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Introduction







.1 The Cerabellum

By housing more than half of the neurons of the whole brain, the cerebellum (Latin for "little
brain") is one of the most architecturally complex region of the vertebrate central nervous
system (CNS). Since the end of the XIX century, for over 80 years, the cerebellum has been
considered the area of the CNS exclusively dedicated to motor control and coordination.
However, this view has progressively expanded during the last three decades, as numerous
studies based on novel functional imaging, neural tracing and clinical data analysis have
highlighted new and unexpected roles in higher cognitive activities such as learning, attention,
language and emotions.

In this first introductive chapter, the anatomy and functional compartmentalization of the
cerebellum will be initially illustrated, before delving into the description of the histological

architecture of the cerebellar cortex.

1.1.1 ANATOMY OF THE CEREBELLUM

Residing within the posterior fossa of the skull, the cerebellum represents the anteriormost
region of the hindbrain, locating beneath the cerebral hemispheres and posterior to the brain
stem' and the IVth ventricle.

At a first glance, the cerebellum can be clearly divided in three major parts consisting in two
large lateral hemispheres separated by a narrow midline region called vermis (Latin for
"worm"). In addition, the surface of the cerebellum is crossed by two deep transversal (medio-
lateral) grooves called primary and posterolateral fissures, which delineate three major
cerebellar lobes, namely the anterior, posterior and flocculonodular lobes (Roostaei et al., 2014)
(Figure I). The anterior and the posterior lobes are further shaped by shallow transversal
fissures which overall subdivide the entire cerebellum in a total of ten lobules, indicated with
Roman numbers. In particular, the anterior lobe contains the first five lobules (I-V), the

posterior lobe the following four (from VI to IX, with the lobule VII split in VIIA and VIIB),

! The brain stem includes the midbrain, the pons and the medulla.
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while the flocculonodular lobe coincides with the lobule X (Roostaei et al., 2014) (Figure I).
Next, the surface of each lobules is also shaped by a series of tiny parallel transversal gyrus,
referred as folia, which adding up to the lobular organization, further increases the total surface
of the cerebellum, eventually enabling the packaging of a large area of neural tissue in a
relatively small volume (Roostaei et al., 2014).

The internal macro-organization of the cerebellum is relatively simple. It consists into an
external cortex of grey matter, mainly composed by cell bodies, surrounding a large body of
white matter, made primarily by myelinated neuronal fibers. Embedded within the white matter
lie three pairs of "deep cerebellar nuclei" (DCN), composed of grey matter (Stilling, 1864).
From medial to lateral, these nuclei are respectively called fastigial, interposed (which is further
divided into globose and emboliform nuclei) and dentate (Figure I). With only few exceptions,
the majority of the cerebellar outputs are projected from the DCN.

Morphologically, the cerebellum is connected to the brainstem via three pair of peduncles
which, according to their relative position are named superior, middle and inferior. The totality
of the afferent and efferent neuronal fibers directed toward and leaving the cerebellum pass
through these peduncles, which therefore represent also the sole functional connection of the

cerebellum with the other regions of the CNS (Roostaei et al., 2014).

Vermis

—Primary fissure

DCN
Fastigial

Interposed
Dentate

D Anterior lobe
D Posterior lobe

D Flocculonodular lobe Q{;)Q
Posterolateral fissure

Figure I. Anatomy of the cerebellum. Schematic dorsal view of an unfolded human cerebellar cortex. The vermis in medial
in the cerebellum and delimited from the lateral hemispheres by black gapped lines. The major fissures, including those dividing
the three lobes (indicated with different colours) are represented by transversal brown lines. The position and name of the
lobules is indicated with Roman numbers at the level of the vermis. The position of the deep cerebellar nuclei (DCN) inside
the cerebellum is projected in the drawing by light blue areas.
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1.1.2 MAIN FUNCTIONS OF THE CEREBELLUM

The major role of the cerebellum consists in controlling, coordinating and if needed correcting
the body voluntary movements. Such complex activities occur in relation to memorized motor
schemes and environmental or internal stimuli.

The cerebellum is believed to receive two major types of input information (Ito, 2013; Ohyama
et al., 2003; Ramnani, 2012). The first information is motor type: it principally comes from the
motor cortex, which contains the pre-motor and primary motor areas dedicated to the planning
and execution of movement. This way the cerebellum is informed about the type of movement
that is intended to perform. The second information is sensory type: it reports details about the
actual status of the body and the surrounding environment at the onset of movement. Once
received, these information are integrated and processed within the cerebellar circuitries which
are supposed to store memories of "correct" motor schemes learnt by trials and errors during
the individual's life. By basing on these schemes and by evaluating motor and sensory inputs,
the cerebellum produces an output which is eventually directed to the motor cortex via a relay
through the thalamus. Such output may correct the activity of cortical motor neurons, thus
tuning their output to accomplish the best execution of the movement (Ito, 2013; Ohyama et
al., 2003; Ramnani, 2012). Nevertheless, if the movement is not precisely or correctly executed,
then an error signal is generated, conceivably at the level of the inferior olive of the medulla,
and delivered to the cerebellum. Such error input is believed to re-wire the cerebellar circuitries
in order to modify the stored motor memory and allow the cerebellum to correct such error in
the future if similar conditions will be met again (Ito, 2013; Ohyama et al., 2003; Ramnani,

2012).

1.1.2.1 Functional compartmentalization of the cerebellum

Depending on the nature of the afferencies received, the efferencies projected and thus on the
type of body activities controlled, the cerebellum can be divided into three main parts, namely
vestibulocerebellum, spinocerebellum and cerebrocerebellum  (Figure 1II). The
vestibulocerebellum, is the posteriormost region of the cerebellum, it corresponds to the
flocculonodular lobe and it is the most evolutionary ancient part of this organ. By receiving
inputs from the vestibular nuclei on the brainstem and from the visual cortex, the
vestibulocerebellum is dedicated to the regulation of the equilibrium, the posture and the
coordination of eyes positioning upon head movements.
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The spinocerebellum locates in the cerebellum midline and consists into the vermis and the
medial part of the cerebellar hemispheres (also known as paravermis), the fastigial and
interposed nuclei. It receives auditory, visual and somatosensory information from all the body
thanks to its connections with the spinal cord and various brainstem nuclei (Roostaei et al.,
2014). The somatosensory inputs coming from different parts of the body are processed in
dedicated areas of the spinocerebellum, so that a somatotopic map of the body is created on its
cortex (Manni and Petrosini, 2004). Also the spinocerebellum participates in the regulation of
posture and equilibrium, but it is also involved in the coordination of regular movements of the
limbs, like those required for walking.

Finally, the cerebrocerebellum corresponds to the lateral part of the cerebellar hemispheres and
includes the dentate nuclei. It represents the most evolutionary recent functional part of the
cerebellum and it has tremendously expanded with the appearance of the primates lineage
(Herculano-Houzel, 2010). In humans it accounts for around 90% of the volume of the whole
cerebellum. The cerebrocerebellum is primarily responsible for the functions described in the
previous paragraph given its high connectivity with the cerebral cortex. Hence, the
cerebrocerebellar is ultimately required for the planning and the proper timing of complex

movements, as well as high cognitive activities, including language (Buckner, 2013).

- Vestibulocerebellum

D Spinocerebellum

D Cerebrocerebellum

Figure II. Functional classification of cerebellar regions. The drawing depicts an equivalent representation of the cerebellum
as shown in Figure I. The three functional regions of the cerebellum, namely the vestibulocerebellum, the spinocerebellum and
the cerebrocerebellum are indicated with different colors.



1.1.3 MICROANATOMY OF THE CEREBELLAR CORTEX

1.1.3.1 Cells of the cerebellar cortex

Despite the functional compartmentalization described above, the cytoarchitecture of the
cerebellar cortex seems to be essentially identical and repeated along its whole extension (Ito,
2006; Roostaei et al., 2014; Voogd and Glickstein, 1998) (Figure III).

Depending on the cell type composition, the cerebellar cortex can be subdivided into three
layers. The deepest layer is also the thickest and it is called granular layer or internal granular
layer (IGL), to distinguish it from its "external" counterpart that transitorily appears during
cerebellar development (as it will be described later). The IGL gets its name after the granule
neurons (GNs), small, glutamatergic (excitatory) neurons that tightly packed reside in this layer.
Interestingly, GNs account for the most abundant neuronal population of the whole adult brain.
In addition to the GNs, the IGL hosts also some less abundant populations of interneurons as
the GABAergic (inhibitory) Golgi and Lugaro cells and the glutamatergic unipolar brush cells
(UBC:s), the latter found only in the vestibulocerebellum.

Above the IGL there is the Purkinje cell layer (PCL), which consists of one single layer of cell
bodies (or somata) of the Purkinje cells (PCs), a GABAergic neuron type responsible for
transmitting the output of the cerebellar cortex (as described shortly). Alongside to the somata
of PCs, the PCL also contains small interneurons called candelabrum cells, and the Bergmann
glia cells, a particular type of astrocyte with roles in modulating PCs activity (Lainé and
Axelrad, 1994).

The uppermost layer of the cortex is called molecular layer (ML) and it is composed mostly by
the large and expanded dendritic tree of the PCs and by the axons of the GNs. Indeed, each GN
in the IGL extends its axon toward the ML, where it bifurcates generating two characteristic T-
shaped branches that extend parallel to the cerebellar surface, up to 4-6mm in humans (Ito,
2006). These specialized axons of the GNs are called parallel fibers and they transmit excitatory
signal to the Purkinje cells by forming synapses with their dendritic trees. It is estimated that
each GN can synapse with thousands of Purkinje cells. In addition to parallel fibers and PCs
dendritic trees, the molecular layer also houses a set of inhibitory interneurons like the basket

cells and the stellate cells.
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1.1.3.2 Major cerebellar circuits

Similarly to its neuronal composition, the neuronal circuitries of the cerebellar cortex seem
highly repeated and stereotyped (Ito, 2006; Roostaei et al., 2014; Voogd and Glickstein, 1998)
(Figure III). Indeed, such neuronal networks can be ultimately reduced to a single functional
module that is reproduced multiple times across the cerebellar cortex, with only few regional
little diversifications.

Fundamentally, the cerebellum receives two major types of excitatory inputs relayed by two
distinct afferent pathways, namely the mossy fibers (MFs) and the climbing fibers (CFs). The
MFs are projections generated by a multitude of sources, including pre-cerebellar brainstem
nuclei (as some pontine nuclei relaying the cerebral cortex inputs) and the spinal cord. They
basically transport the motor and sensory type information required by the cerebellum for
generating its output. The CFs instead originate from a unique source, the inferior olive, and

are believed to relay the error inputs to the cerebellum.
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Figure III. Cortical cerebellar neurons and main neuronal circuitries. Major synaptic interaction between neurons of the
cerebellar cortex. The (+) and (-) symbols at the synapses indicate excitatory and inhibitory synapses respectively. The
neurotransmitter phenotype of neurons is color-coded: glutamatergic neurons are in orange and GABAergic in grey.
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Once entered the cerebellum through the cerebellar peduncles, collaterals of both MFs and CFs
are sent toward the cerebellar cortex and the DCN. In this way, the same excitatory input is
received by the two neuronal substrates of the cerebellum.

At the level of the cortex, CFs are directed to the molecular layer where they literally "climb"
the branches of the dendritic trees of PCs forming multiple synaptic connection with them. The
number of synapses here generated is so high that a single action potential travelling along a
CF is generally sufficient to activate a PC.

On the contrary, MFs are directed to the IGL where they extensively branch and contact the
dendrites of GNs forming specialized synapses called "cerebellar glomeruli". Cerebellar
glomeruli are morphologically unique synapses in the brain, displaying a typical globular shape
where a MF terminal enlarges to engage up to fifty GN dendrites (Jakab and Hamori, 1988). In
addition, cerebellar glomeruli contain the axon terminal of various Golgi cells, which by
releasing GABA modulate the activation of GNs.

As GNs downstream signal to PCs through their parallel fibers, the cortical circuits are
organized in such a way that either directly or indirectly, the excitatory signals of CFs and MFs
are eventually received by PCs. Upon activation of PCs, their inhibitory output is sent toward
the DCN via their long axons, which extends through the cerebellar white matter.

In the DCN, integration of the excitatory inputs from CFs and MFs and inhibitory inputs from
PCs occurs, and, if generated, excitatory signals are sent out the cerebellum to various
downstream targets (e.g. to the cerebral cortex via a thalamic relay from the dentate nuclei).
Besides the above described neuronal network, other elements add up to these circuitries to
further refine and modulate the information processing. Cortical interneurons indeed participate
in the signal propagation by regulating the activation of both GNs and PCs via local feedback
and feedforward circuitries. As anticipated, Golgi cells in the IGL counteract the activation of
GNs by the MFs at the level of the cerebellar glomeruli. As Golgi cells are themselves upstream
activated by parallel fibers, this represents an example of a feedback inhibition on GNs (Figure
I10). Stellate and basket cells in the ML instead receive synaptic inputs from parallel fibers and
form downstream inhibitory synapses with PCs. Therefore, these interneurons mediate a

feedforward inhibition on PCs in the context of the GNs-PCs pathway (Figure III).
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2 Development, of Granule lleurons

Cerebellar GNs represent the most abundant neuronal pool of the whole adult brain. Their
neurogenesis requires precise temporally regulated steps of specification, migration,
proliferation and maturation happening during both embryonic development and early post-
natal times in both human and mouse.

This second introductive chapter describes how the cerebellum is formed during embryogenesis
and how histogenesis of GNs is achieved, highlighting the molecular modules implicated in

such developmental process.

1.2.1 EARLY SPECIFICATION AND PATTERNING OF THE CEREBELLUM

1.2.1.1 Regionalization of the neural tube

The entire vertebrate CNS originates from the ectoderm, one of the three germ layers of the
early embryo, which also contributes to the epidermis. During gastrulation, signals from the
primitive node regionalize the ectoderm specifying the prospective CNS in the so-called "neural
plate", a relatively uniform sheet of cells located at the dorsal midline of the embryo.
Subsequently, a combination of migratory events, changes in cell shape, and mechanical
pressure due to the expanding lateral epidermis will cause the borders of the neural plate to
thick-up, bend over the midline and eventually fuse dorsally giving rise to the neural tube. The
process that starts with formation of the neural plate and terminates with closure of the neural
tube is denominated neurulation (Darnell and Gilbert, 2017; Stiles and Jernigan, 2010).
During neurulation, inductive signals from the anterior endoderm and the notochord initiate the
spatial patterning of the neural plate both along the antero-posterior and the dorso-ventral axis.
Even much before the complete closure of the neural tube, such regionalization becomes visible
by the appearance of three swellings in the anterior neural tube, denominated neuromeres or
brain vesicles. The neuromeres will give rise to the various brain structures and they are named,
from anterior to posterior, forebrain (or prosencephalon), midbrain (or mesencephalon) and

hindbrain (or rhombencephalon) (Figure IV). Conversely, the remaining posterior part of the
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neural tube maintains its cylindrical shape and will become the spinal cord (Darnell and Gilbert,
2017)

Later on, the regionalized expression of Hox genes further transiently patterns the hindbrain
into eight segmental units, called rhombomeres (r1 to r8) leading to initial neuronal identity
diversification (Keynes and Krumlauf, 1994) (Figure IV).

Sometimes, the anatomical boundary between the midbrain and the hindbrain (midbrain-
hindbrain boundary, MHB), also called isthmus or isthmic constriction (as the neural tube is
here "squeezed" between these two neuromeres), is referred as the rhombomere 0.

Early fate mapping studies utilizing the quail-chick transplants system led to the nowadays
accepted knowledge that all the cerebellar neurons arise from the dorsal (alar) r1. By embryonic
day (E) 7.5 in mouse, the r1 territory is specified in the anteriormost part of the hindbrain, just
posterior to the MHB, thanks to the regionalized expression of a group of homeobox

transcription factors (Figure IV).
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Figure IV. Early embryonic patterning of the vertebrate brain. (Left drawing) Schematic view of a sagittal section of the
embryonic mouse brain at around E9. The anteriormost brain vesicle is the forebrain (Fb) followed by the midbrain (Mb) and
by the hindbrain (Hb), the latter further divided into segmental units, the rhombomeres (r1 to r8). At the dorsal midline of the
hindbrain, the roofplate (Rp) appears as a thin layer covering the IV ventricle (IV" v). (Middle drawing) Schematic dorsal
view of the boundary between midbrain and hindbrain at the same developmental stage. The isthmic organizer (IsO) localizes
at the boundary between midbrain and hindbrain. The medio-lateral expansion of the roofplate at the level of the anterior
hindbrain can be appreciated from this view. (Right scheme) Expression domains of the major genes implicated in anterior
hindbrain patterning in relation to the middle drawing. In addition, the fundamental regulatory networks between these genes
are shown, based on the reviews of Martinez et al. (2013), Wurst and Bally-Cuif, (2001b) and Sillitoe and Joyner (2007). Such
networks establish, reinforce and maintain the represented gene expression pattern. The rl is specified in a region devoid of
Otx2 and Hoxa2 expression. Lmx1b may initiate the IsO gene expression program. Figf8 and Wntl are expressed at the IsO,
but into two distinct posterior and anterior domains respectively. Pax2 and Enl/2 are expressed into broader territories
encompassing the IsO and the rl.
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In particular, the MHB coincides with the boundary between the expression domain of
Orthodenticle homeobox 2 (Otx2, expressed in the midbrain and in the forebrain) and
Gastrulation brain homeobox 2 (Gbx2, expressed from rl to r3) (Simeone et al., 1992;
Wassarman et al., 1997). Importantly, the expression of Otx2 and Gbx2 is mutually exclusive
as both can cross-repress each other’s expression. Notably, such regulation is functional at
maintaining a neat separation between the midbrain and the hindbrain territories (Inoue et al.,
2012). The posterior edge of the r1 is instead defined by the anteriormost outreach of Homeobox
A2 (Hoxa?2) expression, which extends in the r2 and r3.

Therefore, the cerebellum ultimately originates in a territory of the hindbrain marked by the
expression of Gbx2, and by the absence of Ox2 and Hoxa2 (Figure IV). This conclusion is
supported by a number of genetic studies demonstrating that perturbing the expression of these
genes results into either loss or ectopic specification of prospective cerebellar territories

(Eddison et al., 2004; Gavalas et al., 1997; Wassarman et al., 1997).

1.2.1.2 Specification of cerebellar territories in rhombomere 1

Once it is formed, the r1 undergoes spatial patterning in order to regionally specify the identity
of its derivatives, including the cerebellar neurons and glia. During embryogenesis, tissue
patterning is generally controlled by signaling centers, also known as organizers, which by
releasing morphogens or other signaling molecules play instructive roles on the fate of adjacent
tissues. Patterning of the anterior hindbrain is principally orchestrated by a transversal ring of
cells localizing at the MHB, which altogether constitute the so called isthmic organizer (IsO)
(Marin and Puelles, 1994; Martinez et al., 1991; Martinez et al., 1995) (Figure I'V). The IsO is
established around E8.5 and its onset is marked by the expression of morphogens like Fibroblast
growth factor 8 (Fgf8) and Wingless-type MMTYV integration site family member 1 (Wntl),
whose secretion and diffusion mediate the instructive functions of the IsO in the surrounding
territories (Crossley and Martin, 1995; Martinez et al., 2013; McMahon and Bradley, 1990).
Although seemingly dispensable for IsO formation, Otx2 and Gbx2 are instrumental for
determining its positioning at the MHB. Indeed, genetic manipulations causing anterior or
posterior shift of Otx2 and Gbx2 expression domains eventually reposition the IsO at the new
Otx2-Gbx2 interface (Simeone, 2000; Wurst and Bally-Cuif, 2001a).

Conversely, converging evidence from studies in mouse and chicken embryos, pinpointed the
LIM homeobox transcription factor Lmx1b as the main responsible for IsO induction (Adams

et al., 2000; Guo et al., 2007). Lmx1b is expressed in the posteriormost midbrain, where it
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activates the expression of Wntl at the MHB. Here, Wntl signaling downstream activates Fgf8
expression, thereby establishing the IsO (Guo et al., 2007; Matsunaga et al., 2002). In addition,
also the Paired box 2 (Pax2) transcription factor is a known regulator of Figf8 expression, thus
it may contribute to IsO formation as well (Ye et al., 2001).

Among the two principal IsO morphogens, Fgf8 seems to be the main mediator of IsO
patterning activity, while Wnt1 may just have a limited role consisting into a mitogenic stimulus
for neuroepithelial cells (Chi et al., 2003; Liu et al., 1999; Martinez et al., 1999). Hence,
regionalization of the rl, which also includes specification and maintenance of the cerebellar
identity in the alar r1, mainly requires the morphogenetic activity of Fgf8. However, by E9,
also the transcription factors Lmx1b and Pax2, Engrailed 1 (Enl), Engrailed 2 (En2) and Paired
box 5 (Pax5) add up to Fgf8 signaling to regulate rl patterning (Asano and Gruss, 1992; Davis
and Joyner, 1988; Rowitch and McMahon, 1995; Sillitoe and Joyner, 2007; Wurst and Bally-
Cuif, 2001a). Some of the known genetic interactions required for anterior hindbrain

specification and patterning are represented in Figure IV.

1.2.2 EARLY HISTOGENESIS IN THE CEREBELLAR ANLAGE

Once the presumptive cerebellar territory is specified, cerebellar cells hystogenesis initiates. As
mentioned above, it is nowadays accepted that all the cerebellar neurons derive from the alar
plate of r1. At E9.5 in mice, two molecularly and spatially distinct germinal regions can be there
identified: the upper rhombic lip (uURL) and the ventricular zone (VZ) (Hatten and Heintz, 1995)
(Figure V). The rhombic lip (RL) localizes at dorsal margin of the hindbrain neuroepithelium,
lining adjacent to the roofplate of the IVth ventricle. The anterior segment of the RL, which is
contained in the rl, is called "upper" RL (uRL), in contrast to the "lower" RL (IRL) which
extends posteriorly in the remaining rhombomeres (Figure V). Importantly, the uRL is the
source of all the cerebellar glutamatergic neurons, including the GNs, the UBCs and the large
excitatory neurons of the DCN (Alder et al., 1996; Machold and Fishell, 2005; Wang et al.,
2005; Wingate and Hatten, 1999) (Figure VI and VI). In addition, the uRL also contributes to
some pre-cerebellar pontine nuclei part of the vestibular, auditory and proprioceptive sensory
systems (Wang et al., 2005). Conversely, the IRL mainly gives rise to neurons populating
different sets of precerebellar pontine and medullary nuclei (Rodriguez and Dymecki, 2000;
Wang et al., 2005; Wingate, 2001).
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The VZ is instead placed along the lining of the dorsal aspect of the [Vth ventricle and produces
all the cerebellar GABAergic neurons, including PCs, Golgi, basket, stellate cells and the small
inhibitory neurons of the DCN (Hoshino et al., 2005; Leto et al., 2006; Maricich and Herrup,
1999; Sudarov et al., 2011) (Figure V and VI). In addition, VZ progenitors also contribute to
great part of the cerebellar glial population (Sudarov et al., 2011).

Two genes encoding for class II-basic helix-loop-helix (bHLH) transcription factors, namely
Atonal homolog 1 (Atohl) and Pancreas transcription factor la (Ptfla), are required for the
fate commitment of RL and VZ progenitors respectively and they are also used as bona fide
markers for these two germinal zones (Akazawa et al., 1995; Ben-Arie et al., 1997; Hoshino et
al., 2005; Machold and Fishell, 2005; Wang et al., 2005; Yamada et al., 2014) (Figure V).
Interestingly, once the expression of Atohl and Ptfla is induced in the cerebellar anlage (around
E9.5), these two transcription factors are able to repress each other's expression, hence robustly
separating uRL and VZ (Yamada et al., 2014).

Therefore, similarly to what happens for forebrain cortical neurogenesis, generation of
glutamatergic and GABAergic neurons is spatially compartmentalized in the cerebellum

(Schuurmans et al., 2004) (Figure V).

Figure V. Germinal zones in the early cerebellar anlage. (Left drawing) Dorso-lateral view of a mouse embryo's head at
E9.5. (Middle drawing) Dorsal view of the hindbrain (Hb) at the same stage. The rhombic lip (RL, orange/brown) appears at
the dorsal margins of the Hb, adjacent to the roofplate (Rp). The upper RL (uRL, orange) is specified anteriorly, within the
rhombomere 1 (rl). In contrast the lower RL (IRL, brown) borders the remaining posterior part of the Hb. (Top-right drawing)
Sagittal section view of the dorsal (alar) r1, which will give rise to the cerebellum. The uRL is visible posteriorly, next to the
Rp, while the ventricular zone (VZ, green) is more anteriorly located and lines above the TV'" ventricle (IV'v). The dorsal
surface or the alar rl is covered by the meninges (pia). Atoh1 is expressed in both the uRL and the IRL, while Pt#f1a expression
is observed only in the VZ. The uRL generates cerebellar glutamatergic neurons, while the VZ generates GABAergic neurons
and glia.
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1.2.2.1 Temporal origin of uRL derivatives

As stated above, starting from E9.5 the uRL (but also the IRL) territory is marked by the
expression of Atohl. Microscopy studies have shown that at later stages, the uRL becomes
progressively spatially compartmentalized (Yeung et al., 2014). Indeed, by E13, Atohl
expression becomes slightly reduced at the interior face of the uRL, where neuron progenitors
initiate to express the multipass transmembrane protein Wintless. The exterior face of the uRL
instead continues to produce high levels of Atohl and its transcriptional target Paired box 6
(Pax6). By E15, the separation between these two faces of the uRL becomes even more defined,
when a thin layer of Lmx/a-expressing cells appears between them. However, the functional
role of this regionalization is still poorly known, although it is likely that different uRL zones
may give rise to different populations of uRL derivatives (Chizhikov et al., 2010; Yeung et al.,
2014, 2016).

Conversely, much better characterized is the temporal pattern of neuronal subtype specification
in the uRL from E9.5 onwards (Figure VI). Here, the use of various mouse models, including
those expressing the inducible CreER recombinase under the control of Atohl regulative
regions, were useful for transiently or permanently tracing the fate of all Azoh1" uRL precursors
(Machold and Fishell, 2005; Wang et al., 2005). From these studies, it was found that the first
subset of cerebellar glutamatergic neurons generated in the uRL are those eventually populating
the DCN (together with the previously mentioned neurons of the pre-cerebellar pontine nuclei).
Upon specification, these neuron precursors rapidly downregulate Atohl and leave the uRL
moving anteriorly and laterally along the cerebellar surface producing the so-called rostral RL
migratory stream (RLS). Around E12.5, most of these migrating neurons cluster in a region at
the anterior margin of the cerebellum named nuclear transitory zone (NTZ), which represents a
primordium of the DCN (Figure VI).

Only subsequently, from E12.5 to E17, a second, distinct wave of fate-specification generates
GN-committed cells. The GN progenitors (GNPs) here specified also take part to the RLS
(sometimes referred as a "late" RLS), but differently from the "early" RLS precursors they
maintain Afohl expression and transitorily crowd on the cerebellar surface forming a mitotically
active region denominated external granular layer (EGL). Here, GNPs first massively expand
clonally and only after birth they gradually exit the cell cycle and migrate radially toward the
IGL, where they complete their differentiation to GNs (Figure VI).

The last glutamatergic neuronal type generated within the uRL are the UBCs progenitors, which
appear in the uRL concomitantly with GNPs, between E15.5 and E17.5 (Englund et al., 2006;
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Sekerkova et al., 2004). By birth, differentiating UBCs delaminate from the uRL, migrate
through the immature cerebellar white matter and reach their final localization in the developing
IGL of the prospective posteriormost cerebellar lobes.

Therefore, at least two, main, temporally distinct phases of neurogenesis take place in the uRL,

with E12.5 roughly representing the temporal border between them.
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Figure VI. Sequential phases of embryonic and post-natal cerebellar development. Sagittal section of the dorsal rl at
progressive time-points during mouse development. By E9.5, the prospective cerebellum (Cp) is specified and the two germinal
zones, namely the uRL and the VZ, appear. By E10.5, the uRL generates precursors of the glutamatergic DCN that crowd
anteriorly in the cerebellum in the NTZ (red cells); simultaneously, the VZ produces the small GABAergic interneurons of the
DCN (dark green cells). At E12.5, the uRL ceases to generate DCN neurons, and switches to GNPs (gnps in the picture) that
initiate to populate the EGL; the VZ is instead actively forming PC precursors (pcps) since already 24 hours; the roofplate (Rp)
is differentiating into the choroid plexus (ChP). At E17.5, the PC precursors initiate to arrange in the PCL, while the VZ
produces cortical interneurons (ins) and glial cells (gl); the GNPs initiate to massively proliferate in the EGL. By birth (P0), the
PCL is formed and the NTZ has differentiated to DCN. The GNPs in the EGL are actively expanding and as a result the
cerebellar lobes begin to be shaped; in the following days GNPs will progressively terminally differentiate and migrate inward
to populate the IGL. By three weeks after birth (P21), the cerebellar development is completed; all GNPs have differentiated
to GNs and have reached the IGL below the PCL. (IV"v: IVt ventricle).
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Interestingly, lineage tracing studies performed by Machold and Fishell (2005) demonstrated
that all the Afohl" precursors present in the uRL at E10.5 had completely left this compartment
via the RLS by E12.5. Nevertheless, Afohl" cells are still observed in the uRL at E12.5. This
fact suggests that Afohl expression is continuously de novo induced in the naive neuron
progenitors appearing or arriving in the uRL after departure of the earlier specified precursors.
Interestingly, this hypothesis is consistent with the evidence that diffusible signals as Bone
Morphogenetic Protein 7 (BMP7), secreted by the roof plate and its derivative, the choroid
plexus, seem required for continuous Atohl induction in the uRL (Alder et al., 1999; Chizhikov
et al., 2006; Fernandes et al., 2012; Machold et al., 2007; Qin et al., 2006; Tong and Kwan,
2013).

Finally, how intrinsic and extrinsic cues temporally orchestrate lineage commitment of the uRL
precursors remains puzzling. A potential role may be played by the BMP signaling itself, as
variable temporal gradients of BMPs ligands could differentially instruct uRL cells about their
fate (Tong et al., 2015). In this context, a fine modulation of such developmental program may
be offered by the Notchl signaling, which has been shown to contrast the activation of some

BMPs responsive genes in the cerebellar anlage (Machold et al., 2007).

1.2.3 GNPS: TANGENTIAL MIGRATION FROM THE URL 1O THE EGL

After specification, GNPs leave the uRL via the late RLS by moving tangentially and anteriorly
over the dorsal surface of the cerebellar anlage, below the meninges, to form a new, transient
germinal region, the EGL (Hatten and Heintz, 1995; Wingate and Hatten, 1999). At this stage
GNPs are marked by expression of transcription factors as Atohl, Pax6, the zinc finger protein
Zicl and BarH-like 1 homeobox protein (Barhl1) (Rahimi-Balaei et al., 2018). Pioneer studies
using chick embryos clearly showed that the anterior migratory route followed by GNPs is
absent of any significant shift or deviation along the medio-lateral axis. Because of that, the
medio-lateral position occupied by GNPs in the EGL corresponds to their original medio-lateral
location in the uRL (Ryder and Cepko, 1994). In addition, also the timing of formation affects
GNPs terminal position in the EGL: early specified GNPs move more rostrally compared to
late ones, hence prospectively populating the anteriormost cerebellar lobules (Ryder and Cepko,

1994).
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As it is typical of migrating neuron progenitors, also GNPs adopt a unipolar shape during their
migration, extending a short cytoplasmic protrusion, called the leading process, toward the
direction of movement. The leading process is believed to explore the territory, responding to
attractive or repellent signals in the environment. Interestingly, while migration of neurons in
the developing CNS is normally guided by glial fibers or neuron axons, the rostral migration of
GNPs away from the uRL seems to be independent of these substrates. Rather, GNPs seem to
form homotypic interactions between them resulting in the appearance of chain-like trails when
leaving the uRL (Rieger et al., 2009). Another peculiarity of GNPs rostral migration is its
saltatory pattern, which is characterized by relatively long pauses alternated to rapid forward
twitches (Gilthorpe et al., 2002).

A number of extracellular signals and cell autonomous mechanisms regulate the tangential
migration of GNPs at this stage.

Among them, the cell adhesion transmembrane protein N-Cadherin is required for polarizing
GNPs during their path toward the EGL and for enabling the formation of their homotypic
interactions (Rieger et al., 2009).

The secreted proteins Slit Guidance Ligand 1 and 2 (Slit1/2) produced in the uRL instead work
as repellent cues for GNPs, inducing their departure from the uRL via binding to the
Roundabout guidance receptors 1 and 2 (Robo1/2) (Gilthorpe et al., 2002; Marillat et al., 2002;
Yuan et al., 1999).

On the contrary, the chemokine Stromal cell-derived factor 1a (SDF-1a) secreted by the dorsal
meninges represents the major attractive signal for GNPs to the EGL (Zhu et al., 2002).
Finally, Netrin-1 is a secreted ligand generally implicated in migration and axon guidance,
acting either as an attractive or a repellent signal depending on the surface receptor expressed
by the responding cells (Lai Wing Sun et al., 2011). While Netrin-1 secreted by the hindbrain's
floorplate is known to ventrally attract the prospective pontine and medullar neurons leaving
the IRL (Gilthorpe et al., 2002; Serafini et al., 1996; Yung et al., 2018), its role in GNPs is less
clear. Mutant mice for the Netrin-1 receptor Unc5c, which mediates a repellent activity of
Netrin-1, display expanded migration of GNPs over the cerebellar surface with invasion of
midbrain territories (Przyborski et al., 1998). This led to the initial hypothesis that Netrin-1
could exclude GNPs from migrating to undesired territories, as those outside the EGL.
Nevertheless, no major cerebellar defects are observed in Netrin-1 knockout (KO) mice by birth
and direct administration of Netrin-1 does not influence the migration direction of uRL GNPs

in vitro or in vivo (Alcantara et al., 2000; Bloch-Gallego et al., 1999; Gilthorpe et al., 2002).
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Conversely, Netrin-1 expression is upregulated in the post-natal EGL and according to in vitro
studies at this stage it would stimulate GNPs final radial migration to the IGL (Alcantara et al.,
2000). Therefore, the influence of Netrin-1 on GNPs migration appears to be age dependent.

1.2.4 GNPS: FROM PROLIFERATION TO TERMINAL DIFFERENTIATION

1.2.4.1 Brief overview of the whole process

Once reached the EGL, GNPs undergo a phase of massive proliferation which accounts for the
enormous number of mature GNs in the adult cerebellum. In mice, this clonal expansion
initiates as soon as the first GNPs get to the EGL (around E13) and peaks around post-natal day
(P) 7, the time at which the EGL thickens the most (Pons et al., 2001). However, after birth this
exponential growth becomes increasingly counteracted by a progressive wave of cell cycle exit
that will eventually convert all the dividing GNPs into post-mitotic cells by the end of the third
post-natal week (Hanaway, 1967; Miale and Sidman, 1961). Once post-mitotic, GNPs slide
below the still dividing progenitors, hence splitting the EGL into two sub-layers: the outer EGL
(oEGL) containing the still mitotically active GNPs and the inner EGL (iEGL) constituted by
their differentiating derivatives. Within the iEGL, post-mitotic GNPs undergo tangential
migration that results in the extension of two long processes at the opposite poles of their
somata. These processes will later maturate into their axons, the parallel fibers in the ML.
Finally, the somata of differentiating GNs leaves the iIEGL descending radially through the
immature ML and the PCL to reach their final localization, the IGL. While descending, GNs
produce a new leading process oriented inward in the cerebellum. This new process extends
perpendicular to the two previously generated, therefore forming the characteristic "T-shaped"
parallel fiber. Once located in the IGL, GNs complete their maturation forming the synaptic

connections with MFs terminals. The whole process is illustrated in Figure VII.

1.2.3.2 Proliferation and differentiation of GNPs at the histological level
During the last 25 years several lineage tracing experiments helped to dissect the fate of GNPs
in the EGL.
One of the first fundamental and not obvious observation was that GNPs seem to be unipotent
progenitors, hence irreversibly committed to become GNs (Zhang and Goldman, 1996a,
1996Db).
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Although this observation has always been confirmed in vivo, it was shown that treatment of
primary GNPs with BMP2 in vitro can twist their fate toward the astrocyte lineage (Okano-
Uchida et al., 2004). Whether this property is the result of artifacts of the culturing system or it
is biologically relevant also in vivo under certain circumstances, remains unknown.

Another important property of GNPs is that they only undergo symmetrical divisions in the
EGL. In other words, a single GNP undergoing mitosis generates two identical cells which will
either both re-enter the cell cycle, or both differentiate (Espinosa and Luo, 2008; Nakashima et
al., 2015). Thanks to this peculiarity, GNPs pool expansion follows an exponential curve, with
each single GNP generating a progeny with a median of 250 cells from E17.5 to P21 (Espinosa
and Luo, 2008).
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Figure VII. Developmental phases of GNPs in post-natal times. After the last division in the oEGL, GNPs exit the cell cycle
and slide below forming the iEGL. Within the iEGL, GNPs migrate tangentially extending a leading and a trailing process that
ultimately differentiate into the parallel fibers composing the ML (at this stage still immature). Subsequently, a third,
perpendicular process is elongated inward in the cerebellum and the somata initiate to move along it. The fibers of the Bergmann
Glia cells (BG) are utilized as substrate along which the radial migration proceeds. Migrating GNs reach the PCL, which hosts
the PCs and BG cell bodies. From here, they will move to the IGL where they will terminate their differentiation to mature
GNs. oEGL: outer external granule layer, iEGL: inner external granule layer, ML: molecular layer, PCL: Purkinje cells layer,
IGL: internal granule layer, PC: Purkinje cell.
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Interestingly, clonal pools of GNPs tend to exit the cell cycle synchronously and will also
project their parallel fibers within the same sub-layer of the ML (Espinosa and Luo, 2008; Zong
et al., 2005). In addition, while early born GNPs generally send their parallel fibers in deeper
sub-layers of the ML, late born ones do it in upper sub-layers (Espinosa and Luo, 2008). This
uneven spatio-temporal pattern of GN neurogenesis is likely to reflect precise requirements for
proper wiring of cerebellar circuitries at later developmental stages. However, the actual nature

of these requirements is still puzzling.

1.2.4.3 Discovery of SHH as the main mitogen for GNPs

During CNS development, various cell autonomous and non-cell autonomous mechanisms
temporally and spatially control the expansion of neuron progenitors.

Aimed at dissecting these actors for GNPs proliferation in the EGL, the earliest works focused
on a series of growth factors that were previously shown to mitotically activate other neuron
progenitors in the developing brain. Thanks to these initial studies, it was shown that GNPs
proliferation was elicited by Epidermal growth factor (Egf), Fibroblast growth factors (Fgf) and
Insulin-like growth factors (Igf), all molecules produced in the developing cerebellum (Gao et
al., 1991; Lin and Bulleit, 1997; Tao et al., 1996; Ye et al., 1996).

However, only from the end of the '90s it became clear that the most powerful signal driving
GNPs divisions is Sonic Hedgehog (SHH), a secreted ligand produced by the PCs, which are
arranging in the PCL at the time of EGL formation.

The first evidence of this regulation came from the fact that mutations in SHH pathway
components were systematically found in certain types of medulloblastomas (MBs) malignant
pediatric tumors arising from the developing cerebellum? (Goodrich et al., 1997; Pietsch et al.,
1997; Raftel et al., 1997; Vorechovsky et al., 1997). This suggested that SHH could act as a
mitogen for some population of cerebellar neurons. Second, in situ hybridization revealed that
a source of SHH in the cerebellum are the PCs (Wechsler-Reya and Scott, 1999). Very
interestingly, it was previously shown that the selective ablation of PCs lineage, dramatically
impaired GNPs pool expansion in the EGL, indicating that somehow PCs were required for
GNPs proliferation (Smeyne et al., 1995). Therefore, the effects of the putative mitogen SHH
were tested in primary GNPs cultures and, strikingly, it was found that it was capable of potently

stimulating GNPs divisions (Dahmane and Ruiz-i-Altaba, 1999; Lewis et al., 2004; Wechsler-

2 Nowadays, these types of MBs are referred as SHH-MBs, and GNPs are known to be their cell of origin. MB
will be described in Chapter 1.3.
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Reya and Scott, 1999). Finally, when all these observations were integrated with the
confirmation that GNPs in the EGL express various transcriptional targets of SHH and that the
blockade of SHH activity by anti-SHH antibodies impaired GNPs proliferation in cerebellar
slices, it became clear that SHH functions as the main mitogen for GNPs (Dahmane and Ruiz-
i-Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999).

Interestingly, SHH is expressed by PCs with a precise spatio-temporal pattern (Lewis et al.,
2004). It is only after E17.5 that Sh# is significantly up-regulated by PCs, and this is associated
with concomitant activation of SHH targets in the overlying GNPs. In addition, SHH seems to
be higher expressed by PCs occupying the anterior lobes compare to those in the posterior ones.
A direct consequence is the uneven intensity of SHH signaling experienced by GNPs in the
EGL along the anteroposterior axis. Such effect may be important for regulating the complexity
of cortical foliation, which is in large part dependent on the extent of GNPs expansion (Corrales

et al., 2004, 2006).

1.2.4.4 SHH boosts GNPs expansion by acting on the cell cycle machinery

The SHH signaling will be thoroughly described in Chapter 1.4, while here only a brief
overview will be presented.

The SHH pathway in GNPs is activated when SHH binds and inactivates the plasma membrane
receptor Patched homolog 1 (Ptchl), thereby relieving its inhibition on the G-protein coupled
receptor (GPCR) Smoothened (Smo). This event initiates a signaling cascade which primarily
culminates with the activation of the zinc-finger protein Glioma-associated oncogene 2 (Gli2),
the main transcriptional effector of SHH in GNPs. Activation of Gli2 is counteracted by a Gli2-
binding partner, called Suppressor of Fused (SuFu). In addition, Gli2 activates the expression
of its paralog Glil, which further amplifies the SHH transcriptional response in GNPs (Corrales
et al., 2004) (Figure VIII).

The SHH-driven proliferation of GNPs is achieved through various mechanisms, among which
the regulation of the cell cycle G1/S checkpoint is crucial. Indeed, activation of SHH signaling
in GNPs potently induces the upregulation of N-myc proto-oncogene (Mycn) protein which in
turn activates the transcription of Cyclin D1 and Cyclin D2 (Ciemerych et al., 2002; Huard et
al., 1999; Kenney and Rowitch, 2000; Kenney et al., 2003; Knoepfler et al., 2002; Ma et al.,
2015). Accumulation of D-type Cyclins in the G1 phase is critical for cells to cross the G1/S
restriction point. Indeed, D-type Cyclins bind and activate Cyclin dependent kinases as CDK4/6

which initiate the phosporylation-dependent inhibition of Retinoblastoma-associated protein 1
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(Rb1). This event liberates the E2F1 transcription factor from Rbl inhibition, enabling it to
activate the DNA replication genes required during the S phase.

In addition, SHH indirectly controls also the G2/M transition of the cell cycle. GNPs treated
with SHH show upregulation of the transcription factor Forkhead box protein M1 (FoxM1),
although this regulation seems not to be direct. FoxM1 regulates mitotic entry and correct
chromosome segregation and these functions are at least in part achieved via the transcriptional
regulation of Cyclin B1 and the M-phase inducer phosphatase Cdc25b (Schiiller et al., 2007).
Another key mediator of the SHH-induced proliferation of GNPs is Bmil, a fundamental
component of the Polycomb Repressive Complex 1 (PRC1). PRC1 maintains the repression of
large panels of genes via epigenetic regulation. Pieces of evidence reported that Bmil is a SHH
target and Bmil in GNPs negatively regulates the expression of various cell cycle inhibitors,
including p21“®! (Leung et al., 2004; Subkhankulova et al., 2010). Therefore, SHH acts through
Bmil in the PRC1 complex to repress genes that would otherwise promote GNPs cell cycle
withdrawal.

