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Abstract 
 

Genome integrity needs to be preserved for the propagation of genetic information. 

Inactivation of proteins involved in DNA damage responses (DDR) are often associated with 

cancer and/or developmental disorders of the nervous system, which appear particularly 

vulnerable to DNA distress. The Nijmegen Breakage syndrome (NBS), due to NBS1 gene 

mutations, is characterized by microcephaly, facial dysmorphisms and cancer 

predisposition. The neurological features of NBS patients have been modeled in the 

Nbs1CNS-Δ mouse, a Nbs1 CNS-restricted knock-out which shows microcephaly, severe 

ataxia and dramatically impaired cerebellar development. Strikingly, a very similar 

phenotype is also observed in mice with SHH/MYCN conditional KO, suggesting that Nbs1 

and SHH/MYCN might be functionally linked. Prompted by this hypothesis, we generated 

new mouse models with CNS-restricted inactivation of Nbs1 in a transgenic SmoA1 cancer-

prone context and new GCPs cultures for in vitro studies. The new SmoA1/Nbs1CNS-Δ mouse 

model showed that the absence of Nbs1 completely blocks the SmoA1-dependent tumor 

phenotype and causes severe cerebellar defects during postnatal development. This 

suggests an epistatic role of Nbs1 on the SHH pathway. The dramatic and degenerated 

phenotype of this model did not allow an appropriate analysis of the molecular interactions 

between Nbs1 and the SHH pathway. Therefore, we generated a new Nbs1GCP-Δ mouse 

model with the specific deletion of Nbs1 in cerebellar granule progenitors (GCPs). This 

model showed that the absence of Nbs1 caused defects in cerebellar development and this 

was associated with downregulation of the SHH pathway both in vivo and ex vivo. This was 

also confirmed in an inducible cell autonomous context.  

Given that the primary cilium is an essential structure for SHH signaling and given the 

emergent link between DDR proteins, centrosomes and ciliogenesis, we examined whether 

Nbs1 might be required for primary cilia formation and regulation, which in turn could affect 

SHH signaling. Accordingly, we provided strong evidence that loss of Nbs1 determines 

severe defects in ciliogenesis. Moreover, we showed that either the ciliary phenotype or the 

associated downregulation of the SHH pathway are rescued by loss of p53.  

In conclusion, our data support a novel function for Nbs1 in cilia-dependent SHH signaling 

and raise the possibility that the Nbs1-p53 axis, in addition to their conventional role in DNA 

damage, may regulate ciliogenesis both in physiological and pathological conditions in the 

cerebellum.   



 

 2 

Introduction 
 
The Cerebellum: Overview of structure and function  
  

The cerebellum (Latin for “little brain”) is a softball-sized structure located at the base of the 

brain and plays an essential role in motor learning and coordination but also in cognitive 

functions. In all vertebrates it is similar in both cellular organization and connections, but 

varies widely in its size and gross anatomy. Indeed, two striking morphological features of 

the cerebellum are the variation in both its volume and foliation (amount of surface folding) 

across species: mammals have variably convoluted cerebella (Hall, Z. J. et al., 2013). 

 

At the gross anatomical level, the mammalian cerebellum can be divided into 3 zones along 

the rostral to caudal axia: a midline zone, known as the Vermis and the two cerebellar 

hemispheres on each side (Fig. 1A). The hemispheres are also divided into two parts: the 

lateral hemisphere, and a more medial part, the paravermis. 

 

The cerebellum surface can be divided into three major lobes by transverse fissures: the 

primary fissure, located on the upper surface of the cerebellum, divides the cerebellum into 

an anterior lobe and a posterior lobe; the posterolateral fissure on the underside of the 

cerebellum separates the large posterior lobe from the small flocculo-nodular lobe; finally, 

other fissures divide each lobe into many lobules (or folds). I-X numbering is used for the 

lobules of the mouse’s vermis: the anterior lobe is composed of lobules I-V, the posterior 

lobe includes lobules VI-IX and the flocculo-nodular lobe corresponds to lobule X (Stoodley, 

C. J. et al., 2011) (Fig. 1B). The basic ten lobules present in mice are conserved in humans, 

but each human cerebellar lobule is extensively subdivided into many sublobules (Corrales, 

J. M. D. et al., 2006). 

 

In a sagittal section, the lobes and lobules resemble the branches of a tree that branch off 

from a common trunk, consisting of white matter. A simple explanation for the evolutionary 

introduction of folia to the cerebellum is that it was a means to increase the surface area 

and thereby accommodate an increase in cell number, which in turn facilitated the 

acquisition of more complex functional circuits (Welker WI, 1990). 
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At the microscopic level, the cerebellum is divided into two main components: a laminar 

cortex and a subcortical group of cells called deep cerebellar nuclei (DCN). 

The cerebellar cortex is divided into 3 layers (Fig 1C): 

Internal Granular Layer (IGL): it contains a very high number of neurons, mostly Granule 

cells (GC), that are small glutamatergic excitatory neurons. Their dendritic tree contacts 

mossy afferent fibers from which they receive excitatory signals, while their axons ascend 

to the molecular layer and bifurcate, giving rise to the parallel fibers which run along the 

major axis of the lobules and intersect the Purkinje dendrites. In this layer, the cell bodies of 

inhibitory Golgi cells are also found. 

Purkinje cells Layer (PCL): it is a monolayer, that separates the molecular layer from the 

granular one. Purkinje cells (PC) are GABAergic inhibitory neurons characterized by a big 

dendritic tree that extends in the molecular layer, while their axons cross the IGL to the 

cerebellar nuclei. 

Molecular layer (ML): it is the outermost layer consisting mainly of dendrites of PCs that form 

synaptic contacts with parallel and climbing fibers. Furthermore, in this layer there are also 

Bergmann Glia (BG) and two types of inhibitory interneurons, Basket and Stellate cells. 

 

The DCN are composed by the Nucleus of the Fastigium, the Interposed Nucleus (in turn 

composed of two nuclei, the globose and embolus) and the Dentate Nucleus. 

 

The cerebellum is continuous with the brain via the three pairs of cerebellar peduncles: the 

superior cerebellar peduncle (Brachium Conjunctivum), that contains primarily cerebellar 

efferent fibers and passes rostrally out of the cerebellum towards its decussation in the 

caudal midbrain; the middle cerebellar peduncle (Brachium Pontis), that contains primarily 

cerebellar afferent fibers and is continuous from the basilar pons into the cerebellum; and 

the inferior cerebellar peduncle (restiform body plus juxtarestiform body), which contains 

many fibers from the medulla and spinal cord (cerebellar afferents) that pass into 

the cerebellum. 

 

Cerebellar function depends on well-organized neuronal connections and the integration of 

afferent and efferent fibers throughout cerebellar circuitry (Reeber SL et al., 1992).  

Cerebellar afferent pathways coming from the cerebral cortex and spinal cord can be 

grouped into two major types: climbing fibers and mossy fibers which differ in origin, 

destination and function (Marani E & Voogd J Mossy, 1979). Climbing fibers establish 
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synaptic complexes with dendritic trees of PCs, while mossy fibers synapse on GCs in the 

IGL, cells that give rise to parallel fibers that relay information via excitatory synapses onto 

the dendritic spines of the PCs. Therefore, the ultimate destination of the afferent pathways 

to the cerebellar cortex is the PC, that receives two types of excitatory inputs from outside 

of the cerebellum: one directly from the climbing fibers and the other indirectly via the parallel 

fibers of the GCs.  

PCs, in turn, project the deep cerebellar nuclei and they are the only output cells of the 

cerebellar cortex. Since the PCs are GABAergic, the output of the cerebellar cortex is wholly 

inhibitory. However, the deep cerebellar nuclei receive excitatory inputs from the collaterals 

of the mossy and climbing fibers. The PC inhibition of the deep nuclei serves to modulate 

the level of this excitation. Inputs from neurons of local circuits modulate the inhibitory 

activity of PCs, synapsing both their dendritic shafts (by stellate cells) and cell body (by 

basket cells). Finally, Golgi cells receive inputs from the parallel fibers and provide an 

inhibitory feedback to the cells of origin of the parallel fibers (the GCs). 

 

The main functions of the cerebellum are the maintenance of balance and posture, the 

coordination of voluntary movements, motor learning but also cognitive functions. These 

functions are allowed by the integration of incoming signals and the presence of feedback 

circuits.  

The cerebellum controls motor function by modifying the activity of the upper motor neurons. 

The main function is to detect the "motor error", that is the difference between the planned 

movement and the actual movement, and send signals to the upper motor neurons to reduce 

it, both during the execution of the movement and by storing the information as a form of 

motor learning (Popa, L. S. et al., 2016). When these circuits are damaged, like in diseases 

and trauma, patients show numerous motor errors and defects in balance and posture, 

whose quality and quantity will depend on the injured area of the cerebellum. 
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Figure 1. Anatomical and functional organization of the cerebellum. A) Dorsal view of the
cerebellum. The cerebellum is divided longitudinally into a medial vermis (V) and more lateral
hemispheres (H) Running at right angles to the boundary between vermis and hemispheres are
the folds that divide the cerebellar cortex into lobules. B) Schematic overview of the foliation
pattern into lobes and lobules. Lobules I–V constitute the traditional anterior lobe, VI–IX the
posterior lobe, and X the flocculonodular lobe (Hawkes, R. 2001). C) Microstructural organization
of the cerebellar cortex. Illustration of an individual cerebellar cortical lobule, indicating the
presence of three layers: Molecular Layer (ML), Purkinje Cell Layer (PCL) and Internal Granular
Layer (IGL) (Ramnani, N., 2006).
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Cerebellar development  
 
Cerebellar development is a slow and delicate process that begins during the embryonic 

phase and ends in the first two years of postnatal life in humans and around post-natal day 

20 in mice (Butts, T., et al., 2014). This process is directed by molecular mechanisms that 

regulate the formation and establishment of neuronal circuits through proliferation, 

differentiation and migration of neuronal and glial progenitors (Behesti H, Marino S et al. 

2009). 

The cerebellum, as well as the other regions of the Central Nervous System (CNS), 

originates from an apparently homogenous sheet of epithelial cells called the neural plate. 

During the process of neural induction, the neural plate undergoes morphological 

differentiation: its edges thicken and roll up to close dorsally, in order to form the neural tube. 

The most anterior portion of the neural tube undergoes drastic changes during early 

development, generating, by differential proliferation, the three primary brain vesicles: the 

forebrain (prosencephalon), midbrain (mesencephalon), and hindbrain (rhombencephalon). 

The forebrain divides into a telencephalon, formed by a median portion and two lateral 

extroversions (the primitive cerebral hemispheres), and diencephalon, characterized by the 

evagination of the optic vesicles; the mesencephalon does not further subdivide and is 

separated from the rhombencephalon by a deep furrow, the isthmus of the hindbrain; the 

rhombencephalon is subdivided into metencephalon and myelencephalon. Finally, the 

caudal neural tube remains with a cylindrical shape and gives origin to the spinal cord 

(Martínez S., Puelles L., 2000). 

 

The development of the cerebellum can be divided into 3 different stages: 

a) Determination of a cerebellar territory; 

b) Initial specification of cerebellar cell types, resulting in proliferation, differentiation and 

migration (Fig. 2 A-E); 

c) Formation of cerebellar circuits; 

 

a) The territory that will generate the cerebellum is allocated -during the early embryonic 

segmental phase of hindbrain development- close to the boundary between the 

hindbrain and the midbrain called the isthmic constriction or simply the isthmus.  
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The isthmus of the neural tube contains the isthmic organizer (IsO), which provides 

structural polarity to the adjoining regions and orchestrates the complex cellular 

diversity of the mesencephalon (rostrally) and the cerebellum (caudally). 

The earliest molecular event for the IsO specification is the differential expression in 

the neural plate of Otx2 in the rostral epithelium and a Gbx2 in the posterior domain. 

Otx2 is required from an early stage to establish forebrain and midbrain territories 

and by contrast, Gbx2 expression in r1 (rhombomere1) is required for the formation 

of the cerebellum. The limit determined by Otx2 and Gbx2 marks the mid-hindbrain 

molecular boundary (MHB) and determines the formation of a specific expression 

pattern of other transcription factors, which in turn define the position of the isthmus 

(Martinez, S. et al., 2013). 

A member of the fibroblast growth factor (FGF) family, FGF8, is the major signaling 

molecule in the MHB. FGF8 signaling may act at the IsO in concert with other 

signaling molecules, such as WNT1, Sonic Hedgehog (SHH), and transforming 

growth factor (TGF)-β family members (Danielian and McMahon, 1996; Matsunaga 

et al., 2002; Vogel-Höpker and Rohrer, 2002; Castelo-Branco et al., 2003; Farkas et 

al., 2003; Blaess et al., 2006). The morphogenetic activity of the IsO is thus the 

consequence of a specific spatio-temporal expression of molecular signals that 

regulate the specification and structural development of mesencephalic and 

cerebellar neuroepithelial territories.  

b) All cerebellar neurons derived from two major germinal centers: the ventricular zone 

(VZ), located at the inner germinal layer, and the rhombic lip (RL), located at the 

interface of the dorsal neural tube and the extended roof plate of the 4th ventricle 

(Hatten and Heintz, 1995). The two neuroepithelia disappear at birth, but dividing 

progenitors out-migrate and give rise to secondary germinal sites, where 

neurogenesis continues up to postnatal development. Hence, RL progenitors move 

along the cerebellar surface to form the external granular layer (EGL), whereas those 

of the VZ delaminate into the prospective white matter (PWM), which surrounds the 

deep nuclei and extends into the axis of the nascent folia. 

Cerebellar neuronal subtypes depend on when and where they have been generated 

from neural progenitors. Cerebellar glutamatergic and GABAergic neurons are 

generated from the RL and the VZ, respectively (Leto K. et al., 2016). 

In mice, glutamatergic neurons in the cerebellar nuclei (CN) leave the cerebellar RL 

at early stages (E10.5–12.5) and migrate rostrally toward a subpial position, in the so 
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called “nuclear transitory zone”; progenitors of unipolar brush cells, the glutamatergic 

interneurons of the granular layer, leave the germinal site between E14 and E21; 

finally, a third migratory wave from the RL is composed of granule cell progenitors 

(GCPs), which spread tangentially along the cerebellar surface to form the EGL in 

late embryogenesis and early postnatal life (E13.5 onward) (Machold and Fishell, 

2005; Wang et al., 2005; Fink et al., 2006; Machold et al., 2007; Nunzi et al., 

2001;Sekerkovà et al., 2004 Machold and Fishell, 2005).  

The second germinal center, the VZ, has been thought to give rise to cerebellar 

GABAergic neurons: PCs are born at E10.5–E13.5, GABAergic interneurons (INs) in 

the CN at E10.5–E11.5, and Golgi cells at approximately E13.5. Late-born 

GABAergic INs, including stellate and basket cells, derive from secondary precursors 

in PWM at later stages (from E13 to P5 with a peak around birth) (Sultan F, et al., 

2003; Leto K, et al., 2006; Hashimoto M, et al., 2003; Sudarov A, et al., 2011). 

Two basic-helix-loop-helix (bHLH) proteins, ATHO1 (also called MATH1) and PTF1a, 

participate in the specification of the spatial identities of cerebellar progenitors (Fig. 

2A). ATHO1 is expressed in the progenitors of the RL, and targeted ATHO1 

disruption results in the loss of glutamatergic neurons in the cerebellum (Ben-Arie N, 

et al. 1997; Machold R, et al., 2005; Wang VY et al., 2005). On the other 

hand, PTF1a is expressed in the VZ progenitors and PTF1a deletion results in the 

loss of all cerebellar GABAergic neurons (Hoshino M, et al., 2005; Pascual M, et al., 

2007).  

Between E12.5 and E16, the vast majority of ATOH1+ RL derivatives generate GCPs 

that spread across the dorsal surface of the cerebellar anlagen to form the EGL. The 

first ATOH1+ wave will give rise to the granule cells that will predominantly populate 

the anterior lobes of the adult cerebellum and later, a second wave will carry those 

that will populate progressively more caudal lobes until labeling of all GCPs is 

complete by E17 (Machold, R., & Fishell, G., 2005). At this stage, GCPs express 

Atoh1, Zic1, Zic3, Meis1, Pax6 and Pde1c. The EGL is defined by its transience and 

proliferation; indeed, in mice, the EGL persists until the third week of postnatal life, 

and the peak of proliferation occurs in the first week (Espinosa and Luo, 2008). In the 

developing cerebellum it is possible to distinguish an outer EGL, populated by 

proliferating progenitors, and an inner EGL, comprising cells that have exited the cell 

cycle and have begun the process of differentiation and radial migration along the 
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fibers of BG and through the developing PCL, to reach their ultimate destination in 

the IGL (Fig 2 B,C).  

During the early postnatal period, multiple mitogenic pathways expand the EGL from 

a thin layer to a layer six to eight cells deep. The Sonic hedgehog (SHH) and the 

Notch2 pathway are the major drivers of GCPs proliferation.  

Following clonal expansion in the EGL, GCPs exit the cell cycle, downregulating 

ATOH1 and upregulating NeuroD1 (Helms AW. et al., 2003), required for GCP 

differentiation and the tumor suppressor cyclin-dependent kinase inhibitory protein 

p27Kip1 (Ayrault et al., 2009). Several pathways are thought to provide negative 

regulation of GCP proliferation, including BMP4, WNT3, and the anaphase-promoting 

complex/cyclosome (APC/CCdh1) ubiquitin ligase (Anne SL, et al., 2013; Penas C, 

et al., 2015). 

 

c) Proper functioning of the cerebellar circuit largely depends upon the correct 

placement of neurons and glia in different regions, as well as the correct layering of 

its constituent cell types. Though the histological three-layered topology is seemingly 

simple, the developmental steps to obtain this organization are complex. The 

temporal and spatial properties of cells from each germinal zone determine how they 

navigate from the VZ or RL to eventually settle into their prospective regions. 

Correct localization of PCs is crucial to proper cerebellar function, as PCs serve as 

the sole output of the cerebellar cortex: disruption of their location could result in 

multiple diseases associated to movement. As described above, between ∼E10.5–

E13.5, PCs begin to migrate from VZ. Genetic and in vitro studies have recently 

demonstrated that proteins such as GFRa1 and the interacting extracellular matrix 

proteins, particularly NCAM (neural cell adhesion molecule), are essential for this 

movement (Sergaki, M. C., & Ibáñez, C. F., 2017). Furthermore, molecular signals 

dictate the ultimate location of the PCs and its striking monolayer architecture: GCPs 

express the extracellular secreted glycoprotein Reelin, whereas PCs express its 

binding partners, including ApoER2, VLDLR, and Dab1. Interruption of Reelin 

signaling causes ectopic localization of PC pools in deep layers of the cerebellar 

anlage (Larouche, M. et al., 2008). 

Granule cell migration also influences the laminar structure of the cerebellum and 

thereby affects the function of the cerebellum. Of the eight types of cerebellar cortical 

neurons that emerge from embryonic through postnatal development, GCs are 
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among the last to differentiate and settle into their correct cerebellar location. 

However, their precursors are among the first to leave their original primary germinal 

zone. The major players in the proper localization/migration of granule cells to the 

IGL are BG, a class of unipolar astrocytes derived from radial glia. They serve as a 

scaffold for radial migration of differentiated granule cells from the external to the 

internal granular layer. There are several molecules that coordinate the process 

between both cell types, such as PTEN in the BG and fibroblast growth factor 9 

(FGF9), which is secreted from the granule cells (Yue, Q. et al., 2005; Lin, Y. et al., 

2009). Neural circuit formation in the cerebellum is also controlled by cell adhesion 

molecules of the Cortactin family. Indeed, all steps in postmitotic granule cell 

development require IgSF CAMs of the Contactin group (Stoeckli E. T., 2010). 



Figure 2. A) Schematic parasagittal section through the midbrain/hindbrain region of a mouse
E12.5 neural tube. The cerebellum is a dorsal derivative of hindbrain rhombomere 1 (rh1) under
the influence of signaling from both the isthmic organizer (IsO) and fourth ventricle roof plate.
Within the developing cerebellar anlage, distinct progenitor zones form marked by two distinct
transcription factors, Math1 and Ptf1a. B) Schematic midsagittal section of post-natal mouse
cerebellum development (Millen, K. J., & Gleeson, J. G., 2008). C-E) Diagram of the cerebellar
cortex during post-natal development. The Purkinje cell layer (PCL) is located underneath the
EGL and secretes Shh which is received by cells of the EGL and drives their extensive
proliferation. Upon differentiation, cells of the EGL migrate through the PCL layer to form the
IGL of the mature cerebellum (Marzban, H., et al., 2015).
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Molecular pathways that regulate GCPs expansion 
 

After birth, in mice, between the second and fourth postnatal days (P2–P4), a number of 

signaling pathways promote GCPs proliferation (Wechsler-Reya and Scott, 1999). At 

peaking periods of proliferation (P5–8), more than a million GCPs can be isolated from a 

single mouse, providing an unparalleled resource for studies of primary neural progenitor 

populations (Hatten ME, 1985). 

A number of mitogenic pathways maintain the rapid expansion of the GCP pool in the EGL. 

The first is the mitogenic SHH pathway, which drives GCP proliferation through the 

expression of the primary downstream mediator of signaling, the zinc finger protein Gli1, 

which up-regulates expression of cell cycle regulators, cyclins (Ccnd1, Ccnd2, Ccne), and 

of the bHLH-transcription factor MycN (Wechsler-Reya and Scott, 1999; Kenney and 

Rowitch, 2000; Kenney et al.,2003).  

