.338. In total WT=34 KO=34 from N=3, in which each N
is an independent cell culture obtained from independent animals. (D) Representative WBs show a non-
significant decrease of GCP3 and GCP4 subunits. Scale bars: 5uM. **-p=<0.01; ****-p=<0.0001.

Since y-TuSC looked more affected than y-TuRC proteins, GCP2 (the other component of the y-

TuSC) was analyzed additionally by immunostaining. Like the previous experiment, GCP2 was

significantly reduced, confirming the previously observed disruption (Figure 26).
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Figure 26. GCP2 distribution and levels are altered upon AP-2 KO in NPCs. (A) Representative images
of co-immunostaining of WT and KO NPCs for y-tubulin-GFP transfected cells (green) and GCP2 (red). (C)
Quantification of GCP2 mean grey value (m.g.v) relative to area in WT and KO NPCs. WT=50.14+3.977
K0=29.03£1.814. In total, WT=30 KO=30 from N=3, in which each N is an independent cell culture obtained

from independent animals. Scale bars: 5uM. ****-p=<0.0001.

Senescence-associated cell cycle arrest can occur for multiple reasons, but one of the leading
causes is the centrosome since when its maturation or function is affected, it has severe
implications at a cellular level. Moreover, aberrations of centrosome structure are the leading
cause of proliferation defects. Staining of centrosomal proteins y-tubulin and pericentrin (PCNT)
showed that AP-2 KO NPCs present either cells without centrosomes or multiple centrosomes
(Figure 27).
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Figure 27. AP-2 KO NPCs present abnormal centrosomes. (A) Representative images of WT and KO
NPCs co-stained with y-tubulin (green) and PCNT (red). (B) Quantification of Acentrosomal, Single
centrosome, and Multiple centrosomes cells out of total cells. WTAcentrosomal=14 23 K(QAcentrosomal=5() 88
\WT SingleCentrosome=79 Q7 K()SingleCentrosome=19Q 54 \/\/TMultipleCentrosomes—5 79 K (MultipleCentrosomes=19 58 |n total 5
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WT and 5 KO, with more than 100 cells counted per condition, from N=3, in which each N is an independent
cell culture obtained from independent animals. Scale bars: 5uM. **-p=<0.01; ****-p=<0.0001.

In addition, PCNT was observed to be less localized in the KO, with a significant percentage of
cells presenting a dispersed distribution of Pcnt (Figure 28A-B). However, since PCNT and y-
tubulin do not have a specific localization in the centrosome, staining of a specific marker of the
centriole (Centrin) and a marker of the pericentriolar matrix (PCM1) was done and analyzed using
super-resolution microscopy (STED). PCM is a cloud of puncta surrounding the centriole in
cycling cells. However, in AP-2 KO NPCs PCM completely disappeared compared with WT cells
(Figure 28C-D). This data is consistent with previous proteomics data in which PCM1 was
downregulated in KO cells. In addition, when the WT group was analyzed, we can see two
populations of cells; 1) cells with higher PCML1 intensity than KO (cycling cells) and 2) cells with
the same PCM1 intensity as KO cells (non-cycling cells). Hence, arrested cells have no PCM

around the centriole, as seen in KO cells.
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Figure 28. AP-2 KO cells have normal centrioles but abnormal pericentriolar matrix. (A)
Representative images of WT and KO NPCs co-stained with y-tubulin (green) and PCNT (red). (B)
Quantification of cells with disorganized Pcnt out of total cells. WT=0.8333+0.8333 KO=66.52+10.44. In
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total 4 WT and 4 KO, with at least 30 cells counted per condition, from N=3, in which each N is an
independent cell culture obtained from independent animals. (C) Representative images of WT and KO
NPCs co-stained with Centrin (green) and PCM1 (red). (D) Quantification of PCM1 mean grey value (m.g.v)
relative to area in WT and KO NPCs. WT=36.03+1.745 KO=22.31+1.128. In total, WT=30 KO=30 from
N=3, in which each N is an independent cell culture obtained from independent animals. Scale bars: 5uM.
***.p=<0.001; ****-p=<0.0001.

In conclusion, centrosome maturation required for cell cycle progression is affected when AP-2 is
deleted, highlighting a potential role of AP-2 in centrosome structure. Still the question whether

this is dependent of clathrin, or no is open, the next section will determine if that is the case.

3.6 AP-2 role in cell cycle and centrosome is independent of Clathrin-

Mediated Endocytosis

Since AP-2 is mainly associated with CME, it must be proved whether this new role of AP-2 in
cell division is because of endocytosis or a new moonlight role. For that purpose, WT NPCs were
treated with the drug PitStop2, which competitively inhibits the clathrin terminal domain and binds
to AP-2 to inhibit CME selectively. PitStop2-treated cells did not present a reduction of mitotic
cells (Figure 29B) nor spindle anomalies (Figure 29C). In addition, propidium iodide staining of
cells treated with PitStop2 did not show any cell cycle arrest. However, there was a significant

increase in dead cells, most likely by endocytosis inhibition (Figure 29D-E).
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Figure 29. CME-inhibited cells do not present any mitotic defect or cell cycle arrest. (A)
Representative images of mitotic cells, co-stained with pH3 (red) and tubulin1a (green), in primary NPCs
treated with PitStop2 (DIV3). (B) Quantification of mitotic cells out of total cells in Control and PitStop2
treated cells. Control=5.301+0.8264 PitStop2=6.022+1.469. In total 9 WT and 10 KO, at least 20 mitotic
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cells and 200 total cells per condition, from N=3, in which each N is an independent cell culture obtained
from independent animals. (C) Quantification of mitotic cells with abnormal spindles in Control and PitStop2
treated cells. Control=12.96+6.677 PitStop2=4.500+3.023. In total 9 WT and 10 KO, at least 20 mitotic cells
per condition, from N=3, in which each N is an independent cell culture obtained from independent animals.
Scale bars: 5uM. (D) Graphic representation of flow cytometry results 24 hours after PitStop2 treatment.
The first peak of the graph are cells in G1 phase, followed by a plateau which are the S-phase cells, and
the last peak are the G2 and mitosis cells. Dead cells are before the G1 peak. (E) Quantification of dead
and cycling cells out of total cells. ControlPeadCels=4 012 PitStop2PeadCels=12 94 Control®=60.89
PitStop2¢1=62.10 Controls=9.368+3.176 PitStop25=7.738Control6?M=17.77 PitStop262M=13.11. In total,
each experiment measured 20000 events per condition in three independent experiments (N=3) obtained

from independent animals. n.s. -non-significant; *-p=<0.05.

In addition to cell cycle analysis, centrosome analysis was performed. In line with the cell cycle

results, centrosomes were not affected by PitStop2 treatment (Figure 30).
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Figure 30. AP-2 KO NPCs present abnormal centrosomes. (A) Representative images of WT and KO
NPCs co-stained with y-tubulin (green) and PCNT (red). (B) Quantification of Acentrosomal, Single
centrosome, and Multiple centrosomes cells out of total cells. ControlAcentrosomal=10.68 Pit-
Stop2Acentrosomal=g 509 ControlSingleCentrosome=87 54 PijtStop2SingleCentrosome=92 14 ControlMultipleCentrosomes=1 776
PitStop2MultipleCentrosomes=1 347 |n total 5 Control and 5 PitStop2, at least 100 cells per condition, from N=3,

in which each N is an independent cell culture obtained from independent animals. Scale bars: 5uM.

Since these cells have functional AP-2, and PitStop2 treatment did not replicate the phenotype, it

was confirmed that AP-2 has a novel role in the cell cycle independently of CME.
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3.7 AP-2 KO increases ciliation, but cilia removal does not rescue the

phenotype in astrocytes

The centrosome is tightly associated with another cellular structure, the primary cilium, which is
present before the cycle starts. Cycle defects could be because of cilia problems since it is
required to disassemble to form the centrosome and modulates signaling. Immunostaining for
Arl13b, a primary cilia marker, showed increased cilia length (Figure 31B) and ciliated cells in AP-
2 KO cells (Figure 31C).
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Figure 31. AP-2 KO NPCs have increased ciliation and elongated cilia. (A) Representative images of
WT and KO NPCs stained with ARL13b (red). (B) Quantification of cilia length in uM. WT=3.282+0.1586
K0O=4.904+0.1900. In total 90 WT and 118 KO from N=3, in which each N is an independent cell culture
obtained from independent animals. (C) Quantification of ciliated cells out of total cells. WT=29.89+3.144
K0O=42.78+2.534. In total 7 WT and 8 KO, at least 100 cells per condition, from N=3, in which each N is an

independent cell culture obtained from independent animals. Scale bars: 5uM. **-p=<0.01; ****-p=<0.0001.

In the same case as with the centrosomal and mitotic phenotypes, this cilia phenotype

was not present upon clathrin inhibition using PitStop2 for 6h (Figure 32).
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Figure 32. Disrupted CME NPCs do not present increased ciliation nor increased cilia length. (A)
Representative images of Control and PitStop2 NPCs stained with ARL13b (red). (B) Quantification of cilia
length in uM. Control=3.282+3.402+0.2446 PitStop2=3.534+0.1930. In total 49 Control and 48 Pitstop2
from N=3, in which each N is an independent cell culture obtained from independent animals. (C)
Quantification of ciliated cells out of total cells. Control =34.73+7.755 PitStop2=26.37+£4.903. In total 6
Control and 6 PitStop2, at least 100 cells per condition from N=3, in which each N is an independent cell

culture obtained from independent animals. Scale bars: 5uM. n.s. -non-significant

Rescue experiments were attempted in double KO for Ift88 (a protein required for cilia formation)
and AP-2u in astrocytes. Astrocytes, same as NPCs and MEFs, have a decreased proliferation
when AP-2 is depleted, shown by a reduction of Ki67, a well-known proliferation marker (Figure
33B). However, there were no significant differences between AP-2 KO and AP-2 Ift88 KO
astrocytes (Figure 33D).
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Figure 33. Astrocytes have proliferation defects that are not rescued by cilia KO. (A) Representative
images of WT and KO NPCs co-stained with Ki67 (green) and GFAP (red). (B) Quantification of proliferating
cells out of total cells. WT=64.63+3.928 Ap2u KO=21.53+£1.370. In total 14 WT and 15 KO, at least 75 cells
per condition, from N=3, in which each N is an independent cell culture obtained from independent animals.
(C) Representative images of WT and double-KO NPCs co-stained with Ki67 (green) and GFAP (red). (D)
Quantification of proliferating cells out of total cells. WT=27.13+ 3.022 Ap2p Ift88 KO=9.933+1.108. In total
12 WT and 13 KO, at least 150 cells per condition, from N=3, in which each N is an independent cell culture

obtained from independent animals. Scale bars: 5uM. ****-p=<0.0001.