Finally, although the topic will be deeply presented in chapter 1.6 and it is also dissected in the
Results session of this Thesis, it is here important to mention that SHH signaling also promotes
stabilization of Atoh1 protein in GNPs (Forget et al., 2014). This regulation is crucial because
at this stage of development Atohl is somehow able to maintain GNPs into a SHH-responsive
state (Ayrault et al., 2010; Flora et al., 2009; Forget et al., 2014). This interplay between SHH
and Atohl generates a key positive feedback loop that contributes to the expansion of GNPs in

the post-natal cerebellum.

1.2.4.4 Synergy and interplay with SHH during GNPs expansion
Being SHH the central mitogen of GNPs, it is not surprising that a number of other extracellular
or intracellular cues synergize with it to further regulate the proliferation of GNPs in the oEGL.

Some of them are here below described and illustrated in Figure VIII.

1.2.4.4.1 SDF-1a

Besides working as chemoattractant to the EGL for GNPs, SDF-1a was also shown to
collaborate with SHH for GNPs proliferation. Indeed, while SDF-1a alone does not stimulate
GNPs proliferation, when it is added in combination to SHH, GNPs proliferation is
synergistically enhanced. Mechanistically, it was proposed that by binding to the GPCR C-X-
C chemokine receptor type 4 (Crcx4), SDF-1a causes a reduction of cAMP production that
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eventually inactivates Protein Kinase A (PKA), a potent antagonist of SHH signaling (Klein et
al. 2001) (Figure VIII).

1.2.4.4.2 Igf-1]

In the developing cerebellum, /gf2 transcripts can be detected in the meninges, in the choroid
plexus and blood vessels (Corcoran et al., 2008; Hartmann et al., 2005). Interestingly, although
Igf-II exerts a small, standalone positive effect on GNPs proliferation, its activity is
synergistically enhanced in presence of SHH. It was proposed that this response may be
mediated through activation of Phosphatidylinositol 3-Kinases (PI3K), which, as described
shortly, supports SHH response (Dudek et al., 1997; Hartmann et al., 2005) (Figure VIII).
Interestingly this apparent role of Igf-II during normal GNs development, seems to be
conserved in SHH-MB, as the KO of /gf2 abolishes progression of SHH-MB in genetic mouse
models (Corcoran et al., 2008; Hahn et al., 2000).
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Figure VIIL. Pro-proliferative pathways active in GNPs in the EGL. Gapped arrows indicate (supposed) indirect
mechanisms, in contrast to continuous arrows which mark direct mechanisms. Question marks next to the arrows highlight
uncertainty of the pathway. The SHH signaling, relayed through inhibition of Ptch1 by SHH and consequent activation of Smo
and Gli2 is the major driver of GNPs proliferation. SuFu mainly acts as a negative regulator of Gli2 activation. Gli2 target
genes include Bmil, FoxM1, Hesl and Mycn, the latter controlling Cyclin D encoding genes (Ccnd1/2). SHH binding to Ptchl
may be helped by interaction with HPSGs and laminin. Laminin may also activate integrin receptors and promote SHH
signaling via ILK activation. SDF1-a binds to Crcx4 and sustains SHH signaling perhaps via inhibition of PKA. Igf-II binds
to the receptor Igfr-I and may lead to activation of PI3K, which promotes SHH signaling. Notch?2 activation by Jag2 on adjacent
GNPs, leads to transcription of Hes! in collaboration with SHH.
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1.2.4.4 3 Heparan sulfate proteoglycans

Heparan sulfate proteoglycans (HSPGs) are a class of membrane-associated or secreted
glycoproteins characterized by one or multiple covalently linked chains of heparan sulfate.
During CNS development, HSPGs are involved in a number of cellular processes including
proliferation, differentiation, migration and synapses formation. In post-natal GNPs, expression
of various types of HSPGs, including the members of syndecan and glypican families fluctuates
during the first post-natal week (Araujo et al., 2010).

It was shown that HPSGs can interact with SHH, enhancing its pro-proliferative activity in
GNPs (Chan et al., 2009; Pons et al., 2001; Rubin et al., 2002) (Figure VIII). In addition, it
was proposed that expression of specific HSPGs in the EGL defines a "GNPs proliferative
niche" where SHH concentrates and spatio-temporally confines its activity (Chan et al., 2009).
However, the specific identity of these HSPGs and the exact molecular mechanism through

which they promote SHH-mitogenic activity in GNPs remain unknown.

1.2.4.4 4 Laminin-integrin signaling

Extracellular matrix (ECM) proteins participate to developmental processes including
proliferation, differentiation and survival, through direct signaling to cells or by modulating the
availability of morphogens and growth factors. Therefore, the different composition of the ECM
in various territories of a developing organ is key for spatially restricting specific cell behaviors.
In vitro assays demonstrated that GNPs grown on laminin-coated plastic supports display
enhanced proliferative response to SHH (Pons et al., 2001).

Immunostaining experiments revealed that laminins are broadly expressed in the developing
cerebellum, but accumulate in the oEGL beneath the meninges. Consistently, proliferative
GNPs express the main laminin receptors, namely the asBi and o7Pi integrin heterodimers,
which were shown to be required for GNPs expansion in vivo (Blaess et al., 2004; Pons et al.,
2001). How does the laminin-integrin interaction promote GNPs proliferation in response to
SHH? Importantly, some laminin are capable of binding SHH. Therefore it was suggested that
the mere recruitment of laminin-SHH complexes to the cell surface by integrins may facilitate
SHH binding to Ptch1 (Blaess et al., 2004). In addition, Mills and colleagues (2006) discovered
that the interaction of B integrin subunit with the cytoplasmic Integrin linked kinase (ILK)
mediates its proliferative role in GNPs. Hence, the laminin-integrin complex may also signal

through ILK to modulate SHH response in GNPs (Figure VIII).
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1.2.4.4.5 Notch2-Hes1 signaling

One histological feature of the early post-natal cerebellum is the tight crowding of GNPs in the
EGL. GNPs are in strict contact to each other and can form homotypic interactions which were
shown to cell autonomously stimulate their proliferation in vitro (Gao et al., 1991). A key
signaling pathway whose activation relies on cell-to-cell vicinity is the Notch signaling, whose
role in neurogenesis, especially in maintenance of stem-like or progenitor-like phenotypes in
neural cells, is well documented.

Briefly, upon cell-to-cell apposition, the Notch receptors (Notchl up to 4 in vertebrates) at the
plasma membrane interact with their ligands Delta-like or Jagged localized at the surface of
adjacent cells. Binding of Notch with its ligand triggers the proteolytic cleavage of the
intracellular portion of Notch receptor (NICD, Notch intracellular domain). Once free in the
cytoplasm, cleaved NICD leaves the plasma membrane to enter the nucleus. Here, in
combination with the transcriptional co-activator Rbpj, NICD activates the expression of a
panel of genes, among which the bHLH transcriptional repressor Hairy and Enhancer of split-
1 and -5 (Hes1/5) (Figure VIII).

Notch?2 is expressed in proliferative GNPs of the EGL, while it is downregulated upon
differentiation concomitantly with the upregulation of Notchl (Solecki et al., 2001). Therefore,
Notch proteins are differentially expressed during post-natal GN development. While little is
known about the role of Notchl signaling in GNPs, more details have emerged for Notch2.
Specifically, activation of Notch2 pathway, either through overexpression of NICD2 (NICD of
the Notch2 receptor), binding of its ligand Jagged-2 (Jag-2) or overexpression of its major target
Hesl is sufficient to maintain GNPs in a proliferative state, blocking their differentiation
(Solecki et al., 2001). In addition, Notch2 expression is typically found elevated in SHH-MB
pinpointing a role in regulating the proliferation of tumor cells (Fan et al., 2004; Hallahan et
al., 2004).

Nevertheless, Julian and colleagues (2010) strikingly reported that Rbpj deletion in the
cerebellum does not significantly affect post-natal GNs development. This observation seems
to contrast the results described above and opens to the possibility that Notch2 could signal
through Rbpj-independent, non-canonical pathways in GNPs, as previously shown in other
neuronal lineages (Mizutani et al., 2007). Alternatively, it is known that SHH can upregulate
Hesl expression; therefore the SHH signaling could partially compensate for an impaired,

Rbpj-deficient Notch2 signaling cascade (Julian et al., 2010; Solecki et al., 2001).

43



1.2.4.5 Mechanisms controlling cell cycle exit and differentiation of GNPs

All the pathways described above are essential for achieving the enormous number of GNs that
populate the adult cerebellum. Besides, tight regulation of cell cycle exit is equally important,
as disruption of the ability of GNPs to terminally differentiate may lead to tumorigenesis (e.g.
SHH-MB).

Cell cycle exit of GNPs is typically marked by downregulation of SHH target transcripts and
Atohl as well as by upregulation of cell cycle inhibitors as p27%"P!, differentiation factors as
Neurogenic differentiation factor 1 (NeuroD1) and neuronal maturation markers as the
Neuronal nuclei antigen (NeuN) (Aruga et al., 1994; Ben-Arie et al., 1997; Corrales et al., 2004;
Miyazawa et al., 2000; Pan et al., 2009; Weyer and Schilling, 2003).

Several pathways are at play to promote GNPs cell cycle exit and not surprisingly many of them
provide a negative regulation of the SHH pathway or its pro-proliferative targets. Some of them

are described in the next paragraphs and depicted in Figure IX.
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Figure IX. Anti-proliferative pathways triggering terminal differentiation of GNPs. Gapped arrows indicate indirect or
supposed indirect mechanisms, in contrast to continuous arrows which mark direct mechanisms. Question marks next to the
arrows highlight uncertainty of the pathway. When arrows or proteins are shadowed it means that the pathway is switching off
in differentiating GNPs. BMP2/4 signal through its receptors to activate Smad proteins. BMP/Smad transcriptional targets may
activate a general differentiation program in GNPs (grey arrow to CELL CYCLE EXIT) which also includes (i) repression of
Mpycn transcription via Tiegl and (ii) degradation of Atohl. Mycn is also targeted to proteasomal degradation after GSK-3p-
dependent phosphorylation. In addition, Glil is degraded after polyubiquitination by Itch, while CKI§ which may regulate
multiple aspects of GNPs proliferation (perhaps the SHH signaling) is degraded through APC/C®! activity. Also HDACI,
which increases Glil/2 transcriptional activity is sent to the proteasome by RENKCTPI_mediated polyubiquitination. Wnt3
stimulates a non-canonical signaling via binding to Ryk receptors and activation of MAPKs which culminates in repression of

SHH pro-proliferative targets. Integrins bind vitronectin in the ECM of the iEGL and lead to CREB activation, which promotes
GNPs cell cycle exit and differentiation.
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1.2.4.5.1 Non canonical Wnt3 signaling

By acting through a non-canonical, B-catenin-independent pathway, Wnt3 was shown to
directly downregulate the expression of a subset of key SHH target genes as well as Atoh! in
GNPs. Such Wnt3-mediated anti-proliferative activity relies on the activation of a Mitogen-
activated protein kinase (MAPK) cascade triggered by the binding of Wnt3 to Tyrosine protein
kinase receptors Ryk (Anne et al., 2013). The cerebellar source of Wnt3 was however not

explored by the authors.

1.2.4.5.2 BMP2 and BMP4 signaling

The strong interplay between SHH and BMP proteins is widely appreciated in a large number
of developmental instances. Consistently, GNPs development is no exception as early works
demonstrated that the BMP family members BMP4 and BMP2, which are expressed by the
GNPs themselves before and after cell cycle exit respectively, are potent inhibitors of SHH-
dependent proliferation and inducers of differentiation in GNPs (Angley et al., 2003; Rios et
al., 2004).

BMP proteins are secreted ligands that by engaging specific Serine-Threonine kinase
membrane receptors lead to the phosphorylation of the transcriptional effectors Smadl1/5/8.
Phosphorylated Smad1/5/8 form complexes with their common partner, Smad4 and became
able to enter the nucleus to regulate target gene expression. Although it was suggested that
BMP2/4 signaling per se activates a defined gene expression program which contributes to
GNPs differentiation, some particular BMP2/4-triggered events prevent GNPs to aberrantly
over-proliferate in response to SHH (Alvarez-Rodriguez et al., 2007). Among them, BMP2/4
signaling was shown to destabilize Atohl via the proteasome, hence strongly reducing GNPs
sensitivity to SHH (Zhao et al., 2008). In addition, BMP2 signaling leads to the expression of
the transcription repressor Tiegl, which downregulates Mycn (Alvarez-Rodriguez et al., 2007).
Interestingly, it was recently shown that the competence of GNPs to BMP2/4 signaling seems
to be provided by a key transcription factor, Meisl. Indeed, Meisl activates the expression of
Smadl/5, and by doing that, it promotes cell cycle exit by making GNPs capable of rapidly
downregulating Atoh1 and Mycn in response to BMP2/4 (Owa et al., 2018).

1.2.4.5.3 Mycn protein degradation at mitosis
Mycn is the principal mediator of SHH pro-proliferative effects in GNPs, hence not surprisingly

several pathways converge to its downregulation to induce cell cycle exit. One of them is the
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above mentioned BMP2-Tiegl-Mycn axis. However, Mycn expression is also highly controlled
at the post-translational level via the ubiquitin-proteasome system. By the end of each mitosis
in GNPs, Mycn is phosphorylated on threonine-50 by the Glycogen synthase kinase-33 (GSK-
3B) and consequently degraded in the proteasome (Kenney et al., 2004; Sjostrom et al., 2005).
This mechanism is functional to eliminate all Mycn proteins at the end of every cell cycle in
order to prevent an aberrant, SHH-independent cell cycle re-entry. It was also proven that GSK-
3B activity is inhibited by active PI3K signaling, which by consequence promotes Mycn
stabilization (Kenney et al., 2004). Therefore, virtually all the pathways converging on PI3K
activation, including integrin signaling (which can be also activated by cell-cell contact), SDF1-

a or Igf-II may also ultimately lead to Mycn stabilization (Dudek et al., 1997).

1.2.4.5.4 Ubiquitin ligases

Proteins are targeted to degradation in the proteasome via covalent link of polyubiquitin chains
by E3 ubiquitin-ligase enzymes (or E3s). Therefore, the expression or the activation of E3
enzymes represents an effective mechanism for depleting cells of specific proteins and
consequently rapidly changing their behavior. As shown above for Mycn, also GNPs employ
these strategies to transit from a proliferative to a differentiation state, as many pro-proliferative
proteins are subjected to this type of regulation.

For example, Glil turnover is mediated (among the others) by the E3-ligase Itch, whose
catalytic activity is enhanced by the adaptor protein Numb (Di Marcotullio et al., 2006a, 2011).
In the post-natal cerebellum, Numb expression is restricted to differentiating GNPs of the iIEGL,
and its KO aberrantly maintains GNPs in proliferation (Klein et al., 2004). These results
strongly prompt for a model in which onset of Numb expression triggers the rapid Itch-mediated
Glil degradation and consequent reduction of the SHH-dependent pro-proliferative program.
In addition, Glil and Gli2 proteins are subjected to numerous post-translational modifications
(PTMs), including lysine acetylation which is known to reduce their transcriptional activity.
Therefore, removal of acetyl groups from Glil and Gli2 by the Histone deacetylase 1 (HDAC1)
supports the activation of SHH transcriptional program in GNPs. In the context of this
regulation, the SCF-like E3 ubiquitin ligase complex constituted by Cullin3 and the BTB-
containing adaptor protein RENX“TP!! targets HDAC]1 to proteasomal destruction (Canettieri et
al., 2010). Hence, RENKCTP!! expression in GNPs indirectly sustains Glil and Gli2 acetylation,

consequently dampening proliferation (Canettieri et al., 2010; Gallo et al., 2002). Coherently,
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the REN locus is found deleted in human SHH-MB where it acts as a tumor suppressor (Di
Marcotullio et al., 2004).

Finally, the E3-ubiquitin ligase Anaphase Promoting Complex/Cyclosome bound to the
activator Cdhl (APC/C®) is particularly active in post-mitotic neurons, where it prevents
aberrant cell cycle re-entry by triggering the degradation of a number of proteins implicated in
G1/8S transition, including cyclins. Interestingly, besides these activities, APC/C®! was shown
to recognize, bind and target to destruction the Casein kinase I 6 (CKId) in GNPs (Penas et al.,
2015). Although the mechanistic roles of CKId in GNPs development is unclear, CKId activity
promotes GNPs proliferation in the EGL, while its inhibition leads to differentiation (Penas et
al., 2015). Therefore, CKIS appears to be a key substrate of APC/C““"! for the onset and

maintenance of GNs post-mitotic state.

1.2.4.5.5 Vitronectin

The hemopexin family member vitronectin is a secreted glycoprotein that was shown to
decorate the extracellular matrix of the iEGL, the underneath immature ML and the IGL, all
territories hosting differentiating or differentiated GNs (Pons et al., 2001). /n vitro GNPs plated
on vitronectin-coated supports show reduced proliferative response to SHH and enhanced
differentiation rate, strongly suggesting that vitronectin distribution in the cerebellum may be
functional at regulating GNs neurogenesis (Pons et al., 2001). Mechanistically, vitronectin was
shown to enhance phosphorylation and consequent activation of the Cyclic AMP-responsive
element-binding protein (CREB), whose transcriptional activity alone promotes differentiation
of GNPs through a still unclear mechanism (Pons et al., 2001). Although it was not directly
tested by Pons and colleagues, vitronectin may signal to CREB via binding to its main receptor,
the integrin complex avf3, which is indeed expressed only by differentiating GNPs.

Therefore, changes in the environmental substrates on which GNs reside also exerts a role in

their development.

1.2.4.6 Tangential migration and onset of parallel fibers formation

Once terminally exited the cell cycle, post-mitotic GNs initiate their journey toward the IGL,
their final localization in the adult cerebellum (Figure VII). Time-lapse confocal imaging
studies on mouse cerebellar slices unveiled incredible details of the behavior of migrating GNs
(Komuro and Rakic, 1995, 1998; Komuro et al., 2001). Initially, early post-mitotic GNs slide
in the iIEGL, beneath the still cycling GNPs, where they will remain for 1 to 2 days. During this
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time, major changes in their morphology occur. First, when GNs are still located in the upper
part of the iEGL, their shape will transit from round (typical of a cycling progenitor) to a
“spindle-like”, horizontal one. Concomitantly, GNs also adopt a unipolar morphology, by
extruding a first, large and long process, usually referred as the leading process, characterized
by a swollen lamellipodia at its tip. Subsequently, a second, shorter and thinner process (named
trailing process), will arise at the other pole of the somata. The difference in size of the two
extensions is likely to reflect their different function. Indeed, at this stage, GNs do not simply
station in the iIEGL, but they undergo tangential migration under the pial surface, along the
medio-lateral axis. During this migration, the cell is highly polarized, and the movement
direction corresponds to the one indicated by the leading process, which is supposed to explore
the environment with its large lamellipodia, seeking for migratory cues. The rate of tangential
migration slows down as the leading and the trailing processes lengthen and GNs are
progressively displaced to the bottom of the iIEGL. Here, sometimes, the migration direction of
GNs may overturn, and this is preceded by a complete reorganization of the cell polarity
(Komuro et al., 2001). Importantly, the leading and trailing process will eventually differentiate
into the medio-lateral branches of GNs’ parallel fibers. These extensions indeed will eventually
form synaptic connections with the dendritic trees of the PCs.

Although still much remains to be elucidated, molecular pathways regulating parallel fibers
formation have emerged and some rely on the activity of the APC/C®®! complex. APC/C4h!
regulates parallel fibers outgrowth by targeting to the proteasome a series of substrates. Among
them, the transcriptional repressor proteins Id2 and SnoN are both important for promoting
axon extension in GNs and their destruction via APC/C®! is required for restraining excessive

axon overgrowth (Lasorella et al., 2006; Stegmiiller et al., 2006, 2008).

1.2.4.7 Terminal radial migration toward the IGL

Once extended both horizontal branches of the parallel fibers, GNs localizing at the interface
between the iIEGL and the ML initiate to grow a third orthogonal process, oriented inward,
toward the IGL (Komuro et al., 2001). This new extension becomes the new leading process
for the GN radial migration to the IGL. Radial migration initiates when the whole GN cell
somata translocates inside the leading process leaving behind a thin trailing process,
orthogonally connected with the horizontal parallel fibers, which remain in the iEGL. The new
leading and trailing processes will indeed eventually maturate into the ascending branch of the

parallel fibers (Figure VII).
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The descent of GNs across the ML is guided by the fibers of the Bergmann glia cells, which at
this stage act as migration substrate for the GNs (Rakic, 1971) (Figure VII). During this
migratory phase, the somata of GNs modifies its shape and adopts a more vertically elongated
outline. This shape changes again when GNs reach the PCL, where they pause for a couple of
hours to detach from the Bergmann glia fibers and round up their cell body (Komuro and Rakic,
1998).

The following step of radial migration below the PCL is the conclusive one and will place GNs
in their final position in the IGL. The whole journey of a post-mitotic GN from the EGL to the
IGL takes in average 2 days in mice (Jiang et al., 2008).

Once again, many mechanisms direct the migration of GNs to the IGL. For instance, precise,
timely-regulated patterns of calcium (Ca™) influx in post-mitotic GNPs through the N-type
Ca"" channels and NMDA-type glutamate receptors is key for initiation and progression of the
GNs radial migration (Komuro and Rakic, 1992, 1993, 1996; Kumada and Komuro, 2004).
Such Ca™" signaling may indeed promote actin cytoskeleton remodeling via activation of
Protein kinase C (PKC) (Kumada et al., 2007).

Also the neurotrophin Brain-Derived Neurotrophic Factor (BDNF) seems to participate in the
regulation of GNs migration. Various works demonstrated that there exists a gradient of BNDF
in the developing cerebellar cortex, with higher levels in the IGL and lower concentration in
the EGL (Rocamora et al., 1993; Zhou et al., 2007). Importantly, Bdnf KO mice show increased
apoptosis of GNs and impaired radial migration, indicating that BNDF acts as a survival factor
and, importantly, as an attractive signal for GNs to the IGL (Borghesani et al., 2002; Segal et
al., 1992; Zhou et al., 2007)

Finally, mechanisms triggering GNs departure from the EGL also involve inhibition of signals
that maintain them in this layer, as the chemoattractant SDF-1a. This is the case of the reverse
signaling activated by binding of Ephrin-B1 and B2 to their Eph receptor. Ephrin-B family
ligands are surface proteins which normally signal via binding to their transmembrane Eph
receptors upon cell-to-cell contact. However, ligand-to-receptor binding can trigger a reverse
signal transduction also in the cells that express the Ephrin ligand. By P3, GNPs in the EGL
express ephrin-B2 and its receptor EphB2. It was shown that the reverse signaling mediated by
ephrin-B2 potently antagonizes SDF-1a signal transduction (Lu et al., 2001). Consequently,
ephrin-B2 stimulates GNs radial migration via blockade of SDF-10, the main EGL attractive
cue (Lu et al., 2001).
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Instructed by all these signals, GNs reach the IGL, where their development terminates with
the formation of synapses with the MFs. All GNs localize in the IGL by the end of the third

post-natal week in mice and by the second year of life in humans (Marzban et al., 2015).
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3 Medulloblastoma

In the '20s, Drs. Harvey Cushing and Percival Bailey formally described for the first time a
class of highly aggressive, fast-growing cerebellar tumors with characteristic histology
consisting of small round, chromatin-rich nuclei surrounded by little cytoplasm. They named
such tumors "medulloblastomas" after their assumption they had originated from
"medulloblasts", one of the neural progenitor types believed to populate the developing brain
at that time.

Since then, much progress has been made in the understanding of medulloblastoma. Today, the
consensus view classifies medulloblastoma as a heterogeneous disease, comprising of at least
four different major subgroups with distinct molecular features, incidence and
clinicopathological outcomes. The first two subgroups are the better characterized and are
named WNT and SHH medulloblastomas after the developmental signaling pathways whose
deregulation is a key hallmark of these tumors. The other two are less understood in their
biology and are generically named Group3 and Group4 medulloblastomas.

In this chapter the clinicopathological, biological and molecular characteristics of
medulloblastoma are described, with higher emphasis put on the SHH-subgroup which

originates from aberrant development of GNPs.

1.3.1 EPIDEMIOLOGY OF MEDULLOBLASTOMA

Medulloblastoma (MB) is an embryonic CNS malignant tumor arising within the posterior
cranial fossa and representing the most common brain cancer of childhood. The incidence of
MB indeed decreases with age and in the United States it is set to ~1 annual case per 250,000
individuals in children and adolescents (<19 years old), with the 1-4 and 5-9 years age-groups
being the most exposed. Conversely, adults are only rarely diagnosed with MB, with ~1 annual
case per 2 million individuals (Farwell and Flannery, 1987; Giordana et al., 1999; Ostrom et
al., 2018). Consistently, between 70-80% of all MB cases are observed in children younger than
16 years old (Thomas and Noél, 2019). MB incidence is not uniform across genders, as males

display between 1.5 and 2 times increased incidence compared to females, although variability
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exists across MB subgroups (Johnston et al., 2014; Khanna et al., 2017; Northcott et al., 2019).
No clear and evident differences of MB prevalence or incidence were reported across
geographical or ethnical groups, even though inter-population-based epidemiological studies
on MB are still scarce (Northcott et al., 2019).

The 5-years overall survival for MB patients who received current, risk-adapted therapy is
~70%, although marked differences are reported depending on MB clinicopathological risk
class or molecular subgroups, as described later (Gajjar et al., 2006; Northcott et al., 2019).
Hence, the outcome associated to MB is overall favorable; however, survivors frequently
experience important life-long sequelaec due to the aggressiveness and toxicity of current
therapies, which essentially consist in the surgical resection of the tumor followed by

combination of radiotherapy and chemotherapy.

1.3.1.1 Risk factors associated to medulloblastoma

MB arises upon disruption of cerebellar development and in most of the cases MBs are
presented as sporadic tumors. However, several heritable genetic factors are known to increase
the risk of developing MB. They consist of germline mutations of genes implicated in signaling
pathways relevant for cerebellar (or hindbrain) development (e.g. SHH or WNT pathways) or
other cellular modules regulating various aspects of tumor suppression activity (e.g. apoptosis
and DNA repair). Hence, patients carrying loss-of-functions mutations in negative regulators
of SHH signaling as PTCHI and SUFU are diagnosed with Gorlin syndrome and have
significantly higher risk of developing MB (Goodrich et al., 1997; Hahn et al., 1996; Northcott
et al., 2019; Smith et al., 2014; Taylor et al., 2002; Waszak et al., 2018). Similarly, MB
tumorigenesis incidence is much higher in patients with Familial adenomatous polyposis
syndrome which harbor mutations in the WNT signaling related APC gene. Also, patients with
Li-Fraumeni syndrome with by 7P53 alterations or patients suffering of Fanconi anemia when
PALB2 and BRCA?2 genes are mutated, have higher probability to develop MB (de Chadarévian
et al., 1985; Cohen, 1982; Kool et al., 2014; Northcott et al., 2019; Waszak et al., 2018).
According to a retrospective study on a 1000 MB patients cohort, germline mutations in such
genes account for ~6% of all MB cases, with higher prevalence in the SHH-subgroup where the
totality of PTCH1, SUFU and TP53 mutations are found (Waszak et al., 2018). Finally, other
germline genetic alterations were shown to partially predispose to MB, although with much

inferior penetrance compared to the those reported above (Northcott et al., 2019).
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1.3.2 CLINICOPATHOLOGICAL FEATURES OF MEDULLOBLASTOMA

The WHO classifies MB as a Grade IV tumor, thus fast growing and highly aggressive with
great propensity to metastasize. Although generally described as a posterior cranial fossa tumor,
MB frequently arises in the cerebellum, where it can occupy different locations including the
cerebellar hemispheres, the vermis or the cerebellar peduncles and invade surrounding regions
as the IVth ventricle or the dorsal brainstem (Perreault et al., 2014; Teo et al., 2013).

Although type and gravity of symptoms may vary depending on the location of the tumor and
presence of metastases in the CNS, MB patients typically display recurrent signs as issues at
walking, coordinating movements and balance. Sometimes the tumor mass impedes the normal
circulation of the cerebrospinal fluid (CSF), resulting into hydrocephalus. In these cases,

patients may manifest headache, vomiting, vision defects, seizures and faint.

1.3.2.1 Histological characteristics

Before the advent of the "molecular era" which distinguished the four consensus MB subgroups,
MBs were principally classified according to histological features identified through classic
hematoxylin and eosin staining of fixed paraffin-embedded samples. Using these criteria, in
2007 the WHO classified MBs into five clinicopathologically relevant variants, namely MBs
with "classic", "desmoplastic/nodular" (D/N), "extensive nodularity" (MBEN), "anaplastic" and
"large cell" histology (Ellison, 2010). Briefly, classic MB are characterized by relatively regular
sheets of small cells with the typical properties originally described by Cushing and Bailey, that
is large and non-pleomorphic nuclei, and extremely reduced cytoplasm. D/N and MBEN MBs
instead display different extents of nodules of non-proliferating differentiated neuronal cells
embedded in internodular regions enriched of collagen and undifferentiated cells. Anaplastic
MBs present highly mitotic cells, pleomorphic nuclei and abundant apoptotic cells. Finally MBs
with large cell histology resemble anaplastic MBs, but are further characterized by the atypical
presence of cells with abundant cytoplasm (Borowska and Jozwiak, 2016; Ellison, 2010). As
stated above, this histological classification is of clinical utility, as MB featuring classic,
anaplastic and large cell organization are associated to more dismal outcome compared to the

D/N and MBEN phenotypes (Borowska and J6zwiak, 2016; Ellison, 2010).
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1.3.2.2 Metastases and recurrence of medulloblastoma

Large part of the morbidity and mortality associated to MB is rarely due to the primary tumor,
of which patients unfrequently succumb, but is rather due to the metastatic dissemination and
recurrence of the disease.

Generally, upon primary MB diagnosis, which is assessed after detection of the tumor though
MRI of the brain, MRI scans are also applied to the spine in order to hopefully rule out the
presence of any metastatic lesion. Indeed, around ~40% of all MB patients show metastatic
dissemination in the CNS at the time of presentation, although prevalence and burden are
molecular subgroup-dependent. Anatomically, MB metastases are typically found in the
leptomeningeal space that surrounds the entire CNS. The modality, and the actual route used
by primary MB cells to disseminate in this compartment are still puzzling. For long it has been
thought that the mere "shedding" of MB cells from an invasive primary tumor into the CSF,
which is in communication with the leptomeninges, was the sole pathway for metastatic spread.
Nevertheless, recent observations and convincing pieces of evidence showed that MB cells are
also found in patients peripheral blood and the hematogenous route seems an active modality
utilized by MB cells to reach the leptomeninges (Garzia et al., 2018). In addition, very rare and
sporadic cases of non-CNS MB metastases have been reported, hence supporting the view that
MB cells could also disseminate via the circulatory system (Eberhart et al., 2003).

Genome, methylome, and gene expression analyses revealed that although metastatic lesions
maintain identical molecular subgroup affiliation to the matched primary tumor, they are
extremely divergent from it (Wang et al., 2015; Wu et al., 2012). This view well fits with the
hypothesis that metastatic potential is an exclusive characteristic of a subclone existing within
the primary tumor bulk. Such clone, would carry unique genetic and epigenetic alterations that
eventually dominate in the metastatic compartment (Wu et al., 2012).

After standard treatments, regression of the tumor is generally observed. However, sometimes
MB undergoes relapse, generating secondary tumors located at the original site and/or in form
of multiple metastatic lesions (Ramaswamy et al., 2013). Unfortunately, recurrent MB almost
universally results into death of the patient (Pizer et al., 2011; Ramaswamy et al., 2013).
Similar to what observed for metastases, genetic characterization of matched primary and
recurrent MBs in both animal models and patient samples revealed that there exists substantial
difference between the two compartments. Although maintaining identical subgroup affiliation,
only ~10% of genetic events are shared by primary and relapsed matched tumors, with the latter

typically displaying also higher mutational burden and convergent deregulation of specific
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pathways (as TP53) (Hill et al., 2015; Morrissy et al., 2016; Ramaswamy et al., 2013). From
these studies it emerges that clonal selection occurs during and after the therapy regimen, with
some sub-represented clones existing at diagnosis that are spared by the treatment and
eventually underpin MB relapse (Morrissy et al., 2016).

All these observations converge on the description of MB as a highly spatially (and temporally)
heterogeneous disease, composed by genetically different clones, some of them able to
disseminate and/or to survive to the therapy and sustain tumor regrowth. Normally, such clones
are underrepresented in the primary tumor, hence their characterization is hindered when bulk
primary MB samples are analyzed. To cope with this technical limitation, recent years' research
has focused on the in-depth characterization of MB spatial heterogeneity, lately reaching also

the single cell-resolution (Hovestadt et al., 2019; Vladoiu et al., 2019; Zhang et al., 2019).

1.3.3 MOLECULAR CLASSIFICATION OF MEDULLOBLASTOMA

In the last ten years, many research groups undertook extensive molecular characterization of
large cohorts of human MB samples. Results of these analyses not only helped to gain deeper
insights on MB biology and pathology, but also demonstrated that the molecular classification
of MB works as a powerful predictor of clinical behavior and outcome.

The first use of large molecular analyses of MB, are dated back to 2002 when Pomeroy and
colleagues leveraged microarray-based gene expression analysis concluding that MBs are
molecularly (and clinically) separate entities from other embryonic CNS tumors (Pomeroy et
al., 2002).

From that study on, several authors realized that MB is a heterogeneous disease and that several
molecular subgroups could be readily identified through combined gene expression, DNA
copy-number and single nucleotide variants profiling (Cho et al., 2011; Kool et al., 2008;
Northeott et al., 2010; Thompson et al., 2006). However, the numbers and the identity and such
subgroups was variable from one study to the other, therefore in 2010 the pediatric neuro-
oncology community organized a meeting in Boston to reach a consensus view on this issue
(Taylor et al., 2012). There, it was agreed the existence of four distinct MB subgroups, namely
WNT, SHH, Group3 and Group4, featuring not only divergent molecular properties, but also
different incidence, clinical progress and outcome (Figure X). Considering the importance of
such MB subgrouping for prospectively better tailoring therapies to patients, in 2016 the WHO
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integrated this information in a revised classification of brain tumors. Indeed, further taking
into account the importance of 7P53 gene status as a prognostic value, today the WHO
recognizes four classes of MB, namely "WNT", "SHH-TP53 wild type", "SHH-TP53 mutant"
and "non-WNT/non-SHH MBs", with the latter class consisting of Group3 and Group4 MBs,

which are sometimes difficult to unequivocally distinguish (Louis et al., 2016).
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Figure X. Molecular subgroups of MB. Frequency of the indicated mutation or copy number alteration is reported between
brackets. Copy number alterations are colour-coded: red are amplifications, blue are deletions. Chromosomes are indicated
with their numbers. i117q: isochromosome 17q; IRL: lower rhombic lip; UBC: unipolar brush cell. Inspired by Ramaswamy and
Taylor (2017).
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After the consensus conference in Boston, more in-depth and new molecular analyses
(including DNA methylation and whole genome sequencing) were performed on increasing
number of MB samples. The enhanced statistical power of such analyses uniformly remarked
the robustness of the four-group classification, but at the same time also identified novel
clinically relevant molecular subtypes within MB subgroups (Cavalli et al., 2017; Northcott et
al., 2017; Schwalbe et al., 2017). Some inconsistencies between these studies exist, especially
for Group3- and Group4-subtypes. However, they are perhaps mainly attributable to the
mathematical model utilized to cluster or differentiate subtypes. To cope with this problem, a
recent consensus study equally leveraged either mathematical models in combination with
opportune classification confidence measures on a 1500 Group3- and Group4-MBs cohort to
derive an objective subtype classification (Sharma et al., 2019). As a result eight subtypes (I-
VIII) were defined among Group3 and Group4 MBs, with subtypes I, V and VII interestingly
(and yet inexplicably) showing mixed contribution from both subgroups (Sharma et al., 2019).
It is nowadays accepted that the intrinsic molecular differences among the four main MB
subgroups, mirror their divergent embryonic origin. In other words, MB subgroups are
supposed to arise from different cells-of-origin populating the developing cerebellum; the
identity of such cells is believed to ultimately determine the subgroup affiliation. Hence, some
key molecular signatures reflecting the fate-commitment state of the cell-of-origin are supposed
to remain conserved later on in the tumor cells, although they might have been re-shaped and
"camouflaged" by the potent oncogenic pathways aberrantly activated in the tumor.

In the next paragraphs the major molecular and clinicopathological characteristics of the four
MB subgroups are described, with more details dedicated to SHH-MB, which will be described

at last.

1.3.3.1 WNT-medulloblastoma

WNT-MB is the less frequent among MBs, accounting only for around 10% of cases and it is
typically observed in children and adolescents. The hallmark of this subgroup is an highly
activated WNT signaling, which in most cases (~90%) is driven by somatic gain of function
mutations on the gene encoding for B-catenin, CTNNBI, a key transcriptional co-activator of
the pathway (Ellison et al., 2005; Kool et al., 2008; Thompson et al., 2006). Other less frequent,
but still recurrent mutations are found in SMARCA4, DDX3X and TP53, although the latter does
not represent a prognostic value (in sharp contrast to SHH-MB) (Jones et al., 2012; Northcott
et al., 2019; Pugh et al., 2012; Robinson et al., 2012; Zhukova et al., 2013). As stated above,
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also germline mutations on APC may predispose for WNT-MB. Typically observed is the loss
of the entire chromosome 6 (Clifford et al., 2006; Thompson et al., 2006). WNT-MB have been
proposed to originate from extracerebellar progenitors residing in the IRL in which WNT
signaling was aberrantly activated (Gibson et al., 2010). WNT-MBs have the most favorable
outcome among the other subgroups, with more than 90% 5-years overall survival of patients
younger than 16 years, thanks to current treatment protocols (Clifford et al., 2006; Taylor et al.,
2012). WNT-MBs indeed rarely relapse or metastasize and given the associated good prognosis,
de-escalation of therapy load has been proposed as new therapeutic rationale and it is currently

tested in clinical trials (Ramaswamy and Taylor, 2017).

1.3.3.2 Group3-medulloblastoma

Group3-MBs represent around 25% of MB cases and it affects only young children and infants
(Taylor et al., 2012). Differently from WNT- and SHH-MB, no clear and unique active
oncogenic signaling pathway has been identified so far, except for a GABAergic neuron
signature and an intriguing activation of a photoreceptor genetic program (Cho et al., 2011;
Garancher et al., 2018; Kool et al., 2008). Nevertheless, many Group3-MBs display elevated
expression of the oncogene MYC. MYC can be found overexpressed also in WNT-MB,
however, MYC-activated Group3 tumors are the only MBs harboring amplification of MYC
locus (15 to 20% of all Group3 cases) which likely results after complex chromothripsis events
(Northcott et al., 2010, 2012). Another gene recurrently amplified in Group3-MBs is OTX2,
(~7% of cases), which is involved into maintenance of stemness/progenitor state of tumor cells,
besides being also in part responsible for the activation of the photoreceptor program (Bai et
al., 2012; Bunt et al., 2012; Garancher et al., 2018; Northcott et al., 2019). Moreover,
amplifications of ACVR2A4 and ACVR2B, both encoding for type II activin receptors are also
observed in some cases (Northcott et al., 2012). Finally, local genomic structural
rearrangements observed in some Group3-MBs (but also Group4) cause the repositioning the
Growth factor independent 1 family of proto-oncogenes members GFII and GFIIB in
proximity of active superenhancers. This event, denominated "enhancer hijacking", results into
high expression of GFII family genes (Northcott et al., 2014). Mutation load at gene-level is
generally low in Group3-MB. Conversely, large-scale chromosomal aberrations are recurrently
found, consisting in various aneuploidy and, importantly, isochromosome 7q, which affects 20-

30% of Group3 cases (note that the lost 7p arm contains 7P353 gene) (Northcott et al., 2012).
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The Group3-MB cell-of-origin is nowadays still uncertain. Several pieces of evidence showed
that various mouse cerebellar cells, including lineage restricted GNPs, GABAergic progenitors
as well as early multipotent cerebellar stem cells can give rise to Group3-like cells when
transformed by Myc overexpression and loss of Tp53 functions (Kawauchi et al., 2012, 2017;
Pei et al., 2012). In addition, Vladoiu and colleagues (2019) recently confirmed through single-
cell RNA-seq that human Group3-MB highly resembles Nestin™ cerebellar stem cells. Hence,
whether Group3-MB derives from a transformed early multipotent stem cell or originates from
lineage restricted progenitors reprogrammed to a stem-like state by oncogenic alterations
remains obscure.

From the clinical point of view, Group3-MBs have the worst prognosis among the subgroups.
Patients commonly show metastases at first diagnosis and tumor relapse is frequent and
typically manifested in from of widespread disseminated lesions (Ramaswamy et al., 2013).
Presence of metastases, MYC overexpression and especially amplification confer the poorest
outcome to Group3 patients (Cavalli et al., 2017; Cho et al., 2011; Northcott et al., 2017,
Ramaswamy et al., 2013, 2016; Schwalbe et al., 2017).

1.3.3.3 Group4-medulloblastoma

The most frequent subgroup of MB is Group4, accounting for around 35% of cases and
affecting patients of all ages, but particularly children and adolescents (Ramaswamy and
Taylor, 2017). Similar to Group3, the pathogenesis and the biology of Group4-MB is poorly
known, mainly because of lack of reliable genetic animal models and the difficulty to grow
human Group4 patient-derived xenografts (PDXs) (Ramaswamy and Taylor, 2017). Molecular
analyses have so far identified few potential driver events, including an aberrant activation of
ERBB4-SRC signaling recently detected through whole proteomic and phospho-proteomic
analyses (Forget et al., 2018). Gene-level loss-of-function mutations are scarce also in this
subgroup and limited to few genes encoding for histone-modifier proteins, as KDM64,
KMT2C or KBTBD4 (Northcott et al., 2017; Pugh et al., 2012). Copy number variations leading
to gene amplifications are more common, but never universally found in patients. Affected
genes are SNCAIP (encoding for Synphilin-1), CDK6, OTX2 and MYCN (Cho et al., 2011;
Northcott et al., 2012, 2019). Enhancer hijacking occurs not only for GFI family genes, but also
for the chromatin-modifier gene PRDM6 (Northeott et al., 2014, 2017). The significant number
of genetic events occurring on chromatin-modifier genes led to the hypothesis that a somewhat

deregulated chromatin landscape may be a driving hallmark of Group4-MB. Large
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chromosomal rearrangements are often observed and, like Group3-MB, isochromosome 7q is
frequent (Northcott et al., 2012).

Group4-MB cell-of-origin is unknown, although UBCs progenitors were shown to strikingly
resemble Group4-MB cells by two recent single-cell RNA-seq studies (Hovestadt et al., 2019;
Vladoiu et al., 2019).

Overall, Group4 patients show intermediate prognosis, but reliable risk-categories based on
clinical, genetic and cytogenetic features are hard to define. Nevertheless, metastases-free
tumors, absence of 17q and presence of MYCN amplification seem associated to more fortunate

outcomes (Schwalbe et al., 2017).

1.3.3.4 SHH-medulloblastoma

Accounting for around 30% of all cases, the SHH subgroup is perhaps the most understood in
its biology and pathology compared to the other MB subgroups, mainly thanks the existence of
reliable genetic mouse models and the well-established knowledge of its cell-of-origin, the
GNPs. SHH-MB affects all age groups of MB patients, however it shows a typical bimodal age-
distribution being more frequent in infants (<4 years old) and adults (>16 years old) than in
children (Kool et al., 2012; Northcott et al., 2011). The incidence of the disease is basically
identical in the two genders, with a slight predominance of males only in the adulthood (Kool
et al., 2012). Prognosis for patients is intermediate, although wide differences exist depending
on the age of diagnosis, presence of metastases and 7P53 status.