Notch2 signaling also stimulates granule cell proliferation, as activated Notch2 maintains 

GCP proliferation and inhibits granule neuron differentiation. Exposure of GCPs to the 

Notch2 ligand, JAG1, or a constitutively activated form of the Notch2 receptor results in 

increased cell proliferation. In these cells, expression of the downstream transcription factor, 

HES1, is upregulated and HES1 overexpression is able to maintain proliferation in granule 

cell progenitor populations. HES1 expression is also induced by the SHH pathway, 

suggesting that it is a common downstream effector of these two pathways (Solecki et al., 

2001).  

The Wnt/β-catenin signaling pathway has been shown to play an important part in regulation 

of neural stem and progenitor populations within the CNS, but its role in cerebellum 

development is only partially defined. Wnt1 is an important regulator of early cerebellum 

development. It is expressed in the isthmus, rhombic lip and in cells of the granule lineage, 

and Wnt1−/− mutant mice completely lack or exhibit a severely underdeveloped cerebellum. 

The role of Wnt/β-catenin signaling in later stages of cerebellum development has not yet 

been fully understood. However, activating mutations in components of the Wnt/β-catenin 

signaling pathway have been identified in medulloblastomas (Zurawel RH, et al., 1998; 

Eberhart CG, et al., 2000). Furthermore, individuals carrying germline mutations in the 

tumour suppressor gene APC that constitutively activate Wnt/β-catenin signaling have a 

greatly elevated risk of developing medulloblastoma (Hamilton SR, 1995). This raises the 

possibility that Wnt/β-catenin signaling regulates developmental processes in the 
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cerebellum, and that activation of this pathway may cause these processes to go awry, 

predisposing to the development of medulloblastoma. 

Cell cycle regulators are also important regulators of normal GCP proliferation. In the 

postnatal EGL, p18Ink4c is transiently expressed in GCPs during cell cycle exit (Uziel et al., 

2005). MycN is also required for the rapid expansion of GCPs proliferation in the postnatal 

cerebellum (Knoepfler et al., 2002). Loss of MycN severely disrupts cerebellar development 

and increases expression of two cyclin dependent kinase inhibitory proteins, p27Kip1 and 

p18Ink4c. Studies by Zindy et al. (2006) further demonstrate that MycN expression and 

downregulation of p18Ink4c and p27Kip1 are both critical for GCPs expansion during 

cerebellar development.  
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Sonic hedgehog (SHH) pathway  
 
The Sonic Hedgehog (SHH) pathway is highly conserved during evolution and has a 

fundamental role in development, embryogenesis and tumorigenesis but also in adult 

tissues for the maintenance of stem cells pool, homeostasis, repair and tissue regeneration 

(Teglund, S. & Toftgård, R., 2010; Watkins et al., 2003; Beachy et al., 2004) 

 

The Hedgehog (HH) genes were originally identified as important genes in the regulation of 

the fruit fly Drosophila Melanogaster development and were called "segment polarity genes" 

(Nusslein-Volhard and Weischaus, 1980). To date, we know that in addition to being 

involved in many processes of morphological development in Drosophila, they are also 

essential in vertebrate development. While in Drosophila and in the other invertebrates there 

is only one HH gene, in vertebrates there are several family members: Desert Hedgehog 

(DHH), Indian hedgehog (IHH) and Sonic Hedgehog (SHH) which act as morphogens during 

the development of different tissues. 

 

SHH plays an essential role during the development of the nervous system. During the early 

stages of neural tube formation, SHH is secreted by cells of the notochord and ventral 

lamina, directing the development of specific cell types in a dose-dependent manner (Krauss 

et al., 1993; Echelard et al., 1993; Roelink et al., 1994; Ericson et al., 1996). After an initial 

period in which SHH is indispensable for ventral differentiation, in late embryonic stages and 

in the early post-natal stages it is mainly expressed in the dorsal brain, including the 

cerebellum (Dahmane and Ruiz i Altaba 1999; Wallace 1999; Wechsler- Reya and Scott 

1999). 

 

At the cellular level, SHH is initially synthesized as a 45 KDa protein precursor and 

undergoes an autocatalytic cut producing two secretion peptides: N-SHH of 19 KDa (N-

terminal) and C-SHH of 26 KDa (C-terminal). C-SHH undergoes autoproteolysis, while N-

SHH is subjected to two successive lipid modifications which allow enrichment in 

correspondence of sterile-rich membrane microdomains, multimerization and morphogen 

secretion. The first modification consists in the attachment of a cholesterol molecule at the 

C-terminal end (Porter JA, 1996), followed by the attachment of palmitic acid at the N-

terminal end catalyzed by SKI proteins (skinny hedgehog, members of the family of 

membrane-bound O-acetyltransferase proteins) (Chamoun Z. et al., 2001). SHH secretion 
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occurs through the interaction with Dispatched (DISP), a 12-domain transmembrane protein 

belonging to the RND (resistance-nodulation-division) family of transporters that binds 

cholesterol to the C-terminal end (Zia Choundhry et al., 2014). 

 

The transduction of the SHH signal occurs in the primary Cilium, a non-mobile organelle that 

projects from the surface of the cell and is present in nearly all nucleated cells during 

interphase (Fig 3 A,B) (Huangfu et al., 2003; Huangfu and Anderson, 2005; May et al., 2005; 

Spassky et al.,2008). Several studies suggest a crucial role of primary cilia during 

development of the cerebellum and, specifically, in SHH-induced proliferation of GCPs. The 

inhibition of ciliogenesis in GCPs does not affect their initial specification but only their 

proliferation, with a consequent hypoplasia of the cerebellar vermis, typical of human 

ciliopathies such as Joubert and Meckel syndromes (Spassky et al.,2008).  

 

The SHH receptor is the transmembrane 12-motif protein Patched1 (PTCH1). It is located 

at the base of the cilium and acts as an inhibitor of the pathway. In the absence of the ligand, 

it prevents the activation of the Smoothened co-receptor (SMO), a member of the Frizzled 

(Fz) family of seven-transmembrane domain (7TM) proteins, probably through its 

sequestration in an intracellular compartment. During HH stimulation, the secreted SHH 

ligand binds and inhibits PTCH1, leading to the activation of SMO on the ciliary membrane 

(Fig 3 A,B). 

 

A central unresolved question in SHH signaling is how SMO activity is controlled. Like other 

7TM receptors, SMO functions as a conformational switch, balancing between inactive and 

active conformations. It has long been hypothesized that this equilibrium is controlled by an 

unknown endogenous small molecule, which is in turn regulated by PTCH1 (Taipale et al., 

2002). This hypothesis is also consistent with PTCH1 belonging to the RND family of small 

molecule pumps, suggesting that the ligand of SMO is itself regulated by PTCH1. Recently, 

sterols have emerged as candidate endogenous activators of vertebrate SMO: they are 

required for vertebrate SHH signaling, which is inhibited by sterol depletion or by genetic 

defects in cholesterol biosynthesis (Cooper et al., 2003). Sterol depletion inhibits vertebrate 

SMO, and, furthermore, some oxysterols activate SMO by binding to its CRD (extracellular 

cysteine-rich domain). Huang P. and colleagues propose a model in which cholesterol is the 

endogenous ligand responsible for SMO activation during SHH signaling, and that PTCH1 

inhibits SMO by counteracting its activation by cholesterol. Thus, cholesterol seems to be 
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an important second messenger in vertebrate SHH signaling, mediating the functional 

interaction between PTCH1 and SMO. 

 

Following its activation, SMO is phosphorylated by the GPRK2 kinases (G protein-coupled 

receptor kinase-2) and CKI (casein kinase I) (Meloni et al., 2006;Chen Y., et al., 2013); it 

accumulates in the primary cilium by binding with β-arrestin2, which mediates the interaction 

of SMO with Kif3A, a subunit of kinesin that mediates the anterograde transport along the 

cilium (Kovacs et al., 2008).  

 

The activation of SMO triggers the downstream signal transduction events of the SHH 

pathway, ultimately causing activation of the zinc-finger transcription factors Gli1, Gli2 and 

Gli3 (Glioma-associated oncogene homolog 1, 2, 3). The biological functions downstream 

of SHH depend on the variation of the balance between the activating forms (Gli-A) and the 

repressors (Gli-R). Gli3 acts mainly as repressor, while Gli2 as a transcriptional activator. 

Gli1 is a transcriptional target of SHH signaling and acts as a transcriptional activator that 

reinforces the function of Gli-A (Jiang J. and Hiu, 2008). 

Gli proteins activity is regulated by multiple complex mechanisms including phosphorylation, 

acetylation, proteolysis, cellular localization and protein-protein interaction.  

For example, in the absence of the SHH signal, PKA, GSK3 and CKI phosphorylate multiple 

sites in the C-terminal region of the Gli proteins (Gli2 and especially Gli3) and cause the 

recruitment of Slimb/β-TRCP, a subunit of E3 ubiquitin-ligase SCF (Jiang 2006; Smelkinston 

et al. 2007). The ubiquitination by SCF leads to the proteasome-mediated partial 

degradation of the Gli proteins. Through this pathway, half of the C-terminal domain is 

removed and the remaining truncated proteins still possess the DNA binding zinc-finger 

domain and the N-terminal region which recruits corepressors; indeed, in this conformation, 

they act as repressors of SHH target genes (Gli-R). However, Gli factors can also be entirely 

degraded by the proteasome when the Spop adapter allows their ubiquitination by E3-ligase 

Cul3 (Di marcotullio et al., 2007). On the contrary, in the presence of the SHH ligand, the 

processing of Gli2 and Gli3 is inhibited, leading to the accumulation of their full-length forms 

and to the activation of specific target genes, inclluding Gli1, which is transcriptionally 

regulated.  

Another type of regulation of the Gli proteins is the control of their localization. For instance, 

in absence of SHH stimulation, SUFU (suppressor of fused) stabilizes the full-length forms 

of Gli2 and Gli3 in a cytoplasmic complex containing a cilium-associated kinesin Kif7, known 
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as the vertebrate homologue of Cos2 in Drosophila (Wen X, et al., 2010; Endoh-Yamagami 

S, et al., 2009; Cheung HO, et al., 2009; Liu X, et al., 2014).  

The acetylation of Gli1 and Gli2 represents an inhibitory signal: the HDAC1-mediated 

deacetylation is responsible for the activation of the SHH signaling and represents a positive 

feedback as it is up-regulated by the same pathway (Canettieri et al ., 2010).  

 

The Gli proteins have been shown to be negatively regulated also by p53. Gli1 

transcriptional activity has been shown to be reduced by p53 overexpression and enhanced 

by p53 knockdown. Indeed, p53 regulates Gli1 function through multiple mechanisms. For 

example, p53 suppress Gli1 activity by sequestering the coactivator TATA Binding Protein 

Associated Factor 9 (TAF9). p53 inhibits Gli1 levels and function also in response to DNA 

damaging agents by induction of PCAF E3-ligase, leading to Gli1 ubiquitination and 

proteasomal degradation (Yoon, J. W., et al., 2015; Mazza et al., 2013). Interestingly, a Gli1-

p53 inhibitory loop has been described (Stecca and Altaba, 2009). Indeed, the tumor 

suppressor p53 and the oncogene Gli1 antagonize each other: p53 inhibits the activity, 

nuclear localization, and levels of Gli1 and, in turn, Gli1 represses p53 through the activation 

of the inhibitor Mdm2 (Abe et al., 2008). 

 

The target genes of Gli transcription factors include Cyclins D1 and D2, IGF2 (insulin-like 

growth factor 2), PDGFRα (Platelet derived growth factor receptor-α), C-myc, MycN, Mad3, 

Bmi1, Wnt, Hes1, Bcl2 and others; some targets are involved in the regulation of the same 

signaling pathway as Gli1, PTCH1 and Hhip (Hedgehog interacting protein). (Joon Won 

Yoon et a., 2002). 

  

In addition to the classical (canonical) signaling axis, there are also non-classical (non-

canonical) pathways related to SHH signaling. Non-canonical Shh signaling refers to either: 

(1) activation of signaling from PTCH1/SMO but independent of Gli transcription factors; or 

(2) activation of Gli transcription factors independent of SHH ligand or PTCH1/SMO. The 

latter is better studied and multiple pathways have been identified, mostly oncogenic, that 

can increase Gli activity. For example, Gli transcription factors have been shown to be 

positively regulated by K-Ras, TGF-β, PI3K-AKT, and PKC-α (Deng W. et al., 2005; Ke Z., 

et al., 2015; Rajurkar M., et al., 2012; Ramaswamy B., et al., 2012; Seto M., et al., 2009; 

Zhou J., et al., 2016).   
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Biological role of SHH pathway in cerebellum development 
 
The morphogenic factor SHH actively orchestrates many aspects of cerebellar development 

and maturation. During embryogenesis, SHH signaling is active in the VZ and represents 

an essential signal for proliferation of VZ-derived progenitors. Later, SHH secreted by PCs 

sustains the amplification of postnatal neurogenic niches: the EGL and the PWM, where 

excitatory granule cells and inhibitory interneurons are produced, respectively.  

The fundamental role of SHH in granule cell development was firstly demonstrated by the 

ability of a neutralizing anti-SHH antibody to perturbate granule cell maturation in vivo 

(Wallace et a., 1999). To better investigate the SHH key regulatory role in controlling 

cerebellar growth, Lewis and colleagues genetically removed SHH activity with a PC-

specific gene targeting methodology. Mutant mice lacking SHH displayed abnormal 

cerebellar development: smaller cerebellum with foliation defects, very few cells in the EGL, 

disorganized PCs and undefined IGL in the adult cerebellum (Lewis et al., 2004). Different 

studies demonstrated the potent proliferative role of SHH on GCPs using diverse 

combinations of in vitro and in vivo assays based on GCPs cultures, cerebellar slices, and/or 

explants and injection of inhibitory anti-SHH antibodies. 

From E17.5 on, SHH was shown to be continuously secreted from the PCs and to diffuse 

upwards to the EGL. The outer EGL, composed of proliferating GCPs, shows the highest 

expression of Gli1, often used as a read-out parameter of the SHH pathway. Among the 

already identified mitogens in the cerebellum (i.e., FGF-2, IGF-1, epidermal growth factor, 

EGF), SHH turned out to clearly be the most potent mitogenic factor as it is solely able to 

trigger up to a 100-fold increase of GCPs proliferation in vitro. SHH proliferative effect on 

GCPs is restricted to the sole postnatal phase, as its abrogation (using a SMO deleted 

conditional knock-out) does not affect GCPs expansion until soon after birth (Corrales, J. M. 

D., et al., 2006). Gli2 transcriptional activation is critical for this expansion, as its conditional 

deletion leads to GCPs proliferation failure and reduced size of the cerebellum (Corrales, J. 

M. D., et al., 2004; Palma, V., & Ruiz I Altaba, A. 2004).  

The molecular mechanism through which SHH signalling regulates GCPs proliferation are 

still under investigation, but many studies focus on the SHH direct target MycN. MycN was 

identified nearly two decades ago as a DNA region, frequently amplified in metastatic human 

neuroblastomas, which possessed homology to the retroviral oncogene v-myc and its 

cellular ortholog c-myc (Kohl et al. 1983; Schwab et al. 1983). Together, c-myc, L-myc, and 

MycN comprise the MYC family of proto-oncogenes, which are transcription factors of the 
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basic-helix-loop-helix-zipper (bHLHZ) class and form sequence-specific DNA-binding 

heterodimers with the small bHLHZ protein Max. Disruption of MycN in the nervous system 

during murine embryogenesis causes neurological dysfunction manifested postnatally by 

tremors, ataxia, and behavioral abnormalities (Knoepfler, P. S., Cheng, P. F., & Eisenman, 

R. N. 2002). Although these mice survive to adulthood, they exhibit a twofold reduction in 

total postnatal brain mass with particularly severe phenotypic changes in the cerebellum 

and cerebral cortex. The reduction in overall cerebellum size, weight, number of folia, and 

density of the granular cell layer in MycN CNS-null mice at P21 is reflected in the 

substantially decreased progenitor cell numbers in the cerebellar primordium. Indeed, SHH 

activates expression of the proto-oncogene MycN and its overexpression in GCPs is 

sufficient to induce their proliferation, while dominant-negative MycN completely blocks the 

proliferative response to SHH. Together, these findings suggest that MycN accounts for 

most of the SHH-dependent proliferation and is necessary for SHH-dependent signaling 

(Oliver et al., 2003). Although MycN expression is reduced in SHH deficient mice, its 

expression is not abolished, and its expression levels in the cerebellum do not spatially 

correlate with those of Gli1. Thus, other signals together with SHH must also regulate MycN 

in the developing cerebellum (Corrales et al., 2006). Reduced brain size following MycN 

haploinsufficiency, is a common clinical feature of the Feingold syndrome, a syndromic 

human microcephaly, characterized also by intestinal atresia and digital abnormalities 

(Marcelis, C. L. M., et al., 2008). 

 

SHH signaling affects also BG differentiation and promotes cerebellar foliation during 

development. Wallace and Traiffort et al. observed high expression levels of PTCH1 and 

Gli1 in small cells in the PCL, presumably BG, suggesting that the SHH signaling pathway 

is active in these cells. Confirmation of a direct action of SHH came shortly after, when 

Dahmane and Ruiz-I-Altaba first demonstrated the role of this ligand in BG differentiation 

but, intriguingly, not in BG progenitor proliferation (Traiffort E., et al., 1998; Wallace, V. A. 

(1999); Dahmane N, Ruiz i Altaba A., 1999). 

A prominent feature of cerebellar morphology is its folded appearance, whereby fissures 

divide its anterior–posterior extent into lobules. By E18.5, four principal fissures are evident 

in midsagittal sections of the mouse cerebellar vermis. Subsequently, additional fissures 

further divide the cardinal lobes into lobules, resulting in a total of ten lobules identifiable in 

the adult murine cerebellum. The process of fissure formation strictly depends on GCPs 

proliferation. Therefore, SHH indirectly plays a role in cerebellar foliation. It has been shown 
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that SHH signaling spatially and temporally correlates with fissure formation but not with the 

patterning and the position of fissures (Corrales, J. D., et al., 2006).   
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Primary Cilium and SHH pathway 
 
The primary cilium, a slim microtubule-based organelle that projects from the surface of 

vertebrate cells, has been the focus of intensive studies transforming it from a poorly 

understood curiosity into a structure recognized for its importance in development, inherited 

human diseases and cancer. 

 

In the past decade, the function of mammalian primary cilia has been revealed by both 

developmental genetic analyses and human genetic studies. Disruptions of the primary 

cilium have been associated with human disorders known as ciliopathies. Human patients 

with mutations in proteins localized in the primary cilium or in the ciliary basal bodies can 

exhibit a wide range of phenotypes, including cystic kidneys, obesity, mental retardation, 

blindness and various developmental malformations (Gerdes J, et al., 2009; Badano JL, et 

al., 2006; Baker K, et al., 2009; Tobin JL, et al., 2009).The importance of primary cilia in 

vertebrate development was first revealed in genetic experiments that demonstrated that 

cilia are required for survival and patterning of the mouse embryo. Phenotypic, genetic and 

biochemical analysis then showed that embryonic phenotypes of cilia mutants were caused 

by disruption of the SHH pathway (Huangfu D, et al. 2003).  

 

The structure of a cilium is highly conserved. The cytoskeletal scaffold of a cilium is 

composed of microtubule triplets termed the axoneme, arrayed in a 9+0 configuration in 

primary (non-motile) cilia (9 triplets in a hollow ring), or a 9+2 configuration (with 2 additional 

central triplets) in secondary (motile) cilia. The ciliary axoneme is anchored at the cell body-

proximal surface of the ciliary membrane by the basal body, which provides an anchor near 

the cell surface. The basal body is a modified centriole and is derived from the mother 

centriole during specific phases of cell cycle, requiring its release from cilia and utilization 

as a microtubule-organizing center (MTOC) during mitosis (Plotnikova, O. V., et al., 2009). 

The ciliary structure is extended and maintained by the transport of particles along the 

axoneme mediated by the intraflagellar transport (IFT) machinery. IFT is the bidirectional 

protein transport system inside cilia that carries ciliary components from the cell body to the 

tip of cilia and sends the products of turnover back to the cell body (Ishikawa H, et al., 2011; 

Scholey JM. 2003;  Rosenbaum JL, et al., 2002). It consists of two large complexes termed  

IFT complex A and complex B that are driven by two types of microtubule motors: Kinesin-

2 motor, which consists of two kinesin-2 family proteins (KIF3A and KIF3B) and KIF-
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associated protein 3 (KAP3, also known as KIFAP3) moves IFTB trains toward the tip of the 

axoneme; cytoplasmic dynein 2 motor (which consists of cytoplasmic dynein 2 heavy chain 

1 (DynC2H1) and cytoplasmic dynein 2 light intermediate chain 1 (DynC2lI1)) moves IFTA 

trains toward the minus ends of the microtubules at the base of the axoneme (Ishikawa, H., 

& Marshall, W. F. 2017). In all studied organisms, disruption of the kinesin-2 motor or IFTB 

blocks cilia formation. Perturbation of retrograde trafficking by disruption of the dynein motor 

or IFTA results in short, bulged cilia (Goetz, S. C., & Anderson, K. V., 2010). 