Considering these results, the possibility of a direct role of AP-2 in cilia disassembly was
discarded; hence, the phenotype's cause must be at the centrosome. These results confirmed
that AP-2 is strictly restricted to the centrosome and that cilia defects are a consequence rather
than the reason for the cell cycle arrest. Considering the centrosome is affected, and its important
role in microtubule nucleation, centrosomal disruptions should have physiological effects, the next

section will describe how microtubules are affected upon AP-2 KO.
3.8 AP-2is essential for MTOC activity and new-born neurons migration

Since AP-2 has been shown to have trafficking roles in other cells and processes, it was
hypothesized the possibility of a role in trafficking y-Tubulin complex components to the
centrosome during the G1 to S transition. The logic behind this hypothesis is that we expect AP-

2 to be localized at the plasma membrane when cells are not cycling. However, when the cell
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cycle is activated, and endocytosis is downregulated, AP-2 will transport y-Tubulin proteins from
the basal body of the primary cilia at the plasma membrane to the centrosome. Live imaging of
WT NPCs transfected with AP-2u-mCherry and y-Tubulin-GFP was performed in order to observe
the trafficking of these proteins. AP-2 was detected in the plasma membrane but also some

particles were detected moving towards the centrosome area (Figure 34A).
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Figure 34. Evidence of possible AP-2 trafficking to the centrosome. (A) Maximum Intensity Projection

of representative live-imaging videos of AP-2 trafficking in KO cells (10 minutes videos). (B) Representative
figure of NPCs co-stained for Ki67 (white), GFP (green) and AP-2a (red). Scale bars: 5uM.

AP-2 trafficking then will be important in microtubule nucleation from the centrosome, which
requires y-tubulin. To study de-novo microtubule nucleation, NPCs were treated with nocodazole
to induce microtubule catastrophe followed by none or 5 min recovery. In control conditions, KO
NPCs showed a decrease in microtubule intensity compared with WT (Figure 35), indicating a
compromised microtubule structure of the KO cells. However, microtubule recovery was achieved
after 5 minutes in both WT and KO at the same levels as control conditions (Figure 35). It was

confirmed that KO NPCs could nucleate microtubules.
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Figure 35. Microtubules are affected in AP-2 KO NPCs, but microtubule nucleation is not disrupted.

(A) Representative figures of NPCs stained for Tubulin7a (green). (B) Quantification of Tubulinla mean
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grey value (m.g.v) relative to area in WT and KO NPCs. WTControl=1042 KQContol=651.4+68.98 WT=368.7
KO%=381.0 WT>=971.5 KO5%=608.3. In total 30 per condition from N=3, in which each N is an independent

cell culture obtained from independent animals. Scale bars: 5uM. **-p=<0.01; ****-p=<0.0001.

However, microtubule nucleation can happen independently of the centrosome, and a new
method to study microtubule activity was required. To visualize its movement, NPCs were
transfected with tdTomato-EB3, a protein that binds to microtubule caps. Strikingly, among KO
NPCs, a population of cells presented a disorganized MTOC without any observable microtubule
activity (Figure 36A-B), while other KO cells had regular MT activity (Figure 36C).
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Figure 36. Microtubule activity is affected in AP-2 KO NPCs. (A) Maximum Intensity Projection of
representative live-imaging videos of WT and KO NPCs transfected with Eb3TdTomato (1-second frames
in total 60 seconds). (B) Quantification of NPCs without microtubule activity out of total transfected cells.
WT=0.000+0.000 KO=57.04+8.636. In total 15 WT and 18 KO, at least 10 cells per condition, from N=3, in
which each N is an independent cell culture obtained from independent animals. (C) Quantification of comet
velocity. WT=1.614+0.08126 KO=1.523+0.07327. In total 117 WT and 86 KO from N=3, in which each N is
an independent cell culture obtained from independent animals. Scale bars: 5uM. n.s. -non-significant; ****-
p=<0.0001.

In order to confirm if this phenotype was a centrosome-related function of AP-2 and to discard
any primary cilia signaling role, experiments with astrocytes were performed to compare WT, AP-
2 KO, and double KO (Ift88 and AP-2) effects in microtubule activity. As AP-2 KO NPCs, KO

astrocytes present cells without microtubule activity (Figure 37A-B). Furthermore, as with the
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proliferation defects, AP-2 1ft88 KO astrocytes still present microtubule activity problems (Figure
37C-D).
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Figure 37. Microtubule activity is not rescued in AP-2+Ift88 KO astrocytes. (A) Maximum Intensity
Projection of representative live-imaging videos of WT and KO astrocytes transfected with Eb3TdTomato
(1-second frames in total 60 seconds). (B) Quantification of astrocytes without microtubule activity out of
total transfected cells. WT=0.000+£0.000 KO=35.48+8.736. In total 27 WT and 31 KO, at least 10 cells per
condition, from N=3, in which each N is an independent cell culture obtained from independent animals.
(C) Maximum Intensity Projection of representative live-imaging videos of WT and double-KO astrocytes
transfected with Eb3TdTomato (1-second frames in total 60 seconds). (D) Quantification of astrocytes
without microtubule activity out of total transfected cells. WT=4.762+4.762 Ap2u Ift88 KO=69.20+8.005. In
total 21 WT and 23 KO, at least 10 cells per condition, from N=3, in which each N is an independent cell
culture obtained from independent animals. Scale bars: 5uM. ***-p=<0.001; ****-p=<0.0001.

Finally, another essential function of the centrosome and microtubules in NPCs is the migration
of newborn neurons, and changes in them could affect the neurogenic ability of the NPCs. To
analyze migration, a well-establish method is the neurosphere migration assay, in which
neurospheres are platted in Matrigel-coated coverslips, and the migration of neuroblasts from the
sphere is observed after the withdrawal of growth factors to induce neuronal differentiation.

Immunostaining was performed for nestin for undifferentiated NPCs and doublecortin (Dcx) for
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differentiated neuroblasts. Compared with WT NPCs, KO cells presented reduced migrating cells
exacerbated with time (Figure 38B) and the distance the cells migrated (Figure 38C).
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Figure 38. AP-2 KO NPCs have disturbed migration. (A) Representative images of neurospheres co-
stained for Nestin (green) and Dcx (red). (B) Quantification of migrating cells. WT6'=5.200 KO®=2.400
WT12h=7 000 KO2h=3.857 WT24=10.42 KO2*=5.846 WT4*8=16.27 KO*h=8.167. In total 15 WT and 15
KO, at least 10 cells per condition, from N=3, in which each N is an independent cell culture obtained from
independent animals. (C) Quantification WT®=32.80 KO®=21.29 WTh= 42.95+3.572 KO2"=28.17
WT24h=44.75 KO?**"=30.36 WT*8= 48.40 KO*=37.47. In total 105 WT and 89 KO from N=3, in which each
N is an independent cell culture obtained from independent animals. Scale bars: 10uM. *-p=<0.05; **-
p=<0.01; ***-p=<0.001; ****-p=<0.0001.

In conclusion, despite AP-2 KO cell can nucleate de-novo microtubules, AP-2 deletion has severe

consequences for microtubule activity in cells.
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4. DISCUSSION

Research in the following thesis has provided strong evidence of a new moonlight role of AP-2 in
the cell cycle and migration in neurogenesis. Moonlighting functions of endocytic proteins in the
cell cycle is a widespread phenomenon within endocytic proteins (Royle, 2011; Yu et al., 2021),
so itis not surprising to find AP-2 involved; moreover, there is evidence in the literature of potential
cell cycle involvement of AP-2 (Berdnik et al., 2002; Blitzer & Nusse, 2006; Boucrot &
Kirchhausen, 2007; Cayrol et al.,, 2002; Olszewski et al., 2014), although it was never fully
confirmed. The novel interaction between y-tubulin and AP-2 and its contribution to the cell cycle,
centrosome structure, microtubule nucleation, and cell migration have been an exciting novel
discovery. Loss of AP-2 in NPCs results in cell cycle arrest in G1 to S transition, centrosome
disruption, mitotic defects, microtubule nucleating defects, and delayed migration. This results in
p53-dependent activation of cell cycle checkpoints which will eventually induce caspase-2
mediated cell death, a process that is a characteristic hallmark of senescence. This effect of AP-
2 is conserved in different cell types, and the bypass of p53-dependent signaling resulted in a
phenotype rescue. However, despite the data pointing to the p53 pathway as the mechanisms
involved in the cell cycle arrest observed, the role of AP-2 in the cell cycle has not been thoroughly
studied. In the following sections, the main discoveries of this thesis will be discussed together

with the potential hypotheses as to which roles AP-2 could have in the cell cycle.

4.1 AP-2 is essential for G1 to S transition, and AP-2 deletion results in

cell cycle arrest

AP-2 deletion has been reported to be incompatible with life since deletion of AP-2u (Mitsunari et
al., 2005), deletion of AP-2B (Li et al., 2010), and AP-20 mutation (Gorvin et al., 2017) results in
embryonic lethality. Interestingly, the deletion of AP-2p results in lethality at E3.5 (Mitsunari et al.,
2005), a point at which the blastocyst is formed, a mass of highly dividing cells. Considering that
AP-2 is required for cell cycle entry, this phenotype could be explained by severe cell cycle arrest
during development. Previous works reported cell cycle arrest, with reduced cells in S and G/2M
phase and multiple centrosomes in AP-2 KD MEFs (Olszewski et al., 2014) and mitotic alteration
in AP-2 KD BS-C-1 cells (Boucrot & Kirchhausen, 2007). On the other hand, the data of this thesis
reported additionally loss of centrosome, DNA damage, and senescence activation, not reported

in previous studies. The main difference between the model used in this thesis and other models
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is that it is a full AP-2 deletion, while previous works used a KD approach. Hence, a decrease in

AP-2 levels could be enough to produce an effect, but not enough to induce cell death.

Caspase-2 activation is also newly reported in AP-2 KO models. Interestingly Caspase-2 has a
close relation with the cell cycle and the p53 pathway (Lim et al., 2021). Cyclin D3 regulates G1
to S transition modulating E2F activation and Rb repression (Kato, 1999), but additionally, it
stabilizes Caspase-2, promoting cell death (Mendelsohn et al, 2002). Moreover, Caspase-2
phosphorylation by CDK1-Cyclin Bl inhibits caspase-2 to avoid cell death during mitosis
(Andersen et al, 2009; Castedo et al, 2004). Although caspase-2 can be activated by mitotic
failure, this process is p53-independent (Castedo et al., 2004; Sidi et al, 2008), confirming that
AP-2-dependent cell cycle arrest is at the G1 to S transition. Interestingly, centrosome signaling
is crucial for caspase-2 modulation, and it has been shown that centrosomal anomalies result in
the activation of PIDDosome, which limits cell proliferation via the caspase-2-p53 axis (Burigotto
et al, 2021; Evans et al, 2021). AP-2 defective centrosome could cause a caspase-2 and p53
activation, hence the cycle arrest. Another significant difference is the use of primary cells in this
thesis; cell lines are created by telomerase reverse transcriptase (TERT) expression, mutations
in cell cycle checkpoint proteins, or oncogene introduction (Magsood et al, 2013). Previous
studies used cell lines as models, which would have an abnormal regulation of cell cycle
checkpoints, disturbing senescence-related pathways. Moreover, AP-2 KO immortalized MEFs
by SV40 transformation did not present a phenotype compared with AP-2 KO primary MEFs.
SV40 transduction inactivates pRB, p53, and SEN6, which are crucial for G1-S transition
(Hubbard & Ozer, 1999). For the same reason, since most of the research on AP-2 has been
done in cell lines or neurons, it explains why such as strong phenotype has not been reported in

more studies.

Another possibility of caspase-2 mediated arrest is in response to DNA damage since caspase-2
cleaves MDM2 removing the C-terminal RING domain, which is required for p53 ubiquitination
(Oliver et al, 2011). Evidence in the literature has pointed out that y-tubulin is closely related to
DNA repair and has been found to be localized at S-phase in the nucleus forming a complex with
Rad51 (Hofejsi et al, 2012; Lesca et al, 2005; Zhang et al, 2007), AP-2 interaction with y-tubulin
could be essential for DNA damage repair, and AP-2 loss will induce accumulation of DNA

damage.