From the histological point-of-view, SHH-MB tumors encompass almost the totality of D/N
and MBEN cases, although such histological features are found only in half of SHH cases (Kool
et al., 2012). From the molecular perspective instead, the main hallmark of these tumors is a
clear ligand-independent, hyperactivation of the SHH pathway, which boosts cell growth and
proliferation and is caused by germline or somatic mutations in SHH pathway components
(Berman et al., 2002; Taylor et al., 2012; Thompson et al., 2006). Germline mutations
predisposing to SHH-MB affect the previously cited PTCHI, SUFU and TP53 genes, all acting
as tumor suppressors in SHH-MB. Somatic mutations include again deletions or loss-of-
function mutations on PTCHI and SUFU, but also activating mutation on SMO or amplification
of GLI2, MYCN, CCND2 and very rarely of GLII and MYCLI (another MYC family member)
(Kool et al., 2014; Northcott et al., 2011, 2012, 2017). Somatic mutations are also frequently
observed in 7P53. However, regardless if somatic or inherited, 7P53 mutations are not SHH

pathway-activating per se, hence they are always accompanied by other alterations, often GLI2
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or MYCN amplification (Ramaswamy and Taylor, 2017). As anticipated, mutations in 7P53 are
associated to very dismal outcomes in SHH-MB. In particular, loss of TP53 activity brings to
cell cycle deregulation, DNA repair dysfunction and escape from apoptosis, all key cancer
hallmarks. Indeed, these defects were proposed to contribute to chromothripsis events which
indeed have been associated to 7P53 deficiency in SHH-MB and may heavily contribute to
tumorigenesis (Rausch et al., 2012). Interestingly, other genetic alterations result into
dysfunctional TP53 pathway in SHH-MB, including amplification of MDM4 and Protein
Phosphatase 1D (PPM1D), both negative regulators of TP53, or inactivation of CDKN2A,
which encodes for p16'™“3 a CDK inhibitor that tightly interplays with TP53 pathway
(Northcott et al., 2012).

Besides the SHH pathway, SHH-MBs frequently harbor additional genetic mutations which
cause deregulation of other pathways involved in tumor growth and survival. Among them,
noteworthy are the PI3K signaling (amplification of PIK3C2G and PIK3C2B, and deletion
of PTEN), the IGF signaling (amplification of /GFIR) and amplification of Yes Associated
Protein 1 (YAPI) a critical HIPPO pathway component, whose role in SHH-MB is well
documented (Fernandez-L et al., 2009; Northcott et al., 2012). Other somatic mutations are
found on TERT promoter (which is involved in telomere maintenance) and in the Isocitrate
Dehydrogenase 1 (IDHI) gene (Cavalli et al., 2017; Northcott et al., 2017; Remke et al., 2013).
Recurrent cytogenetic rearrangements fount in SHH-MB are mainly those leading to loss of
heterozygosity (LOH) of PTCHI and SUFU, namely chromosomes 9q and 10q deletions
(Northcott et al., 2019).

1.3.3.4.1 SHH-medulloblastoma intertumoral heterogeneity

Deeper and integrated genomic, epigenetic and transcriptomic analysis on an increasing number
of samples enabled a better dissection of the heterogeneity within all SHH-MB cases. Cavalli
and colleagues (2017) for instance subdivided SHH-MBs into four clinicopathologically and
cytomolecularly distinct subtypes named a, B3, y and & (Figure XI). This distinction strongly
reflects the age of diagnosis at the first place, with B and y corresponding to infants, o to children
and ¢ to adults. SHHa typically shows genetic alterations as GLI2 or MYCN amplifications and
are frequently associated to 7P53 mutations, which is a marker of unfavorable prognosis in this
subtype (Cavalli et al., 2017). SHHp and vy instead affect the same age group, however SHHf3
is characterized by higher rate of metastases, mutational burden and overall worse prognosis

compared to SHHy (Cavalli et al., 2017).
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A similar age-dependent subtyping of SHH-MBs was also depicted by the analyses of Schwalbe
and colleagues (2017). Here it was also found that SUFU mutations are highly enriched in infant
cases, while PTCH mutations are more equally represented across age groups (Figure XI).
Adult cases of SHH are almost never germline mutated and are typically driven by somatic
PTCH1 or SMO mutations (Kool et al., 2014). The mutational burden is higher in adults and a
significant overrepresentation of alterations on chromatin modifier genes is found compared to
children and infant cases (Kool et al., 2014; Northcott et al., 2019). Moreover, these tumors
typically display TERT promoter mutations, an event that is linked with poor prognosis (Cavalli
et al., 2017; Remke et al., 2013) (Figure XI). Also, adult SHH-MBs interestingly show high
expression of a panel of HOX genes, although the biological significance of this feature is
unknown, but may reflect a precise developmental origin within the GN lineage (Northcott et
al., 2011). Indeed, recent single-cell transcriptome analyses concluded that adult SHH-MB
much more reflect the gene expression profile of early uRL GNPs/UBC progenitors, while
infant SHH-tumors better correlate with late differentiating GNPs (Hovestadt et al., 2019).
Finally, the divergent biology between infant and adult SHH-MBs is remarked also at the whole
proteome level (Archer et al., 2018).

SHH-MB

[ )
“EN

<

Associated subtype(s)

(Cavalli, 2017) SHH, SHHy SHHa SHH&
Recurrent Mmitations SUFU mut MYCN amp PTCH1 mut
PTCH1 mut GLI2 amp SMO mut
PTCH1 mut TERT mut
TP53 mut

Figure XI. Heterogeneity in SHH-MB. Age group-associated subtypes (according to Cavalli and colleagues’ (2017)) and

recurrent mutations in SHH-MB.
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1.3.3.4.2 Mouse models of SHH-medulloblastoma

The more advanced understanding of SHH-MB compared to Group3 and Group4, the other two
deadliest subgroups, partially comes from the existence of reliable genetic mouse models. Such
mouse lines not only enable to study how putative oncogenes and tumor suppressors contribute
to SHH-MB tumorigenesis, but also serve as key models for pre-clinical tests.

The first SHH-MB murine model developed is perhaps also the most utilized and consists into
a transgenic line carrying germline inactivation of one of the two Ptchl alleles (Ptchl*£4¢Z or
simply Ptchl*") (Goodrich et al., 1997). The Ptchl™" line was originally conceived to reflect
the genetics of Gorlin syndrome patients and to explore its related developmental abnormalities
and cancer predisposition. Seemingly in line with human cases, PtchI”" mice do not complete

embryogenesis, while Ptchl™”

survive until adulthood with a spectrum of developmental
defects compatible with Gorlin syndrome (Goodrich et al., 1997). Importantly, 15-20% of
Ptchl*" mice develop posterior cranial fossa tumors during adulthood which overall highly
resemble human SHH-MBs from the morphological, histological and, importantly, molecular
point of view (Goodrich et al., 1997; Oliver et al., 2005; Pazzaglia et al., 2006). Reminiscent of
the human counterpart, mouse Ptchl " -derived MBs almost universally show LOH for Ptchl,
typically occurring through genetic deletion or rarely through epigenetic silencing (i.e. gene
methylation) of the remaining wild type allele (Berman et al., 2002; Oliver et al., 2005;
Pazzaglia et al., 2006; Tamayo-Orrego et al., 2016). Importantly, recent pieces of evidence
indicated that Ptchl LOH is the first key genetic event underpinning the development of a full-
blown tumor in the Ptchl™ background (Tamayo-Orrego et al., 2016). Indeed, Ptchl LOH can
be detected as early as the first MB preneoplastic lesions appear in the cerebellum of young
Ptchl"" mice.

Given the low tumor incidence observed in Ptchl™" mice, many research groups hypothesized
that additional mutations could cooperate with Ptchl loss-of-function in MB formation. Indeed,
already at that time, mutations on genes as 7P53 had been characterized in both hereditary and
sporadic human MBs. Under these assumptions, Wetmore and colleagues reported practically
total penetrance of MB development in the Ptchl™; Tp53” mouse (Wetmore et al., 2001).
Similarly, disruption of cell cycle regulation (e.g. Ptchl™; Cdknlb™" and Ptchl™"; Cdkn2c*"
mice) or inactivation of the tumor suppressor Hypermethylated in cancer 1 (Ptchl™"; Hicl”
mouse) that is frequently deleted in human MB, increases the incidence and accelerates tumor
formation in the Ptchl™ background (Ayrault et al., 2009; Briggs et al., 2008; Uziel et al.,
2005).
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Furthermore, to bypass the need of a spontaneous second “hit” on the wild type Ptchl allele,
and to spatiotemporally control the Ptchl deletion, the Cre-LoxP system was employed to
generate Ptchl conditional biallelic KO mice (Ptchlo¥Flox,

In addition, incidence of SHH-MB can be augmented in the Ptchl*” model by increasing
genomic instability either by subjecting neonatal mice to X-rays irradiation, or by insertional
mutagenesis through the inducible Sleeping Beauty transposon system (Genovesi et al., 2013;
Pazzaglia et al., 2002; Wu et al., 2012).

In human SHH-MBs, Ptchl loss-of-function is not the only SHH-activating driver mutations.
Similarly, murine SHH-MBs can be obtained upon germline expression of constitutively active
forms of Smo, which carry the same mutation normally found in human SMO-driven tumors
(called SmoM?2) or the equivalent one in the mouse gene (called SmoA ) (Hallahan et al., 2004;
Mao et al., 2006). Alternatively, SHH-MBs bearing activation of the SHH pathway downstream
Ptchl and Smo can be obtained from SuFu™"; Tp53” mice, which develop tumors upon SuFu
LOH (Lee et al., 2007).

Finally, murine SHH-MBs can also be obtained via orthotropic transplantation of opportunely
modified primary GNPs. In these cases, GNPs are extracted from mice of various genotypes
and transduced in vitro with retroviral vectors encoding for SHH-MB oncogenes (Ayrault et
al., 2010; Kawauchi et al., 2012; Zindy et al., 2007).

To which extent the SHH-MB genetic mouse models above mentioned effectively recapitulate
the genetics of the human counterparts? Comparative gene expression analysis indicated that
Ptchl- and Smo-driven mouse MBs are more similar to human tumors than the SuFu-driven
ones (Poschl et al., 2014). In addition, both Smo and Ptchl mutated murine tumors strikingly
resemble more to human adult SHH-MBs than to infant cases. Importantly this resemblance
seems totally independent of the driving mutation in human tumors, hence irrespective of
whether it is in PTCHI, SMO or other genes. Nevertheless, if gene expression profile well
correlates mouse and human tumors, the mutational spectrum does not, as basically none of the

most common mutations found in human SHH-MB are found in mouse (Pdschl et al., 2014).

1.3.3.4.3 Discovery of GNPs as the cell-of-origin of SHH-MB

For many years, a large number of observations have supported the hypothesis that the
proliferative GNPs of the developing cerebellum could be at the origin of at least a subset of
MBs, namely those showing an activation of the SHH pathway. Among them are the close

morphological resemblance between GNPs and MB cells, the expression of same lineage-
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specific marker genes (e.g. Atohl or Zicl), the identical requirement of SHH signaling for
proliferation and the description of preneoplastic lesions in the Ptchl™ model as remnants of
the EGL in adult mice (Oliver et al., 2005; Salsano et al., 2004; Wechsler-Reya and Scott, 1999;
Yokota et al., 1996). However, definitive experimental evidence was provided by two works in
2008 through the use of various MB transgenic mouse models. The conditional introduction of
SHH-MB driving alterations as Ptchl deletion or SmoM2 transgene expression into Gfap " or
Olig2" cerebellar stem cells only gave rise to mouse SHH-MB in vivo, indicating that
multilineage competent cerebellar cells may act as SHH-MB source (Schiiller et al., 2008; Yang
et al., 2008). However, virtually identical tumors were obtained when the driving mutations
were restricted only to the unipotent GNPs, hence for example, when Ptchl deletion was
conditionally introduced into Atohl® cells after E14.5 (using Atohl-Cre®; Ptchi"oFlox
embryos tamoxifen-treated at E14.5) (Yang et al., 2008). These results indicated that the initial
driving mutation may also appear into early multipotent cerebellar stem cells, but its true
oncogenic effect arises only when such cells are fate-restricted to the GN lineage, thus perhaps
in collaboration with lineage-related intrinsic and extrinsic cues (e.g. elevated competence to
SHH response). Nevertheless, several independent observations seem to converge on the
hypothesis that SHH-MBs may originate from cells located into temporally distinct phases of
GNs development, resulting into the age-related heterogeneity underlying SHH-MBs
(Hovestadt et al., 2019; Vladoiu et al., 2019). In such scenario, the SHH signaling
hyperactivating mutation, despite being age-group related, may play only a limited role in
shaping the tumor molecular landscape (Poschl et al., 2014). Rather, intrinsic (e.g. epigenetic)
or extrinsic (e.g. local environmental) factors associated to the developmental stage of the cell-

of-origin may be primarily responsible of the way the tumor evolves.

1.3.4 STANDARD OF CARE, LIMITATIONS AND FUTURE DIRECTIONS

The current therapeutic pipeline employed for MB patients has been concluded from a
prospective trial performed by Gajjar and collaborators (2006) and it essentially tailored on a
two-groups patient risk-stratification system, namely “standard risk” and “high risk” patients.
Affiliation into one or the other group depends on various criteria, whose prognostic value has
been established by numerous precedent studies. Briefly, patients older than 3 years old, with
no metastases or CSF circulating MB cells, less than 1.5cm? residual tumor volume after
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surgery and non-anaplastic/large cell histology are classified “standard risk™. If one of these
criteria is not met, then the patient is considered “high risk”.

The standard of care for MB patients is multimodal and always begins with maximal safe
surgical resection of the tumor. This first step is then followed by fractionated radiotherapy
(RT) which is initiated within the first month after surgery (Gajjar et al., 2006; Merchant et al.,
2008). At this stage, after sampling of tumor histology, the patient can be definitely allocated
either into the standard or the high risk case. Hence, the dose of RT in terms of fractions and
intensity is adjusted depending on this stratification. Specifically, standard-risk patients
typically receive craniospinal irradiation (CSI) of 23.4Gy distributed into 13 fractions, while
high-risk patients are subjected to 36-39.6Gy in 20 fractions® (Merchant et al., 2008). In
addition, in both cases a further ~55Gy boost is applied on the tumor bed, and only in high risk
patients, if appropriate, a similar boost is focused on local CNS metastases (Gajjar et al., 2006).
Normally, infants younger than 3 years old are spared from RT given the almost universal
devastating effects of such treatment in a still developing CNS (Thomas and Noél, 2019).
After RT, patients initiate four cycles of chemotherapy (CT) which is also accompanied by
bone marrow stem and progenitor cells reinfusion (Gajjar et al., 2006). The cycles of
chemotherapy are typically composed by the sequential administration of drugs like cisplatin,
vincristine and cyclophosphamide (Gajjar et al., 2006).

Such treatment regimen grants a 5-years overall survival of 85% for standard-risk patients and
70% for high-risk patients (Gajjar et al., 2006). However, this apparently bright scenario is
obfuscated by the large spectrum of highly detrimental short- and long-term side effects often
developed by patients. All the three sequential steps of the multimodal therapy may be causative
of iatrogenic morbidities. Surgery, which is operated near to critical regions as the brainstem,
may cause cerebellar mutism which often ends up into life-long speech defects (Robertson et
al., 2006). CSI is proportionally less tolerated by young patients and typically results into short-
term hematopoiesis defects (the vertebrae bone marrow in children contributes to
hematopoiesis) and into serious long-term sequelae as cognitive decline, development of other
CNS malignancies, growth defects and various dysfunctions at the endocrine, gynecological,
vascular and hearing level (Bansal et al., 2015; Martin et al., 2014; Moxon-Emre et al., 2014;
Packer et al., 2013; Thomas and Noél, 2019). Furthermore, the drug employed during cyclic

CT have recognized side effects, including development of peripheral neuropathies and

3 The Gray (Gy) is a unit of measure recognised by the International System used to measure the dose of ionizing
radiations. One Gray cossesponds to one Joule of radiation energy absorbed by one kilogram of matter.
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metabolic syndromes (vincristine), or ototoxicity and myelosuppression (cisplatin) (Kortmann
et al., 2000; Martin et al., 2014; Thomas and Noél, 2019).

Hence, the current challenge in the field is not only to guarantee increased survival of patients,
but also to significantly reduce the burden of therapy-associated side effects. As a consequence,
better tailoring therapies to novel molecular data-based patient risk-stratification systems, as
well as development of targeted approaches with the goal to spare healthy tissues from
morbidity are the major objectives for the coming years (Ramaswamy et al., 2016; Thomas and

Noél, 2019).

1.3.4.1 Targeted therapies in SHH-Medulloblastoma

Many in vitro and pre-clinical studies reported that SHH signaling is required for proliferation
and survival of SHH-MB cells (Berman et al., 2002; MacDonald et al., 2014; Taipale et al.,
2000). Hence, virtually all the treatments aimed at blocking the SHH pathway may be
considered potential candidates for the development of a SHH-MB-targeted therapy
(MacDonald et al., 2014). The small molecule drug Vismodegib (GDC-0449) binds SMO and
impairs its activation, hence leading to blockade of SHH transcriptional response. A phase 11
clinical trials designed to test Vismodegib efficacy in recurrent MB cases showed an overall
beneficial effect in those patients diagnosed with SHH-MB, while (expectedly) no response
was reported for patients with non-SHH-MBs (Robinson et al., 2015). However, efficacy of
Vismodegib or other similar SMO-inhibitors are today known to be dependent on the driving
SHH-hyperactivating event. Indeed, patients with upstream alterations of the pathway, notably
PTCH]1 loss-of-function or SMO activating mutations, were reported to well respond to the
treatment, while those carrying downstream activation, as SUFU mutations or GLI2 or MYCN
amplification are insensitive to SMO inhibition (Kool et al., 2014; Robinson et al., 2015). To
further complicate the picture, in some cases the administration of Vismodegib resulted in
selection of resistant tumor sub-clones displaying specific SMO mutations that made the
receptor refractory to the inhibition (Dijkgraaf et al., 2011; Rudin et al., 2009; Yauch et al.,
2009). Also, similar observations were reported in preclinical mouse models, where resistance
to Vismodegib was acquired not only through novel Smo mutations but also through emergence
of downstream pathway activation events, as G/i2 or Ccndl amplification (Buonamici et al.,
2010; Dijkgraafet al., 2011).

Nowadays, a number of clinical trials are currently ongoing with the goal to test the efficacy of

different classes of SMO-inhibitors provided either as monotherapy or in combination with
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other drugs (MacDonald et al., 2014; Thomas and Noél, 2019). Nevertheless, the established
non-universal efficacy of SMO-inhibitors in SHH-MB cases and the appearance of sporadic
resistance mechanisms pinpoint to the need for development of novel targeted approaches.

For instance, small molecule inhibition of PI3K pathway was reported to be effective in
restricting growth of preclinical models of SHH-MB harboring acquired resistance to SMO-
inhibitors (Buonamici et al., 2010; Dijkgraaf et al., 2011). Moreover, drugs inhibiting the
activity of GLI factors, as GANT-61 or arsenic trioxide, could represent interesting candidates
for a pan-effective therapy for SHH-MB patients (Kim et al., 2013; Lin et al., 2016).
Alternatively, downstream blockade of the SHH pathway can be achieved also through
inhibition of Bromodomain and Extra-Terminal motif (BET) proteins. BET proteins regulate
transcription of target genes by binding to acetylated chromatin. Specifically, the BET protein
BRD4 was shown to positively regulate GLI/ and GLI2 transcription in SHH-MB.
Interestingly, inhibition of BRD4 with anti-BET compounds (as JQ1), showed promising
effects in reducing SHH-MB cells growth in preclinical models (Long et al., 2014; Tang et al.,
2014).

In conclusion, research and clinical testing of novel effective targeted therapies for SHH-MB

is still an ongoing process in the field.
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4 The Primary Cilium

Although ciliary structures on cells were first observed around 350 years ago by Antonie van
Leeuwenhoek, for long their functions remained overall unappreciated. Lack of evidence of
clear roles for these cell surface antenna-like protrusions, alimented the concept that cilia were
mere vestigial organelles. It was only during the few last decades that a number of studies
contributed to uncover the large diversity underlying structure and functions of cilia.
Incidentally, most of this research was boosted by the discovery that a wide panel of human
genetic diseases, nowadays denominated ciliopathies, were caused by mutations in ciliary
proteins. It was in this context that primary cilia emerged as essential requirements for proper
SHH signaling in vertebrates.

This chapter illustrates what a primary cilium is, focusing on its structure and mechanisms of
assembly and disassembly. Next, its functions in mediating the SHH signaling will be densely
described. Finally, the state-of-art role and importance of the primary cilium in GNs

development and SHH-MB will be reported.

1.4.1 DIFFERENT TYPES OF CILIA EXIST IN NATURE

Ciliary structures are observed in organisms belonging to virtually all eukaryotic clades
(including protozoa, green algae, and some fungi, besides animals). In vertebrates there
essentially exist two principal types of cilia, characterized by major structural and functional
differences: motile cilia and primary (non-motile) cilia.

Motile cilia, are typically found in single or multiple copies on the surface of highly specialized
cells. As suggested by their name, by using energy from ATP hydrolysis, they are capable of
generating rhythmic strokes or rotational movements of their shaft. By doing that, motile cilia
produce forces that can either move surrounding fluids, hence for instance displacing or clearing
molecules and particles dissolved or immersed in them, or propel whole cells for movements.
Examples of motile cilia are those found in single copy on cells of the organ of laterality, those
found in multiple copies on the apical surface of airways and ependymal epithelia and the

flagellum of sperm cells.
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Primary cilia are instead immotile as they are not equipped with motility components. They are
generally shorter than motile cilia (1-5um), and typically solitary, hence present in single copy
on the cell. Primary cilia are involved in sensory functions. Indeed, thanks to receptors and
signal transducing molecules localizing in their shaft, they sense and relay numerous types of
external stimuli, including mechanical, chemical, and luminous ones. Importantly, among the
chemical stimuli, there are those of various (developmental) signaling molecules, as SHH, Wnt,
growth factors and others (described later). Hence, stem cells or progenitor cells of various
tissues sometimes possess primary cilia. Besides that, primary cilia are also found in kidney
tubules epithelial cells where they are required for sensing and transducing fluid mechanical
forces. In addition, primary cilia also protrude from the sensory neurons of the olfactory
epithelium where they carry odorant receptors. Finally, highly specialized types of primary cilia
are observed in the hair cells of the inner ear (the kinocilium) and in the photoreceptors of the
retina (the connecting cilium of the outer segment) (Choksi et al., 2014).

Importantly, the distinction between motile and primary cilia is not strict, as nowadays it is

known that some motile cilia may also display sensory function (Mirvis et al., 2018).

1.4.2 STRUCTURE OF CILIA

As anticipated, some essential structural differences exist between motile and primary cilia,
however both of them are ultimately characterized by the same common basic architecture

(Figure XII).

1.4.2.1 The ciliary shaft
In all cilia, the ciliary shaft protrudes in the extracellular environment and its core is constituted
by a columnar microtubles-based structure, termed axoneme. The axoneme is then surrounded
by the ciliary membrane which despite being in continuity with the plasma membrane, has
different protein and lipid composition, making it a real biophysically and functionally distinct
plasma membrane domain.
Structurally, the axoneme is composed by nine, circumferentially arranged, parallel microtuble
doublets, whose plus-end is oriented toward the ciliary tip. Each doublet is composed by an "A"
and a "B" microtuble, with the "A" microtuble being complete and the "B" microtuble
incomplete and facing the gapped lateral surface toward the "A" microtuble (Figure XII).
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PRIMARY CILIUM
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Figure XII. Structure of a cilium. The cilium is surrounded by the ciliary membrane which is in continuity with the plasma
membrane. Between the two, the periciliary membrane invaginates inward in the cytoplasm forming the ciliary pocket. The
axoneme is the microtubles-based backbone of the cilium and it is nucleated from a basal body which corresponds to the mother
centriole of the centrosome. The basal body morphologically differs from its counterpart, the daughter centriole, by the presence
of the distal (DA) and sub-distal (SDA) appendages. Above the basal body extends the transition zone (TZ), which includes
the Y-links and the ciliary necklace. The axoneme is composed by nine microtuble doublets, each formed by an “A” complete
and a “B” incomplete microtuble. The axoneme tip may be partially composed by singlets of microtuble, and takes the name
of singlet zone. Transversal sections of the axoneme reveals the sub-architecture of primary (non-motile) or motile cilia: the
latter also includes a central pair of microtubles and sets of nexin links, radial spokes and dynein arms. Image inspired by
Anvarian and colleagues (2019).
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At the distal tip of the axoneme, the doublets can sometimes become singlets, as normally the
"A" microtuble is longer than the "B" one. For this reason, the distal part of the axoneme is
sometimes referred as the "singlet zone" (Fisch and Dupuis-Williams, 2011).

On the top of this fundamental structure, the axoneme of motile cilia also contains a pair of
central complete microtubles elongating inside its lumen. This microtubles pair is connected
radially to the surrounding doublets by electrondense structures called radial spokes. Each
doublet is then connected to the adjacent ones by proteinous elastic linkers called nexin links
(Figure XII). In addition, motile cilia axonemes contain regularly spaced dynein arms which
are fixed on an "A" microtuble and use ATP to "walk" on the "B" microtuble of the adjacent
doublet. The coordinated activation of the dyneins motor domains provides the motor force
responsible for bending the axoneme and thus moving the cilium (Gibbons and Rowe, 1965).
The activity of the dynein arms is regulated by an associated complex of proteins called dynein
regulatory complex (DRG) which includes numerous calcium binding proteins (Fisch and
Dupuis-Williams, 2011; Lindemann and Lesich, 2010). Given the presence of the nine outer
doublets and the central pair of microtubles, the axoneme of motile cilia is referred as 9+2
architecture in opposition to the 9+0 of the primary cilia one, which lacks the central two

microtubles.

1.4.2.2 The basal body

Regardless of the 9+2 or 9+0 structure, all ciliary axonemes nucleate from a basal body, a
plasma membrane-anchored modified form of a centriole. While in the case of multiciliated
cells, the numerous basal bodies at the bottom of cilia are typically de novo generated, in
monociliated cells the unique basal body derives from the mother centriole* of the centrosome
(Brooks and Wallingford, 2014) (Figure XII).

In cells, the centrosome is indeed composed by a pair of orthogonally oriented centrioles
surrounded by a dense pericentriolar matrix. Centrioles, are 500nm-long barrel-shaped
structures, whose walls are composed by nine triplets of highly stable microtubles, while the
pericentriolar matrix contains the y-TURC complexes from which the cytoplasmic network of

microtubles nucleates. The centrosome is indeed referred as the principal microtuble organizing

4 The centrosome is replicated during the cell cycle in order to generate the two poles of the mitotic spindle.
After mitosis each copy of the centrosome will be inherited by the two daughter cells. Because of the modality
of centrosome replication, after mitosis, the inherited centrosome is composed by a daughter centriole, new,
generated during the previous cell cycle, and by a mother centriole, older that functioned as template for the
daughter one.
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center (MTOC) of metazoan cells and it is required for nucleating and assembling the
microtuble network in interphase cells and the mitotic spindle during chromosome segregation
in mitosis. In addition to that, when cells display a single cilium (like a primary cilium), the
mother centriole of the centrosome behaves as a basal body and supports the formation of the
axoneme. From an architectural point of view, the "A" and the "B" microtubles of the axoneme
doublets are nucleated by the corresponding "A" and "B" microtubles of the basal body triplets,
while the third, or "C", microtuble of the basal body triplets is not or only partly utilized for
nucleation. As anticipated, the basal body is physically anchored to the plasma membrane, and
such interaction is granted by at least two series of radial, electrondense proteinous fibers
protruding from the distal and the medial portions of the basal body walls (Figure XII). The
medial protrusions are called subdistal appendages and are composed by proteins as Outer
dense fiber protein 2 (Odf2, a bona fide marker and essential constituent), Ninein and
Centrosomal protein 110 (Cep110) (Huang et al., 2017; Ishikawa et al., 2005; Ou et al., 2002).
Many functions have been associated to subdistal appendages, including interphase microtubles
anchoring, trafficking of vesicles toward the ciliary membrane, axoneme elongation and,
although indirectly, anchoring to the plasma membrane (Ibi et al., 2011; Ishikawa et al., 2005;
Ou et al., 2002; Veleri et al., 2014). In contrast, the distal protrusions are called distal
appendages (or transition fibers) and are composed by proteins as Cep83 (the main core
component), and Cepl64 (Graser et al., 2007; Tanos et al., 2013). Distal appendages are
essential for the physical docking of basal body to the plasma membrane, but also take part in
axoneme elongation and regulation of transport of proteins within the cilium (as described later)

(Graser et al., 2007; Tanos et al., 2013).

1.4.2.3 The transition zone

As stated above, the ciliary compartment has a different composition compared to the cytosol
or the plasma membrane, albeit being in communication with both of them. This implies that a
selective barrier, often termed "ciliary gate", should exist at the base of the cilium in order to
regulate the selective import or export of proteins.

This activity is mainly achieved by the transition zone, a functionally and architecturally
specialized region of the cilium located at its base, just above the basal body. The major
morphological feature is the presence of a series of electrondense, champagne glass-shaped
fibers, named Y-links, connecting the axoneme to the surrounding ciliary membrane. This

connection is permitted by a set of transmembrane proteins in the ciliary membrane that

73



altogether constitute the so-called ciliary necklace (Fisch and Dupuis-Williams, 2011; Garcia-
Gonzalo and Reiter, 2012; Gilula and Satir, 1972) (Figure XII).

Many proteins localize at the transition zone, either being part of the Y-links or the ciliary
necklace or having a role in their assembly (Chih et al., 2011; Garcia-Gonzalo and Reiter, 2012;
Garcia-Gonzalo et al., 2011; Sang et al., 2011). Interestingly mutations in their corresponding
genes are often associated to ciliopathies like Meckel syndrome (MKS), Jubert syndromes
(JBTS) and Nephronophthisis (NPHP), whose patients suffer of common symptoms and

malformations as polycystic kidney, neural tube and cerebellar defects and retinal degeneration.

1.4.2.4 The ciliary pocket and the periciliary membrane

As described, the basal body is physically anchored to the cell plasma membrane by the distal
appendages. In many cases, the distal appendages appear to pull the plasma membrane inside
the cell generating a typical tubular-shaped invagination called ciliary pocket (Benmerah, 2013;
Rohatgi and Snell, 2010) (Figure XII). The depth of the ciliary pocket can vary from one cell
type to another, ranging from cases in which it is basically absent (as in kidney tubules epithelial
cells) to cases in which almost the entire ciliary shaft is contained in it (as in pancreas B-cells).
There is still uncertainty about the precise functional roles of the ciliary pocket and its
corresponding plasma membrane domain, the periciliary membrane (Figure XII). The fact that
electron microscopy studies revealed the presence of numerous clathrin-coated vesicles
emerging from it raised the possibility that the periciliary membrane could represent an active
substrate for endocytosis events (Ghossoub et al., 2011; Kaplan et al., 2012; Molla-Herman et
al., 2010) (Figure XIII). This could serve as a mean for recycling ciliary membrane
components or for clearance of cilium-mistargeted proteins. At the same time, the periciliary
membrane seems also to represent a fusion site for secretory vesicles containing ciliary

membrane proteins destined to the cilium (Geerts et al., 2011; Ghossoub et al., 2011).

1.4.3 TRAFFICKING OF CILIARY PROTEINS

Protein synthesis does not occur within cilia, hence the totality of ciliary proteins must be
actively transported within the primary cilium from the cytoplasm, their site of production. In
the next paragraphs it will be described first how ciliary proteins reach and move within the

cilium, to accomplish key processes as ciliary biogenesis and functions (Figure XIII).
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Figure XIII. Mechanisms of protein trafficking through the cilium. Ciliary membrane proteins (CMPs), as signaling
receptors, are sorted into vesicles at the level of the trans-Golgi network through the activity of Arf4 and/or Ift20. Golgi-derived
vesicles are then directed either to the plasma membrane or to the ciliary membrane, where they eventually fuse with these
compartments bringing in both cases CMPs at the base of the cilium. Here, Arl6 permits the recruitment of the BBSome which
is required for sorting the CMPs to the cilium and loading them into the anterograde IFT-trains. (legend continued on next page)
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(legend continued from previous page) The BBSome also interacts with Rabin8 which in turn activates Rab8, the latter responsible
for vesicle sorting and fusion. Hence the BBSome seems to help coupling vesicle trafficking and CMPs ciliary transport. [FT
trains are likely to be assembled just above the distal appendages (DA). They are composed by IFT particles (made by IFT-A
and IFT-B complexes), IFT motors (kinesin-2 and cytoplasmic dynein-2 complex), the BBSome (if CMPs are transported) and
by transported cargoes, which can be soluble proteins (as a af-tubulin dimer) or CMPs. Kinesin-2 and especially IFT-B are
required for the anterograde transport, while dynein-2 and IFT-A for the retrograde transport. Remodelling of IFT-trains occurs
at the ciliary tip, where the transported cargo is also released. CMPs leaving the cilium may be internalized in the cell via
endocytosis with clathrin-coated vesicles ultimately directed to endosomes. Image inspired by Anvarian and colleagues (2019).

1.4.3.1 The intraflagellar transport

Biogenesis of the primary cilium requires the elongation of the axoneme, which primarily
occurs by serial addition of ap-tubulin dimers at the distal end of the microtuble doublets. In
addition, many structural molecules, including tubulin binding proteins, as well as signaling
proteins, like transmembrane receptors, must enter and move along the cilium to reach their
proper localization. At the same time, ciliary proteins must also be able to leave the cilium due
to turnover needs, activation of signaling cascades or during ciliary disassembly.

Hence, to cope with cilia biogenesis, maintenance, retraction and functions, ciliary proteins
must be transported bi-directionally along the ciliary shaft. This activity is traditionally referred
as intraflagellar transport (IFT) and it is carried out by the so-called "IFT-trains". The first
evidence of an IFT in cilia structures came from differential interference contrast microscopy
studies in the flagella of the unicellular green alga Chlamydomonas. Here, "trains" of granular-
like particles were observed to bidirectionally move in the space between the axoneme and the
ciliary membrane (Kozminski et al., 1993). Nowadays it is known that similar “IFT trains” exist
also in cilia of vertebrates and that their movement is powered by motor proteins as kinesin-2
and cytoplasmic dynein-2 complex (Pedersen and Rosenbaum, 2008). In addition to the motor
components, also called IFT motors, IFT trains are composed by other constituents, namely the
IFT particles, the BBSome complex and the IFT cargoes, the latter representing the actual
ciliary proteins transported (Figure XIII).

1.4.3.1.: IFT motors

The anterograde movement of IFT trains (that is from the base to the tip of cilia), is mediated
by two members of the kinesin-2 family, namely the heterotrimer Kif3 and the homodimer
Kif17, both moving along the "B" microtubles of the doublets (Stepanek and Pigino, 2016).
Kif3 is composed by the motor subunits Kif3a and either Kif3b or Kif3c and by the accessory

subunit Kap3 whose function is uncertain, but it may work as a cargo-adaptor subunit or help
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the assembly of Kif3 complex (Mueller et al., 2004). Kif3 activity is essential for building up
and maintaining cilia, as genetic deletion or silencing of Kif3a gene is sufficient to impair
ciliogenesis in virtually all ciliated cells (Kozminski et al., 1995; Nonaka et al., 1998; Takeda
etal., 1999). Indeed, depletion of Kif3a is by far the most utilized strategy to specifically ablate
primary cilia from cells in experimental settings.

By contrast, Kif17 does not seem to be as essential as Kif3 for ciliogenesis. Albeit localizing to
cilia as well, it appears to be majorly implicated in the ciliary transport of peculiar proteins in
some specialized cell types, as photoreceptors or olfactory sensory neurons (Insinna et al., 2008,
2009; Jenkins et al., 2006; Prevo et al., 2015).

The retrograde movement of IFT trains (that is from the tip to the base of cilia), is instead
carried out by the cytoplasmic dynein-2 complex (Ishikawa and Marshall, 2017; Pazour et al.,
1998, 1999). The precise composition and the stoichiometry of this motor complex is still hardly
defined in vertebrates, as almost each subunit has paralogs with specific tissue-restricted
expression. Nevertheless, the proposed structure consists in an homodimer of heavy chains
containing the motor domain, assembled together with two subunits of intermediate chains, two
subunits of light-intermediate chains and a variable number of light chains (Asante et al., 2014).
Cytoplasmic dynein-2 complexes move cargoes along the "A" microtubles, thus collision with
the anterograde IFT trains is prevented. Importantly, they are required for ciliogenesis but seem
dispensable for ciliary maintenance (Engel et al., 2012; Pazour et al., 1999; Stepanek and

Pigino, 2016).

1.4.3.1.2 IFT particles

Besides the IFT motors, IFT trains are composed by a series of IFT particles. Each IFT particle
is made by two multiprotein subcomplexes, called IFT complex A (IFT-A) and B (IFT-B)
(Figure XIII). IFT-A is composed by at least six polypeptides, while IFT-B by at least sixteen
and they loosely associate to form the IFT particle. A number of genetic and biochemical studies
showed that IFT-A and B have different roles during IFT-mediated transport of cargoes.
Specifically, IFT-B is required for the anterograde transport of cargoes, as it directly associates
to kinesin-2 and mutations in its components cause impairment of ciliogenesis, mimicking the
effects of kinesin-2 loss-of-function (Brazelton et al., 2001; Jonassen et al., 2008; Pazour et al.,
2000). For example, hypomorphic mutations on Intraflagellar transport protein 88 (Ift88),
which encodes a central component of IFT-B, aborts the formation of primary cilia due to

altered anterograde transport (Pazour et al., 2000).
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IFT-A instead seems required for the retrograde transport of turnover products or signaling
molecules. It is overall dispensable for ciliogenesis, however IFT-A mutants show impaired
retrograde transport, as it is typically displayed by the accumulation of IFT-B at the tip of the
cilium (Brown et al., 2015; Tsao and Gorovsky, 2008). This suggests that beside participating
to protein cargos export from cilia, IFT-A functions are also required for returning IFT-B at the
base of the cilium, where it can reassemble into a new anterograde IFT train (Lechtreck, 2015).
However, according to some works, this classic repartition of roles between IFT-B and IFT-A
might not be so strict. Indeed, some proteins seem to rely on specific IFT-A subunits for proper
ciliary anterograde transport, while others require IFT-B also for their export (Liem et al., 2012;

Liew et al., 2014).

1.4.3.1.3 The BBsome

Another key component of the IFT trains is a multimeric complex termed BBSome. The
BBSome is composed by seven subunits, namely BBS1/2/4/5/7/8/9 and by a BBsome
interacting protein, namely BBIP10 (Loktev et al., 2008). The BBS proteins are named after
the Bardet-Biedl syndrome, a rare, multi-organ, autosomal recessive disorder associated with
mutations in BBSome subunit encoding genes (Suspitsin and Imyanitov, 2016).

The BBSome mainly localizes both at the base of the cilium and along its shaft, where it
interacts with the IFT-particles and it is transported by them (Blacque et al., 2004; Mykytyn
and Sheftield, 2004) (Figure XIII). Although dispensable for proper formation of cilia in most
tissues and ciliated organisms, the BBSome seems important for the correct trafficking and
sorting of some ciliary membrane proteins at the base of the cilium. It would be also required
for the loading and stabilization of such membrane proteins on the IFT-particles, which
eventually transport them along the cilium as cargoes (Blacque et al., 2004; Jin et al., 2010;
Malicki and Avidor-Reiss, 2014) (Figure XIII). In addition, the BBSome seems to play a role
in organizing the turnaround of the IFT-trains at the ciliary tip (described in the next paragraph).
Finally, it is also implicated in the IFT-mediated export of specific ciliary components, as result

of signaling activation or recycling (Lechtreck et al., 2009, 2013).
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1.4.3.2 Ciliary import, transport and export of IFT cargoes

Anterograde IFT-trains assemble at the base of the primary cilium, presumably at the level of
distal appendages, which seem to work as docking sites (Deane et al., 2001; Wei et al., 2013)
(Figure XIII). Here the IFT-A and B are coupled together and bound to active kinesin-2 and
inactive cytoplasmic dynein-2 (Brown et al., 2015; Liang et al., 2014). At the same time, cargo
proteins including both soluble and transmembrane” ciliary proteins and the BBSome are loaded
on IFT-particles. Such interactions are supposed to be granted by the numerous protein binding
domains found in the IFT-A and B subunits, including tetratricopeptide, WD and coiled-coils
domains. In addition, as stated above, the BBSome may help to stabilize and organize the cargo-
IFT-particle interactions.

Once assembled, [FT-trains must pass through the transition zone, which, as described before,
is part of the ciliary gate, thus it acts as a filter that excludes non-ciliary proteins from entering
the cilium. However, how mechanistically this filter works is still puzzling. Some pieces of
evidence indicate that the transition zone offers size-exclusion filtering properties, impairing
the free diffusion of large molecules within the ciliary compartment (Kee et al., 2012).
Therefore, large molecules (estimated to be >7.9nm in diameter, but it may vary depending on
the cilium type) would require an active mechanism of transport (Lin et al., 2013; Malicki and
Avidor-Reiss, 2014). One of such mechanisms is based on gradients of the small GTPase Ran
and importin-f proteins (Dishinger et al., 2010), a mechanism that strikingly parallels the one
observed at the nuclear pore complex during regulation of selective import and export of nuclear
proteins. Similarly to what happens for the nuclear transport, the Ran-importin-f axis, relies on
recognition of particular, short cilium-localization signals (CLSs) present in ciliary proteins
(Berbari et al., 2008; Dishinger et al., 2010; Malicki and Avidor-Reiss, 2014; Tam et al., 2000).
Various CLSs were identified in a number of ciliary proteins, especially in GPCRs where it
consists on a simple VxP motif.

Importantly, importin-f is not the only molecule able to recognize and bind CLSs. Indeed, two
small ciliary GTPases, namely ADP-ribosylation factor 4 (Arf4) and ADP-ribosylation factor-
like protein 13b (Arll13b) and also the BBSome where shown to mediate the active ciliary
trafficking of Opsins, GPCRs and other proteins by recognising specific and divergent CLSs
along their sequence (Malicki and Avidor-Reiss, 2014).

5 Some transmembrane proteins seem not to require the IFT transport to enter and move along the ciliary
membrane. In these cases, their movement along the axoneme seems driven by mere diffusion or by transient
binding to IFT-trains (Ye et al., 2013).
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Nevertheless, it appears that not all the ciliary proteins are equipped with a CLS, therefore they
may utilize other strategies to enter the cilium. Maybe, the mere capability to strongly associate
to [FT-particles could be a sufficient condition for freely passing through the ciliary gate.
Once crossed the transition zone, the kinesin-2 IFT-motor boosts the movement of the IFT-train
toward the tip of the cilium, where the cargo is released. Release of the cargo is accompanied
by a large remodeling of the anterograde IFT-train: kinesin-2 becomes inactivated, cytoplasmic
dynein-2 takes its place and turnover products or signaling molecules are loaded. The result is
the formation of a retrograde IFT-train which is appointed to export proteins from the cilium.
The remodeling if the IFT train, or train turnaround, is a complicated event regulated by ciliary
tip protein kinases, some IFT-particles subunits and the BBsome (Chaya et al., 2014; Liang et
al., 2014; Pedersen et al., 2005; Tsao and Gorovsky, 2008; Wei et al., 2012).

1.4.3.2.1 Transport of ciliary membrane proteins

While soluble ciliary proteins, after synthesis in the cytoplasm, reach the base of the cilium via
diffusion or through transport along the microtubule network, ciliary membrane proteins
(CMPs) follow a different path. As the ciliary membrane is part of the plasma membrane, CMPs
are first synthetized in the endoplasmic reticulum and then transported to the Golgi apparatus
via the secretory pathway. At the trans-Golgi network, CMPs are included in budding vesicles
and are transported at the base of the cilium (Figure XIII).

It is not fully elucidated how CMPs at the trans-Golgi network become targeted to cilia.
However, the activity of at least two proteins seems important for this process, namely the
previously cited Arf4 and the IFT protein Intraflagellar transport protein 20 (Ift20). Both Arf4
and Ift20 localize at the trans-Golgi membranes and are believed to mediate the sorting and
packaging of CMPs into nascent vesicles (Blacque et al., 2017; Follit et al., 2006; Mazelova et
al., 2009; Nachury et al., 2007). Although they seem to act through two different pathways and
may not even share common CMPs as targets, the combined Arf4 and Ift20 activity ultimately
converge on the activation of a key small GTPase, namely Rab8 (Figure XIII).