As discussed above, the first evidence that vertebrate Shh signaling depends on cilia came 

from a phenotype-based screen for mutations that alter the patterning of the mouse embryo. 

This screen identified several mutants showing morphological and patterning phenotypes 

that were consistent with altered SHH signaling: these phenotypes included loss of the 

ventral cell types in the neural tube specified by high levels of sonic SHH. The genes 

disrupted in these mutants encoded several components of the IFT machinery, including the 

IFTB complex components IFT172 and IFT88, as well as DynC2H1. Disruption of the 

kinesin-2 motor in KIF3A-null embryos also caused similar defects in SHH-dependent neural 

patterning, providing strong evidence that the primary cilium is required for a cell to receive 

the SHH signal (Bangs, F., & Anderson, K. V. 2017).  

Genetic studies showed that IFT proteins act at the heart of the SHH pathway, downstream 

of PTCH1 and SMO receptors and upstream of the Gli transcription factors (Goetz, S. C., & 

Anderson, K. V., 2010). The role of IFT proteins in SHH signaling is multifaceted, partly 

because of the complex regulation on Gli transcription factors. Indeed, IFT proteins are 

required to produce both GliAs and GliRs. Thus, IFT mutants show loss of SHH phenotypes 

in some cell types and gain of SHH phenotypes in others. For example, GliAs have a central 

role in neural patterning, and IFT mutant embryos show a loss of SHH signaling in the neural 

tube. By contrast, GliRs have a central role in limb development, and IFT mutants that 

survive to later stages of embryogenesis show preaxial polydactyly, which is characteristic 

of the loss of GliRs (Goetz, S. C., & Anderson, K. V., 2010). The phenotypes of mouse IFT 

mutants demonstrate a tight correlation between the IFT machinery and the ability to 

properly transduce SHH signals.  

In addition to IFT proteins, many centrosome-associated proteins, such as SAS4, C2cd3, 

Talpid3, OFD1, TTBK2 and CP110 are also required for the proper ciliogenesis and for the 

ability of cells to respond to ligands of the HH family.  

Further evidence that SHH signaling in mammals requires the primary cilium came from 

studies showing that core components of the SHH signaling pathway are localized to the 
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cilia. PTCH1 is enriched within the primary cilium in the absence of ligand and moves out of 

the axonemal shaft to surround the base of the cilium after exposure to ligand (Rohatgi et 

al., 2007). In a parallel time course, SMO protein becomes enriched in primary cilia in 

response to ligand (Corbit et al., 2005; Rohatgi et al., 2007). The Gli transcription factors 

are found at the tip of the cilium both in the presence and absence of ligand. This localization 

to the ciliary tip is thought to be required for their activation and/or processing (Haycraft et 

al., 2005), although the mechanism by which localization to the cilium is required for 

activation of the Gli proteins in response to SHH signaling is not yet understood. SUFU, a 

negative regulator of the pathway, also localizes to the tip of the cilium in both the presence 

and absence of ligand  (Haycraft et al., 2005). However, despite the ciliary localization of 

SUFU and the Gli proteins, SUFU regulates the function of Gli proteins independently from 

the primary cilium (Chen et al., 2009); indeed analysis of SUFU/IFT88 double mutants 

suggests that SUFU is able to act as a repressor of SHH pathway even in the absence of 

cilia (Jia et al., 2009). Furthermore, the tip compartment of the primary cilium is organized, 

at least in part, by KIF7, an evolutionarily conserved core component of the HH pathway 

(He et al. 2014). In absence of KIF7, axonemal microtubules have variable lengths, and Gli 

and SUFU are localized in multiple puncta along the ciliary axoneme. The altered 

localization of the Gli/SUFU complex causes inappropriate, ligand-independent GLI 

activation and the mild ectopic activation of the pathway. 

 

As mentioned above, in actively proliferating cells, ciliary assembly and disassembly must 

be coordinated with the cell cycle (Fig. 3C). Biogenesis of the cilium, or ciliogenesis, is a 

highly complex, elaborately regulated process involving many organelles, cellular 

machineries, and signaling pathways. Ciliogenesis proceeds through two distinct pathways, 

termed the extracellular and intracellular pathways, depending upon whether cilium growth 

initiates at the cell surface or within the cytoplasm, respectively. Generally, in the well-

studied intracellular pathway, cilium assembly initiates through a series of rapid and well-

orchestrated events beginning with maturation of the mother centriole into a basal body, and 

culminating in docking of the basal body and growth of the axoneme at the plasma 

membrane (Wang, L., & Dynlacht, B. D. 2018). Recent studies have implicated the Arl and 

Rab GTPases of the Ras superfamily and their regulators in cilium formation and function 

(Li, Y., Ling, K., & Hu, J. 2012). Arl6 and Arl13B have both been identified as key 

components of ciliary transport genes mutated in ciliopathies like Bardet-Biedl syndrome 

(BBS) and Joubert syndrome respectively. Furthermore, Bay and colleagues demonstrated 
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that deletion of Arl13B reduced SHH signaling activity and inhibited HH-dependent tumor 

formation in vivo (Bay, S. N., Long, A. B., & Caspary, T. 2018). 

In contrast with cilium assembly, much less is known regarding the mechanisms underlying 

disassembly of this organelle in normal or pathological conditions. Moreover, how cilium 

disassembly is linked to cell cycle progression remains largely unanswered. Experiments in 

cultured mammalian cells suggest that cilia disassemble in a biphasic manner, with the first, 

major ‘wave’ occurring in the G1 phase shortly after mitogen stimulation of quiescent cells 

and a second wave prior to mitosis.  

Cilium disassembly requires the destabilization and depolymerization of axonemal 

microtubules: the mitotic kinase Aurora A appears to play a key role in promoting the latter 

process and thereby promotes both waves of cilium disassembly (Pugacheva et al., 2007). 

Aurora A is activated in response to cell cycle re-entry cues, whereupon it phosphorylates 

and stimulates the histone deacetylase HDAC6, which de-acetylates and destabilizes 

tubulins within the axoneme. HDAC6 also de-acetylates cortactin and thus enhances actin 

polymerization, which also promotes cilium disassembly (Plotnikova et al., 2012; Pugacheva 

et al., 2007; Ran et al., 2015). The activation of Aurora A is under a stringent control of 

complex signaling pathways that include calcium influx, which induces the binding of 

Ca2+/calmodulin (CaM) to Aurora A and its partner, NEDD9 (also known as HEF1). This 

interaction promotes Aurora A activation (Plotnikova et al., 2012). Moreover, PDGFRβ 

promotes cilium disassembly by activating PLCγ, which causes release of intracellular 

Ca2+ and activation of CaM and Aurora A (Nielsen et al., 2015). Another histone 

deacetylase, HDAC2, has recently been shown to play a role in cilium disassembly 

(Kobayashi et al., 2017). Finally, Plk1, a G2/M phase kinase recruited to the pericentriolar 

matrix before mitotic entry, interacts with and activates HDAC6 to promote ciliary 

deacetylation and resorption (Lee et al., 2012; Wang et al., 2013)



Figure 3. Primary cilium, SHH pathway and cell cycle. A-B) SHH signaling pathway at the
primary cilium. A) In the absence of Hedgehog ligand (-Hh), the receptor Patched (Ptc),
localizes at the cilium and inhibits Smoothened (Smo). Gli transcription factors (Gli) are in a
complex with the anterograde kinesin-like motor protein Kif7. Repressor factors such as
suppressor of fused (Sufu) and kinases including protein kinase A (PKA), casein kinase 1α and
glycogen synthase 3β, promote Gli truncation and phosphorylation, respectively. These events
lead to the generation of Gli repressor forms (GliR) and inhibition of Hh target genes. B) In the
presence of Hh ligand (+Hh), Smo inhibition is relieved, allowing its translocation and
accumulation in the cilium to transduce the signal. This leads to Sufu inhibition and Gli
conversion into their activated forms (GliA). GliA enters the nucleus and activates transcription of
Hh target genes (Ruat, M., Hoch, L., Faure, H., & Rognan, D. 2014). C) Schematic
representation of centrosomal and ciliary dynamics during cell cycle (Lessman, C. 2012).

A B

C

25

Mother centriole

Daughter centriole

Pericentriolar material

Primary cilium

Nuclear DNA

Chromosome 



 

 26 

Cerebellar disorders  
 

The cerebellum plays an important role in the control, coordination, and learning of 

movements. Malfunctions in these processes are referred to as cerebellar ataxia- 

incoordination of movement, instability of gait, impairment of articulation, and difficulty with 

eye movement and swallowing-, which can have multiple causes.  

Lesions to the cerebellum may result from developmental abnormalities (e.g., 

hydrocephalus or hypoxia at birth), traumatic brain injury, stroke, tumor or other space-

occupying lesions, infections (e.g., encephalitis), demyelinating diseases (e.g., multiple 

sclerosis), familial or hereditary diseases (e.g., Friedreich’s ataxia, Spinocerebellar ataxias, 

Ataxia telangiectasia), degenerative diseases, metabolic and vascular diseases. In children, 

primary brain tumors (medulloblastoma, cystic astrocytoma) may be the cause; the midline 

cerebellum is the most common site of such tumors.  

 

Patients suffering from cerebellar ataxia have problems in performing smooth, well-

coordinated, target-directed movements. Typical signs are impairments in coordination of 

limb movements, especially in multi-joint movements, referred to as dyssynergia, as well as 

in performing rapidly alternating movements (dysdiadochokinesis). Other symptoms are 

dysmetria, which is defined as over- or undershooting while reaching a target, and the 

occurrence of action tremor. The tremor amplitude increases when approaching a target, a 

phenomenon referred to as intention tremor. Besides voluntary planned limb movements, 

also gait and balance in general are often affected, resulting in inaccurate foot placement 

and increased variability in stride length. Problems in oculomotor control and speech 

production (dysarthria) can also occur. In addition to this, dysfunctions in the cerebellum can 

also lead to problems in motor learning of both simple and complex motor skills, especially 

in adaptation and error-based motor learning tasks. This affects the everyday life of patients 

as they have problems whenever fast adaptation is required. It has become recently 

apparent that many cerebellar patients also experience changes in intellect and mood (Auer, 

F. 2018). 

Major breakthroughs in our understanding of the pathogenesis of cerebellar ataxias have 

been reached thanks to technical advances and the elaboration of relevant cellular and 

animal models, these latter reproducing to various extents human brain disorders. Several 

models have been developed to recapitulate the molecular mechanisms occurring in 
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cerebellar disorders, ranging from in vitro studies to complex animal models, each of them 

having advantages and disadvantages for translational research.  

 

The various pathophysiological processes may involve some specific categories of cells, but 

all disturbances in the cerebellar cortex are derived either from the altered function or 

number of PCs, or both. The loss of PCs inhibitory input impairs normal activity of deep 

cerebellar neurons, impairing motor performance. For example, the massive death of PCs 

is characteristic of hereditary and sporadic cerebellar disorders, including Autosomal 

dominant cerebellar ataxias (SCAs), recessive inherited Fridreich's ataxia, and Ataxia-

telangiectasia (A-T) (Hekman, K. E., & Gomez, C. M.,2015; Kemp, K. C., et al., 2016; Bottini, 

A. R., et al., 2012).  

There is plenty of evidence that ion channel mutations affecting intrinsic membrane 

properties are responsible for numerous forms of ataxia. In most forms of ataxia, these 

mutations cause a reduced spontaneous firing of action potentials or lower excitability in 

PCs. In addition to intrinsic membrane properties, several mutations affecting the 

development and/or function of synaptic circuits, particularly of parallel fibers and/or climbing 

fibers to PC synapses, have been revealed in hereditary and acquired forms of ataxia 

(Hoxha, E., et al., 2018). 

 

The nervous system, mostly the cerebellum, is especially susceptible to DNA damage, 

although the underlying mechanism for this vulnerability has not been fully elucidated. Loss 

of function of many DNA damage repair (DDR) proteins correlate with cerebellar disorders. 

For instance, Ataxia-Telangiectasia (AT) is a neurodegenerative disease that occurs early 

in childhood (Gatti et al, 2001; Sedgwick & Boder, 1991). The gene for AT, designated ATM 

(AT, mutated) encodes a protein with a carboxy-terminal phosphoinositide-3 kinase domain 

which is involved in maintaining genome integrity by recognizing DNA damage, regulating 

cell-cycle checkpoints and repairing DNA. Clinically, AT is represented by uncoordinated or 

ataxic movements that are often associated with ocular telangiectasia (dilated blood vessels 

of the eye). In addition to the hallmark of neurodegeneration, there are other features that 

typify this debilitating disease, like immune dysfunction, sterility, radiosensitivity and 

lymphoid cancer.   
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Medulloblastoma 
 

Medulloblastoma (MB) is one of the most common malignant brain tumors in childhood, 

representing about 20% of all childhood brain tumors (Pui C.H. et al., 2011, De Bont J.M. et 

al., 2008). MB originates from the uncontrolled proliferation of the GCPs. Indeed, the tumor 

cells present typical characteristics of the embryonic progenitor cells: small, roundish, with 

a reduced cytoplasm and a basophilic nuclei; their growth pattern is typically infiltrative with 

no sharp edges, with a diffusion between the pia mater and the cerebellar cortex (Behesti 

H. and Marino S., 2009). 

The "World Health Organization" (WHO) classifies 4 different subtypes of MB based on 

histology: 1. Classic, with small and rounded cells; 2. Desmoplastic or nodular; 3. Anaplastic; 

4. Wide cell variant (Gilbertson RJ and Ellison DW, 2008). 

Another classification, instead, is based on the sequencing profile of the entire genome of 

tumor cells and indicates the presence of 4 transcriptional subgroups: 1.WNT; 2.SHH; 3. 

Group 3 (MYCN amplification); 4. Group 4 (heterogeneous genes). (Sherri Y. And Yang 

J.Y., 2015). Each of them is characterized by discrete clinical presentation, demographic 

features, prognosis, expression profiling and genomic abnormalities. The identification of 

molecular subgroups had a great impact on clinical management, including patient 

stratification, treatment strategy, and design and implementation of targeted therapy. 

Although the SHH-subtype, harboring genetic mutations of the component of the pathway, 

represents ~ 25-30% of all human MBs (Menyhárt, O., & Győrffy, B. 2019), about half of the 

MBs displays inappropriately high SHH signaling and high levels of Gli1 expression. The 

SHH-dependent MB is characterized by an alteration in the SHH signal pathway, which, if 

constitutively activated, determines the permanence of the GCPs in an undifferentiated state 

leading to tumorigenesis. 

Many MBs arise through sporadic mutations of SHH pathway components (PTCH, SUFU, 

SMO), but familial predisposition to MB is well known to occur in association with germline 

mutations of the Shh receptor Patched in patients with Gorlin's syndrome. Gorlin’s syndrome 

is an autosomal dominant congenital syndrome, associated with skeletal abnormalities and 

high incidence of basal cell carcinomas (BCC) and MB, occurring with a frequency of 3-5% 

(Hahn H, 1996; Johnson RL, 1996; Gorlin RJ, 2004). In addition to mutations in the main 

components of the pathway, the SHH-subgroup is sometimes characterized by downstream 

amplification of MYCN or GLI2 and p53 mutations (Kool et al., 2014).  
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Familiar MB predisposition is also occurring in Li Fraumeni patients due to p53 mutations. 

Despite this association is relatively rare, it suggests that p53 loss of function has a role in 

the pathogenesis of MB. Somatic p53 loss of function is predictive of poor prognosis. The 

involvement of p53 in MB is indicated also by the observation that PTCH1+/- MB mouse 

models show enhanced tumorigenesis in a p53KO background (Ramaswamy, V., Nör, C., 

& Taylor, M. D. 2015). 

Members of the MYC family are frequently overexpressed in MBs and can drive 

tumorigenesis also independently of SHH. A number of observations suggest a role for the 

proto-oncogene MYCN in the pathogenesis of MB. Amplification of MYCN, a relatively rare 

event in MB, correlates with poor outcome. Experiments in genetically engineered mice 

demonstrate that MYCN is required for MB development, suggesting that human tumors 

could also arise, in part, through misexpression of MYCN (Swartling et al. 2010).  

 

Treatment for medulloblastoma usually includes surgery followed by radiation or 

chemotherapy, or both. Age and general health, tumor subtype and location, tumor grade 

and extent, and other factors play a role in treatment decisions. However, the majority of 

children treated with intensive chemotherapy and irradiation (especially infants and those 

exposed to higher doses) are at risk for significant hearing loss, endocrine and 

neurocognitive deficits, and secondary benign and malignant tumors. Several experimental 

studies show that the SHH pathway, given the crucial role in MB development, may 

represent an interesting therapeutic target. For example, the use of SMO inhibitors, such as 

Cyclopamine (a vegetable alkaloid that acts as SMO antagonist) or GDC-0449 (Vismodegib) 

causes a reduction in the proliferative capacity of MB cells (Dahmane et al., 2001; Berman 

D.M. et al., 2002; Robinson, G. W.,et al., 2015). However, resistance to SMO inhibitors has 

been observed to develop quickly. Furthermore, in SHH-dependent MB, multiple signaling 

pathways appear to cooperate in tumor development, such as Notch and Wnt (Ruiz I Altaba 

et al., 2002; Fan et al., 2004; Ellison et al., 2005).  
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Mouse models of MB 

 

For the past two decades, conventional and advanced genetically engineered mouse 

models (GEMMs) have been an indispensable tool in basic cancer biology and translational 

cancer research. During the last decade, enhanced knowledge of human and mouse 

genomes has facilitated genetic manipulation, permitting a better understanding of gene 

function and allowing more accurate modelling of human diseases. As the most common 

malignant pediatric brain tumor, MB has been extensively studied in pediatric neuro-

oncology research. Different mouse modelling technologies have been applied to studies of 

MB biology, genetics, and preclinical research.  

 

The most widely used Shh-MB mouse model is the PTCH1 heterozygous model generated 

by Goodrich et al, since the homozygous deletion of PTCH1 in mice is lethal. In addition to 

an alteration in neural cell fates, 14% of PTCH1 +/- mice (B6D2F1 background) developed 

MB as early as 5 weeks after birth, with a peak between 12 and 25 weeks. Crossing 

PTCH1+/- mice with P53 deficient mice (P53+/-) dramatically increase MB incidence to over 

95% and reduced the latency to 12 weeks after birth, demonstrating that genomic instability 

may contribute to the pathogenesis of MB (Wetmore C. et al., 2001) The high incidence of 

MB in this model may make it especially useful for preclinical studies.  

Recently, the Cre-loxP system was employed to generate second-generation PTCH mouse 

models: conditional PTCH1-knockout mice, Math1-Cre/PTCH1C/C mice and GFAP-

Cre/PTCH1C/C mice, in which homozygous deletion of PTCH1 was selectively carried out in 

granule neuron precursors (GNPs) and neuronal stem cells (NSCs). All the conditional 

PTCH mice gave rise to MB at the surface of cerebellum. However, the MB latency was 

different between the two genotypes of mice, with a latency of 3–4 weeks for GFAP-

Cre/PTCH1C/C mice and 8–12 weeks for Math1-Cre/PTCH1C/C mice ( Yang ZJ, et al., 2008). 

Another MB mouse model widely used in neuro-oncology research is homozygous ND2: 

SmoA1 mouse model: the transgenic mice express the constitutively active point mutation 

SmoA1 (W539L), under the control of the 1kb mouse neurogenic differentiation 2 (ND2) 

promoter in a C57BL/6 background. Transgene expression is specific to cerebellar granule 

cells, as observed by His6 or Myc3 tag staining. SmoA1 is an active point mutation in mice, 

corresponding to the human mutation SMO-M2 (W535L) identified in human cancer cases, 

and leading to hyperactive SHH signaling (Hanahan AR, et al., 2008). Through IHC analysis, 

our group observed that P1-P7 mice display normal development and similar cerebellum 
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phenotype. At P14 we were able to detect “resting cells” as remnants of the EGL, still 

proliferating and not migrating inwards. In agreement with hyperplasia, we observed an 

upregulation of SHH pathway effectors up to P14 and, therefore, beyond the temporal 

window of traditional pathway activation.  



 

 32 

DDR defective syndromes: neurodevelopment and carcinogenesis 

 
The DNA damage repair (DDR) system plays a central role in human physiology as indicated 

by the broad spectrum of defects displayed by individuals carrying mutations in DDR genes. 

Human syndromes due to mutations of DNA repair genes have been collectively classified 

as “DDR-defective syndromes”. These syndromes primarily affect the homeostasis of the 

nervous, immune and reproductive systems and can also lead to premature aging or cancer 

predisposition (Jackson and Bartek, 2009). 

The nervous system is particularly vulnerable to DNA damage and unrepaired lesions and 

mutations during development can have a huge effect on the formation of a functional 

nervous system (McKinnon, 2013). When the repair mechanism fails to function, neural 

cells, incapable of proper damage signalling/processing or inefficient in checkpoint 

regulation, undergo replication arrest and/or massive apoptosis. 

One of the most powerful activators of the DDR is the double strand break (DSB). 