On the other hand, AP-2 subunits are downregulated in gliomas (Buser et al, 2019) which is

surprising considering the data supporting AP-2 KO cell cycle arrest. Although endocytosis is
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altered in cancer cells and could be that endocytic machinery is repurposed for cell cycle-related
function exclusively, or as seen before in cell lines, cancer cells have different cell cycle
mechanics than primary cells, and hence AP-2 function in cell cycle could not be crucial for cancer
cells. Finally, preliminary data not included in the thesis in which primary NPCs were transfected

to overexpress AP-2u did not change proliferation rates compared with control conditions.

4.2 AP-2 novel interactions with centrosomal components are vital for

a proper centrosome structure and function.

Presented data showed an intense interaction between y-tubulin components and AP-2, defective
centrosomes, and increased ciliation. The confirmation of novel interaction partners for AP-2 was
a surprising discovery previously not documented. However, there have been clues of the link
between AP-2 and centrosome in the literature. Evidence was shown of AP-2a localization to the
centrosome by (Balestra et al, 2013), and more recently, using CEP63 as a centrosomal bait, AP-
2-p and AP-2o0 were found at the centrosome of hNSCs (O'Neill et al, 2022). Moreover, endocytic
trafficking of centrosomal components has been described to modulate centriole duplication (Xie
et al, 2018). Additionally, other endocytic proteins like ARH have been found to mediate
microtubule nucleation by interaction with components of the y-tubulin ring complex (Lehtonen et
al., 2008).

Data from the thesis goes in line with these observations since AP-2 was localized close to
centrosomal proteins and AP-2 deletion severely affected centrosome structure. Interestingly
clathrin has been found to participate in centrosome structural integrity in a CME-independent
mechanism (Foraker et al., 2012) and has been found at the centrosome in both mitosis and
interphase (Yabuno et al., 2019). Moreover, it is known to repurpose clathrin adaptor interaction
sites for cycle-related functions (Rondelet et al., 2020), which could liberate AP-2 to perform CME-
independent functions at the centrosome both in interphase and mitosis. Additionally, AP-2
deletion severely affected localization and levels of centrosomal proteins localized at the PCM.
PCM integrity contributes to centriole cohesion (Barrera et al, 2010; Cabral et al, 2013) and is
where microtubule nucleation happens at the centrosome (Moritz et al, 1995). Moreover, PCM
size changes depending on the y-tubulin levels recruited to the centrosome becoming larger to
support microtubule nucleation during mitosis (Khodjakov & Rieder, 1999; Robbins et al, 1968),

which could explain PCM reduction and mitotic defects by decreased y-tubulin levels at the
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centrosome by loss of AP-2. However, the question remains whether AP-2 is essential for

centrosome maturation during interphase, centrosomal nucleation of the mitotic spindle, or both.

The centrosome cycle is crucial for division in development. In the case of centrosomal loss, p53
is activated by delayed mitosis resulting in cell death (Lambrus et al, 2016; Meitinger et al, 2016;
Phan et al, 2021). A significant population of AP-2 KO cells lacked centrosomes, and p-53
activation upon AP-2 loss could be the cause behind the cell death of AP-2 KO cells. Interestingly,
another population of cells presented centrosome amplification, which induces p53-activated cell
death (Dionne et al, 2018; Lizarraga et al, 2010; Marthiens et al, 2013). The presence of these
two phenotypes could be because tamoxifen-induced KO used in an asynchronous population of
cells will not ensure AP-2 deletion at the same point in the cycle. Hence, AP-2 could have different
functions while progressing through the cell cycle. Additionally, AP-2 KO cells present severe
mitotic defects, possibly because of a defective centrosome. This will be discussed in detail in

section 4.3.

Future studies might benefit from using primary MEFs, which can be synchronized to have a
homogenous population and a deletion of AP-2 at different point of the cycle to find what AP-2
does at each point of the cell cycle.

The different hypotheses of AP-2 role at the centrosome will be discussed later in section 4.5.

4.3 AP-2 KO defective centrosomes have physiological effects on

microtubule activity and cell migration.

It has been previously established that a link between AP-2 and microtubules exist, with alpha-
tubulin acetyltransferase (aTAT), localized to CCP by direct interaction with AP-2a, and KD of
either aTAT or AP-2a is enough to reduce cell migration. However, KD of CHC is not enough for
migration reduction (Montagnac et al, 2013). As previously discussed, the interaction of AP-2 with
components of the y-tubulin ring complex is essential for centrosome structure and microtubule
nucleation activity. However, several cases have been reported that in the absence of
centrosomes or specific centrosomal proteins, several components of the PCM can cluster
together to perform acentrosomal microtubule nucleation (Balestra et al, 2021; Chen et al, 2022;
Chinen et al, 2021; Gartenmann et al, 2020; Meitinger et al, 2020; Watanabe et al, 2020; Yeow
et al, 2020); however, microtubule density is significantly reduced and is sensitive to

rearrangement of the cytoskeleton. This spontaneous clustering of PCM components could
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explain why AP-2 KO cells can nucleate microtubules de novo after nocodazole treatment and
why the mitotic spindle is formed despite being severely affected. Interestingly this is a common
phenomenon in differentiated cells (Muroyama & Lechler, 2017; Muroyama et al, 2016; Sallee &
Feldman, 2021) which could mean that the AP-2 effect in microtubule nucleation could be more
robust in undifferentiated than in fully differentiated cells, although similar disruption of
microtubule activity was observed in AP-2 KO NPCs and Astrocytes. Further research should be

done to confirm or reject this hypothesis.

Microtubule activity is crucial during mitosis, especially the formation of a bipolar mitotic spindle
to ensure the correct division into two daughter cells (Vicente & Wordeman, 2015). As we
discussed before, defective centrosome-dependent microtubule activity could be the cause
behind the mitotic phenotypes observed in AP-2 KO NPCs. Microtubule nucleation can happen
in the absence of centrosomes, as discussed above (Balestra et al., 2021; Chen et al., 2022;
Chinen et al., 2021; Gartenmann et al., 2020; Meitinger et al., 2020; Watanabe et al., 2020; Yeow
et al., 2020), moreover, even miotic spindle formation can happen without centrosomes
involvment (Carazo-Salas et al, 1999; Meunier & Vernos, 2012, 2016; Moutinho-Pereira et al,
2013). However, mitosis in the absence of a centrosome will not ensure an error less division and
hence could result from higher chromosomal instability (Sir et al, 2013). AP-2 KO cells can form
spindles, which could be formed acentrosomally, and these spindles show defects such as non-
characteristic polar morphology or unstable microtubules. Moreover, the presence of chromatin
bridges could cause the DNA-damage increase observed. These results support centrosome
importance for a correct mitosis, but also that mitotic spindle formation can happen without

centrosomes.

The endocytic role of migration has been previously reported by modulating cell adhesion proteins
(Chao & Kunz, 2009; Ezratty et al., 2009; Shieh et al., 2011). Specifically, endocytosis by AP-2 of
other proteins necessary for cell adhesion was shown to be crucial for migration (Kamiguchi &
Yoshihara, 2001). Moreover, AP-2 binds directly with NUMB (Berdnik et al., 2002; Santolini et al.,
2000), a protein crucial in cell adhesion and migration, and Integrin turnover, a cell adhesion
molecule important for microtubule-mediated migration, was founded to be modulated by AP-2a
(De Franceschi et al, 2016). Additionally, AP-2 has been found to bind to Dcx (Yap et al., 2018),
an essential microtubule-associated protein required for newborn neuron migration. This adds
complexity to the already potential roles of AP-2 since it is not only crucial for the cell cycle but

also for migration, possible by endocytic-dependent mechanism (such availability of adhesion
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proteins) or independent of CME (centrosomal/microtubule-related functions. Preliminary data in
vivo (not included in this thesis) have shown that the AP-2 KO effect in the centrosome,
microtubules, and migration is conserved in vivo by an accumulation of Dcx positive cells in the
lateral ventricle of the sub-ventricular zone and cortex layering disruption. However, AP-2 in vivo
contribution has not been studied in detail. In vivo experiments using a more suitable model or
ex-vivo 3D cultures (such as organotypic cultures or organoids) could shed light on the AP-2 effect

in the brain structure or adult neurogenesis.

Centrosomal microtubules are necessary for proper centrosome-nucleus coupling, which is
essential for nuclear migration and neuronal migration (Tanaka et al., 2004; Tsai & Gleeson,
2005). Although some studies showed that migration could happen via centrosome-unattached
microtubules (Schaar & McConnell, 2005; Umeshima et al, 2007), microtubule-centrosome
attachment is the main contributor to neuronal migration (Rao et al, 2016). AP-2 defective
centrosome could severely impact microtubule-centrosome coupling and results in migration

delays.

Finally, it is worth mentioning that primary cilia have been linked to the modulation of migration of
neuroblasts and neurons, and ciliary gene depletion resulted in altered migration (Anvarian et al,
2019; Baudoin et al, 2012; Guo et al, 2015; Higginbotham et al, 2012; Matsumoto et al, 2019; R
Ferreira et al, 2019; Stoufflet et al, 2020; Wheway et al, 2018). Even though increased ciliogenesis
is not the cause of cell cycle arrest, it could be possible that these altered cilia will affect signaling

to direct neuronal migration.
4.4 AP-2 role in centrosome and cell division is independent of CME.

PitStop2 inhibition of CME showed mitotic alterations, apoptosis, and centrosome fragmentation
(Boucrot & Kirchhausen, 2007; Smith et al., 2013); a similar phenotype was found by RNAi KD of
CHC resulting in many mitotic defects, including the instability of kinetochore fibers, continuous
activation of the SAC, and errors in chromosome segregation (Royle et al., 2005). Strikingly,
PitStop2 treatment in primary NPCs did not reproduce any phenotype reported in the literature
nor from AP-2 KO NPCs. Interestingly, mutations of CHC in Drosophila result in lethality in larval
stages and infertility (Bazinet et al, 1993), which contrast with the severe developmental
embryonic phenotypes of AP-2 subunits KOs (Gorvin et al., 2017; Li et al., 2010; Mitsunari et al.,
2005).
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On the other hand, the phenotypes reported in the literature are completely different from the AP-
2 KO phenotype of this thesis. Firstly, this thesis reported a cell cycle arrest at the G1/S transition
showing a reduction of mitotic cells, while PitStop2 treatment in the literature increases the
proportion of mitotic cells due to mitotic arrest by SAC activation. Another difference between the
literature and the thesis results is that PitStop2 treatment induces Caspase-3 mediated cell death,
which is not upregulated in this thesis KO, which has Caspase-2-dependent cell death. CME
downregulation on mitosis has been widely reported in the literature (Berlin & Oliver, 1980;
Boucrot & Kirchhausen, 2007; Fielding & Royle, 2013; Fielding et al., 2012; Koppel et al., 1982;
Sager et al., 1984), and, as discussed in previous sections, clathrin adaptor interaction sites are
repurposed for clathrin cell cycle functions (Rondelet et al., 2020). This supports that AP-2 role in
the cell cycle is independent of clathrin, and each molecule will have its own functions. Moreover,
the clathrin role seems to be restricted exclusively to centrosomal microtubule nucleation, and
while AP-2 is also crucial for microtubule nucleation, its role seems to be more critical for

centrosome structure and stability.

However, it is challenging to study CME machinery since KO for clathrin or AP-2 resulted in lethal
phenotypes. Additionally, because AP-2 is indispensable for CME, it is complicated to determine
whether functions are dependent on AP-2 or because of clathrin loss. For this purpose, a new in
vivo model was developed in our lab by deleting the AP-2a subunit via Crispr-Cas9. Unfortunately,
there was no observable KO phenotype in development nor in primary cell cultures obtained from
this animal. There is the possibility that when AP-2 subunits are delated, compensatory
mechanisms arise from other complex subunits to maintain such an essential function, in contrast
with the complete deletion of the AP-2 complex by AP-2u deletion. Further studies have to be
done to determine such a phenotypical difference.

4.5 Possible hypothesis

Despite the strong evidence of AP-2 implication in the centrosome assembly, the question of what
AP-2 does in cell division and how does affects neurogenesis and other cycling cells is still open.
Additionally, as we see before, endocytic proteins such as clathrin have different functions at
different cycle stages, the same case could be for AP-2, and some of these hypotheses could

coexist.

Several hypotheses explaining how the observed phenotype could be produced will be discussed

in detail, supported by the experimental data and the literature.
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4.5.1 AP-2 traffics y-Tubulin components to the centrosome from the basal body in the

plasma membrane.

Cilia KO experiments did not rescue the centrosomal and cell cycle phenotype of AP-2 KO cells,
which was a clear indication that there was no effect in signaling from the cilia. However, even
without cilia, if AP-2 is not present, there will still not be a proper centrosome maturation and cell
cycle progression. AP-2 is localized to the plasma membrane during CME (Kirchhausen, 1999;
Owen et al., 2004), and it has been shown to be able to traffic different proteins either capitalizing
on endocytic machinery or independent of clathrin. In addition, there is strong evidence in the
literature that endocytosis is inhibited during cell division (Berlin & Oliver, 1980; Boucrot &
Kirchhausen, 2007; Fielding & Royle, 2013; Fielding et al., 2012; Koppel et al., 1982; Sager et al.,
1984) which explains why moonlighting is so common in endocytic protein during the cell cycle
(Royle, 2011; Yu et al., 2021). With endocytosis reduced, AP-2 will be free to do other functions
independent of clathrin. y-tubulin proteins are present at the basal body of the cilia, and, with cilia
disassembly, these proteins will bind to AP-2 and transport to the centrosome to commence
centrosome formation. Despite evidence of movement of AP-21 puncta towards the centrosome,
it is not sufficient to fully claim this hypothesis, and technical limitations did not allow the
visualization of AP-2 trafficking. Further experiments should be done to corroborate this
hypothesis.

4.5.2 AP-2 helps stabilize the centrosome structure binding to y-Tubulin components

Another possible hypothesis, considering evidence from the previous section, is that AP-2 is a
stabilizing complex that keeps the centrosomal structure stable. The literature showed that AP-2
KD is enough for centrosome overamplification (Balestra et al., 2013; Olszewski et al., 2014).
Moreover, clathrin is already required at the S-phase at the centrosome for microtubule
stabilization (Cheeseman et al., 2013; Foraker et al., 2012), and clathrin-dependent microtubule
stabilization requires to repurpose of the adaptor binding sites of clathrin (Rondelet et al., 2020).
This hypothesis is compatible with the previous one since it will happen in a sequential mode;
firstly AP-2 will traffic components to the centrosome and afterwards it will help to keep the
cohesion between these proteins. For this reason, without AP-2 not only proteins do not reach
the centrosome, even with a compensatory mechanism, centrosome structure will be unstable

and hence compromised, as observed in the results.
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4.5.3 AP-2 binding to y-Tubulin components at the centrosome is necessary for spindle

formation

Clathrin localization at the mitotic spindle was reported two decades ago (Okamoto et al., 2000),
and since then, several papers have studied the depth of its contribution to mitosis (Booth et al.,
2011; Cheeseman et al., 2013; Foraker et al., 2012; Fu et al., 2010; Hood & Royle, 2009; Lin et
al., 2010; Rondelet et al., 2020; Royle, 2012; Royle et al., 2005; Royle & Lagnhado, 2006; Smith
etal., 2013; Yabuno et al., 2019). In addition, several endocytic proteins are linked to centrosome
and microtubule activity (Lehtonen et al., 2008; Thompson et al., 2004). Finally, also considering
that endocytosis is downregulated during mitosis (Berlin & Oliver, 1980; Boucrot & Kirchhausen,
2007; Fielding & Royle, 2013; Fielding et al., 2012; Koppel et al., 1982; Sager et al., 1984), and
repurposing of clathrin adaptor binding sites (Rondelet et al., 2020) opens the possibility that AP-
2 interaction with the y-tubulin complex proteins will be the basis for the nucleation of the mitotic
spindle and microtubule cohesion to the kinetochore. Mitotic failure will result in senescence-
associated cell death and the loss of cycling cells that was observed. This phenotype could also
complement the two previous one suggesting several functions of AP-2 which will change in

different cycle phases.
4.5.4 AP-2 mediates local protein translation at the centrosome

Although the interaction between AP-2 and y-Tubulin components is solid, evidence in the
literature shows that microtubule-related functions are not enough to explain such a stark effect
in the cycle (Insolera et al, 2014). Traditionally, the centrosome has been considered a
microtubule organizing center, but in the last decades, evidence points to a much more exciting
function of the centrosome, instead as a signaling hub and control center of the cell cycle (Arquint
et al, 2014; Doxsey et al, 2005). Different RNA-binding proteins, ribosomes, and translation
initiation factors are localized to the centrosome and implicated in PCM maintenance or other
centrosome functions (Zein-Sabatto & Lerit, 2021). Moreover, some have been found even to
segregate asymmetrically, conditioning cell fate determination (Kusek et al, 2012). Taking this all
together, it could be hypothesized that RNAs are responsible for the centrosome's complex role
in the cell cycle outside of its MTOC-related roles. Interestingly, within the proteomics results in
section 3.2 and the mass spectrometry results in section 3.5, several affected pathways
necessary for RNA binding and metabolism and some enriched RNA-binding proteins or
ribosomal proteins what could be potential interaction partners of AP-2. However, this is not

enough evidence and further research should be done. This hypothesis despite not been due to
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y-tubulin complex proteins interaction could still overlap with these functions, suggesting that
apart from y-tubulin complex proteins transport to the centrosome, it could be local protein
synthesis that will be RNA-dependent, proteins that will need to be stabilize in order to keep a

centrosomal structure which will be required for microtubule nucleation.
4.5.5 AP-2 acts at the transcriptional level in the nucleus

Evidence in the literature has pointed to the roles of y-tubulin in gene expression at the nucleus
important for the G1 to S transition (Ehlén et al, 2012; Ho6g et al, 2011). Additionally, it has been
reported that y-tubulin is closely related to DNA repair and has been found to be localized at S-
phase in the nucleus forming a complex with Rad51 (Hofejsi et al., 2012; Lesca et al., 2005;
Zhang et al., 2007). AP-2 interaction with y-tubulin might be crucial to modulate DNA repair
mechanisms and gene expression in the early phases of the cell cycle. Despite the lack of
evidence of AP-2 having a NLS in the literature still could act in two ways to modulate nuclear
activity, firstly, shuttling y-tubulin from the plasma membrane to the nuclear membrane enhancing
gene expression or to activate DNA repair and secondly, inhibiting it by sequestering y-tubulin in
the cytoplasm. However, despite the literature evidence for that, no experimental data support
the hypothesis, except the observed phenotype, and the increased DNA damage could be the
cause of centrosomal defects rather than a consequence. Interestingly, this could also coexist
with previous hypothesis since it is happening at the early onset of the cell cycle, even before

centrosome formation.



60

Receptor ligand . RNA-binding protein

% Primary cilia

Gamma-tubulin proteins
é%’. Basal body . P "
— (Primary cilia) Pericentrolar Matrix

U AP-2 n
ﬁr Membrane receptor (ZE

Chromosomes

Daugther centrosome

N\, DG

Mitotic spindle
, Mother centrosome

Figure 39. Graphic representation of potential AP-2 roles in cell cycle. AP-2 potential roles are tightly
related to the centrosome cycle. At the onset of the cell cycle it will shuttle y-tubulin complex proteins from
the PM, which will allow the maturation of the centrosome. During this process they will support structure
stability and/or local protein synthesis, which will ensure a correct microtubule activity during mitosis to form
the bipolar mitotic spindle. Another possibility is the modulation of y-tubulin activity in gene expression at

the nucleus at the beginning of the cycle.
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5. CONCLUDING REMARKS AND DIRECTIONS FOR FUTURE WORK

The work performed in the frame of this doctoral dissertation aimed: (I) what is the contribution of

AP-2 to the cell cycle; (Il) is this function dependent or independent of clathrin; (lll) has AP-2 a

critical role not only in the cell cycle but in other processes involved in neurodevelopment. During

the development of this thesis, the following key findings have been revealed:

1.

2.

AP-2 deletion results in cell cycle arrest at the G1 to S transition. This result is supported
by previously observed arrest by (Olszewski et al., 2014) and could be the cause of severe
embryonic lethality in AP-2 KO models (Gorvin et al., 2017; Li et al., 2010; Mitsunari et al.,
2005). In contrast with the literature, AP-2 KO also presented an increase in senescence-
associated cell death by activating the caspase2-p53 axis and DNA-damage. This
contrasts with previous works; however, AP-2 studies have been done in cell lines, which
usually have mutations in cell cycle checkpoints (Magsood et al., 2013). In line with this,
immortalization of MEFs by SV40 transformation rescue the AP-2 KO phenotype,
interestingly SV40 transduction inactivates pRB, p53, and SEN6, which are crucial for G1-
S transition (Hubbard & Ozer, 1999). These observations invite us to reconsider the use
of cell lines in cell cycle studies and to study why oncogenes expression or tumorigenesis
can bypass AP-2 role in cell cycle control quality.

AP-2a interacts strongly with y-tubulin complex proteins. Despite the novelty of the
discovery, AP-2 localization at the centrosome was previously reported (Balestra et al.,
2013; O'Neill et al., 2022), and ARH, and endocytic protein, have been found to bind to
components of the y-tubulin ring complex (Lehtonen et al., 2008). AP-2 deletion resulted
in severe centrosome structural defects, centrosome amplification, and centrosome loss,
confirming an essential contribution of AP-2 to centrosome functioning. Specifically, loss
of PCM integrity could be the consequence of mitotic phenotypes observed, but how AP-
2 contributes to PCM, either in its assembly during interphase or during microtubule
nucleation in mitosis, has still to be elucidated. Previously reported p53-caspase-2 axis
activation could be because of defective centrosomes since centrosome anomalies, either
by amplification or deletion, result in different pathways, which both end in p53-dependent
activation of caspase-2 (Dionne et al., 2018; Lambrus et al., 2016; Lizarraga et al., 2010;
Marthiens et al., 2013; Meitinger et al., 2016; Phan et al., 2021). Finally, it is worth
mentioning that tamoxifen treatment for and induced KO in a population of asynchronous

cells could result in AP-2 loss at different cell cycle points, which could explain the
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heterogeneous phenotype. Future studies could benefit from the use of cells that can be
synchronized, such as MEFs.

AP-2 KO defective centrosomes result in impaired microtubule activity. and cell migration.
This thesis reported defects in mitotic spindle and microtubule activity in AP-2 KO cells
and previous observations of disruption of centrosomal structures important for
microtubule activity. However, microtubule nucleation can happen independently of
centrosomes by PCM components assembly (Balestra et al., 2021; Chen et al., 2022;
Chinen et al., 2021; Gartenmann et al., 2020; Meitinger et al., 2020; Watanabe et al.,
2020; Yeow et al., 2020), what could explain why microtubule activity is affected, but not
de novo microtubule nucleation. Additionally, acentrosomal microtubule nucleation could
explain why spindles are formed in AP-2 KO cells during mitosis (Carazo-Salas et al.,
1999; Meunier & Vernos, 2012, 2016; Moutinho-Pereira et al., 2013), however mitosis in
the absence of centrosome is prone to genomic instability (Sir et al., 2013). Finally,
migration has been found to be impacted by a decrease in migrating cells and migrating
distance. However, the involvement of AP-2 in several processes important for migration
opens the question if this effect is because of centrosomal-defective microtubule dynamics
reported in this thesis or previous functions, pointing to several potential functions of AP-
2 along the cell cycle and neurogenesis progress.

AP-2 role in centrosome and cell division was founded to be independent of CME.
PitStop2 did not produce and observable phenotype in comparison with AP-2 KO cells.
This contrast with the literature since PitStop2 treatment produces a phenotype in previous
works (Boucrot & Kirchhausen, 2007; Royle et al., 2005; Smith et al., 2013). This thesis
hypothesis is supported by the fact that phenotypes reported in the literature are
completely different from the AP-2 KO phenotype of this thesis, with PitStop2 phenotypes
being mostly mitotic related and cell death via caspase-3, and AP-2 KO having an impact
additionally in centrosomes and arrest in G1 to S transition (rather than the SAC arrest of
PitStop2 treated cells) and has caspase-2-dependent cell death. Moreover repurpose of
clathrin adaptor binding sites during mitosis (Rondelet et al., 2020) and CME
downregulation on mitosis (Berlin & Oliver, 1980; Boucrot & Kirchhausen, 2007; Fielding
& Royle, 2013; Fielding et al., 2012; Koppel et al., 1982; Sager et al., 1984), further support
this hypothesis, suggesting a repurpose of endocytic machinery during the cell cycle with

different and overlapping functions.
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5. Finally, several hypotheses have been proposed for the role of AP-2 during the cycle. The
strong interaction with components of the y-tubulin ring complex suggests a role of AP-2
in centrosome recruitment of proteins, centrosomal stabilization, and mitotic microtubule
nucleation. This function could coexist since they will happen at different cycle phases.
Another interesting hypothesis is that AP-2 binding with components of the y-tubulin ring
complex will mediate its location to the centrosome to mediate local protein translation
since it has been founded that interaction partners important for RNA binding and several
pathways related to RNA metabolism affected in AP-2 KO NPCs. Finally, another likely
hypothesis is that AP-2 modulates y-tubulin presence in the nucleus at the onset of the

cell cycle to enhance gene expression or to activate DNA repair.



6. MATERIALS AND METHODS

6.1 Materials

6.1.1 General laboratory equipment
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Instrument

Manufacturer

Identifier

Cabinet, Horizontal laminar flow

Thermo Fisher

Heraguard ECO

Scientific
Cabinet, v_ertlcal laminar flow Thermo F_i_sher Safe 2020
(primary cells) Scientific
Eppendorf 5702R
Centrifuges Hettich 320R
VWR MicroSTAR 17R
Electrophoresis Power Source VWR 300V
Electrophoresis chamber (PCR) VWR 700-0569
Electrophoresis chamber (WB) Bio-Rad Mini-Protean Tetra Cell
Dissection tools
Forceps 11253-27
16020-14
11270-20
Scissors FST 14090-09
13002-10
14002-13
10073-14
Scalpel
Freezer (-20°C) LIEBHERR 9988187-12
Fridge (4°C) LIEBHERR 9983491-10
Gel imager system (PCRs) Bio-Rad Gel Doc™ XR+
Incubator CO2 Eppendorf Galaxy 1705
Incubator Shaker Eppendorf M1335-0002
Microscope, inverted (cell , , ,
Leica Leica DMil
culture)
Microscope, inverted fluorescence Zeiss Axiovert 200M
Camera Hamamatsu C11440
Temperature module Zeiss TempMoudleS
LED Light source CoolLED PE-4000

Software

Micro-Manager

MicroManagerl.4




Objectives:
40x/1.4 oil DIC Zeiss 420762-9900
63x/1.4 oil Zeiss 420780-9900
Microscope, inverted confocal
Camera Leica TCS SP8
Detector Leica HyVqution 2
Software Le!ca 4 HyD's, 1 PMT
. . Leica LAS X
Objectives:
40x/0.85 Leica Apo CORR CS
63x/1.20 Leica PL APO W motCORR CS2
Microscope, stereo (dissection) Leica Leica M80
Microwave Inverter Sharp
Neubauer chamber Marienfeld 0640110
Osmometer Gonotec Osmomat 3000
pH-meter Mettler Toledo Seven Easy
Photometer Eppendorf Bio Photometer plus
Sonicator BRANSON Sonifier 250
Scales OHAUS EX225D
VWR T1502746
Thermocycler VWR peqSTAR
Thermoshaker CellMedia Thermomixer basic
Water bath VWR VWB6
Vortex SC|ent|f i Vortex-Genie 2
Industries
6.1.2 Chemicals
Chemical Manufacturer Identifier
2-3-Mercaptoethanol Roth 4227.1
2-Propanol Roth CP41.3
Acetic acid 100% Roth 3738.4
Acetone Roth 5025.1
Ammonium chloride Roth K298.2
Ammonium peroxidisulfate (APS) Merck 1.012.001.000
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Ampicillin sodium salt Roth K029.2

Boric acid VWR J67202

Bovine Serum Albumin Sigma A7906

Bromophenol blue Sigma B5525

Calcium chloride dihydrate Roth 5239.2

Calcium chloride hexahydrate Roth T886.1

Cresyl violet acetate Sigma C5042

D-(+)-Glucose Sigma G5767

D-Mannitol Sigma M4125

Digitonin Roth 4005.1

Dimethyl sulfoxide (DMSO) Roth A994.2

di-Potassium hydrogen phosphate Roth 6875.1

di-Sodium hydrogen phosphate - A
dihydrate

di-Sodium hydrogen phosphate Merck 106559
anhydrous

EDTA AppliChem A1104.1000
EGTA Roth 3054.2
Ethanol Omnilabs A1613.2500PE

Gelatin from porcine skin Sigma G2500

Glycerol Roth 7530.1

Glycine Roth 3908.3

HEPES Sigma H4034

Hydrochloric acid 32% Roth X896.2

IGEPAL Sigma 18896

Kanamycinsulfat Roth T832

LB-Agar (Lennox) Roth X965.2

LB-Medium (Lennox) Roth X964.2

Luminol Roth 4203.1

Magnesium chloride hexahydrate Roth 2189.1

Magnesium sulfate heptahydrate Roth P027.2

Methanol Roth 4627.5
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Milk powder Roth T145.2
Normal Goat Serum (NGS) Thermo Fisher Sci 16210064
Paraformaldehyde (PFA) Merck 104.005.100
p-coumaric acid Sigma C9008
Phenol red Sigma P3532
PIPES Sigma P8203
Ponceau S Roth 5938.1
Potassium acetate Roth T874.1
Potassium chloride Roth 6781.1
Potassium dihydrogen phosphate Roth 3904.1
Potassium disulfite Sigma 60508
Potassium hypochlorid Carl Roth 9062.3
Saponin Serva 34655
Sodium chloride Roth 3957.1
Sodium hydrogen carbonate Roth 6885.1
Sodium hydroxide Roth 6771.1
Sodium dodecyl sulfate (SDS) ultra- - S
pure
Sodium tetraborate VWR 1303964
Sucrose Sigma S0389
Tetramethylenediamine (TEMED) AppliChem A1148.0028
Tris (hydrogenmethyl) aminomethane VWR 28.808.294
(Tris-base)
Trizma hydrochloride (Tris-HCI) Sigma T3253
Trypan blue Roth CN76.1
Tween 20 VWR 663684B




6.1.3 Reagents

6.1.3.1 Reagents for molecular biology
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Reagent Manufacturer Identifier
Acryl/Bis™ solution (30%) 37.5:1 VWR E347
Bradford Reagent Sigma B6916
Complete Mini Protease Inhibitor Roche 11836153001
DNA ladder (100 bp/ 1 kb) Thermo Fisher Sci SM0323/SM0311
DNA Gel Loading Dye (6X) Thermo Fisher Sci R0611
DreamTaq DNA polymerase Thermo Fisher Sci EPO703
ECL™ WB detection reagents GE Healthcare RPN2106
Normal Goat Serum Gibco 16210064
Nuclease-free water Ambion AM9938
PageRuler P:isdz;e;stalned Prot. Thermo Fisher Sci 26619
SYBR Safe DNA Gel Stain Thermo Fisher Sci S33102
6.1.3.2 Cell culture media and reagents
Reagent Manufacturer Identifier
Accutase Sigma SCRO005
B-27 Supplement (50X) Thermo Fisher Sci 17504-044
Recombinant Human Basic Thermo Fischer Sci 13256-029
Fibroblast Growth Factor (FGF)
Conconamycin A Sigma C9705
BDNF Almone DE2457539
Cytosine B-D-arabinpfuranpsode Sigma
hydrochloride C6645
DMEM (1X)+GlutaMAX™ Thermo Fisher Sci 31966-021
DMEM/F-12(1.1) (1X)+GlutaMAX™ Thermo Fisher Sci 31331-028
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Deoxyribonuclease | from bovine

pancreas Sigma D5025
EBSS Thermo Fisher Sci 14155-048
Recombinant Human Epidermal Thermo Fisher Sci PHGO0315
Growth Factor (EGF)
Fetal Bovine Serum Merck S0115
Fetal Bovine Serum (sterile filtered) Sigma F7524
(FBS)
GlutaMAX™ Thermo Fisher Sci 35050-061
HBSS (1X) [-] CaCly, [-] MgCl2 Thermo Fisher Sci 14175-053
HEPES (1M) Thermo Fisher Sci 15630-080
Insulin, human recombinant zinc Thermo Fisher Sci 12585-014
Laminin Sigma L2020-1MG
MEM Thermo Fisher Sci 51200-046
MG132 Sigma M7449
Penicillin/Streptomycin (P/S) Thermo Fisher Sci 15140-122
Poly-D-lysine (1mg/mL) Merck A-003-E
Sodium Pyruvate Thermo Fisher Sci 11360-039
Soybean trypsin inhibitor
Transferrin, Holo, Bovine Plasma Merck 616420
Trypsin from bovine pancreas Sigma T1005
(2)-4-Hydroxytamoxifen (Tamoxifen) Sigma H7904-5MG
6.1.4 Kits and other equipment
Reagent Manufacturer Identifier
B-Gal Senescence Assay (:Tilcﬁ:]%r;sg;g 9860
Molecular Probes™ Click-iT™ EdU _ .
Alexa Fluor™ 488 Bildgebungs-Kit Thermo Fisher Sci 10337
Lipofectamine 3000 Thermo Fisher Sci L3000-008

Lipofectamine LTX

Thermo Fisher Sci
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ProFection Mammalian Transfection
) Promega E1200
System- Calcium Phosphate
6.1.5 Antibodies
Antibody Host WB ICC Manufacturer | Identifier
] Mouse
anti-AP-2a - 1:500 Abcam ab2730
monoclonal
. Mouse
anti-AP-2a 1:1000 - BD 610501
monoclonal
. Mouse
anti-AP-2-u - 1:300 BD 611350
monoclonal
_ Rabbit
anti-ARL13b - 1:1000 Abcam Ab153725
polyclonal
. ) Mouse _
anti-Centrin - 1:1000 Sigma 04-1624
monoclonal
. Guinea pig
Anti-Dcx - 1:500 Merck AB2253
polyclonal
. Mouse
anti-GAPDH 1:1000 - Sigma-Aldrich G8795
monoclonal
_ Rabbit .
anti-GCP2 1:1000 | 1:500 Millipore MABT1322
polyclonal
. Rabbit Elabscience E-AB-
anti-GCP3 1:1000 | 1:500 ;
polyclonal (Biomol GmbH) 62346
. Mouse Santa Cruz
anti-GCP4 1:100 1:50 ) sc-271876
monoclonal Biotechnology
) Mouse ;
anti-GFAP - 1:500 Sigma G3893
monoclonal
. Chicken
anti-GFP - 1:2000 Abcam ab13970
polyclonal
. Rabbit
anti-Ki67 - 1:1000
polyclonal
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) Mouse ) ] NBP1-
anti-mCherry - 1:200 | Novus Biologicals
monoclonal 96752
. . Chicken NB100-
anti-Nestin - 1:500 Novus
polyclonal 16074
) Rabbit
anti-p53 - 1:1000 CST 2524
polyclonal
] Rabbit :
anti-PCM1 - 1:100 Sigma HPA023370
polyclonal
, Rabbit
anti-PCNT - 1:500 Abcam ab4448
polyclonal
_ Rabbit -
anti-pH3 - 1:1000 Millipore 06-570
polyclonal
L i Chicken Novus NB300-
anti-Vimentin - 1:500 _ _
polyclonal Biochemical 223SS
] Mouse .
anti-a-TUBULIN - 1:500 | Synaptic Systems 302 211
monoclonal
. . Mouse _
anti-B-actin 1:1000 - Sigma A-5441
monoclonal
] Rabbit . .
anti-y-H2AX - 1:500 Cell Signaling 9718
polyclonal
. . Mouse _
anti-y-Tubulin 1:1000 | 1:1000 Sigma T6557
monoclonal
Normal Mouse Normal Mouse
1:5000 - Millipore 12-371
lgG 19G
Normal Rabbit Normal Rabbit
1:5000 - Cell Signaling 2729
lgG 19G
Goat anti-Mouse | g at anti-Mouse
19G (H+L) 96 (HeD) | o Jackson 115-035-
peroxidase- peroxidase- ' ImmunoResearch 003
conjugated

conjugated
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Goat anti-Mouse

Goat anti-Mouse

19G, light chain | 4G, light chain
. » Jackson 115-035-
specific, specific, 1:2000 -
_ ImmunoResearch 174
peroxidase_ perOXIdase-
conjugated conjugated
Goat anti-Rabbit Goat anti-Rabbit
IgG (H+L) IgG (H+L) 12000 Jackson 111-035-
peroxidase- peroxidase- ' ImmunoResearch 003
conjugated conjugated
Alexa Fluor 488 | ajexa Fluor 488
Goat anti- Goat anti- - 1:500 | Thermo Fisher Sci A-11039
Alexa Fluor 488 | Ajexa Fluor 488
Goat anti-Mouse | Goat anti-Mouse - 1:500 | Thermo Fisher Sci A-11029
IgG 19G
Alexa Fluor 488 | ajexa Fluor 488
Goat anti-Rabbit | Goat anti-Rabbit - 1:500 | Thermo Fisher Sci A-11034
Alexa Fluor 568 | Alexa Fluor 568
Goat anti-Mouse | Goat anti-Mouse - 1:500 | Thermo Fisher Sci A-11031
1gG 19G
Alexa Fluor 568 | Alexa Fluor 568
Goat anti-Rabbit | Goat anti-Rabbit - 1:500 | Thermo Fisher Sci | A-11036
1gG 19G
Alexa Fluor 568 | Alexa Fluor 568
Goat anti- Goat anti- - 1:500 | Thermo Fisher Sci A-11041
Chicken IgG Chicken IgG
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Alexa Fluor 647

Alexa Fluor 647

Goat anti-Mouse | Goat anti-Mouse 1:500 | Thermo Fisher Sci A-21236
Alexa Fluor 647 | aAlexa Fluor 647
Goat anti-Rabbit | Goat anti-Rabbit 1:500 | Thermo Fisher Sci | A-21245
1gG 19G
ATTO647N Goat | ATTO647N Goat , _ 40839-1ML-
) _ _ 1:500 Sigma Aldrich
anti-Rabbit anti-Rabbit F
6.1.6 Oligonucleotides and vectors
6.1.6.1 Genotyping primers
Annealing
Gene Sequence (5'- 3
temp (°C)
AP-2 1 CTC ATA TAC GAG CTG CTG GAT G 65
AP-2 2 CCA AGG GACCTACAG GACTTC 65
General Cre 1 GAA CCT GAT GGA CAT GTT CAG G 62
General Cre 2 AGT GCG TTC GAACGC TAG AGCCTG T 62
General Cre 3 TTA CGT CCA TCG TGG ACA 62
General Cre 4 TGG GCT GGG TGT TAG CC 62
Ift88 reverse GCC TCCTGT TTC TTG ACA ACA GTG 58
Ift88 forward 1 GGT CCT AAC AAG TAAGCC CAG TGT T 58
Ift88 forward 2 CTG CAC CAG CCATTIT CCT CTA AGT CAT GTA 58




6.1.6.2 Plasmids
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Plasmid (source gene) Manufacturer Identifier
pmCherry-N1 Clontech 632524
AP-2u-mRFP Prepared by Tanja Maritzen N/A

EB3-tdTomato (human) Addgene #50708

mEmerald-EB3-7 Addgene #54075
AP-2pu2-mCherry Addgene #27672
y-Tubulin-S65T-GFP Kind gift from Dr. H. Bazzi N/A
6.1.7 Mouse models
Mouse model Manufacturer Identifier
C57BL/6J CECAD in vivo facility N/A
. . . K k l.
Ap2mllox/lox: tamoxifen inducible CAG-Cre ono?;(;llf) eta N/A
Ap2mllox/lox Ift88lox/lox Ift88: tamoxifen NSt O
inducible CA (2017) N/A
inducible CAG-Cre Bazzi
6.1.8 Solutions and Media
6.1.8.1 Routinely used solutions
If not mentioned, solutions were stored at room temperature (RT)
Name Composition

1.5M Tris pH 8.8

181.65g Tris Base
0.4% (w/v) SDS
1L ddH2O

pH 8.8

0.5M Tris pH 6.8

6g Tris Base
0.4% (w/v) SDS
100 mL ddH>O
pH 6.8

10% Acrylamide gel

8.04 ml H.O
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5ml 1.5M Tris pH 8.8
6.67ml 30% acrylamide/bis
200pl 10% SDS

100pl APS 10%

10uL TEMED

4% Acrylamide gel (Stacking)

emL ddeO
2.52mL 0.5 M Tris pH 6.8

e 1.32 mL acrylamide/bis
e 100pL 10%SDS

50pL 10% APS
10pL TEMED

2% agarose gel

2% (w/v) agarose in TBE 1X

B buffer

35.69 Na:HPO4*2H.0
31.79g Na2HPO4, pH=7.4
in 500mL H20

Blocking solution WB (milk

5% (w/v) milk powder in TBS-T

powder)
ICC blocking/permeabilizing 5% (v/v) NGS
solution 0.2% (w/v) Saponin or 0.1% (v/v) Triton in PBS

Imaging Buffer

1mL B buffer
100uL NaCl 5M

4.9 puL MgCI2

13uL CaCl2 1M
Total volume 10 mL

Neutralization Buffer

1.3g Tris-HCl in 200MI ddH20. pH=5

Lammeli Buffer (4x)

250mM Tris-HCL

1% (w/v) SDS

40% (v/v) Glycerol

4% (v/v) R-mercaptoethanol
0.02% Bromophenol

PFA 4% (ICC fixation)

4% (w/v) PFA,
4% (w/v) Sucrose,
dissolved in PBS. pH 7.4

PBS

0.137M NaCl
0.0027M KCI;
0.01M Naz;HPOq4
1.8mM KH2PO4

Proteinase K solution

50mM Tris-HCI
1mM CaCl,
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50% Glycerol, in ddH.O to generate dilution
Buffer. + 20g Proteinase K for 1mL of dilution
buffer.

Ponceau staining solution

1% (w/v) Ponceau S
2% (v/v) acetic acid in ddH-0O

RIPA buffer

50mM Tris-Base

150 mM NacCl

1% (v/v) IGEPAL

0.5% (w/v) Sodium deoxycholate

0.1% (w/v) SDS dissolved in ddH,O

1 tablet of protease inhibitor and phosphatase
inhibitor/10mL RIPA buffer

Running Buffer 10X

25mM Tris-Base
192mM Glycine
0.1% (w/v) SDS in ddH20

Transfer Buffer 10X

25mM Tris-Base
192mM Glycine
0.025% (w/v) SDS in ddH20

Transfer Buffer 1X

10% (v/v) Transfer Buffer 10X
20% (v/v) methanol
70% (v/v) ddH20

Tall lysis buffer

1M Tris-Base

0.5M EDTA

20% (w/w) SDS

5M NacCl, in ddH20, pH 8.5

TBE 10X

108g Tris-Base
55¢g Boric acid
7.4g EDTA in 1L ddH,0

TBS-T

20mM Tris
137 Mm NacCl
0.1% (v/v) Tween 20

Lysis buffer for IP (Co-IP buffer)

e 100mM NaCl

50 mM Tris-HCI
1% IGEPAL

2mM MgCI2 in ddH.0
1 tablet of protease and phosphatase
inhibitors/10mL of lysis buffer




6.1.8.2 Cell culture media
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All cell culture media was filtered through 0.2 um pore size membranes and stored at 4°C

Name

Composition

Basic Media

1L MEM

5g Glucose
200mg NaHCO3
100mg Transferrin

Borate Buffer 0.1M

1.24g boric acid
1.9g sodium tetraborate
in 400ml autoclaved ddH>O

Digestion Solution

137mM NacCl

5mM KCI

7mM NaxHPO4

25mM HEPES

dissolved in autoclaved ddH>O. pH 7.2

Dissociation Solution

e Hank’s

12mM MgSO4x7H-0

Growth / Differentiation
Media

100mL Basic Media

e 5mL sterile filtered FBS

0.25mL GlutaMAX
2mL B-27
1ImL P/S

Hank's solution

500 mL HBSS

¢ 5mL Sodium pyruvate

5mL HEPES
5mL P/S

Hank’s FBS

Hank’s + 20% (v/v) sterile filtered FBS

MEF media

DMEM
10% (v/v) FBS
0.1% (v/v) P/IS

NPCs media

50 mL DMEM/F12+GlutaMAX
1 mL B27

0.5mL P/S

0.25 mL EGF

0.125 mL b-FGF

Plating Media

100 mL Basic Media
10 mL sterile filtered FBS
1mL GlutaMAX
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e 625pL Insulin
e 1.1mMLP/S

6.2 Methods

6.2.1 Animals

C57/BL/6 mice were housed in polycarbonate cages at standard 12/12 day-night cycles, and
water and food were provided ad libitum. All animal experiments were approved by the ethics
committee of LANUV Cologne and were conducted according to the committee’s guidelines.
Conditional tamoxifen-inducible (Ap2m1lox/lox x inducible CAG-Cre) is described in (Kononenko
et al., 2017) and was used for in vitro experiments. C57BL6/NR]j were used for WT experiments

(Mass-spectrometry, Co-IPs, colocalization, and trafficking experiments).
6.2.2 Genotyping

DNA extraction. Newborn pups were tattooed after birth, and subsequently, 1mm of the tail from
each pup was collected for genotyping. In the case of embryos, a tail cut was given to the
genotype after extraction. DNA extraction from each tail sample was performed by incubating
samples in 300 pL of tail lysis buffer plus 3 pL of proteinase K solution at 55°C overnight (ON).
For the isolation of DNA, digested samples were centrifuged at 13 000 revolutions per minute
(rpm) for 5 min. The supernatant was discarded, and the pellet was resuspended with 400 pL of
isopropanol and gently mixed prior to centrifugation at 13 000 rpm for 15 min. Again, the
supernatant was discarded, and DNA was washed once with 70% ethanol, followed by another
centrifugation of 13 000 rpm for 10 min. Finally, the supernatant was discarded, the pellet dried

out, and resuspended with 100 pL of autoclaved water.

PCR. DNA samples were diluted in PCR tubes following the master mix shown below. Note that

working primers were diluted at 10pmols/pL.
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Volume
Ift88, AP-2, Cre
(HL)
Sample 1
Dream Taq Buffer 2
MgCl, 25mM 2
Primer mix 1 each primer
DNTPs 2 mM 1.5
Dream Taq pol. 0.2uL
H2O till 20 L total

PCR program:

AP-2 Cre Ift88
ot (30 cycles) (35 cycles) (35 cycles)
ep
T (°C) Time | T(°C) Time T (°C) Time
Initial denaturation 95 5min 95 5min 95 5min
denaturation 94 30s 95 30s 95 30s
cycles Anneling 65 30s 62 30s 58 30s
Elongation 72 30s 72 30s 72 30s
Final extension 72 5min 72 5min 72 5min
Hold 4 4 4

Electrophoresis. PCR results were subsequently mixed with a DNA loading sample and charged
in a 2% Agarose gel with SYBR safe at a concentration indicated by the manufacturer's guideline.
Finally, electrophoresis was done at 120V for 40 min, and results were visualized by the gel

imager system (Bio-Rad).
6.2.3 Preparation of cell cultures and transfections
6.2.3.1 Coating

The coating was performed by dissolving PDL with borate buffer and adding it to the coverslips

or dishes for at least 2 h at 37°C. Afterward, the coverslips were washed with autoclaved water.

For NPCs, and additional coating with laminin dissolved in PBS was done and incubated for 12 h
and afterward washed with DMEM/F-12(1.1) (1X)+GlutaMAX™
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6.2.3.2 Neural progenitor cell cultures and transfection

Embryos were obtained between stages E12-E14 of pregnancy, and the telencephalic vesicles
were extracted and digested for 20 min in 0.05% Trypsin with DNAse. The addition of Soybean
Trypsin Inhibitor stopped trypsinization, and tissue was homogenized by pipetting gently ten times
with a p1000 and ten times with a p200. Cells were centrifuged at 1.500 rpm for 1min and washed
once before resuspending the pellet in proliferation media, to be then counted with a solution of
trypan blue and a Neubauer chamber. 50uL solution containing 10.000 cells were plated in pre-
coated 24mm diameter coverslips or 3 cm diameter dishes. The coating was performed the day
before by dissolving the PDL with borate buffer 0.1M and adding it on the coverslips or dishes for
2 to 16 hours, which afterward were washed with autoclaved water and dried, to be coated with
Laminin overnight and were washed with autoclaved water and air-dried before platting. Once
cells were attached to the surface of the coverslip or dish (1-2 h), 2 mL of prewarmed proliferation
media was added to each well, and cells were placed inside the incubator at 37°C, 5% CO.. Cells

were plated at a concentration of 50.000 cells/ml for stock and 10.000 cells/ml for experiments

Plasmid transfections of NPCs: Cells were transfected 1 hour after refreshing the medium using
Lipofectamine LTX (Invitrogen). For this, it was mixed in the following order 1 ug plasmid DNA,
2,5 pL of Plus Reagent, and 1,5uL of Lipofectamine and resuspended in Opti-MEM medium
(100 pl) (for each well of a 6-well plate), followed by incubation for 20 min allowing for lipo-complex
formation. Lipo-complexes were added to the cells and incubated at 37 °C, 5% CO2 for 24-48h,

depending on plasmid expression.

6.2.3.3 Preparation of mouse embryonic fibroblasts cell cultures and SV40-mediated

immortalization

Embryos were obtained between stages E12-E14 of pregnancy. Head, visceral tissues, and
gonads were removed from the embryos, and the carcass was incubated in 0.25% Trypsin/1 mM
EDTA for 20 min at 37°C. The trypsinization was stopped by adding MEF culture medium. The
tissue was dissociated by pipetting up and down. Next, the samples were incubated for 5 min at
RT, followed by centrifugation at 200 rcf for 5 min. The supernatant was discarded, the pellet was
resuspended in MEF culture medium, and the cells were plated in 10 cm dishes. The cells were
incubated at 37 °C with 5% CO2 until they were confluent.

SV-40 immortalization of MEFs: an SV40 Virus with Polybrene (kindly provided by Dr. Frederik

Tellkamp, AG Kriger) was added to the cells. The medium was changed 12 h after transduction.
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This process was repeated several times to get a higher infection rate. Cells were cultured with
MEF culture medium in 10 cm dishes and incubated at 37°C with 5% CO2 until they were

confluent. Cells are considered immortalized after passage 10.
6.2.3.5 Preparation of primary astrocytic cell cultures and transfections

Cortex and hippocampi were isolated from postnatal pups at P1-5, cut into small pieces, washed
twice in Hank’s+20%FBS and Hank’s, and digested with 10 mg trypsin, and 10 pL DNase
dissolved in 2 mL of digestion solution, which was then incubated at 37°C for 15 min. Trypsination
was stopped by washing twice with Hank’s+20%FBS and Hank’s, prior addition of 2 mL of
dissociation solution containing 10 uL of DNAse. Samples were mechanically dissociated by
pipetting 2-3 times with a fire-polished glass pipette, followed by the centrifugation of cells at 0.3
rcf, 8 min at 4°C. The supernatant was discarded, and the pellet of cells was re-suspended in
plating media, which were then counted with a solution of trypan blue and a Neubauer chamber.
50uL solution containing 50 000 cells were plated in pre-coated 24mm diameter coverslips or 3
cm diameter dishes. Once cells were attached to the surface of the coverslip or dish (1-2 h), 2 mL
of prewarmed plating media was added to each well, and cells were placed inside the incubator
at 37°C/5% CO2. After 24 h, half of the media was removed, and the same amount of Growth
media was added. 48 h after the cell culture preparation, the same volume of media used after

24 h was added. No further media was added afterward.

Plasmid transfections of astrocytes: Astrocytes were transfected at DIV 7-9 using an optimized
calcium phosphate protocol (Kononenko et al, 2013). 6ug plasmid DNA was added to 12.5uL of
CaCl2 2M, and 81.5 pL of water (for each well of a 6-well plate, and mixed with an equal volume
of 2x HEPES buffered saline (100ul) (ProFection Mammalian Transfection System- Calcium
Phosphate) and incubated for 20 min, allowing for precipitate formation. Meanwhile, cells were
incubated in NBA medium for the same time at 37°C, 5% CO2. Subsequently, precipitates were
added to the cells and incubated at 37°C, 5% CO2, for 30 min. Finally, coverslips were washed
twice with HBSS medium and transferred back to the medium. The osmolarity of NBA and HBSS
media was adjusted to the original cellular media of the astrocytes with D-mannitol to avoid

osmotic shock.
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6.2.3.4 Induction of homologous recombination of AP-2u / 1ft88 KO allele by tamoxifen

To initiate homologous recombination in cells from floxed animals expressing a tamoxifen-
inducible Cre recombinase, they were treated with 0.4 uM (Z2)-4-hydroxytamoxifen immediately
after plating. Ethanol was added to control neurons (WT) in an amount equal to tamoxifen.

6.2.5 EdU Pulse Labelling

NPCs were incubated for a 24h pulse in 0.2 yM EdU (component A of Click-iT® EdU Imaging Kit,
Invitrogen) at 37 °C, 5% CO2. After EAU incubation, cells were fixed in 3.7% formaldehyde in PBS
for 15 minutes at room temperature. Formaldehyde was removed, and cells were washed twice
with 1 mL of 3% BSA in PBS and permeabilized for 20 minutes at RT in 0.5% Triton® X-100.

EdU detection was performed according to manufacturers' instructions, followed by

immunostaining for other markers.
6.2.6 B-Gal Senescence Assay

NPCs were seeded in 6-well plates, and after 48 hours medium was removed, wells were rinsed
with PBS before fixing with 1x fixative solution provided by senescence (3-galactosidase staining
kit (9860, Cell Signaling Technology) for 15 minutes. The fresh B-galactosidase staining solution
was prepared according to the manufacturer's instructions. Cells in each well were stained with
0.5mL staining solution after being washed with PBS twice. The staining process was
accomplished after incubating at 37°C in a dry, ON incubator. The (B-galactosidase positive cells
were considered senescent cells and counted in ten randomly chosen fields per experiment and

condition.
6.2.7 Neurosphere Migration Assay

Neurospheres were pipetted without dissociation and seeded in Matrigel-coated coverslips. After
6, 12, 24, and 48 hours, cells were observed and imaged in a Brightfield microscope before
fixation. Immunostaining was performed in the fixed coverslips and imaged. Migrated distance

and number of migrating cells were analyzed in ImageJ.
6.2.8 Immunocytochemistry of cultured cells

Depending on the protein of interest, cells were either fixed in 4% paraformaldehyde (PFA) in
phosphate-buffered saline (PBS containing 137 mM NacCl, 2.7 mM KCI, 10 mM Na2HPO4, 1.8
mM, K2HPO4, pH 7.4) for 15 min at room temperature (RT) or 8 min in ice-cold Methanol at -
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20°C. Afterward they were washed three times with PBS and blocked for 1 h at RT with a blocking
buffer containing 0.3% saponin (SERVA Electrophoresis GmbH) or 0.2% TritonX-100 and 5%
normal goat serum (NGS) in PBS. Neurons were then incubated with primary antibodies in the
blocking buffer for 1 h at RT or ON at 4°C. Coverslips were rinsed three times with PBS (5 min
each) and incubated with corresponding secondary antibodies for 30—60 min at RT in a blocking
solution. Finally, coverslips were washed three times in PBS and mounted in Immu-Mount

(Thermo Scientific).
6.2.9 Immunostaining of Tubulinla

NPCs were treated on DIV 2 either with 0.2 pg/ml Nocodazole (Sigma) or with 0.2 pg/ml DMSO
for 1 h. Afterward, cells were fixed immediately, or media was exchanged, and cells were
incubated for 5 minutes in the incubator to allow microtubule regrowth. Before fixation, cells were
rinsed with warm PHEM buffer (60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 4 mM MgCl,),
followed by an incubation step in PHEM buffer containing 0.05% Triton-X-100 at 37°C for 1.5 min
to remove the soluble Tubulin. Then, fixation was done with cold methanol (-20 °C) for 8 min,
permeabilized and blocked with PBS-S (PBS containing 0.2% saponin (Serva), and 2.5% BSA,
Sigma) for 30 min at RT and incubated with primary antibodies diluted in PBS-S for 2 h. Coverslips
were rinsed twice in PBS-S (2 min each) and incubated with corresponding secondary antibodies
(diluted 1:500) in PBS-S for 30 min. Finally, coverslips were washed four times in PBS-S and

mounted in Immu-Mount (Thermo Scientific).
6.2.10 Microscope picture analysis

Fixed cells were imaged using either using Zeiss Axiovert 200M microscope (Observer. Z1, Zeiss,
USA) equipped with 40x/1.4 oil DIC objective and 63x/1.4 oil DIC objective and the Micro-
Manager software or with Leica SP8 confocal microscope (Leica Microsystems) equipped with a
63x/1.32 oil DIC objective and a pulsed excitation white light laser (WLL; ~80-ps pulse width, 80-
MHz repetition rate; NKT Photonics). For quantitative analysis of cell cycle percentage of cells,
ciliated cells, and centrosome analysis, several pictures were considered until quantification of a
significant number of cells per experiment (at least 100 total cells and 10 or more cells of interest).
Fluorescent protein levels were analyzed by manually selecting the cell body using ImageJ
selection tools (ROI), and the mean gray value was quantified within the ROI after the background
subtraction. Coverslips were imaged using EVOS FL Auto 2 (Invitrogen, USA) to quantify the

number of senescent cells.
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6.2.11 STED imaging

STED imaging was done using a gSTED superresolution and confocal microscope (Leica
Microsystems) equipped with 100x oil objective (HC PL APO 100x/1.4 Oil STED, Leica
Microsystems) and a pulsed excitation white light laser (WLL; 80-MHz repetition rate; NKT
Photonics) and two STED lasers (continuous wave at 592 nm, pulsed at 775 nm, MPBC). Within
each independent experiment, samples were acquired with equal settings. Alexa Fluor 488 and
ATTO 647N were excited using a pulsed WLL at 480 and 640 nm, respectively. Fluorescence
signals were detected sequentially by hybrid detectors starting with the longer wavelength.
Images were acquired with a scanning format of 1,024 x 1,024, eight-bit sampling, and 5 zoom.

Analysis was done using ImageJ.
6.2.12 Live imaging of cultured neurons

NPCs were imaged at 37°C in an imaging buffer (see above) using Zeiss Axiovert 200M
microscope (Observer. Z1, Zeiss, USA) equipped with 40X/1.40 Qil DIC objective; a pE-4000 LED
light source (CoolLED) and a Hamamatsu Orca-Flash4.0 V2 CMOS digital camera. Time-lapse
images of NPCs expressing EB3-Tdtomato plasmids were acquired every second using Micro-
Manager software (Micro-Managerl.4, USA) for 60 s. Kymographs were generated using the

software KymoMaker (Chiba et al, 2014) and analyzed by ImageJ.
6.2.13 Propidium lodide Flow Cytometry

Cells were spined-down at 2500 rpm for 3 min, then washed with 1mL 1xPBS and centrifuged
again. Half of the PBS was removed to add to the pellets dropwise 9.5mL of ice-cold 70% ethanol.
Cells were spined down at 3000rpm before staining to remove ethanol and washed with PBS
twice. The cell pellet was resuspended in Propidium iodide solution (Pl 10ug/ml, RNAse A 200
ug/ml, and 0.1% TritonX-100 in 1xPBS) and incubated 5 minutes at 37°C or 30 min at RT. Flow
cytometry was performed using BD LSR Fortessa, gating the analysis to 20.000 events (or in the
case of KO cells due to the low number till the sample was thoroughly analyzed) and analysed

using Flowing software 2.
6.2.14 Western blotting

NPCs were allowed to proliferate after Ethanol or Tamoxifen treatment for 48 hours. Afterward,
cells were lysed using radioimmunoprecipitation assay buffer (RIPA) containing 50 mM Tris (pH
= 8.0), 150 mM NacCl, 1.0% IGEPAL, 0.5% sodium deoxycholate, 0.1% SDS, and 1x protease
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inhibitor cocktail (Roche). Proteins were extracted for 45 min on ice, followed by the centrifugation
of lysates at 14,000 g for 20 min, and protein concentration was measured by the Bradford assay.
Samples were analyzed by SDS-PAGE on 10% Tris-Glycine gels, followed by blotting on the
nitrocellulose membrane. The membranes were blocked for 1 h at RT in 5% skim milk in TBS
buffer (20 mM Tris pH = 7.6, 150 mM NacCl) containing 0.1% Tween (TBS-T) and incubated with
primary antibodies overnight at 4°C. Next, the membranes were washed two times (10 min each)
with TBS-T and one time with TBS buffer and incubated with a secondary antibody for 1 h at RT
in TBS-T buffer. Afterward, the membranes were washed and developed using an ECL-based

autoradiography film system. Analysis was performed using ImageJ.
6.2.15 Co-immunoprecipitation assays

Embryos were obtained between stages E14-E16 of pregnancy, and the telencephalic vesicles
were extracted and homogenized in Co-IP buffer containing 50 mM Tris—HCI pH = 7.4, 100 mM
NaCl, 1% NP-40, 2 mM MgCI2, and 1x protease inhibitor. Samples were sonicated and proteins
were extracted for 45 min on ice, followed by the centrifugation of lysates at 17,000 g for 20 min
at 4°C. An equivalent amount of mouse AP-2 antibody or non-specific mouse IgG was coupled to
Protein G Dynabeads (Invitrogen). Antibody-coupled Dynabeads were incubated with the
supernatant for overnight at 4°C on the shaker. Following the incubation, Dynabeads were
washed three times with Co-IP buffer, and proteins were eluted using SDS—PAGE sample buffer

and analyzed by Western blotting.
6.2.16 Mass Spectrometry analysis of AP-2a binding partners

Embryos were obtained between stages E14-E16 of pregnancy, and the telencephalic vesicles
were extracted and homogenized in Co-IP buffer, as described in the previous section. After
boiling the samples at 95 °C for 5 min, the samples were loaded onto SDS-PAGE gels, reduced
(DTT), and alkylated (CAA). Digestion was performed using trypsin at 37 °C overnight. Peptides
were extracted and purified using Stagetips. Eluted peptides were dried in vacuo, resuspended

in 1% formic acid/4% acetonitrile, and stored at =20 °C prior MS measurement.

All samples were analyzed by the CECAD protoemics facility on a Q Exactive Plus Orbitrap mass
spectrometer that was coupled to an EASY nLC (both Thermo Scientific). Peptides were loaded
with solvent A (0.1% formic acid in water) onto an in-house packed analytical column (50 cm, 75
pm 1.D., filled with 2.7 um Poroshell EC120 C18, Agilent). Peptides were chromatographically

separated at a constant flow rate of 250 nL/min using the following gradient: 3-7% solvent B (0.1%
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formic acid in 80 % acetonitrile) within 1.0 min, 7-23% solvent B within 35.0 min, 23-32% solvent
B within 5.0 min, 32-85% solvent B within 5.0 min, followed by washing and column equilibration.
The mass spectrometer was operated in data-dependent acquisition mode. The MS1 survey scan
was acquired from 300-1750 m/z at a resolution of 70,000. The top 10 most abundant peptides
were isolated within a 1.8 Th window and subjected to HCD fragmentation at a normalized
collision energy of 27%. The AGC target was set to 5e5 charges, allowing a maximum injection
time of 108 ms. Product ions were detected in the Orbitrap at a resolution of 35,000. Precursors
were dynamically excluded for 20.0 s. All mass spectrometric raw data were processed with
Maxquant (version 1.5.3.8, (Tyanova et al, 2016a)) using default parameters. Briefly, MS2 spectra
were searched against the Uniprot mouse reference proteome containing isoforms (UP589,
downloaded at 26.08.2020), including a list of common contaminants. False discovery rates on
protein and PSM level were estimated by the target-decoy approach to 1% (Protein FDR) and 1%
(PSM FDR) respectively. The minimal peptide length was set to 7 amino acids and
carbamidomethylation at cysteine residues was considered as a fixed modification. Oxidation (M),
Phospho (STY), and Acetyl (Protein N-term) were included as variable modifications. The match-
between runs option was enabled between replicates. LFQ quantification was enabled using

default settings. Follow-up analysis was done in Perseus 1.6.15 (Tyanova et al, 2016b).

6.2.17 Proteomics

NPCs were lysed in 8M Urea/50 mM TEAB buffer containing protease inhibitors. Samples were
sonicated, followed by the centrifugation of lysates at 20,000 g for 15 min. Lysates were reduced
(DTT), and alkylated (CAA). Digestion was performed using trypsin at 37 °C overnight. Peptides

were extracted and purified using Stagetips.

All samples were analyzed by the CECAD proteomics facility on a Q Exactive Plus Orbitrap mass
spectrometer that was coupled to an EASY nLC (both Thermo Scientific). Peptides were loaded
with solvent A (0.1% formic acid in water) onto an in-house packed analytical column (50 cm —
75 pum 1.D., filled with 2.7 um Poroshell EC120 C18, Agilent). Peptides were chromatographically
separated at a constant flow rate of 250 nL/min using the following gradient: 3-4% solvent B (0.1%
formic acid in 80 % acetonitrile) within 1.0 min, 5-27% solvent B within 119.0 min, 27-50% solvent
B within 19.0 min, 50-95% solvent B within 1.0 min, followed by washing and column equilibration.

The mass spectrometer was operated in data-dependent acquisition mode. The MS1 survey scan
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was acquired from 300-1750 m/z at a resolution of 70,000. The top 10 most abundant peptides
were isolated within a 1.8 Th window and subjected to HCD fragmentation at a normalized
collision energy of 27%. The AGC target was set to 5e5 charges, allowing a maximum injection
time of 55 ms. Product ions were detected in the Orbitrap at a resolution of 17,500. Precursors

were dynamically excluded for 30.0 s.

All mass spectrometric raw data were processed with Maxquant (version 1.5.3.8, (Tyanova et al.,
2016a)) using default parameters against the Uniprot canonical mouse database (UP589,
downloaded 15.08.2019) with the match-between-runs option enabled between replicates.

Follow-up analysis was done in Perseus 1.6.15 (Tyanova et al., 2016b).

6.2.18 Statistical Analysis

Significant estimates were obtained from independent experiments (N) for analysis. MS Excel
and GraphPad Prism version 7 were used to assess the statistical analysis. The statistical
significance between the two groups for all normally distributed raw data was evaluated with a
two-tailed unpaired t-test student. The statistical significance between more than two groups for
all normally distributed raw data was evaluated using Two-Way ANOVA multiple comparison
(Sidak multiple comparison test, with a single pooled variance, was used to determine the

statistical significance between the groups). Significant differences were accepted at p<0.05.
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