Rab8 works as the main regulator for vesicle accumulation and fusion at the base of the cilium.
Upon activation by its guanine nucleotide exchange factor (GEF) Rabin8, active Rab8 mediates
the docking of CMPs-containing vesicles to the basal body subdistal appendages, and
eventually promotes their fusion likely in the periciliary membrane (Blacque et al., 2017;

Malicki and Avidor-Reiss, 2014; Yoshimura et al., 2007).
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Once in the periciliary membrane, at least a subset of CMPs, including many GPRCs, are sorted
to cilia through the BBSome. This mechanism requires the activity of another small GTPase,
ADP-ribosylation factor 6 (Arl6), which can recruit multiple copies of the BBSome at the
membrane. Here, the BBSomes polymerize into a planar coat just beneath the phospholipids
bilayer (Jin et al., 2010; Mourao et al., 2014). This mantle of BBSomes binds some CMPs
(perhaps via recognition of specific CTSs, as reported before), and mediates their load on IFT-
trains (Jin et al., 2010) (Figure XIII). Interestingly the BBSome interacts also with Rabin§,
hence potentially coupling vesicle trafficking and fusion to ciliary membrane sorting of CMPs

(Nachury et al., 2007).

1.4.4 CILIOGENESIS IS ENTANGLED TO CELL CYCLE PROGRESSION

In vertebrates, primary cilia are typically observed on the surface of post-mitotic, differentiated
cells. Indeed, upon terminal entry in the GO phase, the centrosome, that during the last mitosis
was organizing the mitotic spindle, approaches the plasma membrane and nucleates the ciliary
axoneme through the mother centriole. Importantly, when involved in the nucleation of a
primary cilium, the centrosome is “sequestered” and it cannot participate in the generation of
the mitotic spindle (Nigg and Stearns, 2011). Therefore, the genesis of a primary cilium is
generally seen as a mean to prevent a potential, undesired cell cycle re-entry.

There are however exceptions to this general rule. In some cases, primary cilia are grown also
by actively proliferating cells, for instance when they are required for transducing mitogenic
stimuli. In these cases, primary cilia are assembled after mitosis, during the early G1/GO phase.
Once generated, primary cilia sense and transduce proliferative signals that push the cell toward
the G1/8S restriction point, committing it to a new cell cycle. Upon cell cycle re-entry, cells need
to disassemble primary cilia in order to release the centrosome enabling it to nucleate the mitotic
spindle. Therefore, in some cycling populations primary cilia are present, but they are actively
assembled and disassembled in synchrony with the progression of the cell cycle (Plotnikova et

al., 2009) (Figure XIV).
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1.4.4.1 Biogenesis of primary cilia
Once completed the mitosis and disassembled the mitotic spindle, the distal extremity of the

mother centriole becomes surrounded by a series of small vesicles deriving from the Golgi

apparatus (Sorokin, 1962).
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Figure XIV. Cilium-centrosome behaviour during the cell cycle. At early G1/GO phase, Golgi derived vesicles fuse on the
top of the mother centriole to generate the ciliary vesicle (cv). Next, the axoneme initiates its growth and the ciliary vesicle
elongates surrounding it like a cap. Eventually the ciliary vesicle fuses with the plasma membrane (pm) making the cilium to
protrude from the cell. If the cell is triggered to re-enter the cell cycle (sometimes thanks to cilium-dependent transduction of
growth signaling pathways), then the cilium is committed to disassembly. During S phase, centrioles are duplicated and cilia
may initiate their shortening. Complete retraction of the cilium is achieved during G2 phase. During late G2, the two pairs of
centrioles separate to initiate the mitotic spindle nucleation. During mitosis (M phase) the spindle is fully formed and is used
to segregate chromosomes (not shown). Once divided, the cell re-enters the G1/GO phase starting a new cycle.
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The formation and trafficking of these small vesicles depends once again by Rab8 which is
recruited along with Rabing, to the centriolar distal appendages by Cep164 (Tanos et al., 2013).
Later, these vesicles fuse into a unique larger ciliary vesicle which represents a primordium of
the ciliary membrane (Figure XIV).

Concomitantly, the distal extremity of the mother centriole acquires the ability to nucleate the
ciliary axoneme, which starts to elongate. This is achieved through either displacement or
inactivation of negative regulators of axoneme growth. For instance, Centriolar coiled-coil
protein of 110 kDa (CP110) and Cep97 are centrosomal proteins that keep axoneme formation
prevented apparently by physically capping the distal tip of the mother centriole. However,
upon entry in G1/GO phase, CP110 and Cep97 are removed, likely by degradation, thus
enabling the growth of the axoneme (Spektor et al., 2007).

The elongation of the axoneme below the ciliary vesicle curves its membrane, making it to
acquire a typical "hat" shape that covers the axoneme (Figure XIV). Moving along the actin
cytoskeleton, the whole centrosome migrates toward the plasma membrane. During this route,
the axoneme continues to grow (thanks to the IFT) and the ciliary vesicle elongates through the
fusion with newly coming vesicles (Mirvis et al., 2018). Once approached to the plasma
membrane, the distal surface of the ciliary vesicle fuses with it, generating the invagination of
the plasma membrane that will become the ciliary pocket (Figure XIV). The proximal surface
of the ex-ciliary vesicle now surrounds the axoneme and it is exposed to the extracellular
environment protruding from the cell. This new plasma membrane domain becomes the ciliary
membrane. Simultaneously the distal appendages stabilize the docking of the mother

centriole/basal body to the plasma membrane.

1.4.4.2 Disassembly of primary cilia

While many details about the molecular mechanisms controlling ciliogenesis have been
unraveled, cilium disassembly is less understood. In this context, the use of ciliated cell lines,
as human retinal pigmented epithelial cells (RPE-1 cells) or mouse 3T3 fibroblasts, has been
instrumental to gain insight on the bases of ciliary resorption. Upon cell cycle exit induced by
serum withdrawal, these cells grow a primary cilium. However, upon serum re-addition, they
synchronously re-enter the cell cycle and concomitantly retract the cilium. Using these models,
it was found that a synchronized cell population tends to disassemble primary cilia into two
separate temporal waves, that are just after the G1/S transition and just before the mitotic entry

(Pugacheva et al., 2007; Wang et al., 2013) (Figure XIV). However, both the physiological
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relevance and the actual occurrence in in vivo systems of such bimodal ciliary resorption are
unknown.

Nevertheless, some cilia disassembly pathways have emerged, and interestingly most of them
are orchestrated by mitotic protein kinases, highlighting the tight coupling between cilia
retraction and cell cycle progression.

Among them, perhaps the most relevant is leaded by Aurora A (Aurka), a protein kinase
involved in mitotic entry. Indeed, besides its well documented role during mitosis, Aurka was
shown to be recruited at the basal body just prior the time of ciliary disassembly. Here, Aurka
phosphorylates and activates Histone deacetylase 6 (HDACG6), which removes acetyl groups
from a-tubulin promoting the depolymerization of the axonemal microtubles (Pugacheva et al.,
2007). In addition, during mitosis Aurka phosphorylates and activates another protein kinase,
namely Polo-like kinase 1 (Plk1), to regulate various aspects of cell division (Macurek et al.,
2008). Importantly, activated Plkl was shown to collaborate with Aurka in promoting ciliary
disassembly. Indeed, also Plkl phosphorylates HDACG6, stimulating its enzymatic activity
(Wang et al., 2013).

Another ciliary retraction pathway relies on the mitotic protein kinase Nek2. At the S/G2
transition, Nek2 is active at the basal body and phosphorylates Kif24, a kinesin-13 family
member. Kif24 normally localizes at the mother centriole/basal body where it is implicated in
the depolymerization of axonemal microtubles (Kobayashi et al., 2011). Nek2-dependent
phosphorylation enhances Kif24 functions, thus promoting ciliary disassembly in a pathway

that is independent of HDACG6 activity (Kim et al., 2015b).

1.4.5 PRIMARY CILIA ARE SIGNALING CENTERS IN VERTEBRATES

Dysfunctions of both motile or primary cilia, due to hereditary genetic mutations, cause a broad
spectrum of human disorders collectively named ciliopathies.

Nowadays almost 200 genes have been associated to ciliopathies (Reiter and Leroux, 2017).
Manifestation of such disorders include arrays of pathological phenotypes like obesity,
polycystic kidneys, mental retardation, retinal degeneration and abnormal skeletal
development. Therefore, as presumable, motile and primary cilia are involved into pleiotropic
functions in the organism. In the case of primary cilia, these functions consist mainly in
mediating a number of signaling pathways.
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The first indications of such activity came from a study of Huangfu and colleagues (2003)
where mouse ciliary mutants for IFT proteins (namely Ift172 and Ift88) displayed embryonic
patterning abnormalities resembling those caused by defective SHH signaling. In the same
work, the IFT in the primary cilium was shown to be required for the proper activation of the
SHH signaling cascade.

Following studies further demonstrated that the primary cilia membrane is enriched in signaling
receptors and many of their downstream transducers transit or localize at the cilium. Today we
know that besides SHH, also WNT, Notch, Transforming Growth Factor- (TGF-p), Platelet-
derived growth factor (PDGF), Hippo, mammalian Target-of-Rapamycin (mTOR), many
GPCRs and intracellular Ca"" influx-mediated signaling pathways completely or in part depend
on primary cilia (Pala et al., 2017; Wheway et al., 2018).

Still puzzling is why such evolutionary ancient structures as cilia were reutilized by vertebrates
for signaling. Perhaps concentrating receptors and downstream signaling proteins in the
restricted ciliary compartment may favor their reciprocal interaction and promote efficient
signaling. In addition, the exploitation of an already existing and specialized transport as the
IFT might have been beneficial for moving signaling proteins in and out the cilium and thus

enabling fast and effective pathway activation or repression.

1.4.5.1 Overview of the Hedgehog signaling

Among the signaling pathways flowing within primary cilia, the (Sonic) Hedgehog (HH)
signaling is by far the best characterized. Initially discovered in Drosophila melanogaster, the
HH signaling is conserved also in vertebrates where it is implicated a large variety of
developmental, homeostatic and pathological processes. By acting as long range diffusing
morphogen, HH proteins are responsible for the patterning of developing tissues and organs, as
the brain, the neural tube, the limb buds and the teeth in vertebrates or the wing imaginal discs
of Drosophila larvae (Dassule et al., 2000; Jessell, 2000; Riddle et al., 1993; Takahashi and
Liu, 2006; Torroja et al., 2005). In addition, HH also works as axon guidance cue for spinal
cord dorsal commissural neurons (Charron et al., 2003).

Besides its wide roles during development, the HH signaling is required for the maintenance of
various adult stem cells pools, as those of the hair follicle, hippocampus and hematopoietic
system, therefore contributing to tissue homeostasis and regeneration (Beachy et al., 2004).
Finally, human germinal or somatic mutations can reduce or aberrantly activate the HH

signaling leading to emergence of hereditary diseases, as the previously cited Gorlin syndrome
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or the Pallister-Hall syndrome or cancers as certainly SHH-MB, but also basal cell carcinoma

(BCC) (Hill et al., 2007; Teglund and Toftgéird, 2010).

1.4.5.2 Major components of the Hedgehog signaling

Divergence has accumulated during evolution between the modality of HH signal transduction
in vertebrates and in invertebrates. In vertebrates, large part of the active HH signaling cascade
occurs within the primary cilium, which is also required for the suppression of the pathway in
absence of HH. In invertebrates as Drosophila where primary cilia are absent, the HH cascade
occurs in a cilium independent modality. Nevertheless, there exist a good degree of
conservation between the key HH pathway proteins, which is also reflected by similar, although

sometimes not identical, mechanisms of activity regulation

1.4.5.2.1 Hedgehog proteins

Drosophila genome harbors only one gene encoding for the ligand of the pathway, namely
hedgehog (hh). The name “Hedgehog” was given after the typical bristles appearing at the
surface of 44 mutant larvae originally identified via genetic screenings by Niisslein-Volhard
and Wieschaus (1980). Years later, three orthologous genes were identified in vertebrates,
namely Indian Hedgehog (IHH), Desert Hedgehog (DHH) and SHH (Echelard et al., 1993).
While the activity of IHH and DHH is limited to specific tissues or niches in organs, SHH
shows the broadest expression and involvement in multiple processes in the organism.

All the HH proteins are basically subjected to the same types of post-translational processing,
modality of secretion and extracellular diffusion (Figure XV). HH polypeptides are initially
translocated in the endoplasmic reticulum upon during their synthesis. After the canonical
removal of the N-terminal signal peptide, HH polypeptides undergo an autoproteolitic cleavage
which generates two polypeptides corresponding to the N- and C-terminal domains of the
original protein. The C-terminal domain, which was required for catalyzing the autocleavage,
is degraded, while the N-terminal domain (hereafter called HH-N or simply referred as HH)
represents the biologically active HH protein (Lee et al., 1994; Porter et al., 1995).
Simultaneously to the autocleavage a cholesterol group is covalently linked via ester bond to
the novel C-terminus of the N-HH protein (Porter et al., 1996). In addition, also a palmitate
group is added at the N-terminus in a following step (Pepinsky et al., 1998) (Figure XV).
These lipidations of HH-N notably increase its hydrophobicity, thereby promoting its retention

on the plasma membrane of producing or neighboring cells, once secreted. Because of that, the
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activity of a transmembrane protein, namely Dispatched, is required for helping the release of
HH-N from the plasma membrane (Burke et al., 1999). Intriguingly, if on one side lipidations
are generally important for limiting the diffusion of HH proteins, thus contributing to generate
a sharp morphogen gradient, on the other, loss of HH lipidations was also shown to reduce its
long-range diffusion (Buglino and Resh, 2012; Gallet et al., 2006; Lewis et al., 2001; Li et al.,
2006). This apparent paradox can be explained by the fact that HH-N proteins do not only exist
as monomers in the extracellular environment, but can also self-associate forming soluble
multimers. In these multimers, the lipid moieties would be sequestered in the internal part of
the complex, leaving the more hydrophilic HH-N polypeptides externally exposed. Once
released from the membrane, such soluble multimers would be capable of diffusing and travel

long distances (Chen et al., 2004).
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Figure XV. Synthesis steps of the active HH protein (HH-N) from the precursor. The full length HH polypeptide is
synthetized while translocating in the endoplasmic reticulum, where the N-terminal signal peptide is cleaved. Soon after, the
polypeptide itself catalyses a cleavage between two conserved residues of glycine (G) and cysteine (C), generating the N-
terminal signaling competent domain (HH-N) and a C-terminal domain, which is eventually degraded. During the reaction, a
cholesterol moiety is covalently linked to the glycine residue in the HH-N. Subsequently, the N-terminus of HH-N is acylated
with a palmitate residue. The double-lipidated HH-N represents the mature, signaling functional HH protein.
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1.4.5.2.2 Patched is the HH receptor

The HH receptor is a 12-span transmembrane protein named Patched (Ptc), discovered once
again via genetic screening in Drosophila larvae mutants of segmental patterning (Niisslein-
Volhard and Wieschaus, 1980). Mammals have two highly conserved genes encoding for
Drosophila's ptc homologs, namely Ptchl and Ptch2, (hereafter called Ptch) whose protein
products are both capable to bind vertebrate HH ligands (Zhulyn et al., 2015). Ptch binds HH
ligands via two large extracellular loops and requires the intracellular C-terminal tail for
downstream signal transduction (Briscoe et al., 2001; Johnson et al., 2000; Marigo et al., 1996).
Interestingly, sequence analysis of Ptch proteins revealed high homology to a class of
prokaryotic membrane transporters, namely the resistance-nodulation-division (RND) family,
implicated in the proton driven flux of hopanoids, molecules related to sterols. Whether a
similar function of Ptch is conserved also in animals is not clear, although mutations of the
critical conserved aminoacid residues potentially implicated in transport activity were shown
to disrupt Ptch signaling ability (Strutt et al., 2001; Taipale et al., 2002).

Indeed, Ptch is believed to accomplish at least two major functions in the context of HH
signaling. First, binding of HH triggers internalization of Ptch into endosomes. This event does
not seem to have any particular readout in the HH signal transduction itself; however, as also
HH is internalized, such event contributes at shaping the HH extracellular gradient within the
tissue (Torroja et al., 2004). Second, more importantly, in the absence of HH binding, Ptch is
required for maintaining the pathway repressed, by constantly inhibiting the activation of
another transmembrane protein, Smoothened (Smo). Therefore, Ptch acts as a negative
regulator of the HH pathway. Upon binding to HH, Ptch is inhibited and so the repression on
Smo is relieved. The precise molecular mechanism employed by Ptch to maintain Smo

inhibition is still matter of research and it is discussed in the next paragraph.

1.4.5.2 3 Smoothened is repressed by Patched

Both Drosophila and mammalian genomes encode for one Smo protein. This positive regulator
of the HH signaling is a seven-span transmembrane protein belonging to the Frizzled class of
GPCRs superfamily. In a classic and perhaps simplistic view, GPCRs can exist into at least two
distinct conformations, corresponding to active and inactive states. Active forms are stabilized
by binding to ligands, either proteins or small molecules, and are capable of signaling through

activation of intracellular heterotrimeric G proteins. When the ligand is a protein, GPCRs are
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equipped with large N-terminal extracellular domains required for ligand binding (Kobilka,
2007)

Also Smo can be found in at least two major conformational states: active, capable of
downstream signaling, and inactive. However, despite the presence of a large N-terminal
extracellular cysteine-rich domain (CRD), no protein ligand has ever been shown to bind and
activate Smo. Rather, Smo activation seems more likely to be regulated by small molecules,
notably sterols. This model is strongly suggested by a large panel of sterol-like natural or
synthetic agonists and antagonists capable of modulating Smo by binding the CRD or the
integral heptahelical transmembrane domain®. More importantly, some endogenous sterols,
namely oxysterols, were shown to stimulate SHH pathway activation at the level of Smo by
binding to the CRD domain (Byrne et al., 2016; Cooper et al., 2003; Corcoran and Scott, 2006;
Dwyer et al., 2007; Huang et al., 2018b). In addition, very recent findings based on the
characterization of Smo crystal structure when stabilized into a bona fide, fully active
conformation, demonstrated that an uncharacterized sterol molecule lays in a hydrophobic
pocket within the heptahelical transmembrane domain (Deshpande et al., 2019). In conclusion,
it is nowadays clear that Smo contains at least two binding sites for sterols or sterol-derivatives:
the CRD and the transmembrane domain. However, how and whether these binding events
allosterically collaborate or independently influence the stabilization of Smo into its active form
remains unclear.

Importantly, the discovery that Smo activity is modulated by sterols provides an interesting
mechanistic link with its Ptch-mediated inhibition (Taipale et al., 2002). According to this
model, Ptch would actually function as a sterol transporter, perhaps able to catalyze the "flip"
of these molecules from one leaflet to the other of the plasma membrane. By doing that, Ptch
would modify the availability of membrane sterols for Smo binding and activation, eventually
maintaining Smo into an inactive state. Binding of HH to Ptch, would block this activity, thus
enabling sterols to redistribute in the membrane leaflets and activate Smo.

Importantly, the activation of Smo determines a conformational switch at the level of its C-
terminal cytoplasmic tail, which becomes heavily phosphorylated (Zhao et al., 2007). Several
protein kinases are responsible for these phosphorylations, including GPCR kinase 2 (Gprk2),
CKla and PKA, the latter only in Drosophila (Chen et al., 2010, 2011; Jia et al., 2004).

¢ Examples of antagonists, hence molecules inhibiting Smo activation in the presence of HH, are cyclopamine,
SANT1, LY2940680 and the previously cited Vismodegib (GDC-0449). Agonists instead activate Smo in
absence of HH and include SAG and purmorphamine (Chen et al., 2002a, 2002b; Frank-Kamenetsky et al.,
2002; Robarge et al., 2009).
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However, while Gprk2 activity is indispensable for pathway activation, whether this role is
carried out only through Smo phosphorylation is not clear (Zhao et al., 2016).

Once fully activated, Smo becomes capable of downstream signaling to Gli transcription
factors, leading to their activation. Importantly, this activity is performed at the level of the

primary cilium where active Smo accumulates, as it will be discussed later.

1.4.5.2.4 The Gli transcription factors

Vertebrates possess three transcriptional mediators of the HH signaling, namely Glil, Gli2 and
Gli3, all homologous to Drosophila’s Cubitus interruptus (Ci) protein. They all belong to the
Gli-Kruppel transcription factor family, and they are characterized by a common DNA-binding
domain localizing at the center of the protein, composed by five tandem zinc finger motifs
(Kinzler et al., 1988; Niewiadomski et al., 2019) (Figure XVI). The DNA-binding domain of
Gli factors recognizes a nonameric consensus sequence, 5' GACCACCCA 3’ localizing in the
proximity of target genes (Kinzler and Vogelstein, 1990). Structurally, all Gli factors contain a
C-terminal transactivation domain, which mediates the transcriptional activation of target genes
via recruitment of cofactors required for transcription initiation. In addition, Gli2 and Gli3, but
not Glil, also possess a N-terminal repressor domain (Niewiadomski et al., 2019). Therefore,
Gli2 and Gli3 can function both as transcriptional activator or repressor of target genes, while

Glil acts only as an activator (McCleary-Wheeler, 2014).
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Figure XVI. Relevant domains and sites in mouse Gli2 and Gli3 proteins. Inspired by Kong and colleagues (2019).
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In the case of Gli2 and Gli3, whether one or the other activity is favored is determined by the
level of activation of the HH signaling. Indeed, the general output of the HH signaling consists
in regulating of the balance between the activator and repressor functions of Gli. In general, the
more the HH pathway is active, the more this balance is pushed toward the activator function
of Gli. How is this regulation achieved?

In order to behave as transcriptional repressor, Gli2 and Gli3 must undergo a partial proteolytic
cleavage mediated by the ubiquitin-proteasome system. This partial degradation removes the
C-terminal activation domain, leaving the DNA binding and the N-terminal repressor domains
intact. The so generated truncated Gli2 and Gli3 (hereafter named Gli®, for Repressor, in
contrast to Glif" for Full Length, non-processed forms) are thus only able to repress gene
expression (Niewiadomski et al., 2019) (Figure XVI). This processing normally occurs when
HH is not present, thus when Ptch exerts its inhibition on Smo.

In this "pathway OFF" condition, Gli'* are initially phosphorylated by PKA, which primes
these proteins for subsequent phosphorylations catalyzed by GSK-3f and CKI. These
phosphorylations concern a cluster of aminoacids localizing in a region, called processing
determinant domain (PDD), situated centrally in the proteins (Niewiadomski et al., 2019)
(Figure XVI). Phosphorylation of the PDD, creates a docking site for a F-box protein called -
Transducin repeats-containing protein (B-TrCP), which is part of a SCF E3-ubiquitin ligase
complex (Jia et al., 2005). This interaction causes poly-ubiquitination of Gli'"" and consequent
proteasomal targeting to generate the repressor forms.

Importantly, the processing of Gli3™ to Gli3R is typically much favored compared to Gli2'",
which conversely is mainly fully degraded (Bhatia et al., 2006; Pan et al., 2006; Wang et al.,
2000). Hence, Gli3 is considered the main mediator of Gli global repressor functions, while
Gli2 the major transcriptional activator.

Importantly, the production of Gli® is repressed when the pathway is activated by binding of
HH to Ptch. The consequent activation of Smo triggers a still unclear mechanism culminating
with Gli" escaping from the phosphorylations on their PDDs and thereby from the partial
degradation. Importantly, not only the active HH signaling blocks Gli® generation, but also it
is believed to decorate Glif" with some PTMs, that potentiate their activity as transcriptional
activators (indicated as Gli%, for Activator). The nature of this activatory PTMs is still
controversial, but some suggested that a series of phosphorylations occurring in the N-terminal

region of Gli2 and Gli3 may be good candidates (Humke et al., 2010; Niewiadomski et al.,
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2014) (Figure XVI). Once activated, Gli* enters the nucleus to promote transcription of target

genes, including Glil which amplifies the HH response.

1.4.5.3 Mechanisms of vertebrate HH signaling through the primary cilium
Whereas the HH signaling in Drosophila is relayed between the plasma membrane and the
cytoplasm where it depends on an intact microtubule network, in vertebrates, large part of the

signaling cascade requires the primary cilium (Figure XVII).

1.4.5.3.1 HH pathway OFF

In the absence of HH ligands, Ptch localizes in the proximal part of the ciliary membrane, in
virtue of a ciliary localization signal (CLS) in its C-terminal cytoplasmic tail (Kim et al., 2015a).
Conversely, Smo is mainly observed in intracellular vesicles and it is kept in its inactive state
by the activity of Ptch in the cilium (Kim et al., 2015a). As described above, it is believed that
Ptch regulates the behavior of Smo by mediating fluxes of regulatory sterols, hence modifying
their availability and preventing Smo to be activated.

Locked in its inactive conformation, Smo is known to transit dynamically in and out the ciliary
shaft, in a process that requires the ciliary IFT (Keady et al., 2012; Kim et al., 2009). However,
the significance of this continuous trafficking remains unclear. Also in the case of Smo, a CLS
localizes in its C-terminal tail and mediates its import in the cilium (Kim et al., 2015a).
Simultaneously, Gli2f" and Gli3f" are synthetized in the cytoplasm. Here, another key HH
pathway component, namely SuFu, restrains them in the cytoplasm, by binding and
sequestering them into complexes containing the kinesin Kif7 (Huang et al., 2018a). This
regulation is supposed to prevent Gli2'" and Gli3'", which may possess basal activator
functions, to activate HH target genes in the absence of HH (Huang et al., 2018a; Humke et al.,
2010). In the cytoplasm, Gli2f and Gli3fL seem to utilize the microtuble network to reach the
ciliary base, and subsequently enter in the ciliary compartment (Kim et al., 2009). Here, they
dynamically transit through its shaft, in a route that once again is dependent on IFT (Kim et al.,
2009; Wen et al., 2010).

The movement of Gli2™ and Gli3™ in the cilium is required for their conversion into repressor
forms, which importantly makes the cilium essential also for HH pathway repression (Humke
etal., 2010; Liu et al., 2005; Wen et al., 2010). At the exit of primary cilium, Gli2'" and Gli3'"
are phosphorylated by PKA, CKI and GSK-3f which localize at the base of the primary cilium.
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Figure XVII. HH signaling in vertebrates. (Upper drawing) In the absence of HH, the pathway is kept in a repressed state
(OFF). Ptchl localizes in the initial segment of the ciliary membrane and it represses Smo, which is mainly maintained into
endosomes, although it also transits through the cilium. (legend continued on next page)

93




(legend continued from previous page) The full-length form of Gli2 and Gli3 (Gli'") dynamically move along the ciliary axoneme
in combination with SuFu and Kif7. Glif" are targeted to degradation by Spop, but this interaction is reduced by SuFu. At the
ciliary base, multiple phosphorylations operated by PKA, GSK-3p and CKI target Gli* to polyubiquitination by B-TrCP and
consequent partial degradation in the proteasome. High PKA activity is maintained by the orphan GPCR Gpr161 in the cilium.
The proteasomal-processed GliR is a truncated form of Gli which works as a transcriptional repressor. Once in the nucleus, GliR
keeps HH target genes repressed.

(Lower drawing) In the presence of HH, Ptchl is inhibited and internalized in the cell. The repression on Smo is thus relieved,
and it becomes fully activated by Gprk2 phosphorylations. Active Smo accumulates in the cilium, induces Gprl61l
internalization, and leads to accumulation of Gli""-SuFu-Kif7 complex at the ciliary tip. Here Gli'" is converted to a potent
transcriptionl activator, Gli*, which exits the cilium bypassing the proteolytic cleavage and enters in the nucleus where it
activates the transcription of target genes. Gli# levels are controlled by Spop.

Importantly, the generation of Gli2® and especially Gli3® is promoted by the association of
SuFu to the full-length forms. SuFu binding to Gli** indeed protects them from degradation,
thus providing the initial substrate for Gli® production and, additionally, may also help the
recruitment of GSK-3 (Humke et al., 2010; Infante et al., 2018; Kise et al., 2009; Wang et al.,
2010). Simultaneously, interaction with SuFu also restricts Gli'" conversion to Gli* (Humke et
al., 2010). Hence, SuFu acts at multiple levels to overall restrain HH pathway activation. Once
proteolytically processed, Gli2® and the more abundant Gli3® enter in the nucleus to repress
HH target genes transcription.

Finally, similarly to Ptch, the orphan G-protein coupled receptor 161 (Gprl61) was recently
shown to localize in the ciliary membrane in the absence of HH and to work as a potent HH
signaling repressor. Ciliary Gprl61 activates activatory a-subunits of trimeric G-proteins to
downstream stimulate ciliary adenylate cyclases to synthetize cAMP. By maintaining elevated
the cAMP concentration within the ciliary compartment, Gprl61 is supposed to indirectly
sustain PKA activation, which in turn promotes Gli2® and Gli3® production (Mukhopadhyay et
al., 2013).

1.4.5.3.2 HH pathway ON

At the surface of HH responsive cells, Ptch is not the sole protein bound by HH. Besides
proteoglycans that were already discussed in paragraph 1.2.3.4.3, a series of co-receptors,
namely Growth arrest specificl (Gasl), Cell adhesion molecule-related/down-regulated by
oncogenes (Cdo) and Brother of Cdo (Boc), facilitate the interaction between HH and Ptch.
Conversely, the membrane protein Hedgehog-interacting protein 1 (Hhip1) has high affinity for
HH, thereby it dampens signaling activation by reducing HH availability for Ptch.
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Upon HH binding, Ptch is inhibited and exits the primary cilium, relieving its repression on
Smo, that can now be activated. The ciliary exit of Ptch, seems however dispensable for Smo
activation, whereas it is the HH binding the real triggering event (Kim et al., 2015a).
Activated Smo is subjected to phosphorylations on its C-terminal tail by CKI and Grk2 which
promote its binding to B-arrestin and the anterograde IFT motor subunit Kif3a (Kovacs et al.,
2008). Such process leads to entry and accumulation of active Smo in the ciliary membrane,
where it forms a complex with the transmembrane proteins Eve and Evc2, whose mutations are
linked to the Ellis van Creveld syndrome, a ciliopathy. Evc and Evc2, coupled to Smo were
shown to mediate at least part of its downstream effects on Gli (Caparrés-Martin et al., 2013;
Yang et al., 2012).

Another event simultaneously triggered by HH, is the ciliary exit of Gprl61, which causes
consequent reduction of PKA activity at the ciliary base. Such process seems to be induced by
Smo activation and ciliary accumulation, but the precise mechanism remains obscure
(Mukhopadhyay et al., 2013; Pal et al., 2016). In addition, it has been proposed that active Smo
itself could act like a canonical GPCR and relay through an inhibitory trimeric G-protein a-
subunit to block adenylate cyclases-mediated cAMP production. Also this route is believed to
eventually reduce ciliary PKA activity (Mukhopadhyay and Rohatgi, 2014; Ogden et al., 2008).
Therefore, one first major output of the HH signaling is the reduction of ciliary PKA activity.
Importantly, activated Smo in the cilium downstream leads to accumulation of Gli2™* and
Gli3'" in complex with SuFu and Kif7 at the tip of the cilium, a process that requires Kif7 and
the IFT (Endoh-Yamagami et al., 2009; Humke et al., 2010; Kim et al., 2009; Liem et al., 2009;
Tukachinsky et al., 2010). Such event is key for Gli activation. At the ciliary tip, indeed the
Glif'-SuFu interaction is broken, and Gli*" are converted to Gli*. Without SuFu, Gli* bypasses
the phosphorylations induced by the almost inactive PKA, thereby escaping from the partial
proteasomal degradation (Humke et al., 2010; Tukachinsky et al., 2010). Still today, the precise
order of the events and the mechanism underlying the Smo-Gli* relay is poorly known.
Nevertheless, the reduction of ciliary PKA activity and other findings like a Smo-Kif7

interaction or a proposed role for Evc2 in regulating the dissociation of Gli3*-

-SuFu complex,
have begun to illuminate this process (Caparrdés-Martin et al., 2013; Endoh-Yamagami et al.,
2009; Yang et al., 2012).

The so generated Gli*, translocate in the nucleus where especially Gli2* activates the
transcription of HH target genes. Among these genes, that vary depending on the cell type,

some have key feedback regulatory effects on the pathway. As already mentioned, Glil is
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among the HH targets and by working as an activator it is believed to amplify the Gli2*-
dependent response. Additionally, transcripts encoding for negative regulators as Ptchl, Ptch2
and Hhip are also produced, aimed at restricting any possible excessive activation of the
pathway.

Interestingly, Gli* displays markedly shorter half-life compared to Gli*". Gli turnover is mainly
regulated by the E3 ubiquitin ligases Speckle-type POZ protein (Spop) and Itch, which by
adding polyubiquitin chains target Gli"Y/Gli* to complete proteasomal degradation (Di
Marcotullio et al., 2006b; Wang et al., 2010). The higher turnover of Gli* than Gli*t, may be
just a consequence of detachment from SuFu (Humke et al., 2010; Wang et al., 2010).
Therefore, Spop- and Itch-mediated rapid degradation of Gli* may reflect a mechanism that

prevents prolonged activation of the pathway, once the HH stimulus has extinguished.

1.4.5.4 Roles of primary cilia in normal GNs development

As extensively reviewed above, SHH released from Purkinje cells drives the post-natal
proliferation of GNPs in the EGL. Being capable of responding to SHH, it is not surprising that
GNPs’ surface is decorated by a primary cilium (Chizhikov et al., 2007; Del Cerro and Snider,
1972; Spassky et al., 2008). Perhaps, more unexpected is the observation that primary cilia
become shorter or are completely reabsorbed upon differentiation of GNPs (Di Pietro et al.,
2017). This fact will be deeply tested and discussed in the Results session of this Thesis.
Several studies showed that impairment of ciliogenesis in the cerebellum, via conditional KO
(cKO) of essential IFT-B genes as Ift88 or Kif3a, strongly dampened the post-natal expansion
of GNPs, leaving however unaltered their ability to migrate and differentiate (Chizhikov et al.,
2007; Spassky et al., 2008). This reduced GNPs proliferation was linked to inability to
transduce the mitogenic SHH signal for multiple reasons. First, GNPs in the post-natal
cerebellum of /188 or Kif3a cKO mice show markedly reduced expression of SHH-targets, as
Glil and Ccndl (Chizhikov et al., 2007; Spassky et al., 2008). Second, Kif3a-depleted GNPs
fail at proliferating in vitro, when recombinant SHH is exogenously provided (Spassky et al.,
2008). Third, although primary cilia are already detected in GNPs at E15.5, ablation of primary
cilia at this stage does not affect their growth (Shimada et al., 2018; Spassky et al., 2008). The
first signs of reduced proliferation are observed in EGL-located GNPs by E18.5, which is the
exact time at which GNPs initiate to substantially respond to SHH.

Nevertheless, although dispensable for GNPs development prior to E18.5, primary cilia in
embryonic GNPs are required for mediating the basal suppression of SHH operated by Gprl61
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(Shimada et al., 2018). Indeed, while Gpri61 deletion in early GNPs causes premature, ligand-
independent activation of SHH signaling, these effects are abolished when ciliogenesis is

impaired by /ft88 KO (Shimada et al., 2018).

1.4.5.5 Roles of primary cilia in SHH-MB tumorigenesis

Primary cilia are required for mediating numerous signaling pathways, many of which may
display oncogenic activity when hyperactivated or repressed. In addition, the presence of a
primary cilium is tightly linked with cell cycle progression which is typically dysregulated in
cancer cells. Hence, it is not surprising that primary cilia functions may impact tumorigenesis.
Many studies have so far shown that primary cilia are typically less numerous or even
completely lost in various cancers, when compared to the respective tissues-of-origin. This is
the case of breast, pancreatic, ovarian, skin, kidney and cartilage cancers, where the reduced
ciliogenesis is normally associated to deregulated activity of signaling pathways underlying
their pathology (Liu et al., 2018). Importantly, downregulation of ciliogenesis seems an active
oncogenic event in some tumors. For example, ovarian cancer cells might inhibit cilia formation
by maintaining high level of Aurka, which as described above, promotes ciliary axoneme
destabilization (Egeberg et al., 2012). Also, in melanoma, the high expression of EZH2, a
Polycomb Repressive Complex 2 (PRC2) subunit, suppresses the activation of pro-ciliogenesis
genes in cells, hence blocking formation of primary cilia (Zingg et al., 2018).

Conversely, in other tumors the competence to assemble primary cilia is an essential
requirement, as signaling pathways driving proliferation, survival or resistance to therapy, may
completely rely on intact primary cilia (Hoang-Minh et al., 2016; Jenks et al., 2018; Li et al.,
2016; Wong et al., 2009).

The SHH signaling is found aberrantly activated in a number of cancers. As described its
dependency on primary cilia has a dual nature, being the primary cilium mediating both the
repression and the activation of the pathway. Therefore, the presence or absence of primary
cilia in SHH-activated tumors, appear to depend on which of the two activities is majorly
executed by the cilium in the specific tumor context (Liu et al., 2018).

In the case of SHH-MB, the requirement of primary cilia for tumorigenesis has been first
explored by Han and colleagues (2009) by using opportune SHH-MB mouse models. In their
work they showed that driving the expression of SmoM?2 (the constitutively active form of Smo)
in the mouse developing cerebellum causes formation of SHH-MB, which could be efficiently

prevented by removal of primary cilia via Kif3a of Ift88 cKO. This result seems in accordance
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with the requirement of integral ciliary structures to allow wild type Smo or SmoM2 to
accumulate within for downstream signaling to Gli. However, unexpectedly, the transgenic
expression of an activated form of Gli2 lacking the repressor domain, was not sufficient per se
to drive SHH-MB formation, unless primary cilia were ablated from the same cells. Although
seemingly paradoxical, this result was explained by hypothesizing that primary cilia would
counteract the constitutively active Gli2 through sustained production of Gli3®. Thus, loss of
primary cilia would block Gli3 processing to Gli3®, consequently unleashing Gli2 to drive
tumor formation. These observations and others indicate that primary cilia can strikingly
promote or suppress SHH-driven tumorigenesis, apparently depending on the nature of the
driving mutation. According to the actual model, primary cilia would be indispensable for SHH-
MB formations if the driving event occurs upstream the cilium, like Ptchl loss-of-function or
Smo gain of function (Barakat et al., 2013; Bay et al., 2018; Han et al., 2009). Conversely, if
the driving event affects a downstream component, as G/i2, then primary cilia would restrict
tumorigenesis, by mediating their repressive functions on the pathway (Han et al., 2009).
Whether this paradigm, extrapolated from genetic mouse models studies, is also true in human
SHH-MB is not clear. Currently, it is only known that primary cilia are detected on human
samples of SHH-MB and also in WNT-MB, highlighting the likely requirement of this
organelle also for oncogenic WNT signaling (Han et al., 2009).
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.5 Centriolar Satellites

Pioneer electron microscopy studies in the '60s were beneficial for getting insights into the
ultrastructure of the centrosome. It was thanks to these works that mysterious electrondense
bodies with a 70-100nm diameter were observed around the pericentrosomal matrix (Bernhard
and de Harven, 1960). These granular structures were called centriolar satellites (CS) and for
long time remained poorly studied. It was only in the '90s, after the identification of their major
component, Pericentriolar material 1 (Pcml), that CS began to be properly characterized.
Nowadays CS are defined as large, non-membranous multiprotein complexes, that tethered to
the microtuble network orbit around the centrosome of vertebrate cells. Although many
information about their structure, regulation, dynamics and functions are still missing, CS are
known essential contributors and regulators of a number of centrosome activities, ranging from

the most classic MTOC functions, to duplication, stability and also ciliogenesis.

1.5.1 COMPOSITION OF CENTRIOLAR SATELLITES

1.5.1.1 Pericentriolar material 1 is the major component of CS

Initially identified through a screening of a cDNA expression library with a centrosome-reactive
antiserum, Pcml is by far considered the principal component of CS (Balczon et al., 1994).
Sequence analysis of this 230kDa protein, revealed the presence of numerous internal coiled-
coil domains which were later shown to be required for Pcml self-oligomerization and
interaction with other CS proteins (Balczon et al., 1994; Kubo and Tsukita, 2003; Lopes et al.,
2011; Tollenaere et al., 2015). Importantly, genetic depletion of Pcml from cells leads to
massive disaggregation of CS, which is accompanied by disappearance or dispersion in the
cytoplasm of the other CS proteins (Dammermann and Merdes, 2002).

Altogether these findings led to the accepted notion that Pcm1 works as a scaffold protein, that
by self-oligomerizing generates a large platform on which all the other CS components can
assemble (Kubo et al., 1999). As a corollary, the nowadays criteria used to assess whether or
not a new protein is part of CS are (i) its interaction with Pcm1 and (i) its cytoplasmic dispersal

upon Pcml loss.
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Interestingly, while most of CS proteins also localize in other cellular compartments, as the
centrosome or the primary cilium, Pcm1 is exceptionally only observed on CS (Tollenaere et
al., 2015). This fact can be exploited in immunofluorescence studies, where Pcml1 is indeed

typically used as a bona fide marker for identifying CS structures (Figure XVIII).

1.5.1.2 CS are mainly composed by centrosomal proteins

The identification of Pcm1 as a reliable component of CS, paved the way for the discovery of
the other constituents. Thanks to recent large-scale mass spectrometry-based approaches,
nowadays hundreds of proteins are known to stably or transiently localize to CS (Conkar et al.,
2017; Gheiratmand et al., 2019; Gupta et al., 2015; Quarantotti et al., 2019).

As anticipated, it was striking to realize that virtually all these proteins (with the important
exception of Pcml) did not exclusively localize to CS. Indeed, many CS proteins are also
observed at the centrosome, where they are part of various centriolar structures (e.g. Ninein and
Odf2 in the subdistal appendages; Talpid3, Cep290, Cep72, Cep131, Orofaciodigital Syndrome

1 (Ofdl) at the distal end of the mother centriole), or of the pericentriolar matrix (e.g.

Pericentrin).
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Figure XVIII. Centriolar satellites. Centriolar satellites (CS) are large multiprotein assemblies which orbit around the
centrosome tethered to the microtuble network by the dynein-dynactin complex. The immunofluorescence picture on the top-
left illustrates how these tiny structures appear in cells when immunostained with anti-Pcm1 (their major component) antibodies
(red). The centrosome is marked in greed with y-Tubulin (y-Tub) and the cell nucleus in blue with a DAPI staining. The image
on the top-right is a schematic magnification of a CS with some of the major components represented. Note that Pcm1 can
oligomerize generating a platform for assembling the whole complex.
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In addition, in ciliated cells, some CS components are also observed along the ciliary shaft (e.g.
BBS4) or at the level of the ciliary transition zone (e.g. Cep290, Cepl131, Talpid3).

Therefore, the current consensus envisions CS as large agglomerates of centrosomal and ciliary
proteins crowding around the centrosome itself (Figure XVIII). This led to the hypothesis,
nowadays supported by a large pieces of evidence, that CS may work as shuttles involved in
trafficking of centrosomal and ciliary proteins to their final localizations, that is indeed the
centrosome-cilium compartment. By remaining in close proximity to the centrosome, but not
in direct physical contact with it, CS can either facilitate or prevent specific components to join
the various centrosomal or ciliary structures. In other words, they may work as temporary
storage of centrosomal-ciliary proteins, capable of delivering or sequestering such proteins
depending on the actual circumstances. Through this way, CS may finely tune the proteostasis
of the centrosome-cilium compartment, representing a fast and efficient mean to modify its
characteristics and behavior in response to various intracellular or extracellular cues (e.g. cell

cycle progression, different types of stress, etc.).

1.5.2 CENTRIOLAR SATELLITES INTEGRITY AND LOCALIZATION

In both ciliated and non-ciliated cells, CS crowd around the centrosome. When immunostained
for Pcm1, they appear as a characteristic granular cloud of puncta, whose density peaks in
proximity to the centrosome and reduces while distancing to it (Figure XVIII). Sometimes
some cell types also show sparse Pcm1-immunoreactive granules in the cytoplasm far from the
centrosome. However, they account for a minority of Pcml-immunofluorescent signals and
probably represent assembling, immature CS.

A plethora of genetic, microscopy and functional studies indicated that this typical distribution
pattern of CS is critically maintained by several mechanisms, that when disrupted result into a
panel of effects ranging from CS disappearance, dispersal or accumulation around the
centrosome (Hori and Toda, 2017).

Besides Pcml, today more than 200 proteins have been implicated in CS integrity and
pericentrosomal distribution, and their discovery has been accelerated by large scale

microscopy screenings (Gupta et al., 2015). Nevertheless, only for few of these proteins, it is
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known at which step of assembly, maintenance or transport of CS they are required for

maintaining proper CS integrity and localization.

1.5.2.1 The trafficking of CS depends on microtubles

The characteristic pericentrosomal localization of CS is granted by their binding to the
microtubule network (Figure XVIII). Indeed, disruption of the interphase microtubules results
in CS scattering in the cytoplasm. In addition, live imaging tracking of CS (marked with GFP-
tagged Pcm1) dynamics in cells demonstrated that CS move preferentially along the minus-end
of the microtubules, hence explaining their pericentrosomal localization (Kubo et al., 1999).
Such directed movement along microtubules is powered by cytoplasmic dyneins 1, and indeed
impairment of dynein functions phenocopies the effects of microtubules disruption on CS
(Dammermann and Merdes, 2002; Kim et al., 2004). Cytoplasmic dyneins 1 mediate cargoes
transport via dynactin, an essential cofactor complex. In particular, the dynactin subunit
p1509"dinteracts with two CS components, namely Partitioning defective 6 homolog o. (Par6a)
and BBS4, the BBsome subunit. Such interaction is supposed to mediate the anchoring of CS
to the dynein-dynactin complex (Kim et al., 2004; Kodani et al., 2010) (Figure XVIII).
However more mechanistic details about the regulation of CS trafficking are missing. For
instance, it is not clear if CS are also transported toward the plus-end of microtubules, as no
interaction with kinesins has ever been reported. Probably, once reached the microtubule minus-
end, CS detach from the dynein-dynactin complex and move away from the centrosome by
simple diffusion before being reloaded on microtubules via a new dynein-dynactin interaction

event. In conclusion, CS transport remains rather enigmatic.

1.5.2.2 CS integrity and localization depends on many integral components

Not only Pcm1 is required for the proper assembly of CS, but also other CS components share
similar properties. For instance, knockdown of BBS4 disrupts CS organization, perhaps
because of loss of anchorage to microtubles through the dynein-dynactin complex (Chamling
et al., 2014; Kim et al., 2004; Lopes et al., 2011).

Another example, although much less characterized, is represented by Cep290. Unlike BBS4,
Cep290 silencing causes aberrant aggregation of CS around the centrosome (Kim et al., 2008;
Stowe et al., 2012). As in previous reports Cep290 was shown bind microtubles motors (both

dyneins and kinesins), this phenotype was attributed to an excessive CS transport toward the
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minus-end of microtubles, which eventually caused an impaired spatial turnover of CS at the
pericentrosomal region (Kim et al., 2008; Stowe et al., 2012).

Interestingly, in other cases the mechanistic explanation could be much easier and more
straightforward. Mapping of the domains required for reciprocal CS protein-protein
interactions, revealed that these proteins are extremely entangled together when loaded on CS
(Wang et al., 2016). As consequence, many CS proteins are mutually required for their
respective CS localization, as it is the case for Pcm1, Cep290, BBS4, Cep72, Cep131, SSX2IP
and many others (Klinger et al., 2014; Lopes et al., 2011; Stowe et al., 2012). That suggests that
even lack of one single key CS component may simply impair the correct recruitment of a large
number of other proteins, hence physically impairing the assembly of these structures.
However, sometimes the requirement of certain CS components for proper CS assembly seems
to be controversial, as opposite results were obtained by different groups. This fact may reflect
artifacts due to the different experimental approaches utilized. Alternatively, different cell
types, under different conditions may change the composition of their CS, hence making
specific proteins dispensable, or vice-versa indispensable for CS integrity depending on the
situation. By using ultra-resolution microscopy, it was indeed recently discovered that pools of
CS with different composition can intriguingly co-exist also within the same cell (Gheiratmand

etal., 2019).

1.5.2.3 Post-translational modifications contribute at shaping CS

Not only the physical presence of proteins is required for maintaining CS integrity. Indeed,
emerging pieces of evidence indicate that composition, structure and also functions of CS can
be controlled by PTMs on their subunits.

Among the most common PTMs, there are phosphorylations. It was shown that Polo-like kinase
4 (Plk4), a central regulator of centrosome duplication, is also critical for maintaining the
stability of CS, by phosphorylating Pcm1 and Cepl31, on serine 372 and 78 respectively.
Indeed, loss of Plk4 functions or abrogation of such phosphorylations on Pcm1 and Cepl31
leads to CS scattering in the cytoplasm (Denu et al., 2019; Hori et al., 2016).

Other phosphorylations on Pcm1 are required for generating binding sites for other CS proteins.
In paragraph 1.4.4.2, the role of Plk1 in ciliary disassembly was described. During this process,
Plk1 must localize at the centrosome before mitotic entry and such event is achieved via CS
recruitment. In particular, the threonine-703 of (human) PCM1 is phosphorylated by CDK1 in
late G2, creating a docking site for Plk1 (Wang et al., 2013). Hence, a single phosphorylation
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on Pcm1, which in this case is cell cycle controlled, enables the recruitment of new proteins at
the CS, contributing at modifying the functions of these complexes.

Another PTM playing a role in CS biology is ubiquitination; indeed many E3 as well as
deubiquitinating enzymes were reported to interact with CS (Cajanek et al., 2015; Quarantotti
et al., 2019; Villumsen et al., 2013; Wang et al., 2016). For instance, the E3 enzyme
Mindbomb1 (Mibl) recognizes Pcm1 and Cep131 as substrates and catalyzes both their mono-
or polyubiquitination. While the monoubiquitination seems just required to regulate the
reciprocal interaction of Pcm1 and Cepl31, the polyubiquitination targets them to proteasomal
degradation (Villumsen et al., 2013; Wang et al., 2016). Hence, Mib1 controls the composition
of CS by regulating interaction and turnover of specific subunits.

The activity of Mibl at CS is counteracted by the deubiquitinase USP9X, which by removing
the polyubiquitin chains from Pcm1 and Cep131 promotes stabilization of the two proteins (Han
et al., 2019; Li et al., 2017). Similarly, another deubiquitinase, namely Cyld, was recently
shown to antagonize Mibl, ultimately sparing Pcm1 from degradation (Douanne et al., 2019).
The net balance between ubiquitination and deubiquitination of target proteins, dictates their

fate in CS, hence regulating CS composition and functions.

1.5.2.4 Cell cycle dependent regulation of CS localization and integrity

CS normally cluster around the centrosome under physiological conditions, but this is not
always the case in cycling cells. Indeed, since their very first descriptions, it was shown that
during mitosis CS lose their pericentrosomal localization becoming dispersed in the cytoplasm,
for then reassembling around the centrosome upon G1/GO entry (Balczon et al., 1994). The
biological reason of this behavior it is still overall unclear as this area of research has remained
poorly characterized. On the top of that, also the regulators implicated in this process are largely
unknown, even though the celerity of such phenomenon and its reversibility strongly suggest
that cell cycle-dependent PTMs might be involved. Indeed, as previously described, Pcm1 is
phosphorylated by cell cycle kinases including Plk4, CDK1, but also Plk1 (Santamaria et al.,
2011). It is thus tempting to speculate that (de)phosphorylations of specific sites on Pcm1 or
other CS components upon mitotic entry may cause temporary disassembly of these complexes.
The simple reversion of such PTMs may promote the regrouping of CS around the centrosome

at the end of mitosis.
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1.5.3 FUNCTIONS OF CENTRIOLAR SATELLITES

As described above, the great majority of CS proteins are also localizing at the centrosome or
at the primary cilium. CS indeed are believed to work like guardians of the centrosome/cilium
proteome, able to sort specific proteins to these organelles depending on the cellular status, as
the cell cycle phase, stress conditions, etc. Supporting this general view, numerous pieces of
evidence reported that disruption of CS integrity results into aberrant accumulation or depletion
of CS proteins in the centrosome or in the cilium (Chamling et al., 2014; Dammermann and
Merdes, 2002; Kim and Rhee, 2011; Stowe et al., 2012; Wang et al., 2016). On the other hand,
it is thorough to report that most of the centrosomal proteins do not require CS for proper
targeting to these organelles, but evidently they utilize different or alternative pathways (Hori
and Toda, 2017).

Given these premises, it is not surprising that many functions and activities of the

centrosome/cilium compartments are directly or indirectly controlled by CS (Figure XIX).

1.5.3.1 CS are required for numerous centrosome functions

One of the main functions of the centrosome is working as the MTOC of the cell. Early works
showed that the anchoring of microtubles to the centrosome was disrupted by Pcm1 silencing,
suggesting that some microtuble anchoring factor may require CS for their localization at the
centrosome (Dammermann and Merdes, 2002). Such factor was proposed more than ten years
later, when the CS protein SSX2IP was found to interact with the y-tubulin complexes that
nucleate microtubles from the centrosome (Hori et al., 2014). This work showed that SSX2IP
centrosomal recruitment depends on CS.

CS are also involved in centrosome duplication, as many of the factors required for this process
are transported and delivered to growing daughter centrioles. For example, Cep152 is necessary
for reliable centriole duplication as it guarantees the hierarchical recruitment of a series of
downstream proteins implicated in this process (Brown et al., 2013). To pursue these functions
Cep152 must leave the CS and localize at the duplicating centrioles. The proper delivery of
Cepl52 is controlled by Cepl31, whose absence impairs the centrosomal localization of
Cepl152 and causes defects in centrosome duplication (Kodani et al., 2015). Once correctly
docked at the centrosome, Cepl52 can downstream recruit Cep63, another centrosome
duplication factor. Before that, also Cep63 is hosted into CS and its departure is finely
controlled by two other CS proteins, namely the Coiled-Coil domain containing protein 14
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(Ccdcl4) and Moonraker, with the former promoting Cep63 retention to CS and the latter
facilitating its dissociation (Firat-Karalar et al., 2014).
Overall, CS seem to offer a dual, antagonistic regulation of centriole duplication acting on

centrosomal availability of critical duplication determinants.

1.5.3.2 CS are regulators of ciliogenesis

The first evidence linking ciliogenesis and CS came from the very early studies, when the CS
of multiciliated nasal epithelial cells were shown to partially modify their subcellular
distribution pattern upon cilia biogenesis (Kubo et al., 1999). Nowadays, thanks to genetic and

functional studies, dozens of CS proteins have been associated to ciliogenesis.

Ciliogenesis

Autophagy
pathway

Figure XIX. Mechanisms controlled by CS during ciliogenesis in normal conditions. Many proteins, including Ofd1,
Cep72, BBS4 and Cep290 are believed to shuttle between CS and the basal body (gapped arrows), where they are actively
implicated in ciliogenesis. During the formation of a cilium, centrosomal Ofd1 recruits Ift88, hence helping the establishment
of the IFT. Conversely, Ofd1 in CS is degraded via the autophagy pathway, seemingly to promote the release of BBS4 from
CS. Indeed, BBS4 interacts with Cepl131 at the CS, where Cepl131 buffers its relocalization to the centrosome. At the
centrosome, Cep72 and Cep290 collaborate for the recruitment of BBS4 which eventually assembles in the BBSome and
contributes to ciliogenesis. Moreover, both Cep290 and Talpid3 permit the recruitment of Rab8, hence participating in the
ciliary vesicles trafficking and fusion at the ciliary base, a key requirement for ciliogenesis. The E3 ligase Mib1 is sequestered
by the CS, thus centrosomal Talpid3 is spared from proteasomal degradation and can execute its ciliogenic functions. Finally,
CS recruit Plk1 in late G2 phase to promote activation of HDAC6 and consequent ciliary retraction upon mitotic entry.
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Loss-of-function mutations or genetic depletion of these proteins may only negatively impact
ciliogenesis (e.g. FOP and Cep131, the latter only in some cell types), but sometimes it could
also affect CS integrity, therefore virtually abrogating multiple CS functions (e.g. Pcml,
Cepl31, Cep290, Cep72, BBS4, Ofdl, For20, Cepl131, Talpid3, SSX2IP) (Chamling et al.,
2014; Gupta et al., 2015; Kim et al., 2008; Klinger et al., 2014; Kobayashi et al., 2014; Lee and
Stearns, 2013; Lopes et al., 2011; Sedjai et al., 2010; Stowe et al., 2012; Villumsen et al., 2013).
Strikingly, despite the high number of studies linking CS to ciliogenesis, a clear picture of the
underlying mechanisms is still overall missing, and only few CS-controlled ciliogenesis-
pathways have been characterized (Figure XIX). Nevertheless, the majority of the results
produced so far agree on one generally accepted paradigm: with only few exception (discussed
later), integral and correctly placed CS are paramount conditions for proper ciliary assembly,
maintenance and also disassembly. Loss of CS organization typically results into disrupted
ciliogenesis (Tollenaere et al., 2015).

The first CS-controlled pathway for ciliogenesis described consists in the assembly and
trafficking control of the BBSome at the base of the cilium. As described before, the BBSome
is required for proper ciliary IFT and CMPs transport. In addition, by recruiting Rabin8, it
orchestrates the activity of Rab8, which regulates vesicular trafficking (Nachury et al., 2007).
The assembly of the BBS proteins into the BBSome occurs at the base of the cilium and it is
highly hierarchically regulated, with BBS4 being the last protein to be added to the complex
(Zhang et al., 2012a). Importantly, BBS4 stably localizes to CS, where it is sequestered
primarily by the interaction with Cep131 (Chamling et al., 2014; Kim et al., 2004; Lopes et al.,
2011; Nachury et al., 2007). Indeed, loss of Cepl131 causes aberrant ciliary accumulation of
BBS4 as well as the other BBSome components, leading to ciliogenesis defects (Chamling et
al., 2014). Therefore, CS may control ciliogenesis by finely tuning the rate of BBSome
formation through the controlled release of BBS4 (Chamling et al., 2014; Nachury et al., 2007)
(Figure XIX).

Tightly intermingled with this pathway are also the CS proteins Cep290, Cep72, Talpid3 and
Ofd1. All these proteins also localize at the distal tip of the mother centriole, where they are
involved in the proper recruitment of BBS4 (Cep290 and Cep72), Rab8 (Cep290 and Talpid3),
and the IFT-B protein Ift88 (Ofdl) (Ferrante et al., 2006; Kim et al., 2008; Kobayashi et al.,
2014; Singla et al., 2010; Spektor et al., 2007; Stowe et al., 2012) (Figure XIX). Therefore, by

balancing the localization of all these proteins at the centrosome, CS seem to regulate the overall
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activity of the BBSome-Rabin8-Rab8 module and the assembly of IFT, both of which are
crucial for cilia biogenesis and functions.

It remains however unclear which events regulate the CS-centrosome shuttling of all these
proteins, although some mechanisms have emerged.

For instance, Talpid3 abundance at the centrosome is controlled by CS through sequestration
of its E3 enzyme, namely Mibl. Indeed, experimental disruption of CS after Pecm1 knockdown,
causes relocalization of Mibl at the centrosome where it leads to polyubiquitination and
degradation of Talpid3, thereby blocking ciliogenesis (Wang et al., 2016) (Figure XIX).

In addition, the CS pool of Ofd1 seems required for impairing BBS4 trafficking from CS to the
basal body. However, upon onset of ciliogenesis, Ofdl on CS is degraded via the autophagy
pathway, hence freeing BBS4 to leave these organelles and relocalize to the basal body (Tang
et al., 2013) (Figure XIX). Therefore, considering also what stated above, it is interesting to
note that Ofdl seems to exert dual and opposite roles on ciliogenesis depending on its
localization: while the CS pool of Ofdl inhibits ciliogenesis by restraining BBS4 trafficking,
the centrosomal pool promotes ciliogenesis by recruiting Ift88.

Although integral and properly localized CS are considered essential prerequisite for
ciliogenesis, exceptions have been observed. Villumsen and collaborators (2013) found that
various types of stresses applied to cell lines, including UV radiations, genotoxic agents or heat
shocks can induce ciliogenesis (and cell cycle exit) by causing an extraordinary remodeling of
CS. Such remodeling consists in a fast displacement of Pcm1, Cep290 and Cep131 from the CS
upon stress application. Interestingly, the authors reported that CS structures were not
completely abrogated, as the pericentrosomal localization of other proteins, as Ofd1, was not
affected by this complex reorganization. Nevertheless, the growth of a primary cilium after
Pcml, Cep290 and Cepl31 dispersal seem in sharp contrast with the notion that genetic
depletion the same proteins negatively impacts ciliogenesis also in the same cell lines used by
Villumsen and colleagues. However, there could be an explanation to this apparent paradox.
While abrupt depletion of proteins simulates a pathological condition in cells, application of
stresses may be more physiologically tolerated, thanks to dedicated cellular programs that once
activated enable cells to cope with environmental challenges. Therefore, under certain stress
conditions, the activation of such programs may make cells exceptionally capable of
undergoing ciliogenesis independently of the presence of integral CS around the centrosome.
Interestingly, Villumsen and colleagues identified such program in the stress-induced activation

of the p38 MAPK and in the inhibition of Mib1 activity at the CS.
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As a concluding remark, CS are not only required for primary cilia formation, but also for ciliary
disassembly. This is well exemplified by the recruitment of Plk1 by Pcml1 in order to activate
HDACS6 and initiate the ciliary axoneme depolymerization (paragraph I.4.4.2 and Figure XIX).
Therefore, CS are nowadays considered essential global regulators of ciliogenesis, taking part
to events necessary for the very beginning of ciliary assembly, ciliary maintenance and also

disassembly.
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5 AtohT

Atohl, also known as HATH1 in human or Mathl in mouse, is the homolog of the Drosophila
proneural gene Atonal (Akazawa et al., 1995). Atohl gene localizes in chromosome 4 in humans
and chromosome 6 in mice and it is composed by a single exon encoding for a 37 kDa protein
belonging to the family of class Il bBHLH transcription factors.

This last introductive chapter is dedicated to Atohl. First, the general functions of proneural
bHLH transcription factors in the developing nervous system will be briefly reported. Next, the
expression regulation and the functions of Atohl in GNs and SHH-MB, but also in other cell

types, will be described.

1.6.1 ROLES OF BHLH TRANSCRIPTION FACTORS IN NEUROGENESIS

In order to generate the proper number and the large variety of neural and glial cells of the adult
nervous system, the massive proliferation of neural progenitor cells (NPCs) must be followed
by differentiation to the appropriate neuron or glia subtype. In the case of NPCs differentiating
to neurons, such process is named neurogenesis and it includes both the acquisition of general
neuronal characteristics as well as the specification of a precise neuronal subtype identity
(Imayoshi and Kageyama, 2014). Interestingly, both these activities are carried out by a
relatively small class of "proneural" transcription factors, all evolutionary related to the
Drosophila's Achaete-Scute, Atonal, and dTap/Neurogenin families (Baker and Brown, 2018).
In particular, while all proneural factors are able to confer pan-neuronal features to NPCs, the
expression of one member or another is instrumental for specifying a particular subtype identity,
as the neurotransmitter phenotype (glutamatergic or GABAergic) (Bertrand et al., 2002;
Imayoshi and Kageyama, 2014). For instance, in the developing vertebrate telencephalon,
Neurogenin-1 and Neurogenin-2 (Neurogl and Neurog?2) are expressed in the dorsal pool of
NPCs, while Achaete-Scute homolog 1 (Ascll) is produced in the ventral pool. In both the two

regions, Neurogl/2 and Ascll activities restrict NPCs to a neuronal fate, hence excluding them
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from acquiring astrocytes or oligodendrocytes phenotypes. However, while Neurogl/2
activates a program for the neurogenesis of cortical pyramidal glutamatergic neurons, Ascll
will convert the differentiating NPC into GABAergic interneurons (Imayoshi and Kageyama,
2014).

Among the downstream targets of proneural factors there are the so-called "neuronal
differentiation factors", which orchestrate further subtype identity specification in concert with
terminal differentiation. Examples of differentiation factors are members of the Neuronal
differentiation (Neurod) and Nescient helix-loop-helix (Nhlh) families in vertebrates (Imayoshi
and Kageyama, 2014).

Structurally, proneural factors (but also neuronal differentiation factors) are class II-bHLH
transcription factors. They contain a basic domain important for DNA binding to the conserved
5> CANNTG 3’ motif, also called E-box, and a HLH domain required for dimerization,
interaction with other proteins and, in part, DNA binding (Bertrand et al., 2002; Massari and
Murre, 2000; Murre et al., 1989). In order to regulate gene expression of their targets, proneural
factors must form heterodimers with the broadly expressed E-proteins, that are class I-bHLH
factors including members as E12, E47, HEB and E2-2 (Wang and Baker, 2015).

The expression and the activity of proneural proteins must be tightly regulated in order to
maintain an appropriate balance between NPCs proliferation/self-renewal and differentiation.
For instance, the Notch and the BMP signaling play pivotal roles in this, by specifically
restraining proneural activity and thereby keeping NPCs into an undifferentiated state.
Mechanistically, high Notch signaling in NPCs leads to the expression of its targets Hes1 and
Hes5. Hes1/5 are also bHLH factors, but differently from proneural factors they function as
transcriptional repressors. Hes1/5 work by switching off the expression of proneural factors in
NPCs. Moreover, they can also bind to residual proneural factors and block their activity when
bound to E-boxes, thus keeping repressed neuronal differentiation genes (Imayoshi and
Kageyama, 2014).

The BMP signaling in NPCs instead antagonizes proneural factors by driving the expression of
Inhibitor of DNA-binding/differentiation (Id)-proteins, which belong to class V-HLH factors
(Massari and Murre, 2000; Wang and Baker, 2015). Id-proteins lack the basic domain, hence
they are unable to bind DNA. However, being equipped with a HLH domain, they can
heterodimerize with E-proteins, thereby depriving proneural factors of their essential

transcriptional partners.
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Additionally, PTMs as phosphorylations added on proneural factors represent a further level of
regulation of their activity. For example, Neurog2 is phosphorylated by protein kinases as
CDKs or GSK-3f on multiple sites and such phosphorylations were shown to influence its
turnover, its DNA binding properties and the selective interaction with partners (Ali et al., 2011;
Imayoshi and Kageyama, 2014; Ma et al., 2008; Quan et al., 2016; Vosper et al., 2007).
Therefore, differential spatio-temporal phosphorylation pattern of proneural factors represents
an important variable during neurogenesis.

Finally, although proneural factors commit NPCs to a neuronal fate, hence typically promoting
cell cycle exit and differentiation, some exceptions exist to this paradigm. Some proneural
factors in some tissues, as Ascll in the telencephalon, Asense in Drosophila and, importantly,
Atohl in the post-natal cerebellum, were also shown to promote proliferation and self-renewal
of NPCs (Ayrault et al., 2010; Castro et al., 2011; Flora et al., 2009; Urban et al., 2016; Wallace
et al., 2000). It is however still unclear how the same proneural factor could apparently both

promote seemingly mutually exclusive activities as proliferation and differentiation.

1.6.2 STRUCTURE AND EXPRESSION OF ATOH1

1.6.2.1 Structure of Atonal/Atohl proteins

Mammalian Atohl was initially identified through a screening from a mouse embryonic CNS-
derived cDNA library while seeking for novel bHLH domain-encoding clones (Akazawa et al.,
1995). Atoh1 was recognized as the homolog of the fruitfly's Atonal, as the two proteins shared
around 70% homology in the bHLH domain. Interestingly, the bHLH domain of Atonal
localizes at the C-terminus of the protein, while in Atoh1 it is found in the middle of the protein.
However, this difference seems not big enough to significantly diversify the functions of these
two proteins. Replacement of Atohl locus with Atonal in transgenic mice results in normal
embryonic development of virtually all the organs in which Atohl is expressed, indicating high
functional conservation between Atohl and Atonal (Wang et al., 2002).

Comparison of Atohl sequences from different vertebrate species, reveals that not only the
bHLH domain results highly conserved, but also the C-terminal region. Such region of the
protein is enriched in serine residues, many of which undergo phosphorylation events that are
important for regulating Atoh1 protein turnover in cells (Cheng et al., 2016; Forget et al., 2014).
In addition, there is a certain degree of interspecies conservation also in the N-terminal region
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of the protein, which has been shown to mediate the transcriptional activity of Atohl (Aragaki
et al., 2008).

The bHLH domain of Atohl is required for binding to E-proteins and to the DNA. Chromatin-
immuniprecipitation sequencing (ChIP-seq) studies in the developing cerebellum unraveled the
preferred E-box-containing consensus site bound by Atohl, consisting in a 10-nucleotide
sequence renamed AtEAM (Atohl E-box associated motif: 5" G/A, C/A, CA, G/T, C/A, TG,
G/T, C/T 3") (Klisch et al., 2011). AtEAMs can be found at the promoter of Atohl-target genes
as well as at a distance, localizing in 5' or 3' intergenic regions as well as within genes bodies,

in both introns and exons (Klisch et al., 2011).

1.6.2.2 Atohl is expressed in many tissues, besides the cerebellum

In vertebrates, the proneural activity of Atoh1 directs the development of multiple cell lineages
within the central and peripheral nervous system, but also in non-nervous tissues as the
intestinal epithelium. During embryonic development the expression of Atohl is prevalently
observed in the dorsal hindbrain, the dorsal neural tube, in the inner ear, in the Merkel cells of
the skin and in the gut. During adulthood, Atohl expression becomes restricted only to the gut
epithelium and to Merkel cells (Ben-Arie et al., 2000).

1.6.2.2.1 Atohl in the hindbrain

In the hindbrain, Atohl starts to be detected around E9.5 in the RL, where its activity is required
for the generation of a multitude of neuron types that will eventually leave the RL and populate
different regions of the cerebellum and brainstem (Machold and Fishell, 2005; Rose et al.,
2009a; Wang et al., 2005). In the uRL, Atohl is involved in the formation of cerebellar neurons
as the GNs, the UBCs and those of the DCN, but also neurons of extracerebellar nuclei as the
parabrachial, the vestibular and the lateral lemniscus’ nuclei. In the IRL instead, Atohl™
progenitors are committed to form other brainstem precerebellar nuclei as the cochlear, the
reticulotegmental, the basal pontine gray, the lateral reticular and external cuneate nuclei. Other
brainstem nuclei were then shown to derive from Atohl™ progenitors, but it is not clear from
which extent of the RL (Machold and Fishell, 2005; Rose et al., 2009a; Wang et al., 2005).
Incidentally, among these nuclei, the parafacial respiratory group and retrotrapezoid nucleus
are responsible for controlling respiratory rhythms. The failed generation of these nuclei in
Atohl double KO mice is the cause of perinatal mortality of these animals. Indeed, Afoh 1 double
KO mice die just after birth due to breathing failure (Ben-Arie et al., 1997; Rose et al., 2009b).
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1.6.2.2.2 Atohl in the dorsal neural tube

In the dorsal neural tube, Atohl is expressed from E9.5 in an heterogeneous population of
cycling and early differentiating NPCs located just adjacent to the presumptive neural crests
and the roofplate territories (Bermingham et al., 2001; Helms and Johnson, 1998). This Atoh1™”
population corresponds to the developing D17 pool of interneurons, which are destined to
maturate into dorsal commissural interneurons (DCls) of the deep dorsal spinal horn (Helms
and Johnson, 1998; Lee et al., 1998). When Afohl is genetically deleted, D1 precursors mostly
fail at differentiating into DCIs. Their proliferation, which preludes differentiation, seems not
affected by Atohl absence, but D1 precursors fate is in part switched to roofplate identity
(Bermingham et al., 2001). Therefore, expression of Atohl defines the D1 identity and is

required for initiating the differentiation of D1 neuron progenitors.

1.6.2.2.3 Atohl in the inner ear

Atohl is also required for the proper development of hair cells (HCs) in the sensory epithelia
of the inner ear. Briefly, the inner ear is composed by the cochlea and the vestibular organs,
which are responsible for hearing and balance, respectively. Both the cochlea and the vestibular
organs contain a sensory epithelium composed by HCs and supporting cells (SCs), with the
former representing the actual mechanosensory receptors. By E13, Atohl is initially broadly
expressed in the developing sensory epithelia of the inner ear, before becoming progressively
restricted to the sole HCs, upon their appearance by E18.5 (Bermingham et al., 1999). Few days
after birth in mice, Afohl expression is permanently turned off in HCs.

HCs and SCs derive from a common multipotent progenitor whose fate-commitment toward
the HC or the SC identity is regulated by the process of lateral inhibition mediated by the Notch
signaling. Atohl is a key player in this developmental program. Atohl is initially transiently
expressed in these multipotent progenitors, but its expression is only maintained in those cells
fated to differentiate into HCs by low Notch activation. Conversely, Atoh1 expression is lost in
progenitors committed to the SC fate by high Notch signaling (Lanford et al., 1999; Woods et
al., 2004; Zine et al., 2001). Importantly, it was reported that loss of Atohl completely blocks
the formation of both the HCs and the SCs in the inner ear sensory epithelia (Pan et al., 2011;

" Dorso-ventral patterning of the developing neural tube subdivides it into different domains in which neuron

progenitors are specified to different identities. All the spinal cord sensory interneurons are specified in the

dorsal aspect of the neural tube, where at least four population of distinct precursor pools are identified. From

dorsal to ventral, these populations are called D1, D2, D3 and D4 and are respectively marked by the expression

of the LIM-containing homeobox transcription factors Lh2A/B, Isletl, Lim1/2 and Lmx1b (Gowan et al., 2001).
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Woods et al., 2004). However, only HCs, where Atohl expression is maintained after fate-
specification, do require Atohl for differentiation (Woods et al., 2004). Therefore disruption of
the SCs lineage upon Atohl KO is a consequence of HCs loss and possibly of a defective Notch-
mediated cell-fate selection program (Woods et al., 2004).

In addition, the persisting late-embryonic and early post-natal expression of Atohl in HCs
seems required for their survival (Chonko et al., 2013).

The ability of Atohl to direct differentiation of HCs is also supported by data showing that
Atohl overexpression can reprogram various inner ear epithelial cells to acquire HCs identity
(Zheng and Gao, 2000). Incidentally, all these discoveries boosted numerous studies aimed at
employing gene therapy-mediated re-expression of Afohl in the inner ear epithelia to regenerate

HCs in patients suffering of hearing loss (Lee et al., 2017).

1.6.2.2.5 Atohl in the intestine

Starting from E16.5, Atohl is sparsely detected also in the intestinal epithelium, where its
expression continues throughout adulthood. Here, Atohl activity in multipotent epithelial
progenitors (MEPs) of the intestinal crypts commits them to differentiate into secretory cells,
including Paneth, enteroendocrine and goblet cells (Yang et al., 2001). Further allocation into
one or another secretory type is then regulated by other transcription factors acting downstream
Atohl (Lo et al., 2016; Noah et al., 2010; Shroyer et al., 2005). Deletion of Atohl completely
prevents the formation of all the intestinal secretory cells and MEPs that would have contributed
to this lineage fail at leaving the cell cycle and remain proliferative (Yang et al., 2001).
Conversely, enforced Atohl expression promotes ectopic production of secretory cells at the
expense of absorptive enterocytes, indicating that Atohl alone is sufficient for directing a full

secretory lineage differentiation program in MEPs (VanDussen and Samuelson, 2010).

1.6.2.2.6 Atohl in Merkel cells

In the skin, Merkel cells are specialized mechanoreceptor cells of the basal epidermis involved
in the perception of mechanical stimuli. Fate mapping studies demonstrated that they originate
from slowly cycling epidermal progenitors marked by the expression of Atohl (Wright et al.,
2015). These Atohl™ progenitors generate and maintain the pool of Merkel cells starting from
E14.5, throughout development and for the entire life of the individual (Ben-Arie et al., 2000;
Van Keymeulen et al., 2009; Wright et al., 2015). Therefore differentiation of Merkel cells
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during embryogenesis and adult skin homeostasis entirely depends on Atoh1 (Kervarrec et al.,

2019).

1.6.2.2.7 Concluding remarks

In conclusion, there emerge some interesting functional similarities between the cell types that
require Atohl for their development. For instance, Merkel cells and intestinal enteroendocrine
cells are both types of endocrine cells found in epithelia. In addition, cochlear and vestibular
HCs, Merkel cells, DCIs of the spinal cord, various Atohl-derived pontine nuclei and the
cerebellum all participate, although in different extent, to the proprioceptive and auditory
sensory pathways, which relay body positional information to the CNS to regulate movements.
Therefore, the various transcriptional programs orchestrated by Atohl during development,
although globally different from cell type to cell type, may share some key similitude that are

eventually reflected into common functional properties.

1.6.2.3 Atoh1 expression is highly regulated in the GN lineage

The expression of proneural bHLH transcription factors is typically transient in NPC and their
post-mitotic derivatives. Such temporal pattern of expression seems important for proper
neurogenesis, as its perturbation disrupts neuronal commitment and subsequent differentiation
(Imayoshi and Kageyama, 2014). Therefore, the onset, the amplitude and the duration of
proneural factors expression must be precisely orchestrated during neurogenesis. This is true
also for Atohl in the context of GNs development (Figure XX).

By E12.5 Atohl-expressing uRL progenitors are committed to become GNs, therefore they
become GNPs. Atohl expression is then maintained during the whole rostral migration of GNPs
over the cerebellum anlage and also during their massive expansion phase in the EGL (Akazawa
et al., 1995; Wang et al., 2005). Progressively, Atohl expression is turned off during the first 2
post-natal weeks upon GNPs cell cycle exit and inward migration toward the IGL (Helms and
Johnson, 1998). Many mechanisms were shown to regulate Atohl expression in the GN lineage

and they act at both transcriptional and post-translational level.

1.6.2.3.1 Transcriptional control of Atohl gene in the cerebellum
Early studies aimed at uncovering the modules implicated in Afoh 1 transcription identified two
highly conserved regulative regions of around 500bp located 3' to Afoh ! locus, named enhancer

A and enhancer B (Helms et al., 2000).
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Figure XX. Major networks regulating Atohl expression in GNPs across embryonic and post-natal developmental
stages. During embryonic development, Atohl is expressed in GNPs of the uRL. BMP7 released from the roofplate (RP) is
believed to initiate and perhaps maintain Afohl expression in multipotent progenitors of the uRL. Transcription factors as
Lmx1la expressed in RP cells and Neurog2 and Ptfla in the ventricular zone (VZ) progenitors block Afohl expression in these
territories. Similarly, Notch signaling inhibits BMP7 pathway activation in VZ cells. In GNPs several cell-autonomous
mechanisms regulate Atohl expression. Atohl self-sustains its own expression through a positive feedback loop. At the same
time, Atohl regulates Hes5 which is supposed to silence Afohl, hence feeding a negative feedback loop. Zicl may partially
interfere with Atoh1 auto-regulatory loop. During post-natal days, GNPs are in the EGL where Atohl expression is maintained
by the SHH signaling through inhibition of the phosphorylations targeting Atohl to proteasomal destruction via Huwel
recognition. Also BMP2/4 signaling promotes degradation of Atohl through an alternative pathway. At the same time Hicl
and Neurod1, with the latter being a transcriptional target of Atohl, silence Atohl expression promoting GNPs cell cycle exit.
It is not clear if the Atohl auto-regulatory loop, the Atoh1-Hes5 negative feedback loop and the repression provided by Zicl
are still active events during post-natal times.
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These enhancers were shown to be required and sufficient to drive Atohl expression in
practically all its known expression territories of the whole mouse embryo, including the
cerebellum (Helms and Johnson, 1998; Helms et al., 2000). Therefore, transcription factors and
modulators of Atohl transcription are all virtually supposed to bind exclusively these enhancers
when regulating Atohl expression (Figure XIX).

Atohl induction in the RL is known to be triggered by secretion of morphogens as BMP7 by
the dorsally juxtaposed roofplate, which at this stage is marked by the expression of its master
regulator Lmx/la (Alder et al., 1999; Chizhikov et al., 2006; Duval et al., 2014). In the r1, the
expression of Atohl is then spatially confined to the sole uRL by various mechanisms. In the
anterior cerebellar anlage, high level of Notchl signaling in the VZ counteracts the activation
of BMP-dependent transcriptional program, hence preventing Atohl induction in this territory
(Machold et al., 2007). In addition, bHLH transcription factors as Ptfla and perhaps Neurog2,
both expressed in the VZ, further contribute at limiting Afoh I expression to the sole uRL (Florio
etal., 2012; Gowan et al., 2001; Yamada et al., 2014). Finally, also Lmx1a seems to negatively
regulate Atohl expression, thereby confining its transcription outside the roofplate region.
Thoroughly, the relation between Lmx1a and Atohl was characterized in the dorsal spinal cord,
between DI interneurons precursors and roofplate cells, but it could be active also in the rl
(Chizhikov and Millen, 2004).

Once activated, the expression of Atohl is then tightly controlled by positive and negative
mechanisms, that intermingled together sometimes create feedback loop regulations (Figure
XX). Notably, these mechanisms are also temporally regulated, as the duration of Atohl
expression is different in the neuronal lineages specified in the uRL. Indeed, as described in
paragraph 1.2.2.1, while between E9.5 and E12.5 Atohl is soon rapidly downregulated after
specification of extracerebellar and DCN neurons, after E12.5 Atohl expression is maintained
in GNPs until post-natal days.

Interestingly, one of the positive regulators of Atohl expression is Atohl itself. By dimerizing
with E12 and binding to a conserved E-box located in the enhancer B, Atohl can self-sustain
its own expression (Helms et al., 2000). Pieces of evidence indicate that such auto-regulatory
loop is counteracted by Zicl, which is expressed in GNPs and in the dorsal neural tube. In the
neural tube, Zicl represses the transcription of Afohl by binding to enhancer B and interfering
with Atohl self-activation. Although such regulation was described in the neural tube, it could
be active also in GNPs where Zicl may keep Atoh1 levels in check by restraining any possible

excessive overexpression (Ebert et al., 2003).
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As expected from a proneural factor, Atohl expression in GNPs seems to be repressed by the
Notch signaling target Hes5 (Gazit et al., 2004). Interestingly, Hes5 expression itself is
dependent of Atohl in GNPs, revealing the existence of a negative feedback loop that would
supposedly reduce Atohl expression when sufficient Atohl protein is produced. However,
being these studies performed in vitro, hence spatio-temporally disengaged from the cerebellar
context, it is not clear when (and whether) such regulation takes place during GNPs
development. Nevertheless, Atohl and the Notch signaling are known to be tightly
interconnected to each other, as extensively shown in the developing sensory epithelium of the
inner ear (Zine and de Ribaupierre, 2002; Zine et al., 2001).

In the post-natal EGL, it was suggested that the neuronal differentiation factor Neurod1, which
is a direct downstream target of Atohl, negatively regulates Atohl expression, enabling GNPs
to terminally differentiate (Jahan et al., 2010; Klisch et al., 2011; Pan et al., 2009).

Similarly, the transcriptional repressor Hicl directly switches off Atohl transcription by

binding to its 3' regulative region (Briggs et al., 2008).

1.6.2.3 .2 Post-translational control of Atohlprotein expression in the cerebellum

As it happens for many proneural factors, also the turnover of Atohl is highly regulated by cell
autonomous and non-cell autonomous mechanisms (Figure XX).

It was already reported in paragraph 1.2.4.5.2 that Atohl protein is destabilized by BMP2/4
signaling in post-natal GNPs (Zhao et al., 2008). Therefore, it is interesting to notice that the a
same signaling pathway, namely BMP, mediated by different ligands (BMP7 vs BMP2/4) and
activated in GNPs at different spatio-temporal stages of development (embryonic/uRL vs post-
natal/EGL) is required for both inducing and repressing Atoh1 expression.

Conversely to BMP and through a totally independent pathway, the SHH signaling was shown
to promote Atohl protein expression in proliferating GNPs of the EGL, by protecting it from
proteasomal degradation. In post-natal GNPs, Atohl turnover is regulated by the E3 ligase
Huwel, which recognises Atohl when the latter is phosphorylated at serine 328 and 339. The
SHH signaling was shown to reduce the level of Atohl phosphorylation on these two residues
by activating the protein phosphatase PP2A. Through this way, SHH reduces the
phosphorylation-dependent degradation of Atohl mediated by Huwel, hence promoting its
expression in proliferating GNPs (Forget et al., 2014).

120



1.6.3 FUNCTIONS OF ATOH1 IN THE GRANULE NEURON LINEAGE

1.6.3.1 Functions of Atohl during normal GNs development

The first insights in the roles of Atoh1 in development of GNs came from the analysis of Afohl
deleted mice. While a single copy of Afohl seems sufficient to drive normal cerebellar
development, the homozygote KO show massive disruption of the embryonic cerebellum
architecture (Ben-Arie et al., 1997). Atohl loss causes a reduction of size of the uRL, which
contains fewer and less proliferative cells. In addition, after E14.5 GNPs fail to migrate to the
EGL, hence completely abolishing the formation of GNs (Ben-Arie et al., 1997; Gazit et al.,
2004). However, it appears that the Atohl-deficient uRL progenitors can be anyway fate-
committed to GNs, as revealed by the expression of the GNPs marker Zicl (Gazit et al., 2004).
Therefore, the proneural activity of Atohl may not be absolutely required for GN identity
specification, although it cannot be excluded that it might play an important role.

If on one side GNs specification is not completely compromised, neural differentiation is
disrupted. Atohl KO GNPs fail to form the typical neurites observed when they are cultured in
vitro for multiple days, indicating failure of neuronal maturation (Gazit et al., 2004). Similar
loss of differentiation competence was obtained also by knocking down Atok 1 in the developing
embryo by in utero electroporation of Atohl-targeted siRNAs (Kawauchi and Saito, 2008).
Conversely, when Atohl is orthotopically overexpressed in vivo, then GNPs are formed and
many of them make it to migrate and form an EGL (Grausam et al., 2017; Helms et al., 2001).
Nevertheless, upon arrival in the EGL, the prolonged and enhanced Afohl expression promotes
premature induction of early differentiation markers (e.g. Neurod1, Doublecortin and Tuj1, the
neuronal-specific B-tubulin III) and eventually perturbs the inward migration and complete
maturation of GNs (Helms et al., 2001).

Taken together, these observations indicate that maintenance of adequate levels of Atohl
followed by its terminal, post-natal downregulation are paramount for enabling proper GNs
formation.

Importantly, besides regulating migration to the EGL and global differentiation to GNs, Atohl
is also absolutely required for the post-natal expansion phase of GNPs in the EGL. Indeed,
Atohl was shown to maintain GNPs competence to SHH over time, hence enabling them to
respond to the mitogen. In vivo and in vitro deletion of Atohl in post-natal GNPs blocks their
SHH-driven proliferation, leading to their differentiation (Flora et al., 2009). On the contrary,
Atohl overexpression in vitro potentiates the mitogenic response to SHH and enables a greater
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percentage of GNPs to re-enter the cell cycle after transient deprivation of SHH from the culture
medium (Ayrault et al., 2010). Similarly, overexpression of Atohl in GNPs of cultured
cerebellar slices delays their inward migration to the IGL maintaining them in the EGL (Forget
et al., 2014). Although it is evident that Atoh1 can sensitize GNPs to their major mitogen SHH,
the underlying cellular and molecular bases are still poorly understood, even though some have
attributed it to the capacity of Atohl to activate the expression of G/i2 (Flora et al., 2009).

All these studies demonstrate that Atohl orchestrates GNs formation by controlling multiple,
sometimes seemingly opposite aspects of their development. Coherently, such pleiotropic roles
of Atohl are reflected by the extremely wide range of functions associated to its direct
transcriptional targets. Although some Atohl target genes had already been found through
“candidate gene approach”-driven studies (Flora et al., 2009; Gazit et al., 2004; Helms et al.,
2001; Kawauchi and Saito, 2008), the publication of the Atohl “targetome” by Klisch and
colleagues (2011) was beneficial in providing a global, unbiased view of Atohl functions in
GNPs. By combining together Atoh1-ChIP-seq, transcriptomic and histone signature data such
study identified more than 600 putative Atohl target genes in GNPs in vivo. Biological and
molecular function assignment revealed that most of these genes are implicated in signaling
pathways related to GNPs development, such as SHH, Notch, TGF-/BMP, but also directly
involved in cell cycle (Ccnd2, Cdc25b, E2f1) or neuronal differentiation and migration (Pax6,
Neurodl, Nhihl/2, Semaphorin 6a) (Klisch et al., 2011). Whether Atohl coordinates the
expression of subsets of these genes in a precise spatio-temporal pattern to orchestrate
sequential phases of the GNs developmental program remains overall unknown.

In conclusion, Atohl works as an essential master regulator for GNs formation, actively

governing both proliferation and differentiation phases within the GN developmental lineage.

1.6.3.2 Functions of Atoh1 during SHH-MB formation and expansion

Atohl transcripts and protein are typically found highly expressed in both mouse and human
SHH-MB, when compared to the cell-of-origin (mouse GNPs) or to other human MB subgroups
(Ayrault et al., 2009; Lee et al., 2003; Zhao et al., 2008). This high expression of Atohls not
odd, but functional as Atohl plays a fundamental role also in SHH-MB formation and
expansion.

Indeed, cKO of Atohl in the cerebellum completely blocks SHH-MB formation in the SmoM2
tumor-prone mouse model and treatment with BMP2/4 of primary mouse SHH-MB cells

downregulates Atohl protein and arrests proliferation (Flora et al., 2009; Zhao et al., 2008). In
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addition, in tumor formation experiments it was shown that Atohl cooperates with aberrantly
activated SHH signaling to efficiently transform GNPs into SHH-MB initiating cells.
Specifically, when Atohl is overexpressed in GNPs carrying SHH-MB predisposing alterations
like Ptchl™; Cdkn2c” status or Glil-overexpression, it increases the tumorigenic potential of
such cells when they are grafted into recipient mice (Ayrault et al., 2010). Although more
penetrant and aggressive, Afohl-overexpressing tumors did not exhibit enhanced expression of
pro-proliferative genes compared to control tumors, but showed reduced expression of
differentiation genes. Therefore, in accordance with the role of Atohl during normal GNPs
expansion in the EGL, it was suggested that also in SHH-MB Atohl does not promote
proliferation per se, but somehow contrasts neuronal differentiation prolonging the sensitivity
of cells to the SHH signaling. Coherently, overexpression of Atohl alone in wild-type GNPs
does not drive tumor formation and neither increases their proliferation when cultured in
absence of SHH (Ayrault et al., 2010).

All these results taken together indicate that Atohl is essential for SHH-MB initiation and
growth, but its overexpression alone does not act as a key oncogenic driver event unless other
opportune SHH-hyperactivating alterations are present. For these reasons, Atohl is typically
considered a lineage-dependency transcription factor in SHH-MB.

Furthermore, it was also recently shown that Atohl participates in the metastatic spread of
SHH-MB cells in mouse models and that its transcriptional program (explored through ChIP-
seq and gene expression analysis) is partially rewired the context of metastases.

Interestingly, although ATOH 1 is typically overexpressed in human SHH-MB, ATOH1 locus is
never found mutated or neither amplified, therefore other mechanisms should be at play to keep
its levels elevated in tumor cells. Candidate mechanisms could be the typical downregulation
of HUWE] observed in human (and mouse) SHH-MB, which in collaboration with aberrantly
sustained SHH signaling may lead to ATOH1 protein stabilization (Forget et al., 2014). In
addition, high ATOH1 amounts could promote further ATOH]I transcription via the auto-
regulatory positive feedback loop identified by Helms and colleagues (2000) in normal GNPs.
Finally, genes encoding for negative regulators of ATOH1,as NEURODI or HIC1, are typically
found downregulated (or also deleted for H/IC1) in human SHH-MB (Briggs et al., 2008; Pan
et al., 2009; Waha et al., 2003).

It is interesting to note that while Atohl is required for SHH-MB growth, in other tumors as in
colorectal cancer (CRC) or Merkel cell carcinoma (MCC), ATOH]I is normally deleted or

downregulated and works as a tumor suppressor gene (Bossuyt et al., 2009; Leow et al., 2004;
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Peignon et al., 2011). Apparently, part of this tumor suppressor activity of ATOHI is
accomplished via activation of a c-Jun N-terminal kinase (JNK)-mediated cell cycle arrest and
apoptotic pathway (Bossuyt et al., 2009). Incidentally, this role of ATOHI1 in CRC and MCC
is in accordance with its function in the cells-of-origin of these tumors, where it directs lineage-
restricted differentiation of intestinal and skin progenitor cells.

Therefore, Atohl contribution to tumorigenesis depends on the cell type-of-origin and reflects

the functions of Atohl in the normal developmental or homeostatic context.
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7 Objectives of the Study

By E12.5 in mice, neural progenitors of the uRL are committed to the GN lineage, hence they
initiate to give birth to the GNPs. After specification, GNPs leave the uRL to settle on the
subpial surface of the cerebellum forming the EGL (Alder et al., 1996; Wingate, 2001; Wingate
and Hatten, 1999). Here, the mitogen SHH secreted by the PCs by E17.5 on, stimulates a
massive wave of GNPs expansion that completely terminates only at the third post-natal week
(Dahmane and Ruiz-i-Altaba, 1999; Lewis et al., 2004; Wechsler-Reya and Scott, 1999).
Indeed, after birth, a series of intrinsic and extrinsic cues are thought to progressively restrict
GNPs proliferation, eventually leading to their cell cycle exit and migration to the IGL where
they complete their differentiation. Failure in restraining GNPs expansion may result in the
development of malignancies as SHH-MB, a pediatric cancer originating from GNPs (Schiiller
et al., 2008; Yang et al., 2008). Unfortunately, a clear and comprehensive understanding of the
molecular pathways regulating the balance between proliferation and differentiation in GNPs

is still missing.

SHH is transduced by GNPs through the primary cilium, an organelle that seems to be
irreversibly disassembled when these cells are committed to terminal differentiation (Chizhikov
et al., 2007; Di Pietro et al., 2017; Spassky et al., 2008). Importantly, genetic studies showed
that loss of primary cilia in GNPs prevents the activation of SHH pathway, blocking GNPs
proliferation and potential transformation into SHH-MB cells (Barakat et al., 2013; Han et al.,
2009; Spassky et al., 2008). Therefore, we reasoned that triggering the permanent retraction of
primary cilia could represent a developmentally regulated mechanism for extinguishing the
SHH signaling in GNPs and enabling their consequent differentiation. At the same time,
maintaining the competence to generate a primary cilium may provide an essential determinant
for sustaining the expansion of GNPs and SHH-MB cells, as it would equip these cells with the
mean to transduce SHH signals. Hence, understanding how ciliogenesis is regulated in the

developing GN lineage is a key interest.

We thought that a potential candidate regulator of ciliogenesis in GNPs could be Atohl. Atohl

is essential for GNs neurogenesis and it was shown to maintain GNPs into a SHH-sensitive and
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proliferate competent state during post-natal development in mouse (Ayrault et al., 2010; Ben-
Arie et al., 1997; Flora et al., 2009). In addition, its occurrence during GNs development
appears to follow a similar kinetics as the one of primary cilia, that is downregulation/
disappearance upon terminal differentiation. Importantly, Atohl is required for SHH-MB to
originate and progress, suggesting that it may regulate similar pro-proliferative pathways in

both tumor and normal developmental context (Ayrault et al., 2010; Flora et al., 2009).

In conclusion, the biological questions that we wish to answer with our work are the following:

e Does Atohl control ciliogenesis in GNPs?

e If yes, does Atohl maintain GNPs responsiveness to SHH by regulating the presence of

primary cilia on their surface?
e How does mechanistically Atohl control ciliogenesis?

® Does Atohl conserve such functions also in the context of SHH-MB?

Our investigation is enforced by a collaboration with the laboratory of Dr. Jin-Wu Tsai in Taipei

(Taiwan), which groups experts in neurodevelopment and imaging techniques.
Our work may reveal novel, important tiles in the mosaic of cellular and molecular pathways

underpinning the development of the largest brain neuron population and the etiology of a

deadly pediatric brain tumor.
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SUMMARY

During cerebellar development, granule neuron progenitors (GNPs) proliferate by
transducing Sonic Hedgehog (SHH) signaling via the primary cilium. Precise regulation
of ciliogenesis, thus, ensures proper GNP pool expansion. Here, we report that Atohl, a
transcription factor required for GNPs formation, controls the presence of primary cilia,
maintaining GNPs responsiveness to SHH. Loss of primary cilia abolishes the ability of
Atohl to keep GNPs in a proliferative state. Mechanistically, Atoh1 promotes ciliogenesis
by transcriptionally regulating Cep131, which facilitates centriolar satellite (CS)
clustering to the basal body. Importantly, ectopic expression of Cep131 counteracts the
effects of Atohl loss in GNPs by restoring proper localization of CS and ciliogenesis. This
Atoh1-CS-primary cilium-SHH pro-proliferative pathway is also conserved in SHH-type
medulloblastoma, a pediatric brain tumor arising from the GNPs. Together, our data

reveal how Atohl modulates the primary cilium to regulate GNPs development.

Keywords: Cerebellar development, granule neuron progenitors, Sonic Hedgehog, primary cilium.
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INTRODUCTION

The cerebellum ensures crucial functions in motor coordination as well as higher cognitive
activities, such as learning, attention, and emotion (Buckner, 2013; Ito, 2008). Its development
involves complex steps of neurogenesis, differentiation, and migration. At postnatal stages,
cerebellar granule neuron progenitors (GNPs) massively proliferate in the external granule layer
(EGL) in response to Sonic Hedgehog (SHH), the diffusible mitogen secreted by Purkinje cells
(Dahmane and Ruiz i1 Altaba, 1999; Wallace, 1999; Wechsler-Reya and Scott, 1999).
Subsequently, GNPs undergo cell cycle exit, differentiation and migration along the Bergman
glial fibers through the molecular layer (ML) until they reach the internal granule layer (IGL),
their final destination within the cerebellum.

SHH activates GNP proliferation through a cascade of signaling pathways within the
primary cilium, an antenna-like protrusion on the cell surface. Its central core consists of an
axoneme nucleating from a basal body, a specialized form of the mother centriole (Kobayashi
and Dynlacht, 2011). The binding of SHH to its receptor Patchedl (Ptchl) leads to the
accumulation of Smoothened (Smo) into the ciliary membrane, followed by the activation of
Gli transcription factors at the tip of the primary cilium. Subsequently, Gli transcription factors
translocate to the nucleus and activate pro-proliferative genes in GNPs (Kim et al., 2009). For
these reasons, primary cilia are essential for cerebellar development as they allow expansion of
the progenitor pool of granule neurons (Chizhikov et al., 2007; Spassky et al., 2008). Primary
cilia are also crucial for the formation of SHH-type medulloblastoma (SHH MB), a malignant
pediatric brain tumor originating from GNPs (Schuller et al., 2008; Yang et al., 2008). Removal
of primary cilia by ablation of Kif3a, a kinesin-2 subunit essential for ciliogenesis, blocks SHH
MB cells proliferation in vitro and prevents tumorigenesis in various SHH MB-prone mouse
genetic models (Han et al., 2009; Barakat et al., 2013). Although primary cilia play a critical
role in cerebellar development and SHH MB formation, how this organelle is regulated in GNPs
remains to be elucidated.

A master regulator of cerebellar development and SHH MB formation is the basic helix-
loop-helix (bHLH) transcription factor Atohl. While Atohl is required for the formation of
GNPs (Ben-Arie et al., 1997), its expression is also essential for SHH MB formation (Flora et
al., 2009). Interestingly, several pieces of evidence have shown a cooperation between Atohl

and SHH for proper cerebellar development and SHH MB formation (Flora et al., 2009; Ayrault
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et al., 2010; Forget et al., 2014). Given the crucial crosstalk between Atohl and the SHH
signaling, we investigated whether Atohl could play a role in ciliogenesis. Here, we first show
that Atohl expands the neural progenitor pool in vivo by regulating and utilizing the primary
cilium. Mechanistically, Atohl facilitates clustering of centriolar satellites (CS), tiny organelles
essential for ciliogenesis (Kim et al., 2008; Tollenaere et al., 2015a) through the transcriptional
regulation of Cep131 (the centrosomal protein of 131 kDa). Together, our work unravels the
cellular and molecular mechanism whereby Atohl controls primary cilia maintenance and

functions to orchestrate GNPs development.

RESULTS

Sustained Atohl expression delays neuronal differentiation during postnatal cerebellar

development

To study the role of Atohl in vivo, we utilized electroporation of green fluorescent protein
(GFP)-expressing constructs into GNPs in the developing cerebellum at postnatal day 6 (P6;
Figure S1A and S1B) (Umeshima et al., 2007) and examined the GFP-labeled cells 1, 2, 3, and
4 days later (Figure 1A). Cells electroporated with the control vector pCIG2 were largely found
within the external granule layer (EGL) 1 day after electroporation and then progressively
redistributed to the internal granule layer (IGL). By day 4, almost all of the cells have reached
the IGL, leaving behind visible parallel fibers external to the molecular layer (ML). However,
in cerebella electroporated with pCIG2-Atohl, the majority of Atohl overexpressing cells still
located in the EGL at day 2, and about one third of them remained in the EGL by day 4 (Figure
1A and S1C). Thus, sustained Atohl expression in GNPs delayed cell redistribution to the IGL

during postnatal cerebellar development in vivo.

In order to determine at which stage GNPs were affected by sustained Atohl expression,
cerebellar sections were stained with markers for cell proliferation (Ki67) and neuronal
differentiation (Tujl) 3 days after electroporation, when the difference in cell distribution
became evident (Figure 1B and S1D). At this time point, very few GFP-labeled control cells
were Ki67+, indicating that the majority of cells have exited cell cycle. By contrast, many GNPs
overexpressing Atohl were still Ki67+. Moreover, when stained with Tujl, the vast majority

of control cells were positive for this marker. However, among the GNPs electroporated with
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Atohl-overexpressing construct, Tujl+ cells were significantly reduced, suggesting a delay in
GNP differentiation. Therefore, sustained Atohl expression in the cerebellum maintains GNPs
in cell cycle and delays their differentiation in vivo.

Primary cilia are essential for expansion of GNPs as they enable the SHH signal
transduction in the cerebellum during its postnatal development (Chizhikov et al., 2007;
Spassky et al., 2008). To examine the distribution of primary cilia, we immunostained P8
cerebella with the ciliary markers Arl13b (ADP-ribosylation factor-like protein 13B) and Ift88
(Intraflagellar transport protein 88), and found that primary cilia were mainly detectable in the
EGL (Figure S1E). Similarly, ciliary-associated structures, such as the ciliary axoneme and
ciliary pocket, were mostly found at centrioles in the EGL by electronic microscopy (Figure
S1F). These results suggest that primary cilia are lost upon GNPs differentiation, consistent
with previous reports (Di Pietro et al., 2017).

To test whether Atohl can regulate GNP proliferation through cilia functions, we first

197F mice, in which

examined the relationship between Atohl and primary cilia in Atoh
endogenous Atohl is fused to GFP (Rose et al., 2009). Staining of Arll13b in P6 cerebella
revealed that Atohl and primary cilia coexist in GNPs in the outer EGL (oEGL) (Figure 1C),
while primary cilia are often short or undetected in the inner EGL (iIEGL) where Atohl is
absent. Furthermore, in cultured P6 GNPs from Azoh1°"F mice, we defined Atoh1’s level based
on the GFP intensity (GFP vs GFP"¢") and found that the percentage of ciliated cells was
higher in GFP"e" cells compared to GFP'" expressers (Figure 1D). Altogether, these results

show that the presence of primary cilia are highly correlated with Atohl expression in the

proliferating GNPs.

Atohl controls the presence of the primary cilium in GNPs in vitro and in vivo

Since primary cilia are associated with Atohl expression, we next examined whether
Atohl could affect the presence of primary cilia in GNPs during cerebellar development. To
achieve this aim, we depleted Atohl in cultured P6 GNPs by infection with lentiviruses
encoding GFP and a short-hairpin RNA against Atohl (sh-Atohl; Figure S2A) or non-targeting
shRNA as control (sh-Ctrl), and scored the presence of primary cilia after 3 days. Strikingly, in
vitro Atohl knockdown significantly decreased the percentage of ciliated GNPs (Figure 2A).
Importantly, by this time, the cell cycle progression of GNPs, monitored through BrdU
incorporation, was not yet affected by Afohl silencing (Figure S2B), although the transcription
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of the SHH target genes Ptchl, Cendl, Glil and Mycn was reduced (Figure S2C). Conversely,
when we enforced Atohl expression by infecting GNPs with retroviruses encoding Atohl and
GFP (MSCV-Atohl-I-GFP), the percentage of ciliated cells was increased after 2 days
compared to control cells (MSCV-I-GFP) (Figure S2D).

To investigate whether Atohl could also affect the presence of primary cilia in GNPs in
vivo, we generated Atohl " ER: Atoh I""F' mice, in which Atohl was deleted specifically in GNPs
when mouse pups were injected with tamoxifen at P3. Immunostaining of cerebellar sections
at P7 with markers labelling primary cilia (Arl13b), centrioles (y-Tub) and proliferative status
(Ki67) enabled us to score for the presence of primary cilia only in proliferating GNPs,
excluding postmitotic cells (Figure 2B). Consistently with our in vitro studies, the conditional
knockout (cKO) of Atohl in Atohl“"*ER;AtohI"™F! mice largely reduced the fraction of ciliated

cycling GNPs in the EGL, compared to Afoh1"" control littermates.

Next, we applied in vivo cerebellar electroporation to manipulate Atohl expression with
higher spatiotemporal precision. P6 cerebella were electroporated with si-Atohl and GFP or si-
Ctrl and GFP for two days, followed by labelling of primary cilia by Arl13b or Ift88 staining.
Remarkably, Atohl-knockdown GNPs were less likely to display a primary cilium compared
to control GNPs electroporated with si-Ctrl, confirming the results obtained in
Atoh1°ER; 4toh 1"™F! mice (Figure 2C and S2E). On the other hand, overexpression of Atohl
via electroporation of pCIG2-Atohl plasmids in the cerebellum enhanced the proportion of

ciliated GNPs compared to control (pCIG2) in vivo (Figure S2F).

As Atohl is crucial for SHH MB formation, we further explored whether Atoh1 could also
regulate the primary cilium in primary SHH MB cells obtained from the tumor-prone Ptchl ™"
mouse model (Goodrich et al., 1997). Upon Atohl knockdown, we observed a decrease of
ciliated cells (Figure 2D); conversely, Atohl overexpression significantly increased the number
of ciliated cells in SHH MB cells (Figure S2G). Altogether, these results suggest that Atohl

controls the presence of primary cilia in GNPs and in SHH MB cells.

Atohl controls GNP expansion by maintaining the primary cilium

So far, we have shown that Atohl maintains GNP proliferation and their primary cilia,
which are lost after differentiation. We therefore postulated that Atohl could keep GNP
proliferation through the maintenance of primary cilia. To test this hypothesis, pCIG2-Atohl
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was co-electroporated in cerebella along with shRNAs targeting Kif3a (sh-Kif3a; Figure S3A)
to impair ciliogenesis in GNPs (Figure S3B) (Spassky et al., 2008). As expected,
overexpression of Atohl with sh-Ctrl at P6 for 36 hrs maintained a higher percentage of GNPs
in a Ki67+ undifferentiated state (Figure 3A and 3B). Strikingly, the ablation of primary cilia
by Kif3a knockdown completely abolished this effect induced by Atohl overexpression,
restoring the percentage of Ki67+ cells back to normal (Figure 3B). Importantly, knockdown
of Kif3a alone caused only a minor decrease in the percentage of proliferating GNPs within the
same period, suggesting that the rescue effect, which brought down the percentage of
proliferating GNPs, was specific to Atohl overexpression (Figure 3B).

To confirm this result, we used shRNA against /f#88 (sh-Ift88; Figure S3C) as a second
approach to ablate the primary cilium (Figure S3B). Again, co-electroporation of sh-/f#88 with
pCIG2-Atohl prevented GNPs from being aberrantly maintained within the cell cycle, while
1ft88 knockdown alone did not significantly affect proliferation after 36 hours in vivo (Figure
S3D). Collectively, these data demonstrate that Atohl keeps GNPs in a proliferative state

through the maintenance of primary cilia during cerebellar development.

Atohl shapes centriolar satellites in GNPs

The transport of cargos toward the primary cilium is tightly regulated during ciliogenesis
and ciliary maintenance (Sung and Leroux, 2013). Centriolar satellites (CS), composed of
multi-protein complexes surrounding centrioles, are essential for cargo trafficking. Hence, loss
of some components on CS hinders ciliogenesis, leading to ciliopathies (Kim et al., 2008;
Waters and Beales, 2011; Tollenaere et al., 2015a). Based on their importance during
ciliogenesis, we thus explored the distribution of CS in the granule neuron lineage in the P6
Atoh1°"F mouse cerebellum. By using Pcm1 and Cep131 as markers for CS, we found that both
proteins were highly expressed in Atohl expressing GNPs in the oEGL, suggesting a potential
link between CS and Atohl (Figure 4A). To examine the potential function of Atohl on CS,
we infected P6 GNPs in vitro with lentiviruses encoding sh-Ctrl or sh-Atohl for 2 days,
followed by immunostaining of Pcml1, Cepl131 and pericentrin (Pcnt), a centriolar marker.
While CS displayed typical clusters around the centrioles in control GNPs, Atoh1 depletion led
to mostly dispersed and scattered patterns for these two proteins, indicating that loss of Atohl

disturbed the subcellular distribution of CS (Figures 4B).
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Because Atohl functions as a transcription factor, we hypothesized that its depletion may
reduce the expression of key proteins involved in the regulation of CS integrity or localization.
To look for potential Atohl target genes implicated in these functions, we took advantage of
several published datasets (Figure 4C). Based on an automated microscopy screening in human
cells, we started from a list of 239 genes whose knockdown halters the pericentrosomal
clustering of the CS proteins Pcm1 or Cep290 (Gupta et al., 2015). Next, by using RNA-seq
data from Atohl™" versus wild-type embryonic cerebella (Klisch et al., 2011), we selected
genes whose expression was significantly changed by Atohl KO (p<0.01 and -
0.5<logrFC<0.5), thereafter reducing the list to 17 genes. At last, according to the Atoh1 ChIP-
seq profile in the postnatal cerebellum (Klisch et al., 2011), we discarded the genes that did not
present an Atohl-binding signal (ChIP “peak™) in their proximity, rendering a list with 7
putative Atohl targets (Figure 4C and Table S1).

By RT-qPCR, we compared the expression of these candidate genes in GNPs infected with
MSCV-Atohl-I-GFP to control GNPs (MSCV-I-GFP) for 2 days. Interestingly, only two of
them, Cepl31 and Mtap7dl, were significantly up- and down-regulated respectively upon
Atohl overexpression (Figure 4D). Given that Cepl31 physically localizes in CS and its
requirement for ciliogenesis is well documented (Graser et al., 2007; Wilkinson et al., 2009;
Hall et al., 2013; Chamling et al., 2014), we decided to further investigate this candidate.
Therefore, we further validated whether the expression of Cepl31 is regulated by Atohl
through RT-qPCR in GNPs infected with sh-Ctrl and sh-Afoh 1 lentiviruses for two days in vitro.
As expected, Cep131 mRNA was notably reduced by Azohl knockdown while the transcription
of other well-known CS genes implicated in ciliogenesis, including Pcmli, Cep290, Ofdl,
For20, Bbs4 and Talpid3, was not affected (Figure 4E).

Finally, immunoblotting on GNP lysates revealed a reduction of Cepl131 protein when
Atoh1 was silenced (Figure 4F); by contrast, Cep131 protein was elevated upon enforced Atohl
expression (Figure 4G), confirming that Cepl31 is regulated by Atohl in GNPs. Taken
together, our data show that Atohl regulates both the subcellular localization of CS and the
expression of the CS component Cep131 in GNPs.
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Cep131 is a direct transcriptional target of Atohl

Given that the protein and RNA level of Cep131 correlate with Atohl expression, we next
aimed to decipher if Cep131 is a direct transcriptional target of Atohl. According to the ChIP-
seq data (Klisch et al., 2011), Atoh1 interacts with a region spanning the last exon of Cep131
where three consensus E-boxes (bHLH factors-binding sites) are identified (Figure 5A).
Therefore, we transduced SHH MB cells derived from the Ptchl™” mouse (Figure S4A) with
HA-tagged Atohl (MSCV-Atohl-HA-I-GFP) and, by using ChIP followed by qPCR (ChIP-
qPCR), we confirmed that Atohl interacts with this putative Cepl3] regulatory region,
similarly to other previously characterized Atohl-bound sites (i.e. Afohl and Gli2 enhancers)
(Flora et al., 2009; Klisch et al., 2011) (Figure 5B). In addition, using luciferase reporter assay
(Krizhanovsky et al., 2006), we showed that Atoh1 expression significantly increased luciferase
expression from the Cepl31-reporter construct (Figure 5C), which contains a 365-bp region
covering these three consensus E-boxes (Figure 5A). Mutation of the bHLH domain (K194R)
in Atohl (Figure S4B) impeded this increase in the luciferase activity (Figure 5C), indicating
that Atohl requires direct DNA binding to activate gene expression from this Cepl3]

regulatory region.

Altogether, our results demonstrate that Atohl directly regulates the expression of Cepl31
by binding a regulatory region localized at the 3' of Cepl31 gene.

Atoh1 modulates the centriolar satellites for ciliogenesis through Cep131

To test the effects of Cep131 depletion in neuron progenitors, we infected P6 GNPs with
lentiviruses encoding Cepl31 targeting shRNAs (sh-Cepi31, Figure S4C) or sh-Ctrl in vitro
for two days. Similar to Afohl knockdown, Cep131 depletion dispersed the CS in GNPs stained
with Pcm1 and reduced the percentage of ciliated cells (Figure 6A). Likewise, electroporation
of sh-Cepl31 in P6 cerebella remarkably reduced the percentage of ciliated cells in the EGL
after two days in vivo (Figure S4D). Notably, electroporation of sh-Pcm! (Figure S4E) in
cerebella, which is known to disaggregate CS, also led to a reduction of primary cilia, indicating
that CS integrity is essential for GNPs’ ciliogenesis (Figure S4D). In addition, the loss of
primary cilia after Cep/31 or Pcml knockdown was rescued by co-electroporation of the
respective RNAi-resistant human versions of these two genes (pCIG2-CEP131 and pCIG2-
PCM1) in vivo, demonstrating the specificity of the used shRNA constructs (Figure S4D).
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Overall, these findings indicate that loss of Cep131 phenocopies the effects of Atohl silencing

on CS integrity and primary cilia both in vivo and in vitro in neuron progenitors.

To investigate whether Atohl promotes ciliogenesis in GNPs though the regulation of
Cepl31 expression, we examined whether ectopic expression of Cepl31 could overcome the
effects of Atohl knockdown. P6 GNPs or murine SHH MB cells were co-infected with
lentiviruses encoding sh-Atohl and dsRed-fused Cepl131 (dsRed-Cepl131) for 3 days in vitro.
We found that enforced dsRed-Cep131 expression counteracted the dispersion of CS in Atohl-
silenced cells (Figure 6B), enabling GNPs and SHH MB cells to reform primary cilia (Figure
6C and S5A). Coherently, co-electroporation of sh-Atohl and human pCIG2-CEP131 rescued
the loss of primary cilia after 2 days in vivo (Figure S5B). These results suggest that Cep131-
dependent CS integrity acts downstream of Atohl to enable ciliogenesis. Furthermore,
disruption of CS integrity by either Cep 131 or Pcm 1 silencing compromised the ability of Atohl
overexpression to enhance ciliogenesis 2 days after electroporation in vivo (Figure S4D),
indicating that Atohl requires integral CS to maintain primary cilia in GNPs. Therefore, this
Atoh1-Cep131-CS integrity pathway is responsible for ciliogenesis in GNPs and SHH MB

cells.

Atohl maintains SHH signaling through the primary cilium

After having elucidated the molecular details underlying the ability of Atohl to regulate
primary cilia existence in GNPs, we investigated the impact of Atoh1 on primary cilia functions.
As primary cilia are essential for SHH signal transduction, we tested the effect of Atohl
expression on SHH signaling in NIH-3T3 mouse fibroblasts, a commonly used cell line for
studying the biology of primary cilia. Using a Gli-responsive luciferase construct, we found
that Atoh1 significantly enhanced the response of NIH-3T3 cells to SHH. Strikingly, this effect
was abolished when primary cilia functions were impaired by Kif3a or Ift88 knockdown,
demonstrating that Atoh1 regulates SHH activity through the primary cilium (Figure 7A). We
next assessed the effect of Atohl on SHH signaling in GNPs using Ptchl, a primary target of
SHH signaling, as a readout of pathway activation (Goodrich et al., 1996). Importantly, we
found that while Ptchl expression decreased through time in control cells in vitro, the
overexpression of Atohl maintained Ptchl elevated, demonstrating that Atohl keeps GNPs in

a SHH-responsive state (Figure 7B).
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Subsequently, we studied the ciliary distributions of key players in the SHH pathway
(Figure S6A). We first looked at the protein localization of GFP-tagged Smo, Ptchl and Gli2
in NIH-3T3 cells (Taipale et al., 2000; Rohatgi et al., 2007; Murdoch and Copp, 2010;
Tukachinsky et al., 2010). Upon SHH stimulation for 6 hrs, Smo was redistributed into the
primary cilium as previously described (Chen et al., 2002). When Atohl was overexpressed,
we detected an accumulation of Smo and Gli2 at the tip of each primary cilium (Figure S6A
and S6B). In the absence of SHH, Smo signals were majorly concentrated at the base of primary
cilium in both control and Atohl-expressing cells although Atohl slightly promoted
redistribution of Smo from the ciliary base to the ciliary shaft (Figure S6C).

To investigate Smo localization in neuron progenitors, endogenous Smo was
immunostained in cultured GNPs infected with Atohl-overexpressing (MSCV-Atohl-I-GFP)
or control (MSCV-I-GFP) retroviruses. Interestingly, we found an accumulation of Smo signal
in the primary cilium of GNPs overexpressing Atohl (Figure 7C and S6D). Moreover, when
mouse SHH MB cells were infected with sh-Atohl lentiviruses, the ciliary Smo signal was
significantly decreased (Figure 7D). Taken together, these data suggest that Atohl regulates
SHH pathway activation in GNPs and SHH MB cells.

In conclusion, our results demonstrate that Atohl sustains ciliogenesis in neuron
progenitors and SHH MB by controlling Cep131 expression, and maintains SHH signaling

activation through the primary cilium.

DISCUSSION
Impact of primary cilia regulation on cerebellar development

Primary cilia are required for proper cerebellar development, as they allow the SHH-driven
proliferation of GNPs (Spassky et al., 2008). Therefore, elucidation of mechanisms underlying
primary cilia regulation during development represents an important question in the field.
Recently, it has been reported that primary cilia become shorter and fewer during GNP
maturation (Di Pietro et al., 2017; Bay et al, 2018). In this study, we show that primary cilia are
under the control of Atohl (Figure 2), a master regulator expressed in the cycling GNPs but
absent in mature granule neurons (Akazawa et al., 1995; Ben-Arie et al., 1997). Importantly,

this regulation seems to be crucial for the spatiotemporal regulation of GNPs expansion. Indeed,
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upon inward migration, differentiating GNPs may experience higher concentration of SHH as
they approach the Purkinje cell layer. In addition, previous reports indicated that SHH ligand is
also continuously produced in the adult cerebellum (Traiffort et al., 1998; Lewis et al., 2004).
Although other factors have been already suggested to limit SHH activity to the sole EGL
(Klein et al., 2001; Pons et al., 2001; Solecki et al., 2001; Rubin et al., 2002), the retraction of

primary cilia, caused by Atohl loss upon GNPs differentiation, may represent an effective
mechanism for preventing granule neurons from being aberrantly activated by SHH outside the

EGL or in later stages of development.

Interestingly, the primary cilium plays distinct roles between embryogenesis and postnatal
cerebellar development. In contrast to the postnatal stage, deletion of the primary cilium has no
impact during embryonic development of the cerebellum (Han et al., 2009). On the same line,
Purkinje cells start to express the mitogen SHH at E18.5 within the cerebellum (Lewis et al.,
2004), which clearly demonstrates that SHH signaling and the primary cilium could collaborate

only during postnatal cerebellar development, as implicated in our study.

Atohl regulates the primary cilium to maintain GNPs

We previously reported that Atoh1 sensitizes GNPs to SHH, enabling a greater fraction of
GNPs to re-enter the cell cycle after transient SHH deprivation (Ayrault et al., 2010). Here, we
report a cellular mechanism whereby Atohl keeps GNPs in a SHH-sensitive state by
maintaining the primary cilium on their surface (Figure 2), and therefore enabling the activation
of the mitogenic SHH signal transduction. As a consequence, Atohl overexpression delays
GNPs differentiation (Figure 1); conversely, Afohl silencing inhibits cell proliferation and
promotes cell cycle exit (Flora et al., 2009; Ayrault et al., 2010) by inducing primary cilium
retraction (Figure 2). Importantly, our study further characterizes the complex relationship

between Atohl and the SHH signaling in GNPs.

Indeed, not only Atohl maintains activation of SHH signaling through the cilium as we
show here (Figure 7), but the SHH signaling itself also stabilizes Atohl protein in a
phosphorylation-dependent manner (Forget et al., 2014). These two pathways form a positive
feedback loop that drives GNPs expansion in the developing cerebellum before some intrinsic
and extrinsic mechanisms initiate to deplete Atohl from cells (Briggs et al., 2008; Zhao et al.,

2008). Therefore, we propose that deregulation of this circuit by an accumulation of Atohl
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resulting from inactivation of the transcriptional repressor HIC1 (Briggs et al., 2008) or the E3
ubiquitin ligase Huwel (Forget et al., 2014) would then constitutively activate SHH signaling,
thus enhancing the positive feedback loop and contributing to SHH MB formation.

Contribution of Atohl to ciliogenesis in GNPs

Ciliogenesis is a complex event that requires activation of "ad hoc" transcriptional
networks during development (Choksi et al., 2014). Here we describe the specific and essential
contribution of Atohl to these cascades in the context of the cerebellar granule neuron lineage.
Interestingly, a ciliogenic role for Atohl was previously reported in Drosophila, in which its
homolog Atonal controls the expression of the ciliogenesis transcription factors Rfx and Fd3F
(related to mammalian Foxjl), as well as ciliary functional components, such as Dilatory
(related to Cep131), during mechanosensory cilia formation in chordotonal neurons (Cachero
et al.,, 2011; zur Lage et al., 2011). However, we found that Foxjl is undetectable in the
cerebellum and the expression of mammalian Rfx factors is not affected by Atohl
overexpression in GNPs (Figure S7). Conceivably, Atohl may not need to utilize Rfx factors
and Foxjl in the biogenesis of primary cilia due to their major role in regulating the genes
specific for motile mechanosensory cilia, such as radial spokes, dynein arms, and Nexin-Dynein
Regulatory Complex (N-DRC) (Choksi et al., 2014). Apparently, only the regulation of Dilatory
is conserved as Atohl directly controls Cepl131 expression in GNPs (Figure 4 and 5). This
pathway plays a key role in GNPs' ciliogenesis, as the expression of Cep131 mostly restores
the CS integrity (Figure 6B) and rescues the loss of primary cilia provoked by Atohl
knockdown (Figure 6C and S5B). Moreover, neither CS structures nor Pcm1 homologous
proteins were found in Drosophila (Hodges et al., 2010); thus the role of Atohl in controlling
the recruitment of CS may have emerged later during evolution (Figure 4B and 6B). Therefore,
our results highlight the functional diversity of Atohl in regulating cilia between flies and

mammals.

Notably, the nature of Cep131°s contribution to ciliogenesis is still contentious, as the
consequence of Cep131 reduction varies between different tissues and organisms, ranging from
no ciliary defects to complete ciliary loss (Graser et al., 2007; Wilkinson et al., 2009; Ma and
Jarman, 2011; Hall et al., 2013; Chamling et al., 2014). In our study, we provide evidence that
Cepl31 is required for ciliogenesis in GNPs, as Cep 31 knockdown reduces the percentage of

ciliated cells in vitro and in vivo during postnatal cerebellar development (Figure 6A and S4D).
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Most importantly, we also show that the loss of primary cilia in Cep131-depleted GNPs results
from the disruption of CS integrity, as indicated by Pcm1 scattering from the pericentrosomal
region (Figure 6A), pinpointing a precise action of Cep131 in the context of GNPs' ciliogenesis.
It is interesting to note that in other works, Cep131 reduction does not always result in Pcm1
dispersion, largely depending on the cell types and environmental stimuli (Tollenaere et al.,
2015b; Hori and Toda, 2017). For example, Cep131 depletion does not affect CS integrity in
HeLa cells (Staples et al., 2012), whereas its reduction was shown to alter Pcm1 intensity and

distribution in an automated microscopic screening (Gupta et al., 2015).

Altogether, our findings indicate that Atoh1 utilizes Cep131 to regulate CS integrity in the
developing cerebellum (Figure 6). In turn, CS, assembled on the scaffold protein Pcml, will
contribute to ciliogenesis by enabling the required protein trafficking between the cytoplasm
and the basal body-ciliary compartment (Kim et al., 2008; Waters and Beales, 2011; Tollenaere
et al., 2015a). Therefore, the Atoh1-Cep131-CS integrity axis would act as a gatekeeper during
GNPs' ciliogenesis, as it would provide cells an essential machinery (i.e. the CS) for building

the primary cilia.

Primary cilia and cancer

In cancer, the absence of primary cilia is often associated with tumor formation
(Hassounah et al., 2012). By contrast, the presence of the primary cilium is required for the
initiation and expansion of SHH MB driven by upstream activation of the SHH pathway, as in
the case of Ptchl or Gpri61 deletion or Smo activating mutations (Han et al., 2009; Barakat et
al, 2013; Bay et al, 2018; Shimada et al, 2018). Current treatments for MB include surgical
section, radiotherapy, and chemotherapy. Targeted therapies through the inhibition of Smo have
been validated for their efficacy in SHH MB in vivo; however, they are often associated with
toxicity or drug resistance, such as the GDC-0449 compound (Yauch et al., 2009). Thus, new
approaches for targeting specific mechanisms in SHH MB are desperately needed.
Interestingly, it was shown that ablation of primary cilia in MB cells blocks SHH MB
proliferation in vitro and in vivo (Barakat et al., 2013). Recently, inhibition of Plk4, implicated
in CS integrity and centriole biogenesis (Tang, 2013; Hori et al., 2016), was also proposed to

serve as a promising target in treating MB (Sredni et al., 2017).
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In conclusion, we uncovered a molecular mechanism controlled by the transcription
factor Atohl through the primary cilium, both of which are required for the formation of
cerebellar neuron progenitors. Our results suggest that the Atohl-Cepl31-CS integrity
program, which modulates primary cilium functions and SHH signaling pathway, may serve as
new routes for therapeutic interventions to treat SHH MBs and cerebellar developmental

disorders.
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Figure 1. Sustained Atohl expression delays GNPs differentiation in vive and correlates

with primary cilia in the EGL

(A) Representative images showing the distributions of GNPs in the cerebella 1, 2, 3, 4 day(s)
(D1, D2, D3, D4) after electroporation in vivo at P6 with pCIG2 (upper panels) or pCIG2-Atoh1
(lower panels). Arrows indicate migrating granule neurons from the ML (P6 D2) to the IGL
and GNPs still located in the EGL (P6 D3 and P6 D4). Note that parallel fibers are prominent
in the EGL (arrowheads). Scale bar: 20um. See also Figure S1C.

(B) Immunostaining for cell cycle (Ki67), neuronal differentiation (Tujl) and granule cell
lineage (Pax6) markers (red) in cerebellar slices at 3 days after electroporation with pCIG2
(upper panels) or pCIG2-Atohl (lower panels). Arrows indicate Ki67+ / GFP+ cells (left
column) and Pax6 / GFP+ cells (right column), while arrowheads indicate GFP+ cells in the
Tuj1- layer (middle column). Green: GFP, blue: DAPI. Scale bar: 50um. Bar graphs show the
percentage of Ki67+ / GFP+ and Tujl+ / GFP+ cells in each condition. Student’s ¢ test. *:
p<0.05, **: p<0.01; n = 4 animals in which around 800 electroporated cells were counted. Data

are represented as mean + SEM. See also Figure S1D.

(C) Co-existence of primary cilia and Atoh1 expression in P6 cerebellar sections from Atoh 1"
knockin mouse immunostained with Arl13b (yellow), y-tubulin (red), GFP (green) and DAPI
(blue). An enlarged view from the boxed region (right panel) shows that intact primary cilia
(arrows) are detectable in Atohl-expressing cells (GFP+), while most primary cilia in GFP-
cells are short or absent (arrowheads). Dashed lines separate the outer EGL (0EGL) from the
inner EGL (iEGL), which is also the boundary of Atohl expression. Scale bar: 20um.

(D) Purified P6 GNPs from Atoh1°"F mice, cultured in presence of SHH, were immunostained
for Arl13b (yellow), y-tubulin (red), and DAPI (blue). Arrows indicate intact primary cilia,
while arrowheads show basal bodies devoid of primary cilia. Scale bar: Sum. Bar graph
indicates the percentage of primary cilia according to the GFP intensity, which corresponds to
Atohl expression. Student’s ¢ test. ***: p<0.001; n = 3; 500 cells per experiment. Data are

represented as mean + SEM.
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Chang et al, FIGURE 2
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Figure 2. Atohl governs the presence of primary cilia in vitro and in vivo

(A)  Primary cilia in Atohl-knockdown GNPs in vitro. Cultured P6 wild-type GNPs were
infected with lentiviruses encoding sh-Ctrl (left two panels) or sh-Afohl (right two panels) for

72 hrs. Arrowheads represent basal bodies without protruding of Arl13b+ signals, while arrows
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indicate fully formed primary cilia. Green: GFP, white: Arl13b, red: y-tubulin. Scale bar: 10um.
Bar graph reveals the percentage of ciliated cells after 72 hrs in vitro in each group. Student’s ¢
test. ***: p<0.001; n = 4; 1500 cells per experiment. Data are represented as mean + SEM. See
also Figure S2B and S2C.

(B)  P7 cerebella sections from AtohlER: Atoh 1" ' mice treated with tamoxifen at P3, were
immunostained with Arl13b (white), y-tubulin (red), Ki67 (yellow) and DAPI (blue). Arrows
indicate intact primary cilia, while arrowheads point to basal bodies devoid of ciliary structures.
Scale bar: 10pum. Bar graph represents the percentage of ciliated GNPs among cycling (Ki67+)
GNPs. EGL: external granule layer. Student’s #-test ***: p< 0.001; Animal number: n = 3 for
each condition; Around 350 cells counted per animal. Data are represented as mean + SEM.
(C)  Cerebella were electroporated with control RNAL (si-Ctrl, left two panels, n =4 animals)
or Atohl RNAI (si-Atohl, right two panels, n = 6 animals) for 36 hrs. Immunostaining by
Arl13b (white) and y-tubulin (red) represent the primary cilium (arrows) in each group. Scale
bar: 10um. Bar graph displays the percentage of ciliated GNPs in GFP+ cells. 450
electroporated cells were counted per experiment. Student’s ¢ test. ***: p<0.001. Data are
represented as mean + SEM.

(D)  Immunostaining for primary cilia by Arl13b (red) in mouse SHH MB cells infected with
lentiviruses encoding sh-Ctrl (left panel) or sh-Atohl (right panel) for 72 hrs. Green: GFP.
Arrows represent the primary cilium in GFP+ cells. Scale bar: 10um. Bar graph indicates the
percentage of ciliated SHH MB cells in each group. Student’s ¢ test. ***: p<0.001; n = 4; 700

cells counted per experiments. Data are represented as mean + SEM. See also Figure S2.
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Figure 3. Primary cilia are required for Atohl to maintain GNP proliferation in vivo

(A) Proliferation status of GNPs overexpressing Atohl (pCIG2-Atohl) or control (pCIG2) in
combination with Kif3a shRNAs (sh-Kif3a #1 or #2) in cerebella 36 hrs after electroporation at
P6. Arrows indicate the proliferating GNPs (Ki67+, red) in electroporated cells (GFP+). Blue:
DAPIL. Scale bar: 10um. See also Figure S3.

(B) Bar graph represents the quantification of (A), and indicates the percentage of Ki67+ /
GFP+ cells in each group. Two-way ANOVA, p=0.004. Post-hoc: LSD test. *: p<0.05, **:
p<0.01, ***: p<0.001. Animal number: n = 4 for pCIG2 + sh-Ctrl, pCIG2 + sh-Kif3a #I,
pCIG2-Atohl + sh-Ctrl, and pCIG2-Atohl + sh-Kif3a #1, n = 3 for pCIG2 + sh-Kif3a #2 and
pCIG2-Atohl + sh-Kif3a #2. Around 1000 electroporated cells were counted. Data are

represented as mean + SEM.
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Figure 4. Atoh1 shapes the centriolar satellites and correlates with Cep131 expression

(A) Distribution of centriolar satellites (CS, arrows) in the cerebellar EGL at P6.

19FP mouse revealed the localization of

Immunostaining of cerebellar sections from the Atoh
clustered CS (red, arrows), represented by Pcm1 (left panel) and Cep131 (right panel). Green:
GFP, Blue: DAPI. Dashed lines mark the boundary between oEGL and iEGL. Boxed regions

(dashed squares) are enlarged at the right of each panel. Scale bar: 20um.

(B) Effects of Atohl knockdown on CS localization. P6 GNPs were infected with lentiviruses
encoding sh-Ctrl or sh-Atohl (green) for 2 days in vitro. Inmunostaining shows Pcml1 (red, left
panels), Cepl131 (red, right panel) and the centrioles (Pcnt, white). Boxed regions (dashed
squares) are magnified at the right of each panel. Blue: DAPI. Scale bar: 10um. Bar graph
represents the quantification for the percentage of clustered CS in GFP+ infected cells. Student's
t test. *: p<0.05; around 1500 neurons from 3 independent experiments. Data are represented

as mean + SEM.

(C) Workflow exhibits the applied dataset and exclusion criteria for searching candidate Atohl-

targeted genes involved in the regulation on CS integrity or distribution.

(D) Relative mRNA expression of the seven genes derived from (C) was measured by RT-
qPCR in P6 GNPs infected with MSCV-Atoh1-I-GFP or MSCV-I-GFP retroviruses for 2 days.
Student's ¢ test. **: p<0.01, ***: p<0.001; n = 3. Data are represented as mean + SEM.

(E) Relative mRNA expression of Cep/31 and a panel of CS genes involved in ciliogenesis in
P6 GNPs infected with sh-Ctrl or sh-Afohl lentiviruses for 2 days. Student's ¢ test. *: p<0.05,
*%: p<0.01; n = 3 for Atohl, Cep131, Bbs4, Cep290, For20 and Talpid3, n = 4 for OfdI and

Pcml. Data are represented as mean + SEM.

(F-G) Effects of Atohl on Cepl31 protein expression in GNPs. Whole cell lysates of cultured
P6 GNPs infected with lentiviruses encoding either sh-Ctrl / sh-Atohl (F) or MSCV-I-GFP /
MSCV-Atohl-I-GFP (G) were immunoblotted by using antibodies against Cep131 and Atohl.

Actin and a-Tub were used as loading control.
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(A) The 3' region of Cepl31 locus in mouse genome containing 3 E-boxes (arrowheads).

Dashed red line spanning the 3 E-boxes corresponds to the DNA sequence amplified in the
ChIP-gPCR for the Cepl31 3' region (see also Figure 5B). Cloning strategy for the Cepl31-

reporter construct and the nucleotide sequence of the cloned region (see also Figure 5C) are

shown at the bottom.
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(B) Atohl ChIP-gPCR in murine SHH MB cells infected with MSCV-Atoh1-HA-GFP and
sorted by FACS for GFP expression. Bar graph shows the relative amount of recovered DNA
measured by qPCR after ChIP. The putative Cep/31] 3’ regulatory region containing three E-
boxes (dashed red line in (A)) is shown in blue. Known Atoh1-bound enhancers (i.e. Atohl and
Gli2), are shown as green bars and were used as positive controls (Flora et al., 2009; Klisch et
al., 2011). E-box-containing sequences in promoters of Cep/31 proximal genes (Pde6g and
Rab37) and Cep131 introns were used as negative controls and are shown as red bars. One-way
ANOVA, p < 0.001. Post-hoc: Dunnett’s test. ***: p < 0.001; n = 4. Data are represented as
mean + SEM. See also Figure S4A.

(C) Bar graph shows the normalized luciferase activity when the Cep/3[-reporter construct was
co-transfected with plasmids encoding either empty vector (pCIG2), Atohl (pCIG2-Atohl) or
transcriptionally inactive Atohl (pCIG2-Atohl K194R) in N2a cells. One-way ANOVA, p <
0.001. Post-hoc: Bonferroni test. ***: p<0.001; n =3 from 3 independent experiments. Data are

represented as mean + SEM. See also Figure S4B.
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Figure 6. Atohl modulates centriolar satellites for ciliogenesis through Cep131 in GNPs

(A) Effects of Cepl31 knockdown on the CS morphology (Pcml, red) and primary cilia
(Arl13b, white). Cultured P6 GNPs were infected with lentiviruses encoding for sh-RNAs
(green) targeting Cep 131 (sh-Cep131 #1 and #2) or sh-Ctrl for 2 days. Arrows indicate clustered
CS with intact cilia. Insets show representative CS morphology of GFP+ GNPs in each group.
Scale bar: 10um. Bar graph represents the percentage of ciliated cells in GFP+ GNPs. One-way
ANOVA, p<0.001. Post-hoc: Bonferroni test. **: p< 0.01; Around 1400 neurons from 3

independent experiments. Data are represented as mean + SEM. See also Figure S4C.

(B) Rescue effect of Cepl31 on Pcml localization in cultured P6 GNPs upon Afohl
knockdown. GNPs were infected in vitro with indicated combinations of lentiviruses encoding
for sh-Ctrl, sh-Atohl (green) and a dsRed-tagged Cepl31 (dsRed-Cepl31) for 3 days.
Immunostaining revealed Pcm1-containing CS (Pcm1, white), and centrioles (y-tubulin, green).
Boxed regions are enlarged at the bottom of each panel. Scale bar: Sum. Bar graph represents
the Pcml intensity from pericentrosomal region normalized to the whole cell. One-way
ANOVA, p<0.01. Post-hoc: Bonferroni test. *: p<0.05, **: p<0.01; n = 4, around 300 cells

counted per condition in each replicate. Data are represented as mean + SEM.

(C) Rescue effect of Cep131 on primary cilia upon Atohl knockdown in GNPs. GNPs were
treated as in (B). Arrows indicate fully formed primary cilia in contrast to defective primary
cilia (arrowheads). Green: GFP, red: dsRed-Cep131, white: Arll13b, blue: DAPI. Scale bar:
10um. Bar graph represents the percentage of ciliated GNPs among GFP+ cells. One-way
ANOVA, p<0.01. Post-hoc: Bonferroni test. *: p<0.05, **: p<0.01; n = 3, around 500 cells
counted per condition in each replicate. Data are represented as mean + SEM. See also Figure

Ss.
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Figure 7. Atohl maintains SHH signaling through the primary cilium

(A) SHH signaling activity in NIH-3T3 cells overexpressing Atohl in combination with
primary cilia ablation by Kif3a or Ift88 silencing. SHH-treated NIH-3T3 cells were transfected
with a plasmid encoding the firefly luciferase under the control of a promoter sequence with
Gli binding sites in combination with indicated plasmids. The values of Gli-luciferase activities
are normalized to the activity in cells without SHH activation. Student’s ¢ test. *: p<0.05, **:

p<0.01; n = 3. Data are represented as mean + SEM.
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(B) P6 wild-type GNPs were infected with indicated retroviruses in presence of SHH. Lysates
of GNPs were analyzed at indicated times by immunoblotting using antibodies against Ptchl,

Atohl and Actin.

(C) Endogenous Smo (green) staining in cultured P6 wild-type GNPs infected with retroviruses
carrying GFP (left two panels, MSCV-I-GFP) or Atohl and GFP (right two panels, MSCV-
Atoh1-I-GFP) in the presence of SHH. Blue: GFP, green: Smo, red: Arl13b, magenta: DAPI.
Scale bars: Sum. Scatter plot shows the Smo intensity residing in the primary cilium (arrows in
the images) relative to its intensity within the cytoplasm for individual cells. Red lines mark the
mean and SEM for control GNPs (dark blue, n = 86) and Atohl-overexpressing GNPs (light
blue, n = 87). Mann-Whitney U test. ***: p< 0.001. See also Figure S6D.

(D) Smo (green) localization (arrows) in primary mouse SHH MB cells from the Ptchl™” model
infected with lentiviruses encoding sh-Ctrl (n = 56 cells) or sh-Atohl (n = 67 cells) for 72 hrs.
Arrowheads indicate less accumulation of Smo signal inside the primary cilium, compared to
arrows. Green: Smo, red: Arl13b, blue: GFP, magenta: DAPI. Scatter plot reports Smo intensity
within the primary cilium relative to its intensity within the cytoplasm for individual cells. Red
lines mark the mean and SEM for control and sh-Afohl cells. Mann-Whitney U test. ***:
p<0.001. Scale bar: Sum.
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STAR*METHODS
Detailed methods are provided in the online version of this paper and include the following:
CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be

fulfilled by the Lead Contact, Olivier Ayrault (olivier.ayrault@curie.fr).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Animal Husbandry

Pups at various Postnatal (P) ages were obtained from CD-1 (RjOrl:SWISS) mice for GNPs
culture or in vivo electroporation. Mouse SHH MB cells were generated from Ptchl™” mice
(Jackson Laboratory, 003081) (Goodrich et al., 1997). Atohl®™ knockin (referred to as
Atoh1™#1120) " 4toh 1 °ER (referred to as Tg(Atohl-cre/Esrl*)14Fsh) and Atohl™F" (referred to
as Atoh1™3"°) mice were obtained from Jackson Laboratory. To achieve the conditional
knockout of Atohl in GNPs, Atohl"ER;Atoh1™'" mice were intraperitoneally injected with
tamoxifen at P3. We followed the European and national regulations for the care and use of
animals in order to protect vertebrate animals for experimental and other scientific purposes
(Directive 86/609). The project ‘‘Atohl/Mathl regulation and function during cerebellar
normal development and medulloblastoma’’ obtained the ethical approval (#2011-0012) from
the reporting ethical committee IDF Paris-Comité 1. The animal use was also approved by the
Institutional Animal Care and Use Committee (IACUC) of National Yang-Ming University
(1030503, 1040625).

Cerebellar electroporation in vivo

In vivo cerebellar electroporation was modified from the protocol described previously
(Umeshima et al., 2007). Briefly, mouse pups at P6 were anesthetized on ice for 2-5 minutes
until unresponsiveness to pain stimuli. An incision was made to expose the underlying skull
above the cerebellum. A needle was used to make a tiny hole in the skull and then a 33-gauge
needle was inserted into the cerebellum to deliver DNA (0.7 pl) into the primary fissure of the

cerebellum. Electroporation was achieved by a tweezer-type electrodes connected to a square
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wave generator (ECM 830, Harvard Apparatus), providing a short current of 70 V, with 6 pulses
over a 50 ms duration and 150 ms intervals over the head. The wound was then sutured and

sterilized with 70 % alcohol.

Cell lines, GNPs and SHH-MB culture

NIH-3T3, Neuro-2a (N2a), and HEK293T cells were cultured in Dulbecco’s Modified Eagle’s
Medium supplemented with 10% calf serum or fetal bovine serum as instructions from ATCC,
4 mM L-glutamine and 100 unit penicillin and streptomycin. SHH was purchased (SHH-N
Terminus recombinant, R&D) or obtained from a conditioned medium (HEK293 cell line
expressing a secreted form of SHH (ShhN-pIND), gift from Philip Beachy, (Johns Hopkins
Medical School, Baltimore, MD). Cerebellar GNPs and SHH MB cells were purified and
cultured as previously described (Zhao et al., 2008). GNPs were cultured with SHH-conditioned
medium, SHH-N Terminus recombinant or the Smoothened ligand (SAG) 100 nM (Enzo Life
Sciences). P6 GNPs from Atohl1°" pups were purified and cultured in presence of SHH and
fixed 6 hrs after plating. In vitro, GNPs were incubated with 10 uM BrdU (BD Biosciences) for
2 hrs and stained with anti-BrdU as previously described (Uziel et al., 2005).

METHOD DETAILS

Plasmids and siRNA

For in vivo cerebellar electroporation, pCIG2-Atohl-HA was used to enforce Atohl-HA
expression while pCIG2 was used as a control (Forget et al., 2014). pC2 and pC2-Atoh1-HA
were generated from pCIG2 and pCIG2-Atoh1-HA respectively, in which GFP cassette was
removed. MSCV-IRES-GFP (MSCV-I-GFP), MSCV-Atohl-IRES-GFP, MSCV-IRES-RFP
and MSCV-Atohl-IRES-RFP were previously described (Ayrault et al., 2010). The lentiviral
pLV-3xFlag-puro-dsRed-Cep131 plasmid, kindly provided by Dr. Lei Shi (Li et al., 2017), was
used to ectopically express Cepl31 in cultured GNPs. Human version of CEP131 and PCM1
cDNA were generous gift from Dr. Tang K. Tang, and these cDNAs were sub-cloned into
pCIG2 vector. pEGFP-mSmo (Addgene #25395) (Chen et al., 2002), pCEFLmGFP-GIi2
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(Addgene#37672) (Kim et al., 2009), Ptch1-YFP (Addgene #58456) (Rohatgi et al., 2007) were
obtained from Addgene.

For Gli-luciferase assay, the promoter region of the luciferase reporter contained eight copies
of the wild-type Gli binding motif (GAACACCCA, GliBS), or mutant Gli binding motif
(GAAGTGGGA, mGliBS) as previously described (Sasaki et al., 1999; Lin et al., 2012). US2-
renilla luciferase construct was used as internal control. Details information for siRNA targeting

sequences are listed in Table S2.

Virus production and Lipofectamine transfection

Viruses were generated as previously described (Forget et al., 2014). NIH-3T3 cells and
Neuro2a (N2a) were transfected with Lipofectamine 3000 (Invitrogen) in accordance to the
manufacturer’s protocol. For primary cilia studies, NIH-3T3 cells were serum deprived after
transfection (5% serum, 24 hrs). Subsequently, SHH-N Terminus recombinant protein (R&D)
was added (0.6 pg/ml) for 6 hrs (for immunoblotting) or 8 hrs (for luciferase assay). To visualize
Ptchl, Gli2 and Smo within the primary cilium, transient transfection and sparse labeling was
achieved by using 0.8 pg of each plasmid (Ptch1-YFP, pCEFLmGFP-Gli2, or pEGFP-mSmo),
simultaneously transfected with 3.2 pg of pC2 or pC2-Atoh1-HA in 2x10° NIH-3T3 cells on a
3.5 cm diameter glass-bottom dish. Next, cells were serum starved for 24 hrs after transfection

and SHH-N Terminus recombinant protein was added for an additional 6 hrs.

Immunofluorescence and imaging

The cerebella were harvested at indicated time. After terminally anaesthetized on ice, mice pups
were transcardially perfused with 4% PFA in PBS and post-fixed in 4% PFA overnight. Sagital
sections (100 pm) were performed using Vibrotome (VT1000S, Leica) or cerebella were
cryoprotected in 30% (w/v) sucrose in PBS before embedding in tissue-Teck. Serial sections (8
pum) were made on a cryostat. Primary antibodies used in vivo are listed in the Key Resources
Table. Secondary antibodies (Alexa Fluor, 1:500, Thermo Fisher Scientific) were applied for 2
hrs at room temperature. Finally, the slices were counterstained with 0.5 pg/ml DAPI
(Invitrogen) for 1 hr. VECTASHIELD Mounting (Vector Laboratories) was added before
sealing the slides. For NIH-3T3 and GNP staining, cells were fixed with 4% PFA for 15 minutes
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and then permeabilized in PBST solution (0.3% Triton X-100 in PBS) for 30 min. Primary
antibodies, listed in the Key Resources Table, were applied for 2 hrs at room temperature,

following by secondary antibodies and DAPI as described above.

Microscopy

Slices or cells were imaged under an inverted laser scanning confocal microscope by either
(LSM-700, Zeiss) or (SP5, Leica) with a 63x objective (N.A 0.7, LEICA) at a resolution of
2048x2048 (pixel size 0.246 [1m) and a 100x objective (N.A 1.4 oil, Zeiss) respectively. Images
acquisition for the GNPs was performed using a 3D microscope (Optigrid, Leica) with a 63x
objective (N.A 1.40, LEICA) connected to a CCD camera (pixel size 6.5 [Im x 6.5 [im). The
excitation wavelengths were 405 nm for DAPI, 488 nm for EGFP, 555 nm for red fluorescence,
and 635 nm for infrared. Zeiss LSM 7MP with 20X (N.A. 1.0) was used to observe the granule
neurons with T-shape morphology. A femtosecond pulsed infrared laser (MaiTai HP,

SpectraPhysics) tuned at 910 nm was used as the excitation light source.

Electron Microscopy

P6 mice pups were transcardially fixed with a buffer containing 2.5% glutaraldehyde, 4% PFA
in 0.1M PBS. Next, cerebella were processed and sectioned at the Transmission Electron
Microscope Facility in Academia Sinica as previously described (Gray, 1961). Cerebella

sections were observed under JEOL JEM-1400 PLUS system.

Image analysis and fluorescent intensities quantification

For primary cilia counting in vivo and in vitro, all the cells in mitosis were excluded from our

analysis, as primary cilia are retracted during this phase of the cell cycle.

For distinguishing the morphology of centriolar satellites (i.e., cluster or disperse), GNP images
were analyzed using ITCN plugin in ImageJ software (NIH). Individual satellite was measured
and defined as one dot according to the instructions from Academic Technology at Keene State
College (https://www.youtube.com/watch?v=PqHFsmS1 JY). If there are more than 3 dots

located around Pcnt-labeled centriole, this pattern will be classified as “clustered.”
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For centriolar satellite localization rescue experiment upon dsRed-Cep131 expression in GNPs,
the extent of Pcml clustering around the centrosome was determined as follow, using the
Image] software (NIH). We first measured the signal intensity of Pcm1 (called PCjigna) within
a circular area of 4.8 um? centered on the peak intensity of y-tubulin in infected cells. The 4.8
um? value was estimated from the average surface of the Pcm1 pericentrosomal "cloud" in wild-
type GNPs. Second, we measured the Pcml signal intensity in the whole cell cytoplasm
(WCsignat) of infected cells. Finally, the reported "Pericentrosomal to whole cell Pcm1 signal
ratio" was calculated as PCsignar / WCsignai. The relative values were obtained from the
normalization to sh-Ctrl cells. Additionally, in order to highlight the y-tubulin staining, the

contrast relative to the green signal was enhanced in the magnified cropped images.

For NIH-3T3 cells transiently transfected with pEGFP-mSmo, GFP signals were measured in
the individual primary cilium by the Zen software (Carl Zeiss, Germany). Upon SHH
stimulation, the “tips to shaft width ratio” was calculated as 0.5 x (A+B) / C in each labeled
primary cilium where: A: width for the tip of primary cilium, B: width for the base of primary
cilium, C: width for the shaft of primary cilium. For the Smoothened staining in GNPs or SHH
MB cells, Smoothened signals were measured under Image J software (NIH). The “relative
Smo intensity” was calculated by the normalization of the averaged smoothened signal from
the entire primary cilium to the averaged smoothened signal within the cytoplasm in individual

cells. Scatter plot was drawn under the Excel software (Microsoft).

Immunoblotting

Cell were lysed in RIPA buffer (50mM Tris-HCI, pH 8.0, 150mM NaCl, 1% Nonidet P-40,
0.5% sodium deoxycholate, 0.1% SDS) and mixed with protease inhibitor cocktail (Sigma
Aldrich). Proteins were quantified by BCA protein assay (Pierce) and were resolved by SDS-

Page. Primary antibodies are listed in the Key Resources Table.

RNA extraction, cDNA synthesis and qPCR

Total RNA extraction from cultured GNPs was performed with TRIzol Reagent (Thermofisher

Scientific) according to manufacturer's instructions. Removal of potential genomic DNA
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contaminations was achieved by DNase I treatment (Sigma-Aldrich) and, subsequently, cDNA
was synthesized using SuperScript III Reverse Transcriptase (Thermofisher Scientific)
following provider's protocols. qPCR was performed with Power SYBR Green PCR Master
Mix (Applied Biosystems). Primers for RT-qPCR are listed in Table S3.

ChIP-qPCR

To test the physical binding of Atoh1 to the Cep31 regulatory region, 10x10° murine SHH MB
cells, previously transduced with MSCV-Atohl-HA-IRES-GFP and FACS-sorted for GFP
expression, were harvested, washed with cold PBS and incubated at room temperature with 1%
formaldehyde (Thermofisher Scientific) for 10 minutes on a rotator. The crosslinking reaction
was stopped by adding glycine 140 mM for 5 minutes at room temperature. After two washes
in cold PBS, cells were lysed in 700 pl of RIPA buffer with protease inhibitors for 1 hour on
ice. The lysate was then sonicated at 4°C to shear the chromatin to an average size of 200-500
bp and centrifuged to remove cell debris. To perform the ChIP, 40 ul of anti-HA antibodies-
conjugated agarose beads (Sigma) were pre-blocked in 80 ul of RIPA buffer containing 4 pg of
BSA and 3 pg of herring sperm DNA (Thermofisher Scientific) for 3 hrs. 50 ul of lysate was
used as input and the remaining was incubated with the pre-blocked beads at 4°C on a rotator
O/N. The beads were then washed with a buffer containing 250 mM LiCl, 1% NP-40, 1%
sodium deoxycholate, ] mM EDTA and 10 mM Tris-HCI in pH8. Antibodies-bound chromatin
was finally eluted with SDS 1% and 100 mM NaHCO;j in water. Precipitated and IP-input
chromatin was de-crosslinked O/N at 65°C in presence of 300 ng/ul proteinase K (Thermofisher
Scientific) and 200 mM NaCl. Subsequently, DNA was extracted using phenol:chloroform.
Recovered DNA was finally used as template for qPCR using the primers listed in Table S4.
The relative quantification of recovered DNA for each tested genomic region was calculated as
2N Ctinpus - Ctip) where Ctinpur and Ctrp are the qPCR threshold cycles relative to the input and
the IP-eluted chromatin respectively. Obtained values where then normalized to the mean of

the negative controls.

Luciferase reporter assay

To test the transcriptional activity of Atoh1 K194R mutant, 0.2x10° HEK293T cells were plated
in 6 wells plate and, co-transfected with 0.25 pg of pCIG2-Atoh1-HA or pCIG2-Atoh1-K149R-
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HA or pCIG2 as negative control as well as 0.12 pg of pARTK-Luc (p4RTK-Luc) (McCormick
et al., 1996) and 0.025 pg of renilla luciferase. The p4RLTK-Luc plasmid contains 5

multimerized E-boxes driving the expression of the firefly luciferase.

For Cep131-reporter assay, the E-boxes containing 3’ regulatory region of Cep/31 (Figure 5A)
was sub-cloned into the pGL3-basic vector. Next, 0.15x10% Neuro-2a (N2a) cells in 24-well
plates were co-transfected with 0.025 pg US2-renilla luciferase and 0.4pg Cepl31-reporter
constructs. Meanwhile, 0.4 pg of either pCIG2, pCIG2-Atoh1-HA, or pCIG2-Atoh1-K194R-

HA were transfected as different groups.

For Gli-reporter assay, 0.5x10° NIH-3T3 cells in 24-well plates were co-transfected with 0.025
pug US2-renilla luciferase and 0.35ug firefly luciferase with either wild-type or mutant Gli
binding sites as the promoters. 0.05 pug pCIG2 or pCIG2-Atoh1-HA was transfected in NIH-
3T3 cells under half serum for 24 hrs. Subsequently, recombinant SHH-N (R&D) was added to

achieve final concentration at 0.6 png/ml for additional 8 hrs.

In all above cases, cell lysis and luciferase assay were performed using the Dual Luciferase
Assay kit (Promega), according to the manufacturer’s protocol. For both two Atohl assays, the
luciferase activity is determined as the normalized ratio between firefly luciferase and Renilla
luciferase in the same cells. For the Gli reporter assay, the luciferase activity is calculated as
the following formula: (GliBS firefly luciferase / Renilla luciferase in the same cells), followed
by normalization with (mutant GliBS firefly luciferase / Renilla luciferase in the same cells), in

accordance to previous study (Lin et al., 2012).

Statistical analysis

Statistical significance was determined with GraphPad Prism software (version 5.0), Excel

software (Microsoft), and PASW Statistics 18 (IBM).
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Supplemental Figure 1
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Figure S1. Scheme of in vivo cerebellar electroporation and the morphology of primary cilia in the

developing cerebellum (Related to Figure 1)

(A) Left Panel: Scheme for the procedure of electroporation. The bottom panel shows the top view of
a P6 pup head after DNA solution containing fast green was injected and diffused along the primary
fissure. Middle two panels: A tissue section from P14 cerebellum electroporated with a vector encoding
for GFP at P6. GFP signals (green) were specifically detected around the primary fissure between
lobules IV/V and Vla (white arrow). Scale bar: 500um. An enlarged view from the box shows layers of
the cerebellum by Calbindin (red) and DAPI (blue) staining. GFP: electroporated cells. Scale bar:
500um. Right panel: A tissue section from a cerebellum electroporated in vivo at P6 with a plasmid
encoding for GFP, observed 30 hrs after electroporation. GFP cells (green) appeared specifically in the
EGL. The cerebellum was stained with Pax6 (magenta) and DAPI (blue). EGL: external granular layer,

ML: molecular layer. Scale bar: 20pm.

(B) In vivo cerebellar electroporation with GFP labeling at P6 to P9 can reveal the morphological
transition from GNPs to granule neurons, the same as the depiction of Santiago Ramén y Cajal, more
than 100 years ago. Numbers (from 1 to 12) in each panel represent the corresponding stages in Santiago

Ramon y Cajal’s manuscript. Scale bar: 10um.

(C) Quantification of the distribution of GFP+ cell from Figure 1A. EGL: external granule layer, ML:
molecular layer, IGL: internal granule layer. Student’s ¢-test. *: p< 0.05, **: p< 0.01, ***: p<0.001.

Around 3200 electroporated cells were counted. Data are represented as mean + SEM.

(D) Separated channels for the Ki67+ cells (Red) from Figure 1B. Arrows indicates the Ki67+ / GFP+

cells. Scale bar: 50pm.

(E) Tissue sections of wild-type cerebella collected at P8 and immunostained with Ift88 (red), Arl13b
(green), and DAPI (blue) in the EGL (upper three panels) and the IGL (lower three panels). White arrows

show Ift88 signals in the EGL while arrowheads indicate a dot-like structure. Scale bar: 5 pm.

175



(F) Representative electron micrographs of the centriolar structures in the cerebellum of P6 wild-type
mice. Primary cilia were mostly found in the EGL (left panel) with daughter centriole (DC), mother
centriole (MC), ciliary axoneme (Ax), and ciliary pocket (CP), whereas the centrioles (C) found in the
IGL were not associated with ciliary structures (right panel). Scale bar: 200nm, left panel; 100nm, right
panel. Bar graph displays the percentage of ciliary structures found in centrioles. Chi-square test, *: p<

0.05; n = 8 centrioles from about 100 cerebellar sections in each group.
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Supplemental Figure 2
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Figure S2. Atohl governs the presence of primary cilia in vitro and in vivo (Related to Figure 2)

177



(A) Lysates from GNPs infected with lentiviruses encoding sh-Ctrl or sh-Atohl (#2 and #5) for 2 days
in vitro were analyzed by immunoblotting. Protein lysates were analyzed by anti-Atohl and anti-Actin

antibodies.

(B) Bar graph (relative to Figure 2A) indicates the percentage of BrdU+ GNPs (after a 30 min BrdU
pulse before fixation) among those infected with sh-Ctrl or sh-Afohl lentiviruses for 3 days in vitro.

Student’s ¢ test. Data are represented as mean + SEM.

(C) Relative mRNA expression of SHH-targeted genes in P6 GNPs 3 days after infection with sh-Ctrl
or sh-Atohl lentiviruses. Student's ¢ test. *: p<0.05, **: p<0.01; ***: p<0.001; n =4 for Ptchl, n =73 for

Ccendl, Glil and Mycn. Data are represented as mean + SEM.

(D) Immunostaining for primary cilia in cultured P6 GNPs from wild-type mice infected with
retroviruses encoding MSCV-I-GFP (left two panels) or MSCV-Atoh1-I-GFP (right two panels) in the
presence of SHH for 2 days. Arrows indicate cells with intact cilia while arrowheads indicate centrioles
without primary cilia. Green: GFP, white: Arl13b, red: y-tubulin. Scale bar: 10um. Bar graph shows the

percentage of ciliated cells in each group. Student’s # test. *: p<0.05;

n =4; 1200 cells counted per experiment. Data are represented as mean + SEM.

(E) Cerebella were electroporated with control ShRNA (sh-Ctrl, left two panels, n = 3 animals) or Afohl
shRNA (sh-Atohl, right two panels, n = 4 animals) for 36 hrs; around 500 electroporated cells were
counted. Arrows indicate the primary cilia by Ift88 (white) and y-tubulin (red) immunostaining in GFP+
cells while arrowheads indicate centrioles without Ift88 signal. Scale bar: 10 um. Bar graph displays the
percentage of Ift88+ / GFP+ GNPs in each group. Student’s ¢ test. ***: p<0.001. Data are represented

as mean = SEM.

(F) Primary cilia in cerebella electroporated with pCIG2 (left two panels) or pCIG2-Atohl (right two
panels) for 2 days. Arrows indicate presence of the primary cilium in GFP+ cells. Green: GFP, white:

Arl13Db, red: y-tubulin. Scale bar: 10pm. Bar graph shows the percentage of ciliated GNPs in each group.
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Student’s 7 test: **: p<0.01; n = 3 for pCIG2, n = 4 for pCIG2-Atohl; around 500 cells were counted.

Data are represented as mean + SEM.

(G) Primary cilia in murine SHH MB cells obtained from the Ptcil"MB mouse model. SHH MB cells
were infected with retroviruses encoding RFP (MSCV-I-RFP, left panel) or Atohl and RFP (MSCV-
Atoh1-I-RFP, right panel) in culture for 72 hrs. Red: RFP, white: Arl13b. Scale bar: 10um.
Quantification in the bar graph reveals the percentage of ciliated SHH MB cells in each condition.
Student’s ¢ test. ***: p<0.001; n = 3; 500 cells counted per experiment. Data are represented as mean +

SEM.
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Supplemental Figure 3

A 12
A R . \,‘q,'b% ; \@'b)é‘ B sh-Ctrl sh-Kif3a #1
&5 & A

Kif3a | e s s |3
z
Gapdh | s S— S— =
<
NIH-3T3 cells
sh-Ift88
C %
Q 1D
c_,\\'o c_;(\'\r\

-Tub

188 ‘ s
o-Tub ‘ -

NIH-3T3 cells

Arl13b [y

D pCIG2

+ sh-Ctrl

pCIG2-Atoh1 pCIG2-Atoh1
+ sh-Ctrl + sh-/ft88

*kk *kk

Ki6e7

Ki67+ /| GFP+ %

GFP | Ki67

GFP | Ki67
DAPI

Figure S3. Knockdown of Kif3a and Ift88 and their effects on cell cycle and primary cilia in GNPs

(Related to Figure 3)

(A) Lysates from NIH-3T3 cells transfected with plasmids encoding sh-Ctrl or sh-Kif3a (#1 and #2)
were analyzed by immunoblotting. Protein lysates were analyzed using anti-Kif3a and anti-Gapdh

antibodies.
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(B) Wild-type cerebella were electroporated with a plasmid control (sh-Ctrl) or three independent
vectors encoding for shRNA against Kif3a (sh-Kif3a #1 and #2) and [ft88 (sh-If88). Arrowheads show
distortion of primary cilia in sh-Kif3a and sh-Ift88 electroporated cells, while the adjacent non-
electroporated or sh-Ctrl electroporated cells possess a normal primary cilium (white arrows). Dashed
squares are enlarged on the top-right of each image. Red: electroporated cells, green: Arl13b, magenta:

v-tubulin, blue: DAPI. Scale bar: Sum.

(C) Lysates from NIH-3T3 cells infected with lentiviruses encoding sh-Ctrl or sh-/fi88 were analyzed

by immunoblotting. Protein lysates were analyzed by anti-Ift88 and anti-a-tubulin antibodies.

(D) Proliferation status of GNPs overexpressing Atohl (pCIG2-Atohl) or control (pCIG2) in
combination with sh-/ft88 in cerebella 36 hrs after electroporation at P6. Arrows indicate the
proliferating GNPs (Ki67+, red) in electroporated cells (GFP). Blue: DAPI. Scale bar: 10 um. Bar graph
represents the percentage of Ki67+ cells in each group of GFP+ cells. Two-way ANOVA, p=0.001.
Post-hoc: Bonferroni test. ***: p<<0.001; n = 3 animals for each group; around 600 electroporated cells

were counted. Data are represented as mean + SEM.
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Supplemental Figure 4
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Figure S4. Additional data for the Atohl ChIP-qPCR, Cepl3I-reporter assay and effects of

Cepl131 and Pcm1 knockdown on primary cilia in vivo (Related to Figure S and 6)

(A) Atohl expression in SHH-MB cells used for the ChIP-qPCR in Figure 5B. Mouse SHH MB cells
were infected with retroviruses encoding Atoh1-HA and GFP (M-Atohl1-HA-I-G) and subsequently
FACS-sorted for GFP expression. Whole cell lysates of sorted SHH MB cells and control non-infected
cells were analyzed by immunoblotting with antibodies against Atohl and Actin. The white arrowhead

points to the endogenous Atohl in contrast to the black one, indicating the HA-tagged exogenous Atohl.

(B) Atoh1 K194R mutant is transcriptionally silent. Bar graph represents the comparison between empty
vector, wild-type Atohl, and Atohl K194R mutant for the transcriptional activity in HEK293T cells
through a luciferase reporter assay where the luciferase expression is controlled by a multimerized E-
box containing upstream sequence. One-way ANOVA, p< 0.001. Post-hoc: Bonferroni test. ¥**: p<

0.001; n = 3. Data are represented as mean + SEM.

(C) Cultured P6 GNPs were infected with lentiviruses encoding sh-Ctrl or sh-Cep131 (#1 and #2) for 2

days and whole cell lysates were immunoblotted using anti-Cep131 and anti-Gapdh antibodies.

(D) Effects of Pcml or Cepl131 knockdown on the presence of primary cilia in GNPs electroporated
with pCIG2 or pCIG2-Atohl in vivo. P6 cerebella were electroporated with indicated plasmids for 2
days (P6 D2). Cep131 silencing was achieved by sh-Cepl31 #1 in (C). Arrows indicate primary cilia in
GFP+ cells. Green: electroporated cells, Red: Arl13b, White: y-tubulin. Scale bar: 10um. Bar graph
represents the percentage of cells with primary cilia in each group of GFP+ cells. Two-way ANOVA,
p<0.001. Post-hoc: Tukey HSD test. **: p<0.01, ***: p<0.001; animal number: n =3 for each groups;

around 300 electroporated cells were counted in each group. Data are represented as mean + SEM.

(E) Lysates from NIH-3T3 cells transfected with plasmids encoding sh-Ctrl or sh-Pcm I were analyzed
by immunoblotting. To achieve stable cell lines, cells were selected with puromycin (2 ug/ml) after

transfection. Protein lysates were immunoblotted with anti-Pcm1 and anti-a-tubulin antibodies.
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Supplemental Figure 5
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Figure S5. Cep131 acts downstream of Atoh1 for ciliogenesis in SHH MB cells and in GNPs in vivo

(Related to Figure 6)

(A) Rescue effect of Cepl31 on primary cilia upon Atohl knockdown in SHH MB cells. Primary
cultures of SHH MB cells derived from Ptchl™ mice were infected with indicated combinations of
lentiviruses (sh-Ctrl, sh-4tohl and dsRed-Cep131) and immunostained 3 days later. Arrows indicate
fully formed primary cilia in contrast to absent primary cilia (arrowheads). Green: GFP and y-tubulin,

Red: dsRed-Cep131, White: Arl13b, Blue: DAPI. Scale bar: 5 um. Bar graph represents the percentage
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of ciliated SHH MB cells among those GFP+ or GFP+/dsRed-Cep131+. One-way ANOVA, p< 0.01.
Post-hoc: Tukey HSD test. *: p<0.05, **: p<0.01; n = 3; around 600 cells counted per condition. Data

are represented as mean = SEM.

(B) Rescue effect of Cep131 on primary cilia presence upon Atohl knockdown in vivo. P6 cerebella
were electroporated with indicated plasmids for 2 days. Arrows indicate the presence of a primary cilium
in GFP+ cells, while arrowheads indicate defective cilia. Green: electroporated cells, Red: Arl13b,
White: y-tubulin. Scale bar: 10um. Bar graph represents the percentage of cells with primary cilia in
each group of GFP+ cells. One-way ANOVA, p< 0.001. Post-hoc: Bonferroni test. **: p< 0.01, ***:
»<0.001; animal number: n =4 for pCIG2 + sh-Ctrl and pCIG2-CEP131 + sh-Atohl, n =3 for pCIG2 +

sh-Atohl; around 800 electroporated cells were counted. Data are represented as mean +£ SEM.
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Supplemental Figure 6

A Control Atoh1-HA
Arl13b /
Arl13b / HA/ HA/
DAPI DAPI Merge DAPI DAPI Merge

-
»
-
4

B Control C
+SHH SHH
z 2517
=4 *kk >
= g | ™ Fe
% T 21 =
= < g 1
= £ =
2151 __ 508
% Atoh1-HA 5 506
= + SHH s 17 e
o 2 =04
3 & 054 = m== Control
2 = <02
= 0 2 mmm Atoh1-HA
k- 0
— Base Proximal Middle Distal

. E

o
£
o w
L
o
-
[]
5 _
o =}
= 62
23
[7) =
< a
o
L
(_? 7]
-
-
N =
)
b =
S p<
o ¢-2 -
0N Ta
= £2
[7) =
<

186



Figure S6. Distribution of SHH signaling components in NIH-3T3 cells and GNPs (Related to

Figure 7)

(A) NIH-3T3 cells were co-transfected with either control or Atoh1-HA constructs along with plasmids
encoding Smo (green), Ptchl (green), or Gli2 (green) and cultured in the presence of SHH, following
with immunostaining by anti-Arl13b (red), anti-HA (magenta), and DAPI. A bulge (white arrow) can
be detected at the ciliary tip upon Atohl expression in either Smo-labeled or Gli2-labeled primary

cilium. Scale bar: Sum.

(B) NIH-3T3 cells, cultured in presence of SHH, were co-transfected with either control or Atohl-HA
constructs along with plasmids encoding Smo (green) and finally immunostained for primary cilia
(Arl13Db, red), centrioles (Pcnt, red), and Atohl (HA, magenta). Blue: DAPIL Scale bar: 1um. Bar graph
shows relative width of the primary cilium tip to its shaft. Student’s ¢ test. ***: p<0.001; n = 43 for

Atohl, n =40 for control cells. Data are represented as mean = SEM.

(C) Graph represents the relative Smo intensity along the primary cilium shaft normalized to its base for
individual NIH-3T3 cells. Cells were treated as in (B) in the absence of SHH (Control: yellow lines,
=59; Atoh1-HA: light blue lines, n = 60). The average of Smo intensity is shown in thick lines (Control:
Orange; Atoh1-HA: Blue). Student’s ¢ test. **: p<0.01, ***: p<0.001. Data are represented as mean +

SEM.

(D) Extended images related to Figure 7C show endogenous Smo (green) within the primary cilium in

control GNPs and Atohl-overexpressing GNPs upon SHH activation. Scale bar: 1pum.

187



Supplemental Figure 7
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Figure S7. Investigation of potential transcriptional targets of Atohl in the cerebellum implicated

in ciliogenesis (Related to Figure 4)

(A) The expression level of the ciliogenesis transcription factors Rfx/, Rfx2, Rfx3 and Rfx7 in cultured
GNPs infected with either MSCV-I-GFP or MSCV-Atohl-I-GFP for two days was assessed by RT-

gPCR. Student’s ¢ test, n=3. Data are represented as mean = SEM.
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(B) Cerebellar section of a P6 wild-type mouse immunostained with anti-Foxjl (green) antibodies.
Cropped regions (dashed squares) are enlarged at the right, zooming on the cerebellar EGL and ML (1)
and on the ependymal lining of the IVth ventricle (2) where arrows indicate presence of Foxjl+ cells,

as previously described (Jacquet et al., 2009). Blue: DAPI. Scale bar: 500pm.
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Supplemental Table 1

RNA-seq
Atohl ChIP-seq peaks
Gene AtohI™" vs wild type
p value | Fold change | Genomic coordinates (NCBI37/mm9) Locus
Sipall2 | 3.37E-19 0.60 chr8: 127943282-127943608 intron (20/20)
chrll: 119801434-119801698 -2.7 kb from TSS
chrll: 119813760-119813937 intron (1/13)
Baiap2 | 3.53E-09 0.56 chrll: 119843629-119843893 intron (6/13)
chrll: 119849941-119850238 intron (6/13)
chrll: 119852522-119852941 intron (6/13)
Ahil 1.75E-07 1.59 chr10: 20710249-20710404 intron (15/23)
chr12: 109446944-109447226 intron (3/5)
chr12: 109458826-109459033 intron (2/5)
chr12: 109459597-109459962 intron (2/5)
chr12: 109465294-109465476 intron (1/5)
Ccdc85¢ | 9.10E-06 0.55 chr12: 109470220-109470600 intron (1/5)
chr12: 109479079-109480146 intron (1/5)
chr12: 109480528-109480875 intron (1/5)
chr12: 109497952-109498283 intron (1/5)
chr12: 109516557-109516738 -3.3 kb from TSS
Cepl31 | 4.23E-05 0.65 chrll: 119925694-119925965 exon (26/26)
Mtap7dl | 6.32E-04 0.66 chrd: 125936417-125936619 -3.0 kb from TSS
Dvi3 4.00E-03 0.68 chr6: 120529805-120530547 intron (13/14)

Table S1. List of genes in Figures 4C and 4D with information relative to the RNA-seq and the
Atohl ChIP-seq, published by Klisch et al. (2011) (Related to Figure 4)
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Supplemental Table 2

Materials Target sequence Vector Reference
sh-Atohl #2 CCGACAAGAAGCTGTCCAAA pLVTHM (Addgene Wiznerowicz and Trono,
sh-Atohl #5 CATCTACATCAACGCCTTGT #12247) 2003

sh-Cep131 #1 GCTGTGGACTTGAGTCTGATT pLKO
sh-Cep131 #2 CGCTAACAACAGGAGCAACAA pLKO

sh-Kif3a #1 ATATTGGGCCAGCAGATTATA pRNAT-U6.1/Neo

sh-Kif3a #2 ATAGGAGAATGGCAGCT pRNAT-U6.1/Neo Tsaiet al., 2010
sh-1ft88 GCCCTCAGATAGAAAGACCAA pLKO
sh-Pcm1 GAGGGTAACTAACGCTATTTC pLKO

Tabel S2. List of sh-RNAs applied for gene interference studies (Related to STAR Methods)
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Supplemental Table 3

Gene Nucleotide Sequence Reference
Forward CCCTAACAGCGATGATGGCA
Atohl
Reverse TCTCCGTCACTTCTGTGGGA
Forward AGATCCGAAAAGGCCGAGAC
Cepl31#1
Reverse CACGCTTCACACGGCTCTC
Forward ACTCCTGAAGGCAGTCCAGA
Cepl31 #2 Hall et al., 2013
Reverse CGTCCATGACTGGTTGACCT
Forward | GAACTCCAGCTTCTTAGATTAGCC
Cep290
Reverse TCAGCTCTGGTTTGGTCCTTG
Forward | CCAGCAGAGACAGGAAGAATCAA
ofdl
Reverse | CCTGGAGAACTTTCATCCTTGTC
Forward TGAAGTCTGCTCAGGAAACG
Pcml #1 Kubo et al., 2008
Reverse GCGGCAAATCCTCAACTTTC
Forward AGTTGAGGATTTGCCGCTCA
Pcml #2
Reverse GGCTCCCACTGTTTCAGGTT
Forward GCCATCAACTTCCAGCCAAA
Bbs4
Reverse CACTTATCCAGGCGAACAGC
Forward CTCCAGATGGAGCCCAGAAT
For20
Reverse GTCATCGTCAGGTCTTCTGC
Forward TGGAACGTTATGTGGCTCCT
Talpid3
Reverse GGACGCAGGAGGACTTTCTA
Forward GCTGAAAGGGACAAGCGAAT
Mtap7dl
Reverse CGGCTTCCTCTTTCTGCTTC
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Gene

Nucleotide Sequence

Reference

Forward GCTGCTTCCATACATGCCAA
SipalL2
Reverse CTCCAACACTGTAGCACACG
Forward | AGCCAAGGGAGTAAGAACCC
Baiap2
Reverse TTGTAGCCGTCAGACACGTA
Forward | GGGACACGTACGTCAAAGTG
Ahil
Reverse TCCGCAGGTCCATAATCCTC
Forward | CGCCATGAAGGTTCTGGAAG
Ccdc85¢
Reverse GACCACGTTGCACATCTCTC
Forward | ACGCCTGATGAGAAGACACA
Dvi3
Reverse | CCACAATGGAGATGCCCAAG
Forward | CCAGTTCACGTTGCTCAAGA
Rfx1
Reverse CCGGGTACTGGTAGGTGCTA
Forward | AGGTCATCCAGACCAAGGTG
Rfx2
Reverse TGAGGTCACTCAGCATCTGG
Forward AGATTCTCATCCCCGACGTC
Rfx3
Reverse CCAGGTGATTGAGCGATGTG
Forward | GATGGGTTGGAAGGAGTTGA
Rfx7
Reverse GCCATTGACTTGGTGCCTAT
Forward CTTCGCTCTGGAGCAGAT
Ptchl
Reverse GAGGAGACCCACAACCAA
Forward CCGGCCCGAGGAGCT
Cendl Forget et al., 2014
Reverse ATGGCGGCCAGGTTCC
Forward | GCTTGGATGAAGGACCTTGTG
Glil

Reverse

GCTGATCCAGCCTAAGGTTCTC
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Reverse

ATGGTAGGCACGGCGACTA

Gene Nucleotide Sequence Reference
Forward | GTGTCTGTTCCAGCTACTGC

Mycn
Reverse CATCTTCCTCCTGCTCATC
Forward | ACATCTCAGCAACCCACACA

Tbp

Reverse | GGGGTCATAGGAGTCATTGG
Forward | TTCGAACGTCTGCCCTATCAA

MI8S

Table S3. List of primers for RT-qPCR (Related to STAR Methods)
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Supplemental Table 4

Amplified region in the genome

Locus Nucleotide Sequence (Assembly NCBI37/mm9)
Forward | CACGCCCAACACAGTAGAGA
Cepl31 3' region chrll: 119925703-119925852
Reverse | CAGCAGCTGGTGTGTGAGAG
Forward | GAGCTTTCTGCGGTACCATC
Atohl enhancer chr6: 64677582-64678055
Reverse | CAGTTTGGGCTTTCTTCGTC
Forward | GCTGCCTCAGAGGAGAAATG
Gli2 enhancer chrl: 120813307-120813453
Reverse | ATGAGGCAATGCCAGTCTCT
Forward | CAGCTCCGAGAGCTCTGTTT
Cep131 intron #21 chrll: 119926980-119927814
Reverse | CCTGCCTTTAGCTCCACAGT
Forward | CCCTGACTAGAAGGGCTGTG
Cepl31 intron #7 chrl1: 119935343-119936741
Reverse | CTTGGTGCTTCTCTGGATGG
Forward | ACTGGTTGTAGGGCTGTGCT
Pde6g promoter chrl1: 120314800-120315223
Reverse | TGCTGACATTTCCTCAGTGG
Forward | TTACCAACCTGCCTTTCCTG
Rab37 promoter chrll: 114951860-114952810
Reverse | AGTGGTGGCTGAGGTTTTTG

Table S4. List of primers for ChIP-qPCR (Related to STAR Methods)
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Jiscussion




D.1 Highlights of our findings and take-home messages

Our results support a model in which Atohl functions as a key permissive factor for GNPs post-
natal proliferation. In an environment constantly enriched of SHH like the EGL, the expression
of Atoh1 works as a variable that dictates whether GNPs should respond to SHH and divide or,
conversely, stop to respond to it and terminally differentiate. This role of Atohl is mainly
achieved through the regulation of primary cilia, the GNPs' antennae required to transduce the
SHH signaling cascade. Both formation of primary cilia and signaling functions are positively
orchestrated by Atohl (Figure 2 and Figure 7). Through this way, Atohl maintains post-natal
GNPs capable of assembling primary cilia, hence keeping them into a SHH-driven proliferation
competent state over time. Atohl downregulation caused by developmentally programmed
intracellular or extracellular cues, compromises both formation and functions of primary cilia,
making GNPs unable to transduce proliferative signals anymore. Under these conditions, GNPs
are left with no option than exiting the cell cycle to terminally differentiate under the influence
of local determinants.

With our experiments we show that enforced expression of Atoh1 in vivo counteracts the natural
occurring Atohl downregulation, and it is sufficient to maintain GNPs in proliferation by
actively sustaining ciliogenesis in these cells (Figure 1, Figure 2 and Figure 3).
Mechanistically, we also demonstrate that Atohl controls ciliogenesis by directly regulating
the expression of Cep/31 though binding of a regulatory element located in the 3' region of
Cep131 locus (Figure 5). Cepl31 encodes for a key component of CS, large pericentrosomal
protein complexes involved in ciliogenesis. By regulating the abundance of Cep131, Atohl
shapes the CS landscape of the cell (Figure 4 and Figure 6). Cep131 in GNPs is indeed
essential for CS integrity, as its depletion either via direct Cep/31 silencing or via Atohl
downregulation perturbs the organization of these tiny organelles around the centrosome
(Figure 4 and Figure 6). Equipped with such a defective pool of CS, GNPs become unable to
sustain the ciliogenesis program.

Importantly, re-establishing the proper CS organization by ectopically expressing Cep131 in
Atohl-depleted cells is sufficient to restore ciliogenesis, indicating that Atohl ultimately
controls primary cilia formation in GNPs by regulating Cep131 expression (Figure 6).
Interestingly, the Atoh1-Cep131-ciliogenesis pathway that we here identify is also active in the
context of Ptchl loss-of-function-driven mouse SHH-MB. Such data indicate that Atohl
strikingly conserves its normal ciliogenesis functions also in transformed GNPs, further
confirming the role of Atohl as a lineage dependency master regulator in SHH-MB (Figure 2
and Figure S5).



The following paragraphs are meant to further extend the topics covered in the DISCUSSION
section of the paper, highlighting some aspects that could not be presented due to editorial space

constrains.

D.2 Atoh1 may control cell cycle and timing of neurogenesis, by regulating ciliogenesis
During CNS development, NPCs undergo phases of expansion to generate the adequate number
of neurons, before to terminally differentiate. Balancing proliferation and differentiation
therefore becomes essential for the proper development of a neural tissue, as both reduced and
excessive neurogenesis may result into detrimental outcomes.

In the last twenty years, cell cycle regulation, in particular its duration (or length), has emerged
as an important determinant for governing this balance (Hardwick et al., 2015). NPCs are
known to slow down their cell cycle when they approach the time of terminal differentiation,
and this is predominantly achieved by lengthening the G1 phase, (Calegari et al., 2005;
Hardwick et al., 2015). Genetic or pharmacological manipulations altering G1 progression in
NPCs enhance differentiation rate when the G1 phase is lengthened and increase proliferation
when it is shortened (Calegari and Huttner, 2003; Hardwick et al., 2015; Lange et al., 2009).
This led to the hypothesis that the G1 phase works as a fundamental crossroad for integrating
proliferative versus differentiation stimuli: the more it takes for a cell to reach the cell cycle
restriction point and be committed for cycling, the more it is likely that differentiation
determinants accumulate enough to drive cell cycle exit and neurogenesis (Calegari and
Huttner, 2003).

In proliferative ciliated cells, cell cycle progression is tightly linked with ciliogenesis. Primary
cilia must be continuously assembled and disassembled because the centrosome needs to be
dismissed from its axoneme-nucleating activity to organize the mitotic spindle during mitosis.
GNPs are no exception, and show a similar behavior during cell cycle progression, as marked
by the absence of primary cilia in mitotic cells and in a fraction of S/G2 cells (data not shown).
We are however unaware about the precise kinetics of ciliary formation and ciliary disassembly
in cycling GNPs in relations with the phases of the cell cycle. Such characterization would
require targeted experiments mostly based on cell cultures synchronization, an approach that is
unfortunately incompatible with the labile GNPs primary cultures. Nevertheless, it is very likely

that such kinetics resembles those described for many other cell types, that is assembly of the
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cilium in early G1 phase, followed by disassembly at the G1/S transition and/or before mitotic
entry (Pugacheva et al., 2007; Wang et al., 2013).

Under this assumption, we propose a model to explain how Atohl could orchestrate GNs
neurogenesis, by regulating ciliogenesis and G1 phase length. Upon entry in the GO/G1 phase
GNPs that express Atohl also stably express Cepl31, thereby are equipped with all the
components required to reorganize CS around the centrosome (mind that CS are dispersed
during mitosis). The so-well assembled CS may sustain the growth of the primary cilium by
regulating various aspects of ciliogenesis, including vesicle trafficking via proper Rab8
centrosomal recruitment, BBSome assembly, and IFT formation (Figure XIX). Once
assembled and fully functional, primary cilia enable GNPs to transduce SHH, which is present
in the EGL. The abundant expression of the SHH targets Mycn and D-type cyclins rapidly drive
GNPs toward the cell cycle restriction point, after which GNPs become committed to divide.
Such process is repeated several times (a GNP can divide up to 2000 times (Espinosa and Luo,
2008)) and lasts as long as Atohl expression is maintained elevated enough.

Indeed, since early in post-natal days a number of intracellular and extracellular cues will begin
to progressively deplete Atohl from GNPs until its complete disappearance. At the onset of
such mechanisms, Cepl131 expression will consequently decrease, leaving GNPs in the early
G1 phase to perhaps assemble less functional copies of CS. Reduced inputs from CS,
conceivably leads to delayed and slower assembly of primary cilia, and possibly a reduced
functionality reflected by lower SHH signaling levels (as discussed in the next paragraph and
shown in Figure 7 and Figure S2). As a result, the accumulation of Mycn and D-type cyclins
over the threshold required to transit the cell cycle restriction point will be much delayed in
time. Overall, according to our model, (i) the slower or even failed ciliary assembly in early G1
and (i1) the delayed accumulation of pro-proliferative factors both converge at lengthening the
G1 phase, therefore massively exposing GNPs to differentiation cues that will inevitably cause
cell cycle exit.

On the same line, we speculate that when Atohl is overexpressed, either experimentally or
during SHH-MB formation, the G1 phase of GNPs will be markedly shortened, therefore
leading to delayed differentiation (Figure 1).

Although technically challenging, it would be interesting to test this model by monitoring at
least the duration of the G1 phase in GNPs upon Atoh1 manipulation. Live cell imaging tracking
of cell cycle progression or EQU/BrdU dual labeling could be suitable systems to gain insights
into cell cycle length and progression in GNPs (Harris et al., 2018; Sakaue-Sawano et al., 2008).
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Therefore, we postulate that by controlling ciliogenesis Atohl could balance proliferation and
differentiation in post-natal GNPs by ultimately governing the length of G1 phase, which has

been proposed to be an important determinant for neurogenesis in the developing CNS.

D.3 Possible consequences of loss or gain of Cep131 on centrosome duplication

One important event occurring during the cell cycle is the duplication of the centrosome, which
is functional during mitosis for segregating the sister chromatids and also for cytokinesis.
Centrosome duplication begins approximately at the onset of S phase and terminates in G2 and
mutations or deregulated expression of centrosomal proteins implicated in this process may
result in formation of extra centrosomes (centrosome amplification) (Firat-Karalar and Stearns,
2014). When aberrantly equipped with additional centrosomes, mitotic cells normally fail at
organizing proper mitotic spindles and consequently undego chromosome segregation errors
that eventually result in genomic instability (Krdamer et al., 2002).

Interestingly, Cep131 on CS has been implicated in centrosome replication by permitting the
recruitment of Cep152 at the duplicating centrioles (Kodani et al., 2015) In addition, Cep131
itself also resides at the centrosome distal tip, where its abundance is finely modulated by
specific E3-ubiquitin ligases and deubiquitinating enzymes (Han et al., 2019; Staples et al.,
2012). Importantly adequate concentrations of centrosomal Cepl31 seem critical for proper
centrosome biogenesis, as both silencing and overexpression of Cepl31 may result into
centrosome amplification and genomic instability (Han et al., 2019; Kim et al., 2019a; Staples
etal., 2012).

In our work we did not explore the effects of Cepl31 depletion on GNPs centrosome
duplication. However, being the downregulation of Cep131 in GNPs a natural, developmentally
regulated process, it is very unlikely that such reduction might lead to aberrant centrosome
biogenesis and genomic aberrations. Indeed, it is possible that during the last cell cycles of a
GNP, Cepl131 levels are reduced due to progressive downregulation of Atohl, but remain high
enough to direct correct centrosome duplication. Conceivably, the minimal amount of Cep131
sufficient for sustaining ciliogenesis may be anyway higher compared to the amount required
for centrosome duplication. Therefore, in a system like GNPs where Cepl31 expression is
predicted to progressively decrease, failure in ciliogenesis and consequent cell cycle exit might
happen much before than any possible centrosome duplication defect.

Conversely, such situation could be different when Atohl is overexpressed, as in SHH-MB.

The enhanced expression of Cepl31 over the physiological levels, may this time promote
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centrosome amplification, contributing to the genomic instability that typically characterizes
and drives tumorigenesis (Levine et al., 2017). Elevated expression of Cep131 and association
with tumor growth or bad prognosis was reported in breast, liver and colon cancer (Han et al.,
2019; Kim et al., 2019a; Liu et al., 2017). Moreover, targeting Cep131 has been proposed as a
potential cancer treatment in combination with other chemotherapies (Kim et al., 2019b).
Interestingly, although also the knockdown of Cep/3/ in immortalized cell lines caused
genomic instability, Cep/31 deletion or downregulation is very rarely found in cancer,
indicating that it may not act as an oncogenic driving event (Denu et al., 2019; Staples et al.,

2012).

D.4 Role of CS in neurogenesis and consequences of their absence in post mitotic GNs
Our results provide further evidence of the key role of CS in neurogenesis. Indeed, previous
reports indicated that repression of Pcm1 and loss of CS integrity in embryonic basal cortical
NPCs leads to enhanced neurogenesis at the expense of proliferation and self-renewal (Ge et
al., 2010; Zhang et al., 2016). This was attributed to a general disruption of centrosome
functions, which led to defective interkinetic nuclear migration, an essential requirement for
maintenance of the basal cortical progenitor pool (Ge et al., 2010).

In the case of GNPs in the EGL, interkinetic nuclear migration does not occur; however, Pcm1
and CS are utilized in GNPs for producing primary cilia, which are required for maintaining
them into proliferation. Thus, although regulating different aspects of centrosome biology, CS
seem to conserve a similar role in inhibiting neurogenesis also in cerebellar neurons.

What appears surprising is that CS, immunostained with both Pcml and Cepl31 in the
developing P6 cerebellum, do not just disappear upon cell cycle exit, but remain undetectable
also in those GNs of the iIEGL approaching to undergo their final radial migration through the
immature ML (Figure 4).

During neuron migration, the nucleus represents the largest cargo to displace and it is caged by
arrays of microtubles emanating from the centrosome. Normally, the centrosome precedes the
nucleus in the leading process, where it provides a cue for the forward pulling force on the
nucleus transmitted through the microtubles (Solecki et al., 2004; Tsai and Gleeson, 2005).
Therefore, the microtuble anchoring properties of the centrosome seem essential during neuron
migration. If CS are generally required for ensuring the centrosome with these functions

(paragraph 1.5.3.1), how can GNs migrate without integral CS?
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One potential answer could be simply that CS in migrating GNs are not required for the
centrosome to organize the microtuble network. Microtubles anchoring factors as Ninein or
SSX2IP, which is some cell lines were shown to depend on CS for their centrosomal
localization, could reach the centrosome via alternative pathways in GNs.

Another explanation comes from a study showing that the microtuble cage that surrounds the
nucleus of migrating GNs surprisingly appears disengaged from the centrosome. According to
these data, the centrosome does not seem to relay to the nucleus the pulling force coming from
the leading process, as instead it happens in migrating cortical neurons (Umeshima et al., 2007).
Whatever the mechanism, it appears clear that CS are required in GNs for their SHH-dependent

post-natal expansion, but not at later stages of development.

D.5 Contribution of Atohl to SHH signaling

Most of the pathways and the components required for building up primary cilia, including
vesicular trafficking (e.g. Rabin8-Rab8 GTPases) and IFT proteins (e.g. BBSome, kinesin-2,
IFT proteins), are then also utilized to fulfill mature primary cilia functions, as signaling. In this
context, CS play a pivotal role, by shuttling, sequestering and storing key mediators of both of
these two facets of primary cilia biology. Motivated by this knowledge, we sought to explore if
Atohl could also regulate SHH signaling relay through the primary cilium, besides just
sustaining ciliogenesis.

Our results in the simpler model NIH-3T3 cells report that Atohl overexpression enhances the
ciliary accumulation of Smo and Gli2 upon SHH stimulation (Figure S6). This effect is so
pronounced that a bulge containing the two proteins appears at the tip of most primary cilia.
Notably, such bulges resemble those displayed by primary cilia defective for retrograde IFT
trains assembly or motility, which are therefore unable to export material. However, in those
cases, also cilia-mediated signaling is typically disrupted. Conversely, we show that Atohl-
overexpressing NIH-3T3 (potently) still respond to SHH, thereby ruling out any evident
deleterious effect of ciliary bulges on SHH signaling (Figure S6). We therefore propose that
such swelling of the ciliary tip might just reflect an artifact due to overexpression of tagged
Smo and Gli2. Despite similarly redistributing in the cilium in response to SHH, overexpressed
tagged Smo and Gli2 may not indeed faithfully recapitulate the trafficking of their endogenous
counterparts.

Nevertheless, an effect of Atohl in their ciliary transport is clear, as also supported by

immunostaining of endogenous Smo at the primary cilia of cultured GNPs (Figure 7). Here
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also, Atohl overexpression is associated with increased Smo accumulation at the cilium, in
presence of SHH.

Once again, it must be noticed that neither the ciliary accumulation of endogenous Smo always
necessarily reflects downstream pathway activation (Rohatgi et al., 2009). Indeed, inactive Smo
is known to continuously transit through the primary cilium and eventually it can also
accumulate in response to drugs (e.g. cyclopamine) or IFT manipulation, but in all cases it
remains inactive and unable to downstream signaling. However, in our experimental setting,
Atohl overexpression enhances the SHH-mediated transcription of target genes as Ptchl, Glil,
Mycn, Ccndl and Ccnd?2, indicating that the observed additional Smo at the cilium corresponds
to its active form, capable of activating Gli (Figure XXI).

The exact mechanism controlled by Atohl to promote Smo shuttling in the cilium was not
deeply investigated, however it could likely rely on CS regulation as well, given their prominent
role in orchestrating ciliary functions, including the SHH signaling (Lopes et al., 2011; Odabasi
et al., 2019). For instance, properly assembled CS may promote efficient stoichiometric
formation of the BBSome, which has been implicated in the ciliary transport of Smo (Chamling
et al., 2014; Kim et al., 2004; Zhang et al., 2012b). They could also regulate the assembly of
IFT particles, important for Smo and Gli trafficking, by controlling the recruitment of Ift88 at
the ciliary base (Singla et al., 2010); depletion of CS was indeed recently shown to reduce Ift88
levels in the cilium (Odabasi et al., 2019).
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Figure XXI. Expression of SHH target genes upon Atohl overexpression in GNPs. Relative mRNA expression of a panel
of SHH-target genes in primary GNPs infected with indicated retroviruses and cultured in presence of SHH for 72hrs.
Expression was measured via RT-qPCR. Student's ¢ test. *: p<0.05, **: p<0.01; ***: p<0.001; n = 3. Data are represented as
mean + SEM.
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Additionally, CS may gate the recruitment of intracellular Smo-containing vesicles at the ciliary
base, by regulating the abundance and the activity of Rab8 at the basal body (Kim et al., 2004).
In conclusion we speculate that by maintaining a functional pool of CS around the basal body,
Atohl not only grants GNPs the appropriate tools for properly building up primary cilia, but

also ensures cilia with the means for efficiently transducing the SHH signaling.

D.6 Atohl collaborates with the SHH pathway at multiple steps.

That Atohl maintained GNPs competent to respond to SHH was already known since previous
studies (Ayrault et al., 2010; Flora et al., 2009). For long this activity of Atohl was attributed
to its ability to regulate G/i2 expression in both GNPs and SHH-MB, hence providing cells with
the main transcriptional mediator of the SHH pro-proliferative program (Flora et al., 2009).
Indeed, among the Gli factors, only Gli2 seems exclusively required for proper expansion of
GNPs pool, while Glil and Gli3 seem overall dispensable (Blaess et al., 2008; Corrales et al.,
2004). In addition, a recent work reported that Atohl seems to share a large part of its
transcriptional targets with Gli2 and that the co-occurrence of Atohl and Gli2 at the same cis-
regulative regions synergistically activates downstream genes (Yin et al., 2019). Therefore, by
regulating multiple aspects of Gli2 functions, Atohl collaborates at shaping the SHH response
in SHH-activated GNPs.

Our finding that Atohl controls ciliogenesis in GNPs adds up a novel key node in the Atohl-
SHH interplay. Importantly, we demonstrate that in vivo overexpression of Atohl alone is not
sufficient to sustain GNPs responsiveness to SHH when primary cilia are ablated or
dysfunctional (Figure 3). This result suggests that Atoh1-overexpressing GNPs, although likely
maintaining elevated Gli2 expression in virtue of the Atohl1-Gli2 axis, require a functional
primary cilium for the proper generation of the Gli2# form. Supposedly, Gli2®Y expression
alone in GNPs is not sufficient to drive proliferation, if Gli2 is not SHH-dependently activated
through the primary cilium. This hypothesis is also corroborated by failure of Atohl
overexpression alone to drive GNPs proliferation in absence of SHH (Ayrault et al., 2010).
Therefore, by regulating the SHH signaling at multiple levels, namely (i) expression of Gli2,
(i1) maintenance of primary cilia and (iii) synergy with Gli2 in targets activation, Atoh1 robustly
sustains GNPs proliferative response to SHH. When such network is combined with the ability
of the SHH signaling to stabilize Atohl protein by impeding its proteasomal degradation
(Forget et al., 2014), then a positive feedback loop appears (Figure XXII). Such loop is critical
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for sustaining the SHH-dependent expansion of GNPs in the post-natal cerebellum, as well as

the proliferation of SHH-MB cells.
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Figure XXII. Positive feedback loop between Atohl and SHH in GNPs or SHH-MB cells. Atoh1 (black ovals) in GNPs
and in SHH-MB cells positively regulates the expression of both Cep131 (blue ovals) and Gli2 (yellow ovals). Cep131 is
crucial for correctly assembling CS around the centrosome. Well organized CS sustain the formation of a functional primary
cilium, through which the SHH signaling can be transduced. SHH promotes the formation of the activator form of Gli2 (Gli2%)
from the full-length form (Gli2F%). Gli2* enters in the nucleus where it activates SHH target genes, hence promoting cell
proliferation. In addition, Atohl collaborates with Gli2 for the expression of a large panel of common targets. As the SHH
signaling protects Atohl from proteasomal degradation, a positive feedback loop is closed (represented by all the purple
arrows).
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D.7 Dual and opposite roles of Atohl in GNs development

Class II-bHLH proneural transcription factors promote neurogenesis in the developing nervous
system. Hence their accumulation and activation in NPCs typically push these cells to exit the
cell cycle and differentiate to neurons (Imayoshi and Kageyama, 2014). Accordingly, Atohl
expression and activity in progenitor cells of different tissues induce them to abandon the
progenitor phenotype and undertake a certain differentiation fate. This is the case of sensory
HCs in the inner ear, D1 neurons in the spinal cord, but also the case of non-neuronal cells as
the secretory lineage of the intestine. Coherently with these functions, Atohl is typically
downregulated in colorectal cancer, where through promoting differentiation of tumor cells, it
works as a tumor suppressor gene (Leow et al., 2004).

Therefore, Atohl activity is generally associated with cell cycle withdrawal and consequent
cell differentiation.

Consistently, it is also widely accepted that in the developing mouse cerebellum, from E12.5
onwards, Atohl is involved in committing uRL progenitors to the GN lineage (perhaps in
collaboration with other transcription factors, as Zicl) and for governing subsequent phases of
their developmental program, as migration to the EGL and terminal maturation to GNs. Indeed,
KO or overexpression of Atohl in uRL progenitors respectively cause blockade of GNs
formation or premature expression of differentiation markers (Ben-Arie et al., 1997; Gazit et
al., 2004; Helms et al., 2001; Kawauchi and Saito, 2008) (paragraph 1.6.3.1).

However, after lineage commitment and migration to the EGL, GNPs still express Atohl and
undergo a second phase of proliferation, which is SHH-dependent. Quite surprisingly
considering the typical functions of proneural factors, we and others have shown that Atohl
also promotes proliferation of GNPs by maintaining their sensitivity to SHH, at least through
regulation of Cepl31 and Gli2 expression (Ayrault et al., 2010; Flora et al., 2009; Forget et al.,
2014). In addition, by essentially using the same mechanisms, Atohl also sustains SHH-MB
cells expansion, hence becoming critical for the growth of this tumor (Ayrault et al., 2010; Flora
et al., 2009).

How can Atohl actively promote opposite processes as differentiation and proliferation in the
same cell lineage? The answer perhaps relies on the differential accumulation rate between the
proliferation and differentiation determinants controlled by Atohl. This different kinetics of
expression may be functionally translated into distinct, non-overlapping, sequential phases of

proliferation and differentiation during GNs development.
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After its expression onset in uRL precursors, Atohl initiates its transcriptional program by
downstream activating genes involved in pan-neuronal differentiation and GN identity
specification, perhaps also regulating genes required for the migration of GNPs to the EGL
(Gazit et al., 2004; Kawauchi and Saito, 2008). Interestingly, by this stage GNPs are already
ciliated, express Gli2 and can potentially respond to SHH, although such response will begin
only after E17.5, when PCs initiate to secrete the mitogen (Corrales et al., 2004; Shimada et al.,
2018). Therefore, although direct experimental evidence is missing, it is likely that Atohl not
only commits uRL progenitors to migrate and differentiate to GNs, but also prepares them for
their imminent expansion phase in the EGL, equipping them with the machineries required to
transduce SHH. Once reached the EGL, SHH fuels GNPs proliferation, and the continued
expression of Atohl and its pro-proliferative targets (e.g. Cepl31, Gli2, E2f]...) sustain such
response (our results; Flora et al., 2009; Klisch et al., 2011). However, at the same time, Atoh1
also continues to regulate the expression of neuronal differentiation genes (e.g. Neurodl,
Nhih1/2, Sema6a, components of the Notchl pathway) that progressively accumulate into
proliferating GNPs gradually conferring differentiation competence. Once accumulated
enough, such differentiation determinants may eventually take over proliferation factors
(perhaps also downregulating Atohl, as Neurodl does), consequently inducing terminal cell
cycle exit and differentiation.

Importantly, such model is in accordance with several observations of ours and others. Klisch
and colleagues (2011) found that cKO of Atohl in early post-natal GNPs (P0) blocks their
differentiation and migration to the IGL; in contrast, Atohl loss in P5 GNPs does not disturb
subsequent phases of their development. The easiest explanation is that perhaps by PO GNPs
have not accumulated enough Atohl-dependent differentiation determinants to complete their
maturation to GNs in absence of Atohl, while at P5 they are already fully proficient for this
transition.

In our experiments, in vivo overexpression of Atohl (via pCIG2-Atohl electroporation) in P6
GNPs prolongs their stay into a cycling state, supposedly by counteracting the progressive
physiological downregulation of endogenous Atohl. Hence, genes as Cep/3] and G/i2 may
remain highly expressed and sustain proliferation of GNPs for a few additional cell cycles
(Figure 1). However, although Atohl levels remain high, the differentiation determinants,
many of them under the control of Atohl itself, will eventually take over, inevitably inducing

cell cycle exit (Figure 1).
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This model is also compatible with the role of Atohl in SHH-MB. SHH-MB originates from
GNPs aberrantly activated by SHH, which acquire the ability to partially escape from tumor-
suppressing programs as cell cycle exit or senescence (Ayrault et al., 2009; Tamayo-Orrego et
al., 2016; Uziel et al., 2006). It is known that cycling SHH-MB cells closely recapitulate GNPs
in active proliferation, as also confirmed by recent single-cell transcriptome analysis (Hovestadt
et al., 2019). Hence, Shh-MB cells likely resemble GNPs "fixed" in a state in which Atohl is
actively engaged at sustaining proliferation. Overexpression of Atohl in a context in which
GNPs/SHH-MB cells are poorly able to arrest their expansion (e.g. inactivation of TP53 or
p16™4 functions) can result only into enhanced proliferation due to accumulation of Atohl-
dependent proliferative factors.

Notably, the general developmental model described above does not keep into account all the
possible (and unknown) subtle modifications of Atohl activity that could occur during GNs
development. Such variables may include regulation of Atohl nuclear abundance,
transcriptional activity and chromatin occupancy. For instance, changes of Atohl
phosphorylation status or changes in the availability of binding partners represent mechanisms
potentially able to modify the targetome of Atohl during GNs development. Moreover, other
temporally regulated non-cell autonomous cues (e.g. signaling molecules, ECM ligands) may
add up to Atohl in regulating the expression of both proliferation and differentiation
determinants.

Hence, by orchestrating the functions of Atohl and its downstream targets, all these additional
modules may participate in the generation of a complex developmental program that finally

ensures proper balance between sequential phases of cell proliferation and differentiation.
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Résumé en Francais

Le développement du cervelet nécessite des étapes de prolifération, de migration et de
différenciation cellulaires tres articulées et finement coordonnées. Ces processus sont bien
résumés par 1'histogenése des neurones granulaires, petits neurones glutamatergiques situés
dans le cortex cérébelleux qui représentent la plus grande population neuronale de 1'ensemble
du cerveau.

Au cours du développement post-natal du cervelet, les cellules progénitrices unipotentes qui
générent les neurones granulaires (appelés progéniteurs des neurones granulaires, PNG) sont
situées a la surface du cervelet dans une région appelée couche granulaire externe (CGE).
Dans la CGE, les PNG connaissent une importante phase de prolifération qui atteindra son
apogée vers le jour post-natal (P) 6 et s’arrétera complétement vers la fin de la troisiéme
semaine apres la naissance, lorsque tous les PNG auront progressivement quitté le cycle
cellulaire. Une fois devenus post-mitotiques, les PNG se déplacent sous les PNG en cours de
prolifération et commencent a migrer d'abord tangentiellement, donc parallelement a la surface
du cervelet, et puis radialement vers l'intérieur du cervelet. Cette derniére migration radiale
amenera les PNG a leur destination finale dans le cortex cérébelleux, la couche granulaire
interne (CGI), ou ils achéveront leur maturation en neurones granulaires.

La prolifération des PNG dans la CGE est activée par le morphogeéne Sonic Hedgehog (Shh),
qui est sécrété par les cellules de Purkinje, un autre type de neurones cérébelleux situés sous la
CGE. La transduction du signal Shh conduit a I'expression de génes pro-prolifératifs tels que
Mycn ou Cednl et Cedn2 qui permettent a la cellule d'entrer dans le cycle cellulaire.

La transduction du signal Shh a lieu a travers une structure cellulaire dédiée, le cil primaire. Le
cil principal est une structure semblable a une antenne qui dépasse de la cellule; il est constitué
d'un axoneme de microtubules qui se forme a partir d'un corps basal qui n'est autre que le
centriole maternel centrosome. L'axonéme est ensuite entouré d'une partie spécialisée de la
membrane plasmatique appelée membrane ciliaire.

Les PNG ont un cil primaire et, comme preuve de son importance, diverses études ont montré
I’impossibilit¢ de former un cil primaire lorsque, par exemple, des geénes essentiels a la
ciliogeneése sont supprimés, empéchant les PNG de transduire Shh et de proliférer en

conséquence. Une observation trés intéressante est que le cil primaire semble étre
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définitivement absorbé lorsque les PNG se différencient. Ainsi, la présence d’un cil primaire
apparait comme un phénomeéne fortement régulé lors du développement des neurones
granulaires.

Enfin, il est important de noter que la prolifération dérégulée des PNG provoquée par une
signalisation Shh activée de maniére aberrante peut conduire a la formation d'une tumeur
cérébrale agressive appelé Shh-médulloblastome (Shh-MB) qui touche principalement les
enfants. Les thérapies actuelles, qui consistent principalement en une résection chirurgicale de
la tumeur, suivie d'une combinaison de radiothérapie et de chimiothérapie, permettent a plus de
70% des patients de survivre, mais au prix de dommages collatéraux trés graves qui réduisent
considérablement leur qualit¢ de vie. Par conséquent, la recherche de nouvelles thérapies
ciblées visant a éliminer les cellules cancéreuses et a réduire la morbidité envers les tissus sains
est un objectif extrémement important.

A partir de toutes ces considérations, il est trés intéressant et important d’étudier la nature des
mécanismes cellulaires et moléculaires qui régulent 1’équilibre entre prolifération et
différenciation des PNG. Puisque le cil principal est si important pour la prolifération des PNG
(mais aussi des cellules Shh-MB) en réponse a la signalisation Shh, notre objectif est de
comprendre comment la présence et les fonctions de cet organelle cellulaire sont régulées
pendant le développement de neurones granulaires.

Un régulateur essentiel pour la formation et I’expansion des PNG est le facteur de transcription
proneural de type basique hélice-boucle-hélice Atohl.

Au cours de la période postnatale, Atohl est exprimé exclusivement dans les PNG en
prolifération active dans la CGE, tandis que son expression est inhibée lorsque ces cellules
quittent le cycle cellulaire.

De plus, Atohl est souvent surexprimé dans les Shh-MB, ou son activité est essentielle a la
formation et a l'expansion de cette tumeur. Plusieurs publications ont montré que l'une des
fonctions clés d'Atohl dans les PNG de la CGE est de maintenir ces cellules dans un état
compétent a Shh. En d'autres termes, 1'expression (ou la surexpression) de Atohl dans les PNG
ne favorise pas la prolifération per se, mais permet aux cellules de répondre fortement a Shh,
inhibant ou retardant efficacement leur différenciation.

Les mécanismes contrdlés par Atohl pour orchestrer cet état de compétence a Shh dans les

PNG sont toutefois peu connus a ce jour.
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Etant donné qu'Atohl et le cil primaire ne sont présents que sur les PNG en prolifération active
et que ces cellules ont besoin des ces deux composants pour la transduction du signal de Shh,
nous nous sommes demandé¢ s'il existait une relation possible entre Atohl et le cil primaire.
De ce fait, avec notre travail, nous montrons que I'expression de Atohl est remarquablement
corrélée a la présence du cil primaire dans les PNG, les deux étant limités aux progéniteurs
proliférant dans la CGE.

En utilisant 1'¢lectroporation in vivo, des lignées de souris transgéniques et des cultures
primaires de PNG transduites par lentivirus, nous montrons que la perte d'Atoh1 par les PNG
entraine une diminution de la ciliogenése et une activation réduite des genes cibles du Shh. En
revanche, la surexpression de Atohl dans les PNG in vitro et in vivo augmente la fraction de
PNG ciliée. Il est important de noter que la réduction de la ciliogenése observée apres la perte
de Atohl est un événement qui se produit avant d’observer une diminution significatif de la
prolifération des PNG. Cela indique que la rétraction des cils ne se produit pas a la suite d'une
sortie prématurée du cycle cellulaire.

Inversement, la surexpression de Atohl in vitro et in vivo maintient de maniére aberrante les
cils primaires sur les PNG, qui restent sensibles a Shh et retardent leur différenciation.

En particulier, la suppression des cils primaires des PNG in vivo par I’inactivation génétique de
genes impliqués dans la ciliogenése (par exemple, Kif3a ou Ift88) empéche le maintient des
PNG en prolifération par la surexpression de Atohl. Ce fait indique qu’Atohl favorise
I’expansion des PNG en maintenant la présence du cil primaire et préservant ainsi leur capacité
a répondre aux stimuli mitogéniques de Shh. En fait, la surexpression de Atohl ne favorise pas
seulement le maintien des cils primaires sur les PNG, mais également ses fonctions de
signalisation, comme indiqué par une réponse transcriptionnelle accrue a Shh et une plus grande
accumulation de composants de la voie de Shh (par exemple Smoothened) sur le cil.

La formation d'un cil primaire est un processus complexe qui nécessite le recrutement pondéré
de divers composants (protéines et vésicules intracellulaires) au niveau du corps basal et la mise
en place d'un transport intraflagellaire qui déplace les protéines ciliaires de la base du cil a la
pointe et inversement. Les satellites centriolaires (SC) jouent un rdle essentiel dans tous ces
processus. Les SC sont de grands complexes protéiques, assemblés sur une protéine
d'échafaudage appelée Pericentriolar material 1 (Pcml), qui orbite autour du centrosome
attaché au réseau de microtubules par des dynéines. La destruction ou la dispersion dans le

cytoplasme du SC dans diverses lignées cellulaires, mais également dans les PNG, empéche les

257



cellules de former un cil primaire. Cette perte d'organisation des SC autour du centrosome peut
étre obtenue en perdant des composants essentiels a leur stabilité ou a leur localisation.

Grace a des expériences de microscopie, nous avons constaté que la présence des SC, bien
assemblés autour du centrosome, est trés fortement corrélée a 1'expression de Atohl dans les
PNG de la CGE. En effet, l'inactivation génique d'Atoh1 dans les PNG in vitro ne provoque pas
seulement des défauts de ciliogenese, mais provoque également la dispersion des SC dans le
cytoplasme. Nous avons donc émis I'hypothése que Atohl pourrait contrdler la ciliogenése chez
les PNG en régulant la bonne intégrité ou la localisation des SC.

Dans le but de rechercher des cibles transcriptionelle potentielles d'Atoh1 capable d'expliquer
ce phénotype au niveau des SC, nous avons crois¢ des données publiées d'expression génique
du cervelet de souris knock-out pour Atohl avec des données de ChIP-seq (Chromatine
immunoprecipitation-sequencing) d'Atoh1 et avec une liste de génes connus pour étre impliqués
dans la régulation des SC. Parmi les genes résultant de cette analyse, nous avons trouvé
Centrosomal protein of 131 kDa (Cep131), qui est un composant essentiel des SC.

Nous avons donc procédé a la validation de Cep131 en tant que cible transcriptionnelle réelle
de Atohl. Les données d’expression géniques et protéiques issues de la perte ou la
surexpression d’Atohl combinées a des essais de géne rapporteur et des expériences
d’immunoprécipitation de la chromatine montrent que Cep131 est bien une cible d’Atoh1 dans
les PNG. En particulier, Atohl se lie a des séquences régulatrices situées a I'extrémité 3' du
locus génomique Cepl31, a partir duquel il est capable de trans-activer I'expression de Cepl31.
Fait trés important, I’extinction génique de Cep/31 provoque la dispersion des SC dans les PNG
et empéche la formation d'un cil primaire in vivo et in vitro, en récapitulant les phénotypes
observés a la suite de la perte de Atohl.

De plus, I’expression ectopique de Cepl131 dans les PNG, dans lesquels Atohl a été inactivé,
rétablit non seulement la position correcte des SC, mais également, par conséquent, la capacité
de reformer un cil primaire in vitro et in vivo.

Ces données indiquent que Atohl régule la ciliogenése dans les PNG a travers 1'expression de
Cep131, ce qui permet la formation et le fonctionnement correct de SC.

Fait intéressant, nous démontrons en outre que cette voie Atohl-SC-cil primaire-Shh qui
controle la prolifération des PNG est ¢galement conservée dans le contexte des Shh-MB.

Ces données révelent un mécanisme par lequel la ciliogenése est régulée dans des progéniteurs
de neurones, offrant de nouvelles informations sur le processus complexe de la neurogenése

cérébelleuse et de la pathogenese de Shh-MB.
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Résumé : Pendant le développement du cervelet, les
progéniteurs des neurones granulaires (PNG)
nécessitent la présence du cil primaire pour proliférer
en réponse a Sonic Hedgehog (SHH). En effet, la
prolifération dérégulée des PNGs peut conduire a la
formation d'une tumeur pédiatrique maligne appelée
SHH-médulloblastome (MB), de ce fait comprendre
comment le cil primaire est régulé dans les PNGs est
crucial.

Nous montrons que le facteur de transcription Atohl
contrdle la présence du cil primaire dans les PNGs in
vitro et in vivo. En particulier, la suppression du cil
primaire par D’inactivation génétique de genes
impliqués dans la ciliogenése (par exemple, Kif3a ou
Ift88) empéche Atohl de maintenir les PNGs en
prolifération, ce qui indique qu’Atohl favorise
I’expansion des PNGs en maintenant la présence du
cil primaire. D’un point de vue moléculaire, Atohl
contr6le la formation du cil primaire en régulant le
bon positionnement peri-centrosomal des satellites
centriolaires (SC), complexes protéiques essentiels

pour la ciliogenése. L'inactivation de Atohl dans les
PNGs perturbe en effet la distribution subcellulaire
des SCs, altérant ainsi inévitablement la ciliogenese.
Cette nouvelle fonction de Atohl est gouvernée par la
régulation transcriptionnelle directe d'un composant
clé des SCs, Cepl31. L’expression ectopique de
Cepl31 dans les PNGs restore les effets liés a
I'inactivation d'Atohl, rétablissant la localisation
correcte du SC et comme conséquence la présence
d’un cil primaire.

De plus, nous avons montré que cette voie Atoh1-SC-
cil primaire-SHH contrélant la prolifération des PNGs
est également conservée dans le contexte du SHH-
MB, ou Atohl est surexprimée et essentielle pour sa
formation et sa maintenance.

Ces données révélent un mécanisme par lequel la
ciliogenése est régulée dans des progéniteurs de
neurones, offrant de nouvelles informations sur la
neurogenése dans le cervelet et sur la pathogenése du
SHH-MB.

Title: Ciliogenesis control mechanisms in cerebellar neuron progenitors
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Abstract: Cerebellar granule neuron progenitors
(GNPs) require the primary cilium to proliferate in
response to Sonic Hedgehog (SHH) during cerebellar
development. As aberrant proliferation of GNPs may
lead to SHH-type medulloblastoma (SHH-MB), a
pediatric  brain  tumor, understanding which
mechanisms control ciliogenesis in GNPs represents
a major interest in the field. Here, we show that the
proneural bHLH transcription factor Atohl controls
the presence of primary cilia in GNPs both in vitro
and in vivo, thus maintaining GNPs responsive to the
mitogenic effects of SHH. Indeed, loss of primary
cilia induced via knockdown of specific ciliary
components (e.g. Kif3a and Ift88) abolishes the
ability of Atohl to keep GNPs in proliferation in
vivo. Mechanistically, Atoh1 controls ciliogenesis by
regulating the proper peri-centrosomal clustering of
centriolar  satellites (CS), large multiprotein
complexes working as essential machineries for
ciliogenesis.

Knockdown of Atohl in GNPs perturbs CS
subcellular distribution, leading to impairment of
ciliogenesis. Luciferase reporter assays and
chromatin immunoprecipitation experiments indicate
that Atohl can directly regulate the expression of
Cepl131, a key CS core component. Importantly,
ectopic expression of Cep131 in GNPs depleted of
Atohl, is sufficient to restore proper CS localization
and consequent primary cilia formation, indicating
that the Atohl-Cepl31-CS axis is responsible for
ciliogenesis in GNPs.

In addition, we further demonstrated that these
functions of Atohl are also conserved in the context
of SHH-MB, where Atoh1 is typically overexpressed
and acts as a lineage-dependent transcription factor.
These data reveal a mechanism whereby ciliogenesis
is regulated in neuron progenitors providing novel
insights  into  cerebellar  neurogenesis  and
pathogenesis of SHH-MB.
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