Pronounced neuropathology from DSB repair defects is a common feature in Nijemegen 

Breakage Syndorme (NBS), Ataxia and Teleangectasia like disorders (ATLD), NBS like 

disorders (NBSLD) and Ataxia-Teleangesctasia (AT), caused by mutations of Nbs1, Mre11, 

Rad50 and ATM, respectively. Indeed, these syndromes are characterized by cerebellar 

ataxia, microcephaly and neurodegeneration (Stracker et al., 2011). Despite all these 

syndromes share common clinical features, they clearly show differences largely dependent 

on which DNA repair branch is specifically inactivated. 

The deficient DNA repair causing prolonged existence of DNA damages also can lead to 

genes mutations, chromosome rearrangements, genomic instability, and finally 

carcinogenesis. Indeed, defects in DNA repair pathways contribute to many heritable cancer 

predisposition syndromes; however, cancer-related DNA repair deficiency may also occur 

in sporadic cancer case. Defective DNA repair is common in carcinogenesis and plays a 

critical role in cancer progression. For example, genetic mutations in DNA mismatch repair 

genes are involved in reducing mismatch repair and increasing the risk to colon and uterine 

tumors (Wheeler, J. M. D., et al., 2000). BRCA1, BRCA2, and PALB2 genes mutations result 

in defective homologous recombination repair and are associated with the carcinogenesis 

of breast and ovarian cancer (Macedo, G. S., et al., 2019). Patients with NBS have a high 

risk for developing malignancy (Chrzanowska, K. H., et al., 2012), the major cause of death 

in these individuals; notably, of all the chromosomal instability syndromes, the incidence of 

cancer in NBS patients is one of the highest.  



 

 33 

Nbs1 structure and function 
 
Nbs1 (also known as Nbn, p95 or Nibrin) is a protein which in humans is encoded by 

the NBN gene. 

It was historically identified, by linkage analysis, on chromosome 8q21.3 of patients affected 

by Nijmegen breakage syndrome (NBS), a human genetic instability disorder (Carney et al., 

1998). While hypomorphic biallelic Nbs1 mutations are associated to NBS, various Nbs1 

heterozygous mutations have been documented and linked to increased susceptibility to 

various cancers (Chrzanowska, K. H., et al., 2012). Nbs1 shows sequence homology with 

the yeast telomere and DNA repair protein, Xrs2, which forms a complex with the yeast 

Mre11/Rad50 nuclease. Similarly, human Nbs1 forms a complex with hMRE11/hRAD50 

(M/R/N complex) which plays an important role in DNA damage response (DDR) and repair 

pathway of double-strand breaks (DSBs), but also in DNA replication, meiosis, and telomere 

maintenance (Czornak et al., 2008; Mimitou and Symington, 2009; Lamarche et al., 2010). 

The human NBN gene contains 16 exons and is transcribed in two mRNAs of 2.6 and 4.8 

kb due to the presence of two poly (A) sequences, whereas the murine gene is transcribed 

as a single 2.8 kb mRNA. The gene is expressed ubiquitously and at high levels in the 

testicle. The human protein consists of 754 aa and is composed of three functional regions: 

the N-terminus, the central region, and the C-terminus (Fig. 4).  

The N-terminus (1–196 aa) contains a forkhead associated (FHA) domain, a breast cancer 

C-terminus (BRCT) domain and two phospho-dependent interacting domains implied in cell 

cycle checkpoint activation. The FHA/BRCT domains directly bind the histone γH2AX in 

response to DSBs and recruits, acting as a docking site, Mre11 and Rad50 and the other 

repair proteins to the proximity of damaged DNA sites. Indeed, one of the early events 

initiated by DSBs is the phosphorylation of the histone H2A variant, H2AX, on serine 139 

(γH2AX) by ATM kinase and the subsequent formation of γH2AX foci at DSBs sites 

(Rogakou et al., 1998, Rogakou et al., 1999, Burma et al., 2001). These foci allow the 

recruitment and retention of repair factors on damaged DNA as well as the activation of 

checkpoint regulators (Paull et al., 2000, Celeste et al., 2002, Fernandez-Capetillo et al., 

2002, Celeste et al., 2003). Subsequent dephosphorylation of γH2AX is required for efficient 

repair of DNA lesions and recovery from the DNA damage checkpoint. Once the MRN 

complex has been recruited on damaged DNA, the interaction between CtIP and the MRN 

complex activates the nuclease activity of Mre11, preparing the DNA ends and initiating 

resection of the 5′-ended strand for the generation of the 3′ single-stranded DNA (ssDNA). 
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This step is necessary for the initiation of homologous recombination and subsequent 

activation of the ATR kinase in response to DSBs (Mimitou and Symington, 2009; Lamarche 

et al., 2010).  

Moreover, the FHA domain is also important for interactions with other DDR proteins, like 

MDC1 (mediator of DNA-damage checkpoint 1), WRN and TopBp1 (Chapman JR1 et al., 

2008; Morishima K., et al., 2007). 

The central region (278–343 aa) allows the signal transduction of DDR and is where several 

consensus sequences of phosphorylation by ATM and ATR are found. Indeed, the signaling 

cascade that forms the DNA damage response is mainly mediated by two members of the 

PI3K related kinases (PIKK) family: the ataxia-telangiectasia mutated (ATM) and the 

ATM/Rad3-related (ATR) kinases, which target an overlapping set of substrates to promote 

cell-cycle arrest and DNA repair (Abraham, 2001). ATM is primarily activated in response to 

genotoxic stresses that generate double-strand breaks (DSBs), such as IR, and is recruited 

to DNA lesions by the M/R/N complex. Instead, ATR is thought to respond to a variety of 

lesions that generate single-stranded DNA (ssDNA), such as stalled replication forks, base 

adducts, crosslinks and DSBs. It is recruited by the ATR-interacting protein (ATRIP) to 

ssDNA, formed during both DNA replication and repair, which has been coated by replication 

protein A (RPA). Activated ATM and ATR phosphorylate and activate checkpoint kinase 1 

and 2 (Chk1/2), two key downstream signal transducers with overlapping substrate 

specificities, and this activates the G1/S checkpoint to prevent replication of damaged 

DNA. The two pathways also converge on P53: ATM/ATR and Chk2/Chk1 phosphorylate 

P53 on Ser15 and Ser20, respectively. This inhibits its nuclear export and blocks its 

association with the MDM2 E3 ligase, a negative regulator of P53 stability, thus promoting 

P53 accumulation and activity.  

The phosphorylation of serine 278 and 343, found in the central region of the NBN gene, by 

ATM kinase in response to DNA damage is responsible for intra-S phase checkpoint control 

(Buscemi et al., 2001). Indeed, a Nbs1 construct mutated at the ATM phosphorylation site 

abrogates an S-phase checkpoint induced by ionizing radiation in normal cells, and fails to 

compensate for functional deficiency in NBS cells. An ATM-Nbs1 axis has been documented 

where Nbs1 seems to act both downstream and upstream of ATM in the DNA damage 

response (Kang et al., 2002). Nbs1 is phosphorylated by ATM, and this facilitates the ATM-

dependent phosphorylation of other targets (CHK1, CHK2, SMC1) involved in key steps of 

cell cycle regulation. In turn, the MRN complex, including Nbs1, is required for complete 

activation of ATM (Buscemi et al., 2001). In vitro studies demonstrated that conditional 
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Nbs1-null mutant cells (MEFs, lymphocytes) are defective in the G2/M and S checkpoints 

similarly to ATM-/- cells and exhibit hypoproliferation (Demuth et al., 2004; Kang et al., 2002; 

Difilippantonio et al., 2005). In addition, disruption of the ATM interaction site in Nbs1 led to 

a severe apoptotic defect (Difilippantonio S, et al., 2007; Stracker TH, et al., 2007). Since 

ATM is involved in IR-induced (P53- dependent and P53-independent) apoptotic pathways, 

the reduced apoptosis in the Nbs1 mutant cells reflects a failure in the full activation of ATM. 

Several recent studies showed that Nbs1 is also involved in ATR activation induced by the 

stalling of DNA replication (Pichierri & Rosselli 2004; Stiff et al. 2005; Kobayashi et al. 2006). 

Indeed, TOPBP1, the RAD9-RAD1-HUS1 (9-1-1) complex, RPA, and ATRIP are the main 

components facilitating ATR activation, but also MRN complex is hypothesized to activate 

ATR through two different mechanisms: 1) The formation of DSBs activates ATM and DNA-

PKcs, which promote repair by HR (homologous recombination) or non-homologous end 

joining (NHEJ), respectively. Processing of the DSB during HR by the MRN complex 

generates ssDNA together with dsDNA, which allows the activation of ATR through the 

canonical pathway. 2) There is evidence in literature that the MRN complex may also aid in 

the activation of ATR at stalled replication forks, possibly by recruiting TOPBP1. The MRN 

complex processes stalled replication forks, binds RPA coating the ssDNA, and recruits 

TOPBP1 independently of the 9-1-1 complex (Duursma, A. M., et al., 2003).  

 

The C-terminus region (665–693 aa) of Nbs1 contains an ATM binding site with apoptotic 

functions and a MRE11 binding site. In mouse models, disruption of the ATM interacting site 

led to severe apoptotic defects (Stracker et al., 2007). The MRE11 binding domain has been 

demonstrated as being essential for cell viability and tumor suppression (Kim et al., 2017). 

This is supported by several observations. Firstly, null mutation of the Nbs1 gene is lethal in 

mice, while those expressing the Nbs1 C-terminal survive to adulthood and exhibit many 

phenotypes similar to NBS patients. Consistent with that, the majority of NBS patients are 

viable because the hypomorphic mutation of Nbs1 retains the C-terminus activity with its 

essential function (Maser et al., 2001). 

 

Nbs1 has three potential nuclear localization signals (NLSs) at amino acid residues 461–

467, 590–594, and 751–754. Deletion of the NLSs at 590–594 and 751–754, or at 461–467 

alone, does not affect nuclear localization of Nbs1 itself, and hence these NLSs seem to be 

redundant in their functions.  
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The M/R/N complex 
 

Nbs1 is a member of the MRN complex, a heterotrimeric complex consisting of Nbs1, 

meiotic recombination 11 (MRE11) and DNA repair protein Rad50 (RAD50).  

NBS1 is the regulatory subunit of the MRN complex; indeed, it is required for nuclear 

localization of the complex and for the formation of foci on DNA damaged sites. This can be 

observed in Nbs1 mutants lacking the Mre11-binding domain: they manage to localize at 

the nucleus while the Mre112Rad502 core complex remains cytoplasmic (Desai-Mehta et al., 

2001). While Nbs1 stimulates the DNA binding and nuclease activities of the MR complex, 

it does not possess enzymatic activity on its own. Rather, Nbs1 contributes to DSB repair 

primarily by mediating protein-protein interactions at DNA breakage sites.  

The Mre11 protein is related to a family of phosphoesterases which bind two metal ions in 

the active site and cleave either phosphomonoester or phosphodiester bonds. Mre11 is 

conserved in all species and isolated Mre11 forms stable dimers that possess different 

biochemical activities including: 1) intrinsic DNA binding activity with the specific ability to 

synapse DSB termini, and 2) endo- and manganese-dependent 3′ to 5′ exonuclease 

activities against a variety of single-stranded DNA (ssDNA) and double-stranded DNA 

(dsDNA) substrates. While these nuclease activities contribute to both NHEJ and HR, it 

should be noted that Mre11 conspicuously lacks the 5′ → 3′ exonuclease activity required 

for generating the long 3′ ssDNA overhangs necessary for HR. Although it is possible that a 

protein-binding partner might switch the polarity of the exonuclease activity of Mre11, it is 

more likely that Mre11 facilitates the activity of additional DSB processing factors. Indeed, 

in both yeast and mammals, a number of 5′ → 3′ exonucleases have been identified that are 

capable of contributing to the generation of 3′ overhangs during HR, giving weight to the 

idea that other enzymes act in concert with the MRN complex (Lamarche et al., 2010).  

Rad50 is a ~150 kDa protein displaying both sequence and structural homology to structural 

maintenance of chromosome (SMC) family members that control the higher-order structure 

and dynamics of chromatin. The N-terminal Walker A and C-terminal Walker B nucleotide 

binding motifs stably associate with one another to form a bipartite ATP-binding (ABC)-type 

ATPase domain that preferentially binds and partially unwinds dsDNA termini. The 

intervening ~575 amino acids form an anti-parallel coiled-coil that terminates with a zinc-

hook (CxxC) motif. Formation of the stable Mre112Rad502 core complex is achieved by each 

unit of the Mre11 dimer binding a Rad50 molecule at the intersection of its globular and 

coiled-coil domains. This results in a spatial juxtaposition of the DNA-binding/termini-
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unwinding capacities of Rad50 with the DNA-binding, DSB tethering, and nuclease activities 

of Mre11 (Lamarche et al., 2010). 

 

The MRN complex is the major catalytic protein complex in coordinating and sensing DSBs 

and in initiating the DNA damage response pathway. Once a DSB is recognized, it results 

in activation of ATM, which in turn controls repairing DSBs, cell cycle checkpoints, telomere 

length maintenance, and meiosis. The importance of this complex is emphasized by the fact 

that deletion of any of the three components results in embryonic lethality in mice and loss 

of proliferative activity in embryonic stem cells (Paull, T. T., & Deshpande, R. A. 2014). 

Recent findings also describe its role in faithful DNA replication, via stabilization and restart 

of stalled and collapsed forks, following replication stress (Trenz et al., 2006; Bryant et al., 

2009; Lafarnce-Vanasse et al., 2015). On this particular aspect, our group highlighted an 

interesting MRN-MYCN interplay. We showed that the restraining of MYCN-dependent 

replication stress (RS) is essential for cell proliferation and survival in the physiological 

context of MYCN-dependent expansion of GCPs. MYCN transcriptionally controls the 

expression of the three components of the MRN complex to keep RS under control during 

postnatal cerebellar development (Petroni et al., 2016). Moreover, MRE11 function is also 

required to control MYCN-associated RS and DNA damage in neuroblastoma cancer cells 

(Petroni et al., 2018).   
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Nijmegen breakage syndrome (NBS) 
 
Nijmegen breakage syndrome (NBS, OMIM-251260) is a rare autosomal recessive DDR-

defective syndrome, sustaining chromosomal instability. Due to a founder mutation in the 

underlying NBN gene (c.657∆5), the disease is encountered most frequently among Slavic 

populations. The principal clinical manifestations of the syndrome are: microcephaly, 

present at birth and progressive with age, dysmorphic facial features, mild growth 

retardation, mild-to-moderate intellectual disability, and, in females, hypergonadotropic 

hypogonadism. Combined cellular and humoral immunodeficiency with recurrent 

sinopulmonary infections, a strong predisposition to develop malignancies (predominantly 

of lymphoid origin) and radiosensitivity are other integral manifestations of the syndrome. 

Furthermore, neuronal tumors such as glioma, neuroblastoma and medulloblastoma have 

been documented. In particular, among solid tumors, MB has been reported most frequently 

(Ciara, E., et al., 2010). 

The 5bp deletion (675∆5) in exon 6 of the NBS1 gene causes most of the NBS case (90% 

of patients). It gives rise to two truncated Nbs1 fragments with decreased function: a small 

p26 N-terminal fragment and, surprisingly, a 70 kD protein (p70) which is produced by a 

unique alternative initiation of translation at a cryptic upstream start codon, which represents 

the carboxy-terminal portion of the protein (Maser RS, et a., 2001). Figure 4 shows the 

structure of full length and truncated Nbs1. In the amino-terminal portion of the protein, as 

defined by the c.657∆5 mutation, there is an FHA domain and a BRCT domain, a second 

BRCT domain is located downstream from c.657∆5. At the carboxy-terminal end are 

domains required for association with the nuclease MRE11 and the kinase ATM.  

 

Null mutation of the NBS1 gene is embryonically lethal in mice (Zhu J, et al., 2001), but 

expression of the p70 fragment rescues both Nbs1 null mutant cells in vitro and mice in vivo 

(Demuth I, et al., 2004, Difilippantonio S, et al., 2005). Therefore, the p70 fragment is 

sufficient to allow embryonic development (Maser et al., 2001). However, the cell cycle 

defects of Nbs1 null cells are only partially corrected by the expression of the human 

c.657∆5 NBS1 variant (Difilippantonio S, et al., 2005). Thus, the deficiencies in cell cycle 

checkpoints and disturbances in cell proliferation are possibly significant for the growth 

retardation phenotype observed in NBS patients.  

Whilst the consequences for cell proliferation are less clear, reduced clearance of heavily 

damaged cells, due to defective apoptosis, is surely a contributing factor to the increased 
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cancer risk in NBS (Porcedda P., et al., 2006). Furthermore, mice heterozygous for a Nbs1 

null mutation have a significantly higher incidence of tumors (Dumon-Jones V., et al., 2003), 

suggesting that Nbs1 is a haploinsufficient tumour-suppressor gene. This is consistent with 

heterozygous relatives of NBS patients having significantly increased cancer risk 

(Seemanova E, et al., 2007). Interestingly, CNS-restricted Nbs1 haploinsufficiency in the 

background of SHH pathway hyperactivation due to the SmoA1 transgene, increases the 

susceptibility to MB, as recently demonstrated in a recent work in which I was also involved 

(Petroni M., et al., in preparation). This is not surprising since MB is relatively frequent in 

NBS patients (Ciara, E., et al., 2010) and Nbs1 gene mutations occur also sporadically in 

human MBs (Huang, J., et al., 2008). 

While decreased (or null) levels of Nbs1 are certainly implicated in cancers developing in 

NBS patients, there are incidents where also Nbs1increased expression is associated to the 

cancer development, such as non-small lung cell cancer and uveal melanoma (Ehlers and 

Harbour, 2005). Increased NBS1 expression has also been suggested as a marker of 

aggressive form of Head and Neck Cancer (Yang et al., 2006).  
 

Deficiencies in the immune response of NBS patients and the DSB processing defects in 

their cells suggest that immune gene rearrangements are inefficient in NBS. Although a 

gross V(D)J recombination defect was excluded (Yeo TC., et al., 2000), significant 

disturbances in the resolution of DSBs in IGH gene induced by the recombination activating 

genes (RAG1 and RAG2) and compensatory proliferation of mature B cells have been 

recently reported, suggesting a more subtle V(D)J recombination defect (Van der Burg M., 

et al., 2010). In addition, using conditional null mutant mouse models it has also been shown 

that Nbs1 is also involved in immunoglobulin class switching (Reina-San-Martin B, et al., 

2005; Kracker S., et al., 2005). 

Nbs1 plays a role in the maintenance of genome integrity. Indeed, lymphocyte 

chromosomes from NBS patients frequently show translocations and end-to-end fusions, 

indicating telomere dysfunction (Digweed M., et al., 2004). Accelerated telomere shortening 

has been also reported (Cabuy E, et al., 2005). Since telomere shortening triggers entry of 

cells into senescence, the role of Nbs1 in telomere maintenance is likely to be highly relevant 

to growth retardation, in NBS patients. 

 

To gain insight into the function of Nbs1 in the neurological defects observed in NBS 

patients, Frappart and colleagues specifically inactivated the Nbs1 gene in the CNS of mice 
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by a Nestin-Cre targeting gene system, and generated Nbs1-CNS-del mice in a C57BL/6 

background. Briefly, they used gene targeting to engineer a mouse strain with a modified 

NBS1 allele in which exon6 was flanked by two LoxP sites (Nbn+/fl6). While Nbs1∆6/∆6 mice, 

as expected, died, Nbnfl6/fl6 mice were healthy and phenotypically normal. To disrupt the 

Nbs1 gene in the CNS, these mice were crossed with Nestin-Cre transgenic mice ultimately 

generating the Nbn-CNS-del mouse, since now on referred to us Nbs1CNS∆. 

The newborn Nbs1CNS∆mice exhibit obvious microcephaly, cerebellar defects, ataxia and 

imbalance, resulting in a combination of the three syndromes AT, NBS and ATLD (Frappart 

et al., 2005). Microcephaly is a typical clinical feature of NBS patients, but ataxia, cerebellar 

degeneration and PCs disorganization are AT/ATLD common traits. The selective 

inactivation of Nbs1 gene resulted in a strikingly reduced cerebellar size, thinner EGL and 

impaired foliation caused by a proliferative arrest of GCPs and apoptosis of postmitotic 

neurons. Importantly, the Nbs1CNS∆ neurological phenotype is substantially rescued by p53 

depletion (Frappart et al., 2005).  

Following studies carried out on the same mouse model, revealed that Nbs1 deficiency in 

the CNS contributes to other neuropathological changes such as cataractogenesis (Yang, 

Y.-G., et al., 2006), white matter neurodegeneration, optic nerve impairment (Assaf et al., 

2008), glial cell dysfunction in the developing cerebellum (Galron et al., 2011) and 

hypomyelinization following oligodentrocyte apoptosis in the corpus callosum (Liu et al., 

2014).



Figure 4. Nbs1 protein structure. Diagram representing the structure of full length and
truncated Nbs1. The blue boxes indicate the position of three functional regions of Nbs1: the
FHA/BRCT domain at the N-terminus, which functions as the damage recognition site, signal
transduction sites by phosphorylation of serine residues in the central region, and the M/R/N
complex formation site at the C-terminus. The C-terminal 70 kDa protein is produced by internal
translation initiation and is weakly expressed in NBS patients.
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DDR, centrosome and ciliogenesis 

 
The centrosome acts as the main microtubule-nucleating organelle in animal cells and plays 

fundamental roles in organizing the cytoskeletal network and the mitotic spindle, and in 

coordinating the cell cycle. Furthermore, it acts also as the core of the basal body during 

ciliogenesis. 

