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Studying the Genetic Basis of Cerebellar Development

The Cerebellum as a Genetic System

The mature cerebellum has exquisite, stereotypical morphology, foliation, and lamination, which are consistent between individuals and highly conserved across vertebrates. At the cellular level, unlike other regions of the CNS, the cerebellum is composed of very few neuronal types, each with distinct morphology, arranged in discrete lamina, and connected in stereotypical circuits. The cerebellum has essential roles in motor coordination, but is not essential for viability. Thus, compared with other regions of the central nervous system (CNS) the cerebellum has been more amenable to genetic studies since disruptions in development, which lead to abnormal morphology or function, are readily observed in obvious neurological and behavioral phenotypes. Because of this, it has been possible to obtain a precise understanding of cerebellar development. The mechanisms deciphered from the study of cerebellar development have broad applicability to other CNS regions such as the cerebral cortex. For example, while initial insights regarding the function of the Reelin gene were gleaned from studying the cerebella of reeler mice, recent studies have revealed that this gene is required for the emigration of dentate gyrus progenitors from a transient subpial zone and into the ubgranular zone. Also, while Foxc1 controls normal cerebellar and posterior fossa development by regulating secreted growth factor signals from the mesenchyme, it is also required for the development of meningeal structures that in turn influence skull and cortical development.

Developmental Insights from Mouse Cerebellar Mutants

Spontaneous Neurological Mouse Mutants

A search of Mouse Genome Informatics (MGI) at The Jackson Laboratory reveals just over 170 spontaneous, ENU- or X-ray-induced mutant alleles with altered cerebellar function or development. Most spontaneous cerebellar mutants were identified due to their behavioral or morphological phenotypes and, as such, are severely affected. Phenotype-to-gene approaches, commonly referred to as forward genetics, enabled an unbiased search for genes involved in cerebellar development, since the phenotype indicated that the mutation by definition affected a gene important for the disrupted process. There are no prior assumptions regarding gene function. Here we highlight several classical mutants to demonstrate that they have been pivotal to our current knowledge of cerebellar development and continue to be a rich resource for the cerebellar research community. The staggerer mutation spontaneously arose at The Jackson Laboratory in 1955 and was first described in 1962. The cerebellum of these mice is small and there is pronounced post-natal loss of Purkinje and granule cells. The discovery that parallel fiber activity is important for the pruning and refinement of climbing fiber–Purkinje cell synaptic arrangement was derived from these mutants prior to the identification of the causative deletion of retinoid-like orphan receptor alpha (Rora) in 1996. Staggerer chimeric analysis provided key evidence for the interdependence of Purkinje and granule cells during early post-natal development. Subsequent genome-wide expression analysis in staggerer mutants confirmed that Rora acts as a transcriptional regulator of Purkinje cells and regulates the secretion of sonic hedgehog (SHH), a mitogen for adjacent granule cell progenitors in the external granule layer.

The lurcher mouse, harboring a gain-of-function mutation in the delta 2 ionotropic glutamate receptor, Grid2, normally expressed in Purkinje cells, has also been an important model. The cerebellum of this mutant is hypoplastic due to severe post-natal degeneration of Purkinje, granule, and olivary neurons. The absence of Purkinje cells causes a significant reduction in the proliferation of granule cell precursors primarily due to a lack of the mitogenic effects of SHH. Other factors, such as IGF-1, FGF2, and EGF are known to act as mitogens in the cerebellum, but SHH has been shown to be over two orders of magnitude more potent. Any granule cells that are produced due to the proliferative effects of these other factors end up dying since there is a paucity of Purkinje cells with which to form synaptic contacts. Indeed, there is a linear relationship between the number of Purkinje and granule cells in the cerebellum, and in the absence of enough Purkinje cells there occurs a concomitant death of the “extra” granule cells. Thus, this mutant showed that target neurons likely provide trophic support to pre-synaptic contacts.

Leaner and weaver mice, harboring mutations in the alpha-1A calcium channel subunit gene, Cacna1a, and the potassium inwardly rectifying channel gene, Girk2, respectively, also exhibit Purkinje and granule cell death. The leaner mouse has been useful in demonstrating the role of intracellular calcium ion concentrations and neuronal apoptosis in cerebellar development. And even though Girk2 is expressed in both granule and Purkinje cells, the weaver mutation preferentially affects the former, demonstrating that some neurons are more susceptible to this particular mutation. Not all mutations cause cerebellar cell death. The dreher (Lmx1a) mutant mouse fails to form the fourth ventricle roof plate, an essential embryonic signaling center adjacent to the developing cerebellar anlage. Loss of this transcription factor in the roof plate causes secondary mis-specification of adjacent cerebellar neurons. Disruption of neuronal migration also occurs in reeler and scrambler mutants, resulting in small cerebella with no foliation and ectopic clusters of Purkinje cells beneath the granule cell layer. Disruption of the large Reelin gene, which codes for a secreted extracellular matrix serine protease, is responsible for the reeler phenotype whereas mutations in the Dab1 gene, coding for a cytoplasmic adapter protein, cause the scrambler phenotype. It appears that Reelin acts as an inhibitory signal for migration because ectopic Purkinje cells form in both reeler and scrambler. The rostral cerebellar malformation mutant contains a mutation in the Netrin receptor Unc5h3 gene that results in over-migration of granule and Purkinje cells into the midbrain and fewer cerebellar folia. Experiments with chimeras demonstrated the co-dependence of different cell types during cerebellar development as wild-type Purkinje cells exhibit inappropriate migