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QUESTION

Write a concise review on the developmental genetics of the cerebellum and highlight the genetic bases of known cerebellar disorders

Developmental Genetics of The Cerebellum

The cerebellum (Latin, ‘little brain’) represents 10% of the brain's total volume, but contains more than half of the mature neurons in the adult brain (Vincent and Huda, 2001; Butts et al., 2012).

It is one of the first structures in the brain to begin to differentiate, but one of the last to mature, and its cellular organization continues to change for many months after birth (Wang and Huda, 2001).

More specifically, human cerebellar development extends from 30 days postconception to the second postnatal year (Rakic and Sidman, 1970;  Haldipur et al., 2011), whereas the human brainstem cranial nerve nuclei (Yarchnis and Rorke,  1999) and the latest developing neocortical region, the frontal cortex (Trivedi et al., 2009), are established by the first and third trimesters, respectively. 
The cerebellum resides at the anterior end of the hindbrain and is classically defined by its role in sensory-motor processing (Buckner, 2013),  acting as a coordination centre, using sensory inputs from the periphery to fine-tune movement and balance. 
The adult human cerebellum contains 69,030,000,000 ± 6,650,000,000 (sixty-nine billion thirty million) neurons and 16,040,000,000 ± 2,170,000 other cell types (Herculiano and Catania, 2015)

For every neuron added to the cerebral cortex in evolution, four neurons are added to the cerebellum (Herculiano, 2010)

Composition of The Cerebellum
The adult cerebellum anatomy consists of three parts, the vermis (median) and the two hemispheres (lateral), which are continuous with each other, and is also composed of very few neuronal types, each with distinct morphology, arranged in discrete lamina, and connected in stereotypical circuits (Sillitoe and Joyner, 2007).

Development of The Cerebellum

The cerebellum develops from the dorsal region of the posterior neural tube, and its cells arise from two germinal matrices.

Most cells are derived from the ventricular zone, but the granule neurons come from a specialized germinal matrix called the rhombic lip (Wang and Huda, 2001). 

This is orchestrated by both cell-autonomous programs and inductive environmental influences. 

Neuralation begins at the trilaminar embryo with formation of the notochord and somites, both of which underly the ectoderm and do not contribute to the nervous system, but are involved with patterning its initial formation.

The central portion of the ectoderm then forms the neural plate that folds to form the neural tube, that will eventually form the entire central nervous system.

Within the neural tube, stem cells generate the two (2) major classes of cells that make the majority of the nervous system: neurons and glia.

Both these classes of cells differentiate into many different types generated with highly specialized functions and shapes.

This morphological complexity belies histological simplicity: the cerebellar cortex is composed of a very basic structure comprising a monolayer of inhibitory Purkinje cells, sandwiched between a dense layer of excitatory granule cells and a sub-pial molecular layer of granule cell axons and Purkinje cell dendritic trees.

Granule cells receive inputs from outside the cerebellum and project to the Purkinje cells, the majority of which then project to a variety of cerebellar nuclei in the white matter.

A less well-defined complement of locally interacting inhibitory interneuron cell types and glutamatergic unipolar brush cells complete the circuit (Eccles et al., 1967).

The major cell types of the cerebellum consist of glutamatergic, GABAergic, and glial cells. Glutamatergic, excitatory cell types consist of granule, unipolar brush cell, and deep cerebellar nuclear neurons, whereas Purkinje cells, interneurons, and a contingent of deep cerebellar nuclear neurons are GABAergic, inhibitory cells. Each cell type displays complex migratory patterns to occupy defined positions in the mature cerebellum that are linked to its birth order from the germinal zones of the cerebellar anlage. The current understanding of cerebellar development has largely been derived from gene expression, lineage tracing, and genetic perturbation studies in the mouse, whose cell types, lamination, circuitry, and basic foliation patterns closely resemble those in humans (Haldipur et al., 2018; Sillitoe and Joyner, 2007; Letoe et al., 2016).

The cerebellum arises from the anterior hindbrain (Millet et al., 1996; Wingate and Harten, 1999), following the induction by the isthmic organiser of fate-determining gene expression domains that prefigure this structure (Leto et al., 2016).

Organisers are groups of cells in the embryo that share the property of being able to induce a coherent set of structures in surrounding responsive tissue (Martinez and Steventon, 2018).

Two critical determinants of regional identity, orthodenticle homeobox 2 (Otx2) and gastrulation brain homeobox 2 (Gbx2), expressed in the presumptive midbrain and hindbrain, respectively, act coordinately with fibroblast growth factor 8 (Fgf8) to prevent mixing of cells across the mid-hindbrain boundary (Sunmonu et al., 2011).

Expressed immediately anterior to Fgf8, wingless-type MMTV integration site family, member 1 (Wnt1) is essential for midbrain and cerebellum development through its activation of Fgf8 (Sillitoe and Joyner, 2007). 

Notwithstanding the role of the isthmus as the most well-known organiser of the mid/hindbrain region, the roof plate of rhombomere 1 largely gives rise to the choroid plexus (Cheng et al., 2012) and produces bone morphogenetic protein (BMP) and WNT signals that pattern the dorsal neural tube (Lee and Jessel, 1999), including the rhombic lip (Chizhikov et al., 2006).

Normal cerebellar growth and morphogenesis depends on the integrity of the primary cilium that functions as a cellular ‘antenna’.

Although most cells possess primary cilia, other cell types possess specialised motile (Davidson and Tam, 2000), or nonmotile (Bujakowska et al., 2017), cilia.

The primary cilium acts as a signalling hub, best known for its role in transducing signalling by the diffusible morphogen sonic hedgehog (SHH) (Louie and Gleeson, 2005; Goetz and Anderson, 2010).

Regarding fusion of the midline, cells at the midline of the cerebellar anlage release signals that are required for the fusion of the cerebellar hemispheres and for the growth of the vermis that occupies the midline of the mature cerebellum. In particular, WNT signalling activity by nascent cerebellar midline cells is reduced by mutations of ciliary proteins, and the resulting midline fusion defect is rescued by WNT agonist drugs (Lancaster et al., 2011).

A specialised group of roof plate cells, also induced by the isthmic organiser termed the isthmic node come to occupy the cerebellar midline, from which they have been proposed to control the growth and patterning of the developing vermis (Wizeman et al., 2019; Alexandre and Wassef, 2003; Louvi et al., 2003).

These cells have the genetic signature of an organising centre; they are enriched for Wnt pathway genes, coexpress Fgf17, and signal to surrounding cells of the prospective vermis to induce their proliferation (Wizeman et al., 2019).

The earliest born cerebellar neurons are generated from two germinal zones: the ventricular zone and upper rhombic lip, which produce GABAergic and glutamatergic neurons, respectively (Sillitoe and Joyner, 2007).

Proliferation of GABAergic progenitors depends on the transventricular delivery of SHH produced by the choroid plexus (Huang et al., 2010). Purkinje cell progenitors, interneuron progenitors, and astroglial cells are generated from the pancreas specific transcription factor, 1a (Ptf1a)-expressing ventricular zone in a temporally overlapping manner (Leto et al., 2016).

Within the GABAergic class, Purkinje and interneuron progenitors arise from spatially demarcated dorsoventral regions of the ventricular zone.

In line with temporal identity transitions at other levels of the neuraxis (Jacob et al., 2008) cross-repressive interactions between lineage-defining transcription factor GS homeobox 1 (Gsx1) and oligodendrocyte transcription factors 1/2 (Olig1/2), expressed by interneuron and Purkinje cell progenitors, respectively, are involved in the temporal switch in neuronal identity (Seto et al., 2014).

The organisation of Purkinje cells and interneurons, the topographic organisation of afferent and efferent projections, and gene expression patterns confer upon the cerebellum a highly compartmental architecture (Sillitoe and Joyner, 2007; Altman and Bayer, 1997; Dastjerdi et al., 2012).

Interneuron progenitors contribute GABAergic neurons to the deep cerebellar nuclei and, ultimately, to several distinct interneuron subtypes as they transit through the prospective white matter of the developing cerebellum (Leto et al., 2016; Leto et al., 2010).

Their transcriptional profile overlaps that of Purkinje cells and includes shared expression of Foxp1/2 (Wizeman et al., 2019).

Further refinement of their identity is dependent on instructive signals from the environment of the prospective white matter (Leto et al., 2010).
Mature granule neurons are produced in three stages: migration from the rhombic lip is followed by aggregation in a secondary germinal zone, the external granule layer of the cerebellum, where granule cell progenitors become exposed to mitogenic signals, principally SHH from Purkinje cells (Wechsler-Reya and Scott, 2001), and massively expand in number; as they exit the cell cycle, granule cell progenitors down-regulate Atoh1 and migrate deeper into the cerebellum, forming the internal granule layer beneath the Purkinje cell layer (Ben-Arie et al., 1997).

SHH activity and ATOH1 expression are codependent in mouse granule cell progenitors: SHH stabilises ATOH1 through phosphorylation (Forget et al, 2014); reciprocally, ATOH1 regulates their SHH responsiveness through ciliogenesis by activating its direct target, centrosomal protein 131 (Cep131), which stabilises primary cilia (Chang et al, 2019).

The external germinal layer is defined by its transience and proliferation, and by the expression of the bHLH transcription factor Atoh1 (Akazawa et al., 1995; Ben-Arie et al., 1996, 1997), which is absolutely required both for transit amplification (Flora et al., 2009) and for supressing differentiation (Klisch et al., 2011).

Although Shh-dependent late-born populations represent the last stages of cell production in the cerebellum, a clear temporal order of cell production precedes this stage. This temporal pattern is superimposed onto dynamically maintained progenitor zones.

Thus, in the rhombic lip, the production of granule cell precursors proceeds alongside that of a population of small unipolar brush cells (Kita et al., 2013) that also express the T-box gene Tbr2 (Englund et al., 2006). This represents the final phase in a sequence of cell specification.
Genetic Bases of Known Cerebellar Disorders
MEDULLOBLASTOMA
Medulloblastoma is a devastating paediatric cancer of the cerebellum. 

It frequently involves activation of the Shh and Wnt pathways. Disruption of transit amplification remains a compelling model for the Shh subgroup of tumours, based on experimental disruption of Shh signalling (Goodrich et al., 1997).

Developmental studies show that commitment to the granule cell lineage is a prerequisite for tumour formation (Schuller et al., 2008; Yang et al., 2008; Li et al., 2013).

Although Wnt signalling also affects cerebellar proliferation, its effects are restricted to non-granule cells (Pei et al., 2012; Selvadurai and Mason, 2012) and accordingly the Wnt-dependent subgroup of tumours, along with some Shh subgroup tumours (Grammel et al., 2012), appears to have a hindbrain origin (Gibson et al., 2010). 

Pathways that might supress transit amplification, such as BMP signalling (SMAD) (Aref et al., 2013), or promote differentiation (Barhl1) (Li et al., 2004) are thus associated with improved patient prognosis (Poschl et al., 2011), in contrast to those associated with regulating granule cell precursor identity (Atoh1) (Schuller et al., 2008; Yang et al., 2008) or proliferation (Foxm1) (Schuller et al., 2007; Priller et al., 2011).

Recent studies have also shown that activation of the FGF (Emmenegger et al., 2013) and Wnt pathways (Anne et al., 2013) has tumour-supressing actions. This raises the possibility that other genes that antagonise granule cell proliferation during development, such as Neurod1 (Butts et al., 2014a), may also provide a potential route to therapy.

AUTISTIC SPECTRUM DISORDER
The heterogeneous nature of autistic spectrum disorder (ASD) is reflected in the range of its different, potential developmental causes.

Cerebellar damage in ASD is distinct from that in either Attention Deficit Hyperactivity Disorder (ADHD) or developmental dyslexia (Stoodley, 2014). 

These include localised folia hypoplasia (Courchesne et al., 1988) or the specific loss or alteration of Purkinje cells (Ritvo et al., 1986; Fatemi et al., 2002).

Specific disruption to white matter in the superior cerebellar peduncle might be associated with a loss of cerebellar output to the thalamus (Brito et al., 2009).

The dentate nucleus, which supplies this projection, is a crucial link in the cortico-cerebellar close loop circuits that potentially modulate higher cognitive functions in primates (Kelly and Strick, 2003; Strick et al., 2009) and humans (Kipping et al., 2013).

The highly complex and enlarged dentate nucleus in humans shows a pronounced left-right asymmetry (Baizer, 2014) and, correspondingly, consistent unilateral reduction in dentate projections is inferred from a study of individuals with Asperger's (Catani et al., 2008).

Finally, a recent transgenic study in which mutation of the tuberous sclerosis gene associated with human ASD was targeted specifically to Purkinje cells resulted in an ASD-like mouse phenotype (Tsai et al., 2012). Collectively, these observations suggest that, by virtue of cortico-cerebellar connectivity, selective cerebellar cell loss can mimic the effects of what are more readily perceived as ‘cortical’ syndromes (Schmahmann and Pandya, 2008).

Premature children are at higher risk to develop autism or autism spectrum disorders (Limperopoulos et al., 2008).

JOUBERT'S SYNDROME

The disorder presents with developmental delay, hypotonia, impaired respiration, abnormal eye movements, and ataxia (Joubert et al., 1969). 

Motor learning is strongly impaired. The “Molar tooth sign” (deep interpeduncular fossa, enlarged superior cerebellar peduncles which are more horizontally oriented and hypoplastic cerebellar vermis) is very suggestive.

Joubert syndrome is associated with mutations of genes encoding components of the primary cilia. Interestingly, primary cilia are determinant for sonic hedgehog signal transduction (Vaillant and Monard, 2009). 

Disruption of primary cilia formation blocks the proliferation of neural progenitors of granule cells mediated by sonic hedgehog (Spassky et al., 2008).

RHOMBENCEPHALOSYNAPSIS
It is a malformation of the hindbrain characterized by fusion of the cerebellar hemispheres and dentate nuclei.

It is assumed that the disorder is due to a failure of dorsal patterning at the midbrain-hindbrain boundary (Pasquier et al., 2009).

Inclusively, a 2.3-Mb deletion of chromosome 8p21.2–21.3 proximal to FGF17 leads to a marked reduction in FGF17 expression and is associated with vermis hypoplasia (Dandy–Walker malformation) (Zanni et al., 2011). 

Also, in the X-linked Opitz syndrome, characterised by cerebellar midline defects, including vermis hypoplasia, the mutated gene, midline 1 (MID1), which encodes a ubiquitin ligase, lies genetically upstream of FGF17 (Lancioni et al., 2010).

Therefore, distinct genetic programmes confined to specific cell types and locations regulate cerebellar vermis and hemisphere development. Although mouse models of vermis hypoplasia are informative, human vermis development has additional unique features that are not adequately reflected by these models.

In contrast to the mouse, the rhombic lip in humans persists throughout gestation, eventually contributing granule progenitors to the posterior vermis (Haldipur, 2019).

Sporadic vermis hypoplasia in humans is associated with intellectual and motor deficits and is now known to be strongly linked to a failure of late expansion of the rhombic lip (Haldipur, 2019; Basson and Wingate, 2013).

Deletion of Ptf1a leads to a global loss of GABAergic subtypes (Hoshino et al., 2005) and a fate switch to granule cell progenitors, implying that Ptf1a represses the genetic determinants of granule cell identity (Pascual et al., 2007).