Centrosome duplication is highly reminiscent of DNA replication, because the centrosome 

must be duplicated only once in each cell cycle. In contrast to healthy cells, which have a 

defined and constant number of chromosomes, the presence of an abnormal number of 

chromosomes, a condition called aneuploidy, is consistently observed in virtually all human 

cancers (Lengauer C, et al., 1998; Doxsey S, et al., 2005). A growing body of evidence 

suggests that aneuploidy is often caused by chromosomal instability during mitosis (Doxsey 

S., et al, 2005; Date O., et al., 2006), which may result from an improper duplication of 

centrosomes. The centrosome organizes the spindle for the separation of chromosomes 

during mitosis, and the presence of more than two centrosomes in a cell can result in lost or 

in an excess number of chromosomes. The occurrence of supernumerary centrosomes is 

also associated with problems in cell cycle regulation, because centrosomes can continue 

to duplicate even when DNA replication is halted, which for instance occurs to repair 

damage. Interestingly, induction of centrosome amplification in the developing mouse brain 

is not sufficient to induce tumors. Instead, owing to the accumulation of highly aneuploid 

cells, mouse neuronal stem cells undergo apoptosis, leading to microcephaly. This effect 

seems to be caused by inefficient centrosome clustering and the consequent generation of 

multipolar mitoses, suggesting that in these cells centrosome amplification leads to tissue 

degeneration (Marthiens V, et al., 2013). Therefore, the excess centrosomes may cause 

defects in cell division resulting in the depletion of the neural progenitor pool, consequently 

leading to small brain size.  

 

It has recently been shown that Nbs1 and many DDR proteins (BRCA1, BRCA2, PARP1, 

ATR, ATM, CHK1, CHK2 and TP53) localize to the centrosomes (Kramer A, et al., 2004; 

Shimada M,. et al., 2009). Most of the interplay between DDR and centrosome proteins 

appears to be relevant for centrosome duplication through the cell cycle or accurate timing 

of mitotic entry through the spindle pole body. For example, BRCA1 ubiquitylates gamma-

tubulin at centrosomes, which is important for restricting centrosome over-duplication during 

S and G2 phases of the cell cycle (Sankaran S, et al., 2006). Nbs1 is also required for proper 
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centrosome duplication, and the depletion of Nbs1 causes the accumulation of 

supernumerary centrosomes (Shimada, M., et al., 2009). The domain of Nbs1 essential for 

ATR activation is also crucial for proper centrosome duplication control. This is consistent 

with a recent report, which indicated that cells from patients with mutations in PCNT-Seckel 

syndrome are deficient in ATR signaling and contain supernumerary centrosomes (Griffith 

E, et al., 2008). Nbs1 and the ATR kinase are required for BRCA1-mediated ubiquitination 

of the centrosome. Indeed, BRCA1 ubiquitinates γ-tubulin in vitro and the activity is 

dependent on Nbs1 and ATR. Shimada and colleagues showed that a reduced 

ubiquitination of γ-tubulin occurs in three cell lines from patients with NBS and in one human 

cancer cell line with low levels of Nbs1.  

Although in general, the centrosomes excess results in a condition prone to tumor 

transformation, in the CNS they may cause apoptosis of the neural progenitor pool. Indeed, 

NBS patients show severe microcephaly.  

Given the important roles of the centrosome within the cell and functional overlap with DDR, 

it is perhaps not too surprising that defects in centrosome-associated factors (CEP164, 

CEP63, CEP152, CEP290, NEK8, MCPH1, PCNT) that function in DDR processes give rise 

to a range of human inherited disorders that include several microcephalic disorders and 

ciliopathies (Johnson, C. A., & Collis, S. J. 2016). For example, the centrosomal and 

ciliogenesis-promoting protein CEP164 is phosphorylated by the DDR-associated kinases 

ATM and ATR in response to several genotoxic stresses where it helps establishing a G2/M 

checkpoint and to regulate cell division (Sivasubramaniam S, et al., 2008). CEP63 is 

phosphorylated by ATM and ATR to promote mitotic spindle assembly, and has been shown 

to regulate centriole duplication (Smith E, et al., 2009; Brown NJ, et al., 2013; Sir JH, et al., 

2011).  

Furthermore, several groups have also uncovered functional links to ciliogenesis for proteins 

traditionally associated with the DDR (ATMIN, ATR, ATM, FAN1, MRE11, VCP/p97). For 

example, ATR localizes to the basal body in mouse photoreceptor cells and is important for 

ciliogenesis during eye development (Valdes-Sanchez L, et al., 2013); the AAA-ATPase 

protein VCP/p97, which regulates the localization of several DDR factors at DNA damage 

sites, has been shown to be required for ciliogenesis, when it may carry out similar functions 

in regulating E3 ligase-mediated ubiquitylation of proteins at the basal body (Raman M, et 

al., 2015); finally, the protein ATMIN, a binding partner of the key DDR kinase ATM and also 

important for cellular responses to replication stress, has also been shown to be important 
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for ciliogenesis during morphogenesis of both the lungs and kidneys in developing mice 

through its ability as a transcription factor to regulate WNT signaling (Goggolidou P, Hadjirin 

NF, et al., 2014; Goggolidou P, Stevens JL, et al., 2014) Collectively, these studies 

demonstrate both genetic and functional links between DDR and ciliogenesis. 
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Aim of the work 
 
Dysfunction of the DNA damage repair system promotes aberrant DNA damage responses 

(DDR) leading to cell death or to genetic instability, which may ultimately promote 

tumorigenesis. Indeed, DDR-defective syndromes caused by mutations in the DDR genes 

are often associated with inherited predisposition to different types of cancer, but also to 

developmental defects and neurodegeneration. Typical neurological manifestations 

associated to DDR-defective syndromes include developmental delay, mental retardation, 

microcephaly and cerebellar hypoplasia. The selective impairment of the nervous system in 

these syndromes suggests a particular vulnerability of this tissue to DNA distress, the  

causes of which, however, are not yet fully elucidated. Our project aims to better understand 

the role of DDR proteins in the CNS both in physiological and pathological conditions.  

 

Our studies focused on the M/R/N (Mre11/Rad50/Nbs1) complex, a major sensor of DSBs 

directly involved in DNA repair, DDR and control of faithful DNA replication. Hypomorphic 

mutations in M/R/N genes are responsible for inherited syndromes that share common 

aberrant DNA repair phenotypes and neurological abnormalities, such as ataxia and 

microcephaly. The conditional inactivation of Nbs1 in the mouse CNS leads to profound 

microcephaly, the typical neurological aspect of Nijmegen Breakage syndrome (NBS), 

associated with impaired cerebellar development and ataxia (Frappart PO, et al., 2005). 

These data highlight the key role of Nbs1, and by association the MRN complex and its 

signaling partners, in CNS development and in particular in cerebellum histogenesis. 

Interestingly, similar overlapping cerebellar phenotypes are observed in mouse models with 

SHH/MYCN conditional KO (Lewis et al., 2004; Knoepfler, P. S., Cheng, P. F., & Eisenman, 

R. N. 2002). Furthermore, MYCN haploinsufficiency, due to heterozygous mutations or 

deletions, causes the Feingold syndrome, an inherited human disease that shares clinical 

features with NBS (Marcelis, C. L. M., et al., 2008).  

Activation of the SHH pathway, and its downstream target MYCN, are among the major 

molecular determinants of medulloblastoma (MB) development. Intriguingly, MB is relatively 

frequent in NBS patients and Nbs1 gene mutations also occur sporadically in human MBs 

(Huang, J., et al., 2008).  

 

On the basis of these observations we postulated a new role of Nbs1 on SHH-dependent 

cerebellar development and carcinogenesis, in addition to its canonical role on DNA 
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damage/repair function. To address this hypothesis we generated new mouse models with 

CNS-restricted inactivation of Nbs1 in cancer-prone context, and new GCPs cultures for in 

vitro studies.   
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Materials and Methods 
 
Animals 
 

The Nbs1f6/f6; Nestin-Cre conditional mouse model was kindly given by professor Zhao-Qi 

Wang (Leibniz Institute for Age Research). The ND2-SmoA1, the Trp53(-/-) and the Math1-

Cre mouse models were kindly given by prof. Enrico De Smaele (Dip. Medicina 

Sperimentale, Università La Sapienza). Gli1CreER/+ (Gli1 tm3(Cre/ERT2)) heterozygous 

mice) inducible mouse model was purchased from Jackson Laboratories. SmoA1/Nbs1-

CNS-del and Nbs1-GCP-del mice were generated as reported in “Results”. Animals were 

housed in cages with numbers and conditions following the Italian ministry of Health and 

directive 2010/637EU guidelines. They were kept under a continuous 12h light/12h dark 

cycle, at a constant temperature of 19-22°C, humidity 45%, with complete availability of 

water and food.  

 

DNA extraction and mice genotyping 
 

Genomic DNA was isolated from tail biopsies of mice. The tissues were digested at 55°C 

O/N in DNA extraction buffer (50mM Tris-HCl pH 8.0, 100mM NaCl, 100mM EDTA pH 8.0, 

1% SDS) and Proteinase K (Sigma Aldrich); DNA was isolated by Phenol extraction 

technique and quantified by spectrophotometry (Nanodrop-ThermoFisher). Approximately 

100-200 ng of DNA was used for PCR analysis with Taq-Platinum polymerase (Invitrogen).  

 

Primers sequences: 

• Nbs1 exon 6 fw: 5’-CAG GGC GAC ATG AAA GAA AAC-3’ 

• Nbs1 LoxP rv: 5’-AAT ACA GTG ACT CCT GGA GG-3’ 

• Nbs1 intron 5 fw: 5’-ATA AGA CAG TCA CCA CTG CG-3’ 

• Cre fw: 5’-CGG TCG ATG CAA CGA GTG ATG-3’ 

• Cre rv: 5’-CCA GAG ACG GAA ATC CAT CGC-3’ 

• Act fw: 5’-CAC CGG AGA ATG GGA AGC CGA-3’ 

• Act rv: 5’-TCC ACA CAG ATG GAG CGT CCA-3’ 

• P53 fw:5’- ACA GCG TGG TGG TAG CTT-3’  

• P53 fw: 5’-CTA TCA GGA CAT AGG GTT GG -3’ 

• p53 rev: 5’- TAT ACT CAG AGC CGG CCT-3’  
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Subsequently, DNA amplicons were separated through agarose gel electrophoresis, stained 

with EtBr and revealed by UV-transilluminator. 

 

SmoA1 Copy number determination 
 

SmoA1 transgene copy numbers were calculated using q-PCR, performed with TaqMan 

Universal Master Mix II (Applied Biosystems), through amplification of 5 ng of genomic DNA, 

extracted as described above. SmoA1+/- and SmoA1- were used as controls and GAPDH 

was used as normalizer.  

 

Probes and primers sequences:  

 

• SmoA1 probe (FAM): 5’-CAGTGTCAGAACCCGCTGTTCACC-3’ 

• SmoA1 primer Fw: 5’-CAGACAACCCCAAGAGCTG-3’ 

• SmoA1 primer Rv: 5’-GTGCATGTCCTGGTGCTC-3’ 

• Norm probe (VIC): 5’-CCAATGGTCGGGCACTGCTCAA-3’ 

• Norm primer Fw: 5’-CACGTGGGCTCCAGCATT-3’ 

• Norm primer Rv: 5’-TCACCAGTCATTTCTGCCTTTG-3’ 

 

Immunohistochemistry and Immunofluorescence assays 
 

Formalin fixed and paraffin embedded (FFPE) tissue sections (4 microns thick) were 

processed for H&E staining or probed with rabbit anti-Ki67 #MA5-14520 (Thermo Fisher 

Scientific), mouse anti-Calbindin-D-28K # C9484 (SIGMA) and rabbit anti-Nbs1 #NB100-

143 (Novus) according to the manufacturers instruction of mouse2mouse HRP ready to use 

kit (MTM001, ScyTek Laboratories, Logan, UT, USA). Images were captured using the 

microscope Leica DM1000. Alternatively, frozen OCT-embedded tissue sections (40 

microns thick) were analyzed by immunofluorescence assay. They were washed with 

Glycine 1M for 15’, permeabilized in 0.5% Triton X-100 for 15’ and blocked in 5% BSA in 

PBS. Samples were incubated overnight at 4°C with rabbit anti-Arl13B #17711-1-AP 

(Proteintech) and revealed with AlexaFluor 488 secondary antibodies (Life Technologies). 

Nuclei were counterstained with Hoechst reagent. 
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Adherent cells were fixed in 3,7% formaldehyde/PBS for 15’ at RT and analyzed by 

immunofluorescence assay as described above. Samples were incubated overnight at 4°C 

with anti-Arl13B #17711-1-AP (Proteintech), mouse anti-acetylated Tubulin # T7451 

(SIGMA) and revealed with AlexaFluor 488 and 594 secondary antibodies (Life 

Technologies). 

Confocal images of figures 9B and 10A were acquired at the Olympus iX83 FluoView1000 

laser scanning confocal microscope using a silicon oil 60X NA1.35 objective (Olympus, 

Shinjuku, JP) and 405, 473 and 559 nm lasers. Each stack consisted of individual images 

with a z-step of 0,15 µm. Images were deconvolved and analyzed for 3D reconstruction and 

length measurements using Huygens software (Huygens, Hilversum, Netherlands).  

Widefield images of figures 7B, 7E, 11B, 11D, 12B, 14D and 14H were acquired on a LEICA 

DM 2500 microscope using the IScapture software with a 40X air objective. Length 

measurements were calculated using Imagej software. 

 

Protein extraction and Western Blot analysis 
 

Total protein extracts from cells were obtained in RIPA buffer (0.150M NaCl, 0.05M Tris-

pH8.0, 1% NP40, 0.5% Sodiumdeoxycolate, 0.1% SDS) containing fresh protease and 

phosphate inhibitor cocktails (Sigma Aldrich), 0.005M NaVO4 and 0.05M NaF. Total protein 

extracts from cerebellar tissues were obtained in 0.05M Tris-HCl ph7.6, 0.1% 

Sodiumdeoxycolate, 0.150M NaCl, 1% NP40, 0.005M EDTA pH8.0, 0.1M NaF, with fresh 

supplementation of 0.0125 M NaVo4, 0.005mM PMSF and protease inhibitors (Sigma 

Aldrich); they were then sonicated 2-3 times. Tissue and cell lysates were centrifuged for 

30’ at 9000g and the supernatants were harvested for the following experiments. 

Protein extracts were separated by SDS-PAGE and blotted onto nitrocellulose membrane 

(PerkinElmer). Membranes were blocked with 5% nonfat dry milk or 5% BSA and incubated 

with primary antibodies (Abs) at the appropriate dilutions. Abs were as follows: mouse anti-

GLI1 (V812) #2643 (1.500 Cell Signaling), mouse anti-MycN (B8.4.B) #sc-53993 (1:500 

Santa Cruz), mouse anti-p53 (1C12) #2524 (1:500 Cell Signaling), rabbit anti-p53 phospho 

ser15 (1:500 Cell Signaling), mouse anti-Nbs1 (Y112) #NB110-57272 (1:1000 Novus 

Biologicals), goat anti-β-Actin #sc-1616 (1:1000 Santa Cruz), rabbit anti-Cyclin D2 #sc-593 

(1:500 Santa Cruz), rabbit anti-Zic1 #ab72694 (1:500 Abcam), rat anti-SHH (1:100 Abcam), 

rabbit anti- γH2Ax #2577 (1:500 Cell signaling), anti-Myc #C3956 (Sigma Aldrich), mouse 

anti-acetylated Tubulin # T7451 (1:1000 SIGMA), rabbit anti-Cyclin A #sc-751 (1:500 Santa 
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Cruz Biotechnology), mouse anti-Vinculin #SC-73614 (1:1000 Santa Cruz Biotechnology). 

Secondary antibodies were: anti-mouse IgG-HRP (1:4000, Santa Cruz), anti-rabbit IgG-

HRP (1:5000, SantaCruz) anti-goat IgG-HRP (1:5000), anti-rat IgG-HRP (1:3000, 

SantaCruz). Anti-mouse IgG HRP (1:5000 Bethyl) was used for  immunoblotting of 

cerebellar tissues extracts. 

After incubation for 30’ at room temperature with the corresponding HRP conjugated 

secondary antibody, immunoreactive bands were visualized by enhanced 

chemoluminscence using WesternBright ECL HRP substrate (Advansta).  

 

Cell cultures 
 

For cerebellar GCPs culture from 7-days-old mice, cerebella were removed aseptically, cut 

into small pieces, and incubated at room temperature for 15’ in digestion buffer (Dulbecco’s 

PBS with 0.1% trypsin, 0.2% EDTA, 100ug/ml DNaseI). After grinding tissue in PBS/5% 

FBS/0.3 U/ml DNaseI using pipettes of decreasing bore size to obtain a single-cell 

suspension, cells were resuspended in Neurobasal medium (Invitrogen) supplemented with 

B27+VitA (Life Technologies), 1%penicillin-streptomycin (Sigma Aldrich), 1% glutamine 

(Sigma Aldrich G7513) and 5% FBS (Invitrogen) and seeded in dishes coated with 40ug/ml 

poly-L-Lysine. After 3 hours, medium was replaced with fresh complete Neurobasal (w/o 

FBS) supplemented with 200 nM SAG (Adipogene). Alternatively, to induce GCPs 

differentiation, cells were left in Neurobasal medium with 5% FBS (w/o SAG supplement). 

For S-cNS culture, explanted cerebella were collected in HBBS (GIBCO) supplemented with 

0.5% glucose and 1%penicillin-streptomycin, grossly grinded with serological pipette and 

treated with 1.28 U/ml DNAseI for 30’. Cell aggregates were mechanically dissociated to 

obtain single-cell suspensions. After centrifugation, cells were seeded in selective medium: 

DMEM/F12 (GIBCO) supplemented with 0.6% glucose, 25µg/ml insulin (Sigma Aldrich), 

60µg/ml N-acetyl-L-cysteine (Santa Cruz), 2µg/ml heparin (Sigma Aldrich), 1% penicillin-

streptomycin, B27 supplement without VitA (Life Technlogies) and 200 nM SAG 

(Adipogene). Whenever necessary, S-cNS cultures were pelleted and dissociated by 

incubation with Accutase (GIBCO) to obtain a single cell suspension. 

MEFs from wild-type (WT) mice were cultured in Dulbecco’s Modified Eagle’s Medium 

(DMEM) plus 10% fetal bovine serum (FBS), 1%penicillin-streptomycin (Sigma Aldrich) and 

1% glutamine (Sigma Aldrich G7513). 
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Cell proliferation and clonogenic assays 
 

Cell proliferation of GCPs was evaluated by Edu immunofluorescent staining. Once GCPs 

were plated for 48 hours as described above, they were treated with Edu for the last 24 

hours. Subsequently, cells were fixed for 10’ at RT in 4% formaldehyde/PBS. Incorporated 

EdU was labeled performing Click-iT Plus reaction (Life Technologies, Carlsbad, CA, USA, 

C10632 AlexaFluor 488) according to the manufacturer’s instructions.  

For neurosphere forming assays of fresh S-cNS culture, cells were seeded at 40 cells/well, 

in 96 well plates in the appropriated medium. Medium was eventually replenished every 3-

4 days. The number of spheres/well was counted after 1 week.  

 

Inducible-Nbs1Δ system and 4-hydroxytamoxifen/tamoxifen treatment protocol 
 
The inducible-Nbs1Δ system allows to selectively inactivate Nbs1 only in Gli1 expressing 

cells. It has been obtained by crossing Gli1CreER/+ mice with Nbnfl6/fl6 mice as discussed 

in “Results”. In the inducible-Nbs1Δ (Nbs1fl6/fl6;Gli1CreER+/-) mice, the expression of the 

inducible Cre-ER recombinase (a protein fusion between the Cre recombinase protein and 

a modified human-estrogen ligand-binding domain) was dependent on the Gli1 promoter. 

The Cre-ER recombinase activity was stimulated by Tamoxifen treatment, indeed, the ER 

domain of the Cre-ER fusion protein maintains the enzyme in the cell membrane until the 

receptor domain binds Tamoxifen. Successively, translocation to the cell nucleus occurs, 

and Cre recombinase acts on the site-specific recombinase sequences of the Nbs1 gene. 

For the in vivo treatments, P6 inducible-Nbs1Δ mice were intraperitoneally injected with corn 

oil (vehicle) or Tamoxifen (T5648-SIGMA) 50 mg/kg, once per day for two consecutive days. 

P8 cerebellar explants were harvested for the following experiments. 

S-cNS or GCPs obtained from P7 inducible-Nbs1Δ mice were established as described 

above. Inducible-Nbs1Δ GCPs were cultured in Neurobasal supplemented with SAG and 

with 1 µM 4-hydroxytamoxifen (Santa Cruz, sc-3542) or EtOH (veichle) for 24 hours. 

Following wash/out of the medium, fresh Neurobasal medium was replaced. Cells were 

analyzed at 48 and 72 hours after tamoxifen wash out. Inducible-Nbs1Δ S-cNS were cultured 

in DMEM/F12 (according to the above protocol) and expanded/stabilized. Subsequently, 

neurospheres were dissociated in Accutase, counted and seeded on cell culture dishes 

coated with 40ug/ml poly-L-Lysine in Neurobasal medium [supplemented with 0,6% 

glucose, 25ug/ml insulin (Sigma Aldrich), 60 ug/ml N-acetyl-L-cystein (Santa Cruz), 2ug/ml 
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heparin (Sigma Aldrich), penicillin-streptomycin, 2% B27 supplement without vitamin A (Life 

technologies) , 60 ug/ml  Nacetyl-L cysteine (Santa Cruz), 2 μg/ml Heparin (Sigma Aldrich), 

2mM L-glutamine (Invitrogen) and 200nM SAG (Adipogene)]. After 3 days, adhering cells, 

at 70-80% confluency, were treated with 1uM 4-hydroxytamoxifen (Enzo Life Science) or 

EtOH (vehicle) for 24 hours. Finally, following medium removal, fresh Neurobasal medium 

was replaced. Cells were analyzed at 48 and 72 hours after tamoxifen wash out.  

 

Cell treatments 
 

For serum starvation experiments, MEFs were grown in fibroblast medium with 0.5% serum 

for the described time period and stimulated with 10% FBS-containing medium. For RNAi 

treatments, MEFs were transfected using the Lipofectamine 2000 (Thermo Fisher Scientific, 

Waltham, MA, USA) in accordance with the manufacturer’s protocol with 3 different siRNAs 

targeting mouse Nbs1 mRNA at the final total concentration of 100 nmol. Nbs1 siRNAs: 

NbnMSS219517; NbnMSS219516; NbnMSS219515 (Invitrogen, 5883446). Negative 

controls were performed with non-targeting siRNA (Stealth RNAi negative control, medium 

GC duplex, Invitrogen).  

For Hydroxyurea (HU) experiments, HU was used at 1mM concentration for the indicated 

times. 

 

RNA extraction and quantitative Real–time PCR 
 

Total RNA from cerebella, S-cNS or GCPs was extracted using Trizol Reagent (Thermo 

Fisher Scientific) and reverse-transcribed with High Capacity cDNA Reverse Transcription 

kit (Applied Biosystems). Quantitative real time PCR (q-PCR) analysis of Gli1, Gli2, MycN, 

CyclD2, Ptch1 and Shh mRNA expression was performed using the ViiATM 7 Real-Time 

PCR System (Life Technologies). Standard qPCR thermal cycler parameters were used to 

amplify a reaction mixture containing cDNA template, SensiFASTTM Probe Lo-ROX mix 

(Bioline Reagents Limited) and Taqman Gene Expression Assays (Thermo Fisher 

Scientific). mRNA quantification was calculated as the ratio of the sample quantity to the 

calibrator quantity expressed in arbitrary units. Data were normalized with the endogenous 

controls (GAPDH and b2m) and expressed as the fold change respect to the control sample 

value. 
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Taqman Gene Expression Assays: 

Gli1 (Mm00494654_m1), Gli2 (Mm01293111_m1), MycN (Mm00627179_m1), CyclD2 

(Mm00436026_m1), Ptch1 (Mm00436026_m1), β2m (Mm00436026_m1) Shh 

(Mm00436528_m1), GAPDH (Mm00446966_m1). 

 

Statistical analysis 
 
Data are presented as mean ± SD from two independent experiments (if not otherwise 

specified). Statistical analysis was performed by a standard two-tailed Student’s t test or by 

ANOVA test.  

For the correction of 2D ciliary length distribution, we applied the following algorithm: 

"($) = ' ()* θ
,/.

/
0(θ) 2($ ()* θ)3θ 

The projection l of a vector $⃗ freely oriented in the space on a given plane 5 and forming an 

angle 6 with 5 is 7 = |$⃗| ()* 6. By sampling a large number of these vectors in space by 

measuring their projected length onto 5, it is always possible to build a length probability 

distribution p(l). Being l a real quantity, p(l) is defined for l>0. If it is possible to measure the 

angular distribution g(6) of these same vectors with respect to 5, it is also possible to derive 

the actual $⃗ length probability distribution by the above algorithm.  
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Results  
 

1. Generation and analysis of the SmoA1/Nbs1CNS-Δ mouse model: Nbs1 KO prevents 
MB development in SmoA1 mice 
 
To address the functional interaction between Nbs1 and the SHH pathway we generated 

the SmoA1/Nbs1CNS-Δ mouse model carrying the neuronal-specific disruption of Nbs1 on the 

background of a constitutively active form of Smoothened (SmoA1). The presence of the 

SmoA1 transgene drives an aberrant activation of the SHH pathway, which predisposes to 

MB (Hanahan AR, et al., 2004; Hatton, B. A., et al., 2008), while Nbs1CNS-Δ mice display 

microcephaly ad severe developmental defects of the cerebellum (Frappart PO, et al., 

2005). In detail, we genetically crossed Nbnf6/f6, Nestin-Cre+ and transgenic ND2-SmoA1 

mouse strains (Fig.1 A). To obtain a higher tumor penetrance we selected SmoA1 

homozygous mice by a qPCR based screening. All mice used for this study (SmoWT/Nbs1WT, 

SmoWT/ Nbs1CNS-Δ, SmoA1/Nbs1WT, SmoA1/ Nbs1CNS-Δ) were selected through PCR 

analysis (Fig.1 B). The expression of the SmoA1 transgene in the new mouse model was 

confirmed by Myc-tag detection in P1 cerebella (fig.1 C).  

As expected, SmoA1/ Nbs1WT animals reached adulthood with phenotypical features similar 

to fully WT littermates, but frequently developed medulloblastoma (Hatton, B. A., et al., 

2008). In constrast, SmoA1/ Nbs1CNS-Δ mice showed developmental defects similar to 

SmoWT/ Nbs1CNS-Δ mice: they were viable at birth and indistinguishable from their littermates 

up to P14, but at P21 they both exhibited growth retardation (fig. 1 D) and reduced weight 

gain (normalized on their respective P7 weight values), which decreased by almost 50% 

compared to Nbs1WT mice (Fig. 1 E). Although at P14 no significant reduction in weight gain 

was yet detectable, by this time Nbs1-defective mice already showed balance disorders, 

ataxia, tremors and akinesis in both SmoA1 and WT backgrounds. As a result of the strong 

slimming and of the inability to nourish after weaning, both SmoWT/ Nbs1CNS-Δ and SmoA1/ 

Nbs1CNS-Δ mice had reduced survival and died approximately at P23,5 (Fig. 1 F). 

To gain insight into cerebellar development and tumorigenesis, we examined the cerebella 

of the different strains at the anatomical and macro-histological level (Fig.1 G).  

We chose to perform our first evaluations at P21, considering that Nbs1-deficient mice do 

not survive beyond and that, at this stage, development of the cerebellum should be 

completed. Cerebellar sections of SmoA1/Nbs1WT mice displayed regions of hyperplasia 

and persistent EGL growth (black arrow, Fig.1 G.f ). Later on SmoA1/Nbs1WT mice 
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eventually developed full blown medulloblastoma (Fig.1 G.i-j), confirming that the SmoA1-

driven activation of the SHH pathway leads to aberrant proliferation of GCPs and 

development of adult MB (Fig.1 G.i-j). Surprisingly, the cerebellum of SmoA1/ Nbs1CNS-Δ 

mice was indistinguishable from that of SmoWT/Nbs1CNS-Δ: They both displayed 

microcephaly and a strongly reduced cerebellum size. In parasagittal sections, a general 

disruption of the cerebellar structure emerged with absence of fissure formation (Fig.1 G.c-

h). Thus, neither the typical oncogenic features of transgenic SmoA1 mice, nor adult tumors 

were observed in SmoA1/ Nbs1CNS-Δ mice, suggesting that the absence of Nbs1 blocks 

SmoA1-driven tumorigenesis.  
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2. Nbs1-deficient phenotype is epistatic to SmoA1 phenotype during cerebellum 
development 

Since at P21 the severe cerebellar attrition impairs the possibility of clearly evaluating the 

progression of cerebellar alterations, we performed comparative analyses at a micro-

histological level at an earlier developmental time points (P1/P5) (Fig. 2). The macroscopic 

observation of whole brain parasagittal sections stained by H&E indicated that Nbs1-

deficient cerebella maintain an embryo-like morphology with marked agenesis of foliation 

compared to the respective WT controls, during the development (Fig. 2, A). Furthermore, 

the count of the total number of cellular layers showed a significant reduction of the EGL 

thickness in both Nbs1CNS-Δ mice (SmoWT and SmoA1) compared to the respective WT 

strains and thus independently from the presence of the SmoA1 transgene (Fig. 2 A, B). 

These morphological alterations were readily detectable at P1 and were exacerbated in P5 

Nbs1CNS-Δ mice. Moreover, we observed that the severe impairment of cerebellar 

development in Nbs1CNS-Δ mice was associated to proliferative defects, as demonstrated by 

the reduction of Ki67 immunoreactivity in the EGL at P5 compared to its relative control (Fig. 

3, A, B). Notably, although there were no differences between P1 Nbs1CNS-Δ (SmoWT and 

SmoA1) and their WT controls, SmoA1 background led to a high proliferation rate compared 

to SmoWT at this stage. Further supporting the reduced expansion of the EGL, we also 

detected low levels of Zic1, a typical GCPs marker, in the total cerebella extracts of Nbs1CNS-

Δ mice (Fig. 2, C).  
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3. Nbs1CNS-Δ mice display impaired SHH signaling in vivo 

The SHH pathway plays a central role in the developing mammalian cerebellum and is the 

most important pathway that guides GCPs expansion. For such, we decided to investigate 

on SHH pathway status in Nbs1CNS-Δ cerebellar explants at P1 and P5 stages of 

development, the temporal window in which the SHH pathway peaks during cerebellar 

postnatal development.  

The results demonstrated that at P5, canonical effectors of the SHH pathway, such as Gli1, 

MycN and CyclD2 were all downregulated in Nbs1CNS-Δ cerebella, both at the level of protein 

and mRNA expression. On the contrary, no significant changes in the expression levels of 

the same targets could be detected for P1 cerebella (Fig. 4 A, B).  

The largest amount of SHH is produced by Purkinje cells during postnatal cerebellar 

development. Purkinje cells are situated many cell diameters away from recipient GCPs, 

and are thought to transmit SHH ligand outwardly along their dendritic axis to the superficial 

EGL where GCPs transiently reside. Their distribution is regulated at multiple levels and 

ensures the specificity of Shh direction of transportation. As already described by Frappart 

and colleagues, Nbs1CNS-Δ cerebella are characterized by ectopic presence of Purkinje cells, 

lacking a lining pattern with altered dendritic trees. Therefore, to exclude that the impairment 

of the SHH pathway in vivo was elicited by reduced Shh-ligand production, related to 

defective Purkinje cells, we investigated Purkinje cell status and Shh mRNA and protein 

levels. We performed an immunohistological analysis for Calbindin, a well-known Purkinje 

cells marker, and we confirmed their abnormal distribution and incapacity of organizing in a 

regular monolayer under the EGL (Fig. 4 C). However, despite an aberrant Purkinje 

phenotype, Shh ligand was efficiently expressed at both the transcriptional and protein level, 

demonstrating that at least this parameter was not affected by Nbs1 neuronal disruption 

(Fig. 4 D E). These results do not exclude the possibility that the abnormal distribution of 

Purkinje cells could yet be the cause of the inefficient activation of the SHH pathway. It is 

possible that Shh could be unable to reach GCPs, given the delocalization of Purkinje cells.  
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4. Targeting Nbs1 disruption to GCPs causes a strong reduction in size and atypical 
morphology of the cerebellum along the AP axis 

The dramatic cerebellar attrition of the Nbs1CNS-Δ mice is due to a morphological and 

functional alteration of each cellular component comprising the cerebellum. This makes it 

difficult to analyze the functional interaction between Nbs1 and the SHH pathway in GCPs 

at a deeper level. The dramatic reduction of GCPs in Nbs1CNS-Δ mice, monitored by 

histological analysis of cerebellar sections and by Zic1 protein levels, raised the issue of 

whether the decreased expression of the main effectors of the SHH pathway (i.e., Gli1, N-

Myc, CycD) was the cause or consequence of the reduced number of target cells, the GCPs. 

Furthermore, the issue of the inability of the Shh ligand to reach the target cells, given the 

altered distribution of the Purkinje cells in Nbs1CNS-Δ mice cerebella, remains open. To 

overcome these difficulties we decided to inactivate Nbs1 selectively in GCPs. To this end, 

we generated the new Nbs1GCP-Δ strain by crossing the Nbnf6/f6 strain and the Math1-Cre+ 

strains, which express Cre recombinase under the control of the GCP specific bHLH-

transcription factor Math1 (Ben-Arie et al., 1997). All Nbs1GCP-Δ mice were selected through 

PCR and WB analysis (Fig.5 A,B).  

At first analysis, the Nbs1GCP-Δ mice were indistinguishable from the respective WT control; 

they were viable, fertile, and did not display any detectable growth retardation or cerebellar 

ataxia up to the adult stage. The lack of cerebellar ataxia could be due to the permanence 

of Purkinje cell function, since the inactivation of Nbs1 is restricted to GCPs.  

To gain insight into cerebellar development, we first performed cerebellum examination at a 

gross anatomical and macro-histological level of Nbs1GCP-Δ mice and their respective WT 

controls during development (P7-P21).  

Unlike the Nbs1CNS-Δ mice, Nbs1GCP-Δ mice did not display microcephaly. Nonetheless, they 

showed a strong reduction of cerebellar size both at P7 and at P21 (Fig. 5 C). The 

histological analysis of sagittal sections confirmed the overall reduced cerebellar size 

despite the mutant strain maintained the basic pattern of foliation. Moreover, we noticed 

morphological alterations of the rostral lobes, both at P7 and at P21 (Fig.5 D). In particular, 

we observed that the EGL thickness of the rostral lobules (I-VI), but not that of posterior 

lobules (VII-X), at P7 is strongly reduced in the Nbs1GCP-Δ mice compared to the WT controls, 

with some lobules (I-III) containing only few cellular layers (Fig.5 E,F). Because the atypical 

morphology of mutant cerebella during development has an impact on the final cerebellar 
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architecture, coherently we detected a reduced thickness of the IGL in the rostral lobes of 

Nbs1GCP-Δ mice compared to their WT control at P21 (Fig.5 G,H).   
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5. Nbs1GCP-Δ cerebella display impaired SHH signaling and reduced proliferation of 
GCPs in the EGL of the rostral lobes 
 
Despite the whole cerebellum of the Nbs1GCP-Δ mice is compromised showing overall a small 

size compared with WT controls, the different intensity of the phenotype along the antero-

posterior (AP) axis of the mutant mice suggested two hypotheses: i) there might be a 

difference in the efficiency of Nbs1 inactivation along the AP axis; ii) there might be a 

different susceptibility of GCPs to Nbs1 KO along the AP axis. To address the first 

hypothesis we performed an immunohistological analysis of Nbs1 expression at P7. 

Notably, Nbs1 expression was detectable in the entire EGL, but with stronger intensity in 

the proliferative zone rather than the premigratory zone, and in the developing IGL as well 

as in the PCL in WT P7 cerebellum. In Nbs1GCP-Δ cerebella, Nbs1 staining was clearly 

detectable in the PCL, while it was strongly reduced in GCPs of the EGL and in the GCs of 

the nascent IGL both in the anterior and in the posterior lobes compared to WT controls 

(Fig.6 A). Therefore, we discarded the first hypothesis. 

To address the second hypothesis, we asked if the SHH pathway was downregulated in 

Nbs1GCP-Δ cerebella. Indeed, we observed an evident downregulation of the SHH targets, 

such as Gli1 and MycN, in total extracts from P7 Nbs1GCP-Δ cerebella compared to the WT 

controls, at protein level (Fig.6 B). Given the moderate phenotype observed in the Nbs1-

deficient cerebella and the particular morphology of the cerebellar tissue along the AP axis, 

we wondered if the GCPs in the EGL were differentially cycling between the rostral and the 

caudal lobes. We performed an immunohystological analysis for Ki67 and counted the Ki67 

positive cells in each cerebellar lobule at P7. We observed that, despite the cells still 

proliferate in the absence of Nbs1, the rostral lobules (I-V) and some caudal lobules (VIII) 

displayed a significant reduction of Ki67 positive cells with respect to WT controls (Fig. 6 C,  

D).  

These data suggest that Nbs1 might be essential for SHH-dependent cerebellar patterning, 

especially in the rostral lobes, perhaps due to a spatially patterned expression of Shh and 

response to SHH signaling in the developing cerebellum (Corrales, J. M. D., et a., 2004). 

This aspect is yet to be investigated more thoroughly.  
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6. Nbs1-deficient GCPs exhibit impaired SHH signaling and proliferative defects ex 
vivo 
 
In the cerebellum, intricate relationships between PC, GCPs and other cell types dictate 

patterning and development. Thus, in order to study the effect of Nbs1 inactivation in GCPs 

in a cell-autonomous context we shifted our analysis to ex vivo cerebellar primary cultures 

that abolished environmental influences which could operate in vivo. To this end, we 

evaluated the activation status of the SHH pathway in GCPs freshly explanted from P7 

Nbs1GCP-Δ and WT cerebella and stimulated them with the SMO agonist SAG for 72h. 

Notably, to obtain similar cultures, we needed to seed one and half times more cells from 

the Nbs1-deficient cerebella compared to WT samples, possibly as a consequence of a 

reduced viability of GCPs derived from of Nbs1GCP-Δ cerebella. Accordingly with the previous 

data, in vitro cultures of SAG-induced GCPs showed strong reduction of Gli1 and MycN 

expression levels in Nbs1GCP-Δ versus WT GCPs (Fig. 7 A).  

 

Moreover, to evaluate proliferative defects, we performed a cell proliferation assay on GCPs 

treated with or without SAG. By analyzing EdU incorporation we were able to confirm the 

SHH signaling deficiencies; indeed, Nbs1-deficient GCPs showed a decrease in 

proliferation, reduced by 18% following  48 hours of SAG exposure (Fig. 7 B,C). In addition, 

consistent with SHH pathway downregulation, we observed that SAG-dependent Gli1 

induction was abolished in Nbs1GCP-Δ cultures (Fig. 7 D). On the contrary, as expected, in 

WT cells Gli1 protein expression was upregulated by SAG (Fig. 7 D).  

Of interest, under opportune conditions, Nbs1-deficient GCPs differentiated in mature 

neurons as efficiently as WT cultures, as indicated by immunofluorescence analysis of β 3-

tubulin staining (Fig. 7 E). 

We have recently established proper conditions to grow long term primary GCPs as 

neurospheres (named S-cNS) maintaining an active SHH pathway (i.e. Gli1 and MycN 

expression) without undergoing differentiation, unlike GCPs standard cultures (Petroni et 

al., 2019 in press). We used this model to address the survival/clonogenic defects of Nbs1-

deficient GCPs under SAG stimulation. Thus, we isolated progenitor cells from P7 cerebella 

of Nbs1GCP-Δ and WT strains and cultured them as neurospheres. First, we measured their 

ability to form neurospheres in a clonogenic assay. Nbs1-deficient S-cNS had a dramatically 

reduced clonogenic capability compared to WT S-cNS, accompanied by a strong reduction 

of Gli1 expression (Fig. 7 G,H). One week old Nbs1-deficient S-cNS appeared dark and 



 

 62 

opaque with an unhealthy morphology and showed a significative reduction in size 

compared to WT-S-cNS (Fig. 7 I, J). These data suggest that Nbs1 KO impaired SHH-

dependent proliferation/survival of GCPs.   
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7. Nbs1 KO downregulates the SHH pathway in a cell autonomous in vitro system  
 
To further support the proof of concept that Nbs1 KO impairs SHH pathway we needed a 

non-developmentally conditioned model. To this end we developed an additional mouse 

strain by crossing Nbnfl6/fl6 mice with Gli1CreER+/- model, in which the expression of the 

Cre-ER recombinase (a fusion protein between the Cre recombinase and a modified human-

estrogen ligand-binding domain) is dependent on the Gli1 promoter, and whose nuclear 

localization is obtained on Tamoxifen administration (Fig. 8 A). Notably, we used Gli1CreER 

heterozygous mice because our main interest was monitoring Gli1 levels as a faithful 

reporter of the SHH pathway in cells in which SHH pathway is otherwise active, such as 

GCPs. First of all, we performed the genetic inactivation of Nbs1 in in vivo context. P6 

inducible-Nbs1Δ (Nbs1fl6/fl6; Gli1CreER+/-) mice were intraperitoneally injected with corn oil 

(vehicle) or Tamoxifen (50 mg/kg). Two days later (P8) we sacrificed CTR and Tam treated 

mice and analyzed NBS1 locus and expression. As expected, we observed accumulation of 

the NBS1Δ6 allele and Nbs1 protein downregulation in treated P8 cerebella. Consistent with 

previous results, SHH pathway effectors Gli1 and MycN were downregulated in treated 

cerebella compared to the controls (Fig. 8 B). Cerebellar morphology was reminiscent of 

dysfunctional SHH pathway. In particular, we observed an evident cerebellar hypoplasia in 

the vermis and although the basic pattern of foliation was maintained, the cerebella showed 

severe defects in folia maturation (Fig. 8 C). 

Out of this animal model, we developed a strong cell autonomous GCP cell system for 

selective Nbs1 inactivation in vitro, by establishing either S-cNS cultures or primary GCPs 

from inducible-Nbs1Δ mouse strain.  

We cultured S-cNS from p7 Nbs1fl6/fl6;Gli1CreER+/- and Nbs1+/+;Gli1CreER/+ (control 

group) cerebella, by expanding them in suspension as neurospheres. Since we had 

previously demonstrated that both floating and adhering S-cNS maintain active SHH 

signaling, for an easier management of the experiment, S-cNS cells were dissociated and 

seeded as adhering cells, before treating them with 4-hydroxytamoxifen or vehicle (EtOH), 

for 24 hours. 48 hours after 4-hydroxytamoxifen wash out, cells were harvested and 

demonstrated exon6 disruption and impaired Nbs1 protein expression. The specificity of 

Nbs1 knockout was confirmed by the absence of Nbs1 downregulation in 

Nbs1+/+;Gli1CreER/+ control cells (Fig. 8 D).  

Once the treatment protocol was validated, we performed further analysis only on 

Nbnfl6/fl6;Gli1CreER+/- S-cNS. We performed a time-course analysis of Nbs1 inactivation at 
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48 and 72 hours after 4-hydroxytamoxifen wash out and monitored SHH pathway status by 

western blot analysis. We demonstrated that a significant Gli1 and MycN downregulation 

occurred at 72 but not at 48 hours (Fig. 8 E). On the same level, mRNA levels of several 

SHH targets were downregulated at 72, but not 48, hours post wash out, suggesting their 

negative transcriptional regulation (Fig. 8 F). Similar results were obtained in SAG-induced 

GCPs culture generated from p7 inducible-Nbs1Δ mice (Fig. 8 G, H).  
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8. Nbs1 KO leads to alterations of primary ciliogenesis 
 

Given the described role of Nbs1 at the centrosomes (Shimada, M., et al., 2009), we raise 

the hypothesis that Nbs1 dysfunction may promote an aberrant formation of the primary 

cilium, an extremely critical organelle for SHH pathway activation. To test this, we evaluated 

the primary cilium morphology as revealed by the ciliary marker ARL13B, in Nbs1-deficient 

GCP cultures, via immunofluorescence assay. We observed a significant reduction of 

ciliated cells and almost 2-fold increase in the length of primary cilium in Nbs1KO GCPs with 

respect to WT GCPs (1,96 ± 1.39 µM and 1.0 ± 0.6 µM, respectively mean ± standard 

deviation) (fig. 9 B-D).  

Fluorescent confocal and widefield microscopy are the most common techniques for the 

analysis of primary cilium length. However, the cilia are 3D structures that have a random 

orientation with respect to the microscopy plane, and the measurements obtained on z-stack 

projections or in bright field geometry is thereby influenced by the orientation of the cilia. In 

general, given an ensemble of vectors randomly oriented in space, the actual length 

distribution differs from the 2D projected length distribution by a factor that can be calculated 

by the propagation of probability densities. If one knows a specific angle distribution that the 

vectors form with the projecting plane, it is always possible to retrieve the actual length 

distribution from the projected length distribution by a simple inversion law. We applied this 

concept to the cilia observed in a number of bright field images. By performing 3D 

reconstruction of randomly selected cilia in both WT and Nbs1GCP-Δ cells, we were also able 

to obtain a rather rough but significant angle distribution. By coupling these two sets of data 

as described above, we were able to reconstruct the actual ciliary length distribution for both 

WT and Nbs1GCP-Δ cells. Indeed, we confirmed the alterations in the length distributions of 

Nbs1GCP-Δ cilia either by performing accurate measurements on the 3D cilia for a limited 

number of measurements, or by correcting with our inversion law a large number of 

measurements carried out on bright field images (Fig. 9 E, F, H). Notably, the angle 

distribution of Nbs1GCP-Δ cilia were disordered with respect to the homogeneous distribution 

of ciliary angles of the control group (Fig. 9G). A similar approach was used to investigate 

on the morphology of primary cilia directly in P7 cerebellar sections. Consistently, we 

observed a strong reduction of ciliated cells and the distribution of ciliary length was 

significantly altered in the EGL of Nbs1GCP-Δ compared to WT cerebella (Fig. 10. A,B).  
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9. Nbs1 expression is inversely correlated to cilium formation: Nbs1 KO is associated 
with defects of ciliary disassembly 

The regulation of ciliogenesis is greatly dependent on the cell cycle. Indeed, in a cell cycle-

centric perspective, the cells need to “recover” the basal body to use it as MTOC during 

mitosis and this is associated with the rapid resorption of primary cilium during the 

progression from G2 to M phase. However, ciliary resorption/shortening might also be 

important in regulating the timing of the cell cycle, either from altering the accessibility of 

cells to growth factors that use cilia-localized receptors, or from the emerging function of the 

primary cilium as a negative regulator of the cell cycle.  

Ciliary assembly/disassembly dynamics during cell cycle may be efficiently studied in mouse 

embryo fibroblasts (MEFs). Typically, the primary cilia form at the G0/G1 phase of the cell 

cycle and undergo disassembly when the cells re-enter the cell cycle. Notably, cilium 

resorption has been shown to occur in two stages: the first stage occurs immediately after 

serum re-stimulation (after 1-2h), followed by a robust wave of resorption at the G2/M 

transition (after 18-24h of serum re-stimulation) (Kim et al., 2011). Initially we wanted to 

evaluate the levels of Nbs1 and the process of cilium formation, within a time course of 

serum starvation to an extended period of 48h, in MEFs. Nbs1 protein levels gradually 

decreased over the course of serum starvation, coincident with the formation of primary 

cilium, as also indicated by the increase in the protein expression of the ciliary marker 

Acetylated-Tubulin (fig. 11 A, B). After re-addition of serum to G0-synchronized cells, 

upregulation of Nbs1 progressively occurred from 2 to 24 hours, coincident with the 

expression of the cycling cells marker Cyclin A (Fig. 11 C). At the same time, we witnessed 

shortening of cilium length (Fig. 11, D). These data suggest that Nbs1 expression is 

inversely correlated with cilium formation and positively correlated with cilium disassembly 

(Fig. 11E). 

Altogether our results may suggest that Nbs1 could have a role in cilium resorption. To test 

this hypothesis, we knocked down Nbs1 in MEFs by RNAi and synchronized them at the G0 

phase by serum starvation, for 48h. Both Nbs1 RNAi (Nbs1i) and no-target RNAi (NOTi) 

treated cells responded to this treatment acquiring equivalent ciliary length and similar 

number of ciliated cells, allowing us to estimate the rate of cilia disassembly (Fig. 12 A, B, 

C.a,c). 24h after serum stimulation, the NOTi cells displayed a significant reduction in ciliated 

cells and shorter cilium with respect to G0 synchronized cells (Fig. 12 A, B, C.b). On the 
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contrary, Nbs1i cells maintained an elevated number of ciliated cells and longer cilia (Fig. 

12 A, B, C.d). These results indicated a defected ciliary disassembly in the Nbs1-deficient 

fibroblasts.   
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10. Alterations of the primary cilium and Gli1 downregulation in Nbs1 KO S-cNS are 
dependent on p53 

Prompted by previous results, reporting the rescue of the phenotype of Nbs1CNS-Δ mice in a 

p53 knockout background and the well-documented Gli1-p53 negative interplay (Stecca and 

Altaba, 2009; Mazzà et al., 2013; Frappart et al., 2005), we focused our investigations on a 

putative engagement of p53 on SHH pathway impairment, Gli1 downregulation and primary 

cilium alterations observed in Nbs1 defective models. First we approached the question of 

whether p53 activation triggers Gli1 downregulation following DNA damage, also in our 

neuronal model. We thereby treated S-cNS isolated from WT cerebella with Hydroxyurea 

(HU), a replication stress-inducing agent that depletes the cells of dNTPs, mimicking the 

RS-associated DNA damage also occurring in Nbs1-deficient cells. We observed that HU 

treatment induced a time dependent p53 accumulation and decrease of Gli1 and MycN 

protein expression, leading to cell death at later time points (Fig. 13 A). We wanted to further 

test whether p53 inactivation rescued the damage-induced Gli1 downregulation and we 

repeated HU exposure experiments in S-cNS isolated from p53KO mice cerebella. In 

agreement with literature, Gli1 and MycN levels rescued in absence of p53 (Fig. 13 B), 

confirming that DNA damage-induced Gli1 downregulation is p53 dependent.  

Subsequently, we evaluated the p53 involvement in a time course analysis of Nbs1 

inactivation on inducible-Nbs1Δ S-cNS. We showed that, after Nbs1 depletion, p53 activation 

and accumulation preceded Gli1 downregulation, confirming that even in this context the 

downregulation of Gli1 might depend on p53 activity (Fig. 14 A). Notably, we observed 

alterations in the distribution of ciliary length either at 48h or 72h after 4-hydroxytamoxifen 

wash out, suggesting that also the ciliary alterations preceded Gli1 downregulation (fig. 14 

A,C,D). However, we did not observe significative changes in the percentage of ciliated cells 

(fig., 14 B). Thus, we decided to evaluate the effect on Gli1 and primary cilium morphology 

in absence of both Nbs1 and p53. We cultured S-cNS from p53KO/inducible-Nbs1Δ mice 

cerebella and inactivated Nbs1 through 4-hydroxytamoxifen treatment. We showed that p53 

inactivation rescued both Gli1 downregulation and ciliary alterations (Fig. 14 E-H). These 

results suggested that the abnormal distribution of ciliary length observed in Nbs1-deficient 

GCPs is p53 dependent.   
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Discussion 
 
In their classical treatise on brain tumors, Bailey and Cushing postulated that “the 

histogenesis of the brain furnishes the indispensable background for an understanding of its 

tumors” (Bailey P, Cushing H., 1926). The idea that tumors form from specific populations 

of immature neurons suggests that common mechanisms underlie development and tumor 

formation. This concept is applicable especially for childhood tumors, such as 

medulloblastoma which originates from the uncontrolled proliferation of progenitor cells 

during cerebellar development and is characterized by molecular alterations of the same 

pathways that guide GCPs proliferation, such as the SHH pathway and its target MYCN.  

During cerebellar development, the maintenance of genomic integrity is a finely controlled 

process especially for cells that experience a constitutive replication-associated DNA 

damage, such as GCPs. Thus, the activation of DNA repair machineries, cell cycle 

checkpoints and programmed cell death allow the correct modelling of the cerebellar tissue 

and prevent cell transformation. The Nbs1-defective mouse model (Nbs1CNS-Δ), which 

displays severe impairment of cerebellar tissue, clearly shows the deleterious effects of 

malfunctioning DDR systems during cerebellar development (Frappart et al., 2005), even if 

the molecular mechanisms are still unclear. In this work we revealed a new role of Nbs1 on 

SHH/MYCN pathway regulation, during cerebellar development. Our study provides a better 

understanding of how Nbs1 could impinge on developmental and neoplastic diseases of the 

cerebellum.  

 

Although our work mainly focused on the study of the role of Nbs1 during the physiological 

development of the cerebellum, the fundamental starting point for our research was to 

determine the existence of an epistatic relationship associated with two oppositely directed 

mutants: the ND2;SmoA1 as a SHH-dependent tumor-prone mouse model (Hanahan AR, 

et al., 2004; Hatton, B. A., et al., 2008) and the Nbs1CNS-Δ as a mouse model of microcephaly 

and cerebellar hypoplasia (Frappart et al., 2005). A priori, we generated two hypotheses 

about the new SmoA1/Nbs1CNS-Δ mouse model: i) if Nbs1 was not limiting for SHH-

dependent proliferation in vivo, there would have been a stronger SHH signaling that could 

overcome the defects in GCPs proliferation leading to the rescue of the Nbs1CNS-Δ cerebellar 

phenotype and, possibly, to a more penetrant tumor phenotype; ii) if Nbs1 had further 

functions on GCPs proliferation, eventually independently from its role on DNA repair, Nbs1 

complete loss should have been epistatic on the SHH pathway, leading to a model in which 
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the SmoA1 transgene did not influence the Nbs1CNS-Δ cerebellar phenotype. The second 

hypothesis proved to be the correct one: we observed that development of SmoA1-driven 

MB was completely abolished by the CNS-restricted inactivation of Nbs1. Moreover, the 

direction of epistasis suggested which gene could act upstream or downstream of the other. 

Indeed, in the new SmoA1/Nbs1CNS-Δ mouse model the absence of Nbs1 not only completely 

masks the phenotypic effect of SmoA1 transgene, but also compromises proper cerebellar 

development, leading to a phenotype comparable to that of the Nbs1CNS-Δ mouse model. 

This suggested that Nbs1 is epistatic on the SHH pathway and its role on cerebellar 

development is essential to allow the SHH-dependent cerebellar histogenesis. These data 

were supported by multiple comparative analysis between SMOWT/Nbs1CNS-Δ and 

SmoA1/Nbs1CNS-Δ mouse models during early postnatal stages of cerebellar development 

(P1/P5), characterized by intense expression of the SHH pathway. We observed that, 

independently from the SMO background, Nbs1CNS-Δ mice showed similar clinical features, 

such as ataxia, tremors, akinesis, growth retardation and reduced survival. They also shared 

similar phenotypical features, such as microcephaly, cerebellum attrition and hypoplasia, 

reduced fissure formation, PCL disorganization, reduced EGL thickness and EGL hypo-

proliferation. Given the non-responsiveness of the new mouse model to the SmoA1-

dependent hyper-proliferative stimulus, our comparative analysis focused on the 

proliferative capability of Nbs1-deficient GCPs. In the temporal window in which SHH is 

maximally expressed (P5), we observed a strong proliferation defect in GCPs of both Nbs1-

mutant mice (SMOWT and SmoA1) that explains the significative reduction of EGL layers 

compared to their respective controls. Conversely, at P1 both Nbs1-deficient mice (SMOWT 

and SmoA1) did not show significant reduction in GCPs proliferation. Although the majority 

of abnormalities were remarkably pronounced at P5 rather than at P1, already at P1 the 

cerebellum showed a slight reduction in the EGL layers and alteration of foliation patterning. 

Given the mild phenotype observed at P1 with respect to the severe cerebellar destruction 

at P5, our data suggests that Nbs1 KO mainly impairs late post-natal development similarly 

to what observed in SHH defective mice. Indeed, mice with conditional SHH/MycN KO show 

more pronounced cerebellar abnormalities in late post-natal development (Lewis et., 2004; 

Knoepfler, P. S., et al., 2002).  

Previous works ascribed the impaired cerebellar development of the Nbs1CNS-Δ mice to 

GCPs survival/proliferation defects due to the activation of the ATM/p53-mediated DNA 

damage response (Frappart et al., 2005). The analysis of the SHH status on 

SMOWT/Nbs1CNS-Δ cerebella demonstrated that the canonical effectors of the SHH pathway 
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were strongly downregulated in P5 Nbs1-deficient GCPs with respect to WT controls. 

Importantly, at P1 the SHH pathway was not altered, consistent with the absence of 

proliferation defects of the GCPs by that time. These results provide new knowledge on the 

cerebellar phenotype of the Nbs1CNS-Δ model. 

In the Nbs1CNS-Δ mouse the inactivation of Nbs1 should occur in all cells of the CNS, 

including PC, which produce the Shh ligand. As described by Frappart and colleagues, we 

showed a strong disorganization of PCs lining, in the Nbs1-deficient cerebella. Importantly,  

PC soma delocalization could be due either directly to Nbs1 loss in PCs, or be a 

consequence of GCPs loss, since also the EGL is severely disrupted in Nbs1-mutant 

cerebella. However, to exclude that the impairment of the SHH pathway was ascribable to 

reduced Shh-ligand production, we demonstrated that comparable levels of the Shh 

occurred in Nbs1CNS-Δ cerebella versus WT controls. Nevertheless, these results do not 

formally exclude that the strong disorganization of PCs may be relevant for a defective 

activation of the SHH pathway in GCPs. Indeed, even a normally produced Shh ligand could 

be unable to reach its target cells due to PCs delocalization.  

 

On the other hand, the strong downregulation of the SHH pathway in the Nbs1CNS-Δ cerebella 

was also associated to a significant reduction of GCPs number. The intricate set of 

relationships between GCPs and PCs in cerebellar development makes difficult to interpret 

the cause-effect links leading to the reduced expression of the SHH pathway reported in 

Nbs1-defective  cerebella. 

To address this issue we developed new animal models and a new cell-autonomous culture 

of primary GCPs. 

The generation and analysis of the new Nbs1GCP-Δ mouse model allowed us to exclude the 

influence of the non-GCPs components and to analyze the effect of Nbs1 KO only in GCPs. 

The Nbs1GCP-Δ mice were viable, fertile and did not show ataxia or balance disorders 

observed in the Nbs1CNS-Δ mouse model. Given the specific inactivation of Nbs1 in the 

GCPs, the lack of evident cerebellar disorders (ataxia or balance disorders) is likely to 

depend on the integrity PC functions in the Nbs1GCP-Δ mice. This is also consistent with the 

knowledge that most of the molecular alterations that determine cerebellar disorders are 

attributable to Purkinje cell dysfunctions (Erceg, S., et al., 2011). However, it would be 

interesting to investigate this aspect through specific behavioral tests that can highlight other 

moderate cerebellar alterations and through electrophysiology experiments that can show 

putative abnormalities in the neuronal firing pattern or their firing rate.   
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The intricate effect of Nbs1 KO on the GCPs physiology is highlighted by the asymmetric 

architecture along the AP axis of the Nbs1GCP-Δ cerebella. Indeed, despite the uniform 

morphology along the AP axis of WT cerebella, the rostral lobes of the Nbs1GCP-Δ cerebella 

showed reduced EGL thickness at P7 which reflected in a reduced IGL thickness and a 

lower nuclear density at P21. We excluded that this particular phenotype could be 

determined by an inefficient inactivation of Nbs1 in the caudal region of the cerebellum. 

Rather, it appears that the anterior lobes are more susceptible to the absence of Nbs1. This 

phenotypes recalls that of mutant mice lacking Shh ligand, which show an abnormal 

development of the cerebellum with reduced expansion of the EGL due to impaired 

proliferation of GCPs with strong differences in patterning along the AP axis. These 

abnormalities are exacerbated in the rostral lobes with respect to the caudal ones (Lewis et 

al., 2004), similar to the phenotype that we observed for Nbs1GCP-Δ cerebella. Lewis and 

colleagues supposed that there could be regional differences in patterning of the cerebellum 

and that other signals could co-operate with Shh to pattern the caudal lobes. Notably, in 

addition to the previous indication in which either loss of Nbs1 or loss of SHH/MYCN have 

more pronounced cerebellar abnormalities in late post-natal development, here we provide 

further strong evidence of the overlapping phenotypes between the two conditions, in the 

cerebellum. Thus, it is possible that Nbs1 is essential for SHH-dependent signaling in the 

postnatal development of the cerebellum and in particular for the histogenesis of the rostral 

lobes rather than that of the caudal ones. This was further supported by the significative 

reduction of cycling GCPs in the rostral lobes and by the downregulation of SHH targets 

expression in the Nbs1GCP-Δ cerebella.  

Although in vivo studies provided strong evidence for the essential role of Nbs1 on the SHH 

pathway, this was finally proved by means of a cell-autonomous model of primary GCPs, 

where inactivation of Nbs1 leads to a strong downregulation of the main effectors of the 

SHH pathway, such as Gli1 and MYCN. We demonstrated that standard GCPs culture or S-

cNS obtained from Nbs1GCP-Δ cerebella had impaired SHH pathway, leading to a strong 

reduction of proliferative and clonogenic capabilities, while their ability to differentiate was 

unaffected by the absence of Nbs1. The same results were also obtained in a cell 

autonomous context, where the genetic manipulation of Nbs1 expression in GCPs or S-cNS 

cultures obtained from the inducible Nbs1Δ mouse model allowed the characterization of the 

specific timing of the SHH pathway downregulation in response to Nbs1 KO. Consistently, 

early induction (P6) of NBS1 KO by in vivo tamoxifen administration to inducible Nbs1Δ mice 
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recapitulated the cerebellar phenotype of the Nbs1GCP-Δ mice, even in a reduced temporal 

window. 

Overall, our data so far indicate that Nbs1 KO impairs SHH signaling during postnatal 

cerebellar development. 

 

To gain insight into the molecular mechanisms at the base of SHH pathway regulation by 

Nbs1 we considered that SHH signaling is strongly dependent on the primary 

cilium/centrosome organelle (Eggenschwiler, J. T. and Anderson, K. V. 2007). As described, 

Nbs1 localizes at centrosomes through the cell cycle and regulates BRCA1-mediated 

ubiquitination of γ-tubulin through its interaction with ATR. Knockdown of Nbs1 leads to 

centrosome overduplication, similar to that observed by downregulation of BRCA1 and ATR 

(Shimada, M., et al., 2009). The consequences of abnormal centrosome duplication are 

aneuploidy (Fukasawa, K., 2007; Doxsey, S., et al., 2005), a key feature of tumor cells, the 

depletion of the neural progenitor pool and microcephaly (Marthiens V, et al., 2013). Indeed, 

high cancer predisposition and microcephaly are the hallmarks of Nijmegen breakage 

syndrome (Chrzanowska, K. H., et al., 2012). During interphase, the mother centriole (basal 

body) docks at the plasma membrane and elongates preexisting microtubules of the 

centriolar barrel to form the primary cilium (Wang, L., & Dynlacht, B. D. 2018). Thus, 

centrosome defects have the potential to disrupt structural and functional aspects of cilia. 

Indeed, previous studies demonstrated a link between abnormal centrosome numbers and 

cilia dysfunctions (Marshall, W. F., 2008;Miyoshi, K., et al., 2009; Shaheen, R., et al., 2012). 

Given that the primary cilium is an essential structure for SHH signaling (Huangfu D, et al. 

2003), the emergent link between DDR proteins, centrosomes and ciliogenesis prompted 

us to examine whether Nbs1 might also be required for primary cilia formation, which in turn 

could affect SHH signaling. Indeed, our work provided strong evidence suggesting that 

depletion of Nbs1 determines severe defects of ciliogenesis. Indeed, we demonstrated that 

the downregulation of the SHH pathway is associated to a strong reduction in the number 

of ciliated cells and to an abnormal distribution of ciliary length, in Nbs1-defective GCPs. In 

particular, we found that cilia were significantly longer in Nbs1-defective GCPs culture with 

respect to WT controls and their orientation was altered. Although not formally proved, it is 

likely SHH pathway downregulation could be due either to the reduction in number of the 

ciliated cells or to the altered ciliary length/orientation, since it has been shown that inhibition 

of ciliogenesis totally compromises the activation of the SHH pathway (Bangs, F., & 

Anderson, K. V. 2017). Likewise, several studies showed that an abnormal lengthening of 
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the structure may contribute to a dilution of the ciliary trafficking/signaling capacity and to a 

blunting of the signal (Mahjoub, Moe R. et al.2012; Breslin L. et al., 2014). Finally, although 

the ciliary orientation is not very relevant in a two-dimensional plane, such as that of a culture 

plate, this information could be extremely significant in an in vivo context. Indeed, given the 

geometric architecture of the developing cerebellum, cilia of the GCPs must have a 

particular orientation in order to capture the Shh ligand coming from the Purkinje cells.  

To further understand the role of Nbs1 on ciliary regulation we evaluated its expression 

during ciliary dynamics. We demonstrated that Nbs1 expression inversely correlates with 

cilium assembly and positively correlates with cilium disassembly, in MEFs WT. Thus, the 

depletion of Nbs1 leads to disassembly defects that correlate to the altered length of the 

primary cilium. Given that the altered resorption of primary cilia in proliferating cells strongly 

compromises proper cell cycle progression (Kim S. et al., 2011; Li A. et al., 2011; Inoko A. 

et al., 2012), our data suggest that the increase in ciliary length may contribute to 

proliferative defects also by altering cilium disassembly, in Nbs1 KO cells. 

As described above, several studies showed that the major SHH target, Gli1, could be 

negatively regulated by p53 activation upon DNA damage (Yoon, J. W., et al., 2015; Mazza 

et al., 2013). Notably, Frappart and colleagues showed that the Nbs1CNSΔ neurological 

phenotype is substantially rescued by p53 depletion We demonstrated that also in our 

elective neuronal model (S-cNS), a RS-associated DNA damage downregulates Gli1 protein 

in a p53-dependent manner and we provided strong evidence that the alterations of ciliary 

length distribution and Gli1 downregulation are also dependent on p53 functions, in Nbs1 

KO cells. Notably, we clearly observed a specific timing of Gli1 downregulation that is 

preceded by ciliary defects, highlighting that SHH pathway downregulation is a 

consequence of ciliary alterations.  

Our observations are in agreement with previous results concerning p53 involvement in the 

Nbs1 KO phenotype. However, we offer new insights into a combined role of Nbs1 and p53  

on GCPs responsiveness to SHH, in which Nbs1 plays an essential part by regulating 

primary ciliogenesis through p53 functions. How Nbs1 and p53 regulate primary cilium 

dynamics remains elusive. In particular, whether Nbs1 and p53 affect ciliogenesis in a DNA 

damage-independent manner, or via their DDR/cell cycle associated functions still remains 

to be determined.  

Nonetheless, its involvement in ciliary function represents a novel role for Nbs1, which could 

contribute to the comprehension of the clinical features of NBS. Indeed, NBS1-dependent 

loss of cilia function could further help explaining clinical manifestations of NBS patients, in 
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addition to Nbs1 canonical function in DDR signaling. In facts, many clinical features of NBS, 

such as CNS anomalies and mental retardation, schizencephaly, hypogonadism, skeletal 

anomalies, polydactyly and anomalies of kidneys are also shared by several ciliopathies. 

 

The role of cilia in cancer is rather controversial. Loss of cilia has been observed in a 

multitude of tumors (Wang, L., & Dynlacht, B. D., 2018), possibly because the primary cilium 

vehicles negative signaling for cell cycle progression, unless properly stimulated by 

receptor-ligand interactions. In the context of Hedgehog signaling, which requires the 

primary cilia for its activation, they can be permissive or inhibitory for tumor formation 

depending on the underlying oncogenic events. For example, Wong et al. found that the 

constitutively active form of SMO induced a highly proliferative and ciliated basal cell 

carcinoma. In this context, loss of cilia due to mutant Kif3a leads to Hedgehog pathway shut-

off and to decreased cell proliferation. In contrast, loss of cilia associated with the expression 

of a constitutively-active human GLI2 does not protect against basal cell carcinoma, rather 

it drives faster neoplastic growth with a hyperactivation of Hedgehog signaling (Wong, S. Y., 

et al., 2009). Han et al. came to similar conclusions in a study focused on mouse 

medulloblastoma. Indeed, they showed that cilia loss in GCPs prevents SMO-driven 

medulloblastoma, whereas it is required for medulloblastoma growth by constitutively active 

Gli2 (Han, Y. G., et al. 2009).  

Our data on Nbs1 KO in the cerebellar SmoA1 context indicate complete loss of SHH 

pathway activation, perhaps due to cilia dysfunction. Unfortunately, however, the dramatic 

impairment of cerebellar development does not allow us to draw final conclusions on the 

role of Nbs1 KO on the genesis of medulloblastoma. To this end, it is worth mentioning that 

in a parallel work we contributed to showing that Nbs1 haploinsufficiency favors SmoA1 

dependent medulloblastoma development (Petroni et al., in preparation). Further work is 

required to shed more light on this issue. 

 

In conclusion, we propose a novel function for Nbs1 in cilia-dependent SHH signaling. Our 

findings provocatively raise the possibility that the Nbs1-p53 axis, in addition to their 

conventional role in DNA damage, may regulate ciliogenesis both in physiological and 

pathological conditions, in the cerebellum.
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Figure Legends 
 
Figure 1. Generation and analysis of the SmoA1/Nbs1CNS-Δ mouse model: Nbs1 KO 
prevents MB development in SmoA1 mice 
A) Schematic representation of the three alleles used for the generation of the new 

SmoA1/Nbs1CNS-Δ mouse model: Nbnfl6/fl6 allele, in which exon 6 of NBS1 gene is flanked 

by LoxP sites; Nestin-Cre allele, in which Cre recombinase is under control of the Nestin 

promoter for selective neuronal gene disruption; ND2;SmoA1 transgenic allele, in which the 

NeuroD2 promoter drives SmoA1 expression. B) PCR validation of exon 6 cleavage in the 

new SmoA1/Nbs1CNS-Δ mouse model. C) Western blot analysis for SmoA1 expression by 

Myc tag detection in the P1 cerebella of the new mouse model; original SmoA1 and WT 

mice are used as controls. Blots were probed for β-Actin as a loading control. D) 

Representative pictures of SmoWT/Nbs1CNS-Δ and SmoA1/Nbs1CNS-Δ mice growth retardation 

at P21 compared to the respective Nbs1WT mice. E) Relative weight analysis of Nbs1CNS-Δ 

(SmoWT and SmoA1) mice at the indicated postnatal days, normalized to the respective 

weight value at P7 (violet column is representative of a weight value of generic P7 mice). F) 

Survival analysis of the Nbs1CNS-Δ mice of the two backgrounds (SmoWT and SmoA1). G) 

Comparative analysis of brain/cerebellum size and macroscopic features (upper images) of 

P21 mice with the indicated genotypes (left panel) and SmoA1/Nbs1WT adult mice with 

medulloblastoma (right panel). Lower images represent parasagittal H&E sections of the 

respective upper cerebella. Arrow indicates EGL region of hyperplasia in SmoA1/NbnWT 

mice at P21. (*** p<0.001) 

 
Figure 2. SMOWT/Nbs1CNS-Δ and SmoA1/Nbs1CNS-Δ mouse models share similar 
phenotypical features and severe impairment of cerebellar development 
A) Histological analysis of P1 and P5 H&E cerebellar sections obtained from Nbs1WT and 

Nbs1CNS-Δ mice with SmoWT and SmoA1 backgrounds. The whole tissue sections are 

displayed at 4x and magnified at 40x in the smaller boxed images. B) Quantitative analysis 

of the number of cellular layers in the EGL of P1 and P5 cerebella shown in A. One 

cerebellum per genotype was used for the analysis. (C) Western blot analysis of Zic 1 

expression in P1 and P5 cerebella obtained from the four different genotypes; blots were 

probed for β-Actin as a loading control. (*** p<0.001) 
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Figure 3. SMOWT/Nbs1CNS-Δ and SmoA1/Nbs1CNS-Δ cerebella show proliferation defects 
of GCPs in vivo 
A) ki67 immunostaining of P1 and P5 cerebellar sections of the indicated genotypes 

(magnification 20x). B) Quantitative analysis of the percentage of cycling cells in the EGL, 

calculated as the number of Ki67 positive cells on the total number of counted nuclei. One 

cerebellum per genotype was used for the analysis. (*** p<0.001; ** p<0.01) 

 

Figure 4. Nbs1CNS-Δ mice display impaired SHH signaling in vivo 
Western blot (A) and RT-PCR (B) analysis for the SHH targets expression in P1/P5 

cerebellar extracts obtained from SmoWT/Nbs1CNS-Δ and SmoWT/Nbs1WT mice. Blots were 

probed for β-Actin as a loading control. C) Sagittal cerebellar sections from P5 

SmoWT/Nbs1CNS-Δ and SmoWT/Nbs1WT mice were analyzed for Calbindin D-28K expression 

by immunohistochemistry (magnification 40X). Western Blot (D) and RT-PCR (E) analysis 

of Shh protein and transcripts levels in P5 SmoWT/Nbs1CNS-Δ and SmoWT/Nbs1WT cerebella. 

Blots were probed for β-Actin as a loading control. Data obtained by two independent 

experiments are reported as means +/- SD. 

 
Figure 5. Targeting Nbs1 disruption to GCPs causes a strong reduction in size and 
atypical morphology of the cerebellum along the AP axis 
A) Schematic representation of the two alleles used for the generation of the new Nbs1GCP-

Δ mouse model: Nbnfl6/fl6 allele and Math1-Cre allele, in which Cre recombinase is under 

control of the bHLH-transcription factor Math1 promoter for selective NBS1 gene disruption 

in GCPs; B) PCR validation of exon 6 cleavage (upper panel) and western blot analysis of 

Nbs1 protein downregulation (bottom panel) in P7 cerebella of the new mouse model. Blots 

were probed for β-Actin as a loading control. C) Whole-mount images of representative 

Nbs1 mutant and littermate control brains at P7 and P21; the dotted lines indicates the 

cerebellar areas. Sagittal H&E sections through the cerebellar vermis of P7/P21 mice shown 

in C (D) (magnification 4X) and magnified view of the anterior, posterior and flocculo-nodular 

cerebellar lobes of P7 Nbs1WT and Nbs1GCP-Δ mice (E) (magnification 40x). F) Quantitative 

analysis of EGL thickness measured on each lobules of P7 cerebella of the indicated 

genotypes; three cerebella per genotype were used for the analysis. Representative images 

(G) (magnification 40X) and measurements of IGL thickness (H) of the anterior lobes of P21 

cerebella shown in C; two cerebella per genotype were used for the analysis. (* p<0.05; ** 

p<0.01)  
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Figure 6. Nbs1GCP-Δ cerebella display impaired SHH signaling and reduced 
proliferation of GCPs in the EGL of the rostral lobes 
A) Immunohistochemical staining of Nbs1 protein in P7 Nbs1WT and Nbs1GCP-Δ cerebella. 

Representative examples of typical nuclear staining of Nbs1 in the EGL, PCL and 

developing IGL of cerebellar anterior, posterior and flocculo-nodular lobes of Nbs1WT mice 

(upper panels); the lower panels showed the reduction of Nbs1 staining in the GCPs and 

GCs of Nbs1GCP-Δ cerebella. B) Western blot analysis of Gli1 and MycN expression in the 

P7 Nbs1WT and Nbs1GCP-Δ cerebella. Blots were probed for β-Actin as a loading control. Ki67 

immunostaining (C) (magnification 40X) and quantitative analysis of Ki67 positive cells (D) 

in the different cerebellar lobes of P7 Nbs1GCP-Δ mice compared to their WT littermates.  

(* p<0.05; ** p<0.01)   

 

Figure 7. Nbs1-deficient GCPs exhibit impaired SHH signaling and proliferative 
defects ex vivo 
A) Western blot analysis of the indicated proteins and PCR validation of exon 6 cleavage in 

the GCPs obtained from P7 Nbs1WT and Nbs1GCP-Δ cerebella treated with SAG for 72 hours. 

Blots were probed for β-Actin as a loading control. B) Representative images of Edu staining 

on GCPs of the indicated genotypes treated or not with SAG for 48 hours and with Edu for 

the last 24 hours. C) Quantitative analysis of Edu positive cells in GCPs treated as in B; 

mean values +/- SD are obtained by two independent experiments. D) Western blot analysis 

of Gli1 expression in GCPs treated as in B. Blots were probed for Vinculin as a loading 

control. E) Immunostaining for β3-TUBULIN protein (green) in GCPs obtained from P7 

Nbs1WT and Nbs1GCP-Δ cerebella and cultured with differentiation Neurobasal medium (with 

5% FBS and w/o SAG supplement) for 24 or 72 hours. F) Clonogenic assay from fresh 

cultures of S-cNS obtained by P7 Nbs1WT and Nbs1GCP-Δ cerebella and treated with SAG for 

one week. G) Western blot analysis of Gli1 expression in S-cNS treated as in F. Blots were 

probed for β-Actin as a loading control. Representative pictures (H) and histogram (I) 

indicating neurospheres diameter of S-cNS of the indicated genotypes treated as F.  

(** p<0.01; *** p<0.001) 

 

Figure 8. Nbs1 KO downregulates the SHH pathway in a cell autonomous in vitro 
system  
A) Schematic representation of the two alleles used for the generation of the inducible-Nbs1Δ 

mouse model: Nbnfl6/fl6 allele and Gli1-CreER(T2) allele, in which the Tamoxifen-driven 
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Cre recombinase is under control of the Gli1 promoter. B) Western blot analysis of the 

indicated proteins in P8 cerebellar extracts obtained from the inducible-Nbs1Δ mouse model 

treated with Tamoxifen (50mg/Kg) or Corn oil (vehicle) for two consecutive days. Blots were 

probed for β-Actin as a loading control. C) Whole-mount brain images and sagittal H&E 

cerebellar sections of P8 mice treated as in B. D) PCR validation of exon 6 cleavage (upper 

panel) and western blot analysis of Nbs1 expression (bottom panel) in S-cNS isolated from 

the inducible-Nbs1Δ mice, treated with 1uM 4-hydroxytamoxifen/EtOH for 24 hours and 

analyzed at 48 hours after wash-out of treatment. Blots were probed for β-Actin as a loading 

control. E) Western blot analysis of Gli1 and MycN expression in S-cNS treated as in D and 

analyzed at 48 and 72 hours after wash-out of treatment. Blots were probed for β-Actin as 

a loading control. (F) RT-PCR analysis of SHH targets expression of S-cNS treated as in E 

and shown as fold induction relative to their respective controls. G) Western blot analysis of 

the indicated proteins in GCPs obtained from the inducible Nbs1Δ mice and treated with 1uM 

4-hydroxytamoxifen/EtOH for 24 hours and analyzed at 48 and 72 hours after wash-out of 

treatment. Blots were probed for Vinculin as a loading control. H) RT-PCR analysis of SHH 

targets expression of GCPs treated as in G and shown as fold induction relative to their 

respective controls. 

 

Figure 9. Nbs1 KO leads to alterations of primary ciliogenesis in ex vivo GCPs 
A) Western blot analysis of Gli1 and MYCN expression in GCPs obtained from P7 Nbs1WT 

and Nbs1GCP-Δ cerebella treated with SAG for 72 hours. Blots were probed for Vinculin as a 

loading control. B) Average intensity projections of z-stack images of GCPs of the indicated 

genotypes treated as in A and stained for the ciliary marker ARL13B (green); Scale bar 2µm. 

Percentage of ciliated cells (C) and box plot (D) representing the ciliary length of GCPs 

treated as in A. The data are the results of the analysis of images captured in widefield 

microscopy. E) Representative pictures of 3D ciliary reconstruction (via Huygens software) 

of GCPs obtained from P7 Nbs1WT and Nbs1GCP-Δ cerebella and treated as in A. Scale bar 

2µm. F) Box plot representing the lengths of the 3D primary cilia of GCPs of the indicated 

genotypes measured with Huygens software. G) Probability distribution of the ciliary angles 

with respect to the imaging plane of GCPs. The frequency of angle values of Nbs1WTand 

Nbs1GCP-Δ cilia are shown in purple and blue bars, respectively. The corresponding color 

curves represent the fitted normal distributions. H) Probability distribution of ciliary lengths 

obtained via widefield 2D images (empty circles) together with the corresponding corrected 

distributions (full dots) for both Nbs1WT (purple) and Nbs1GCP-Δ (blue). The correction of 
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widefield determined 2D values is the result of an inversion algorithm applied as described 

in Results. (*** p<0.001) 

 

Figure 10. Nbs1GCP-Δ cerebella show alterations of primary ciliogenesis  
A) Average intensity projections of z-stack images of the EGL of P7 Nbs1WT and Nbs1GCP-Δ 

cerebella stained for the ciliary marker ARL13B (green); Scale bar 2µm. B) Probability 

distribution of confocal microscopy imaging ciliary lengths of GCPs in the EGL of P7 Nbs1WT 

and Nbs1GCP-Δ cerebella.  

 

Figure 11. Nbs1 expression is inversely correlated with cilium formation and 
positively correlated with cilium disassembly 
A) Cell cycle-dependent regulation of Nbs1 expression. Asynchronously proliferating MEFs 

WT cells (lane 1) were serum starved for 24 (lane 2,), and 48 (lane 3,) hours. Levels of 

Cyclin A, acetylated ⍺-Tubulin and Nbs1 were determined by immunoblotting. Vinculin was 

used as a loading control. B) Immunostaining for ciliary markers ARL13B (red) and 

Acetilated ⍺-Tubulin (green) in MEFs WT treated as in A; scale bar 10µm. C) Analysis of 

Nbs1 expression during stimulation for cell cycle re-entry. MEFs WT were serum starved for 

48h (lane 1) followed by serum re-stimulation for 2 (lane 2) and 24 (lane 3) hours. Levels of 

Cyclin A and Nbs1 were determined by immunoblotting. Vinculin was used as a loading 

control. D) Immunostaining for ciliary markers ARL13B (red) and acetylated ⍺-Tubulin 

(green) in MEFs WT treated as in C; scale bar 10µm. E) Schematic diagram of Nbs1 

expression during the cell cycle and ciliogenesis. Scale bar 10µm. 

 

Figure 12. Nbs1 KO is associated with defects of ciliary disassembly 
A) Percentage of ciliated MEFs WT cells interfered or not for Nbs1 (upper panel) and 

western blot analysis of Nbs1 expression (bottom panel) following serum starvation for 48h 

and re-stimulation for 24h; β-Actin was used as a loading control. B) Immunostaining for 

ciliary markers ARL13B (red) and acetylated ⍺-Tubulin (green) in MEFs WT treated as in A; 

scale bar 5 µm. C) Probability distribution of the ciliary lengths measured in MEFs WT 

treated as in A. 

 

Figure 13. A RS-associated DNA damage downregulates Gli1 protein in a p53-
dependent manner  
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A) Western blot analysis of p53, Gli1 and MYCN protein levels in S-cNS treated with or 

without HU (1uM) for the indicated time points. ⍺-Tubulin was used as a loading control. B) 

Western blot analysis of p53, Gli1 and MYCN protein expression in p53WT and p53KO S-

cNS treated with or without HU (1uM) for 9 hours. β-Actin was used as a loading control.  

 
Figure 14. Alterations of the primary cilium and Gli1 downregulation in Nbs1 KO S-
cNS are dependent on p53 
Western blot analysis of the indicated proteins (A), percentage of ciliated cells (B) and box 

plot (C) representing ciliary lengths analysis in the inducible-Nbs1Δ S-cNS at 48 and 72 

hours after 4-hydroxytamoxifen treatment. Blots were probed for Vinculin as a loading 

control. D) Immunostaining for the ciliary marker ARL13B (red) in S-cNS treated as in A-C; 

scale bar 2µm. Western blot analysis of Nbs1 and Gli1 expression (E), percentage of ciliated 

cells (F) and box plot (G) representing ciliary lengths analysis in the p53KO/inducible-Nbs1Δ 

S-cNS at 48 and 72 hours after 4-hydroxytamoxifen treatment. Blots were probed for 

Vinculin as a loading control. H) Immunostaining for the ciliary marker ARL13B (red) in 

p53KO/S-cNS treated as in E-G; scale bar 2µm. (*** p<0.001)  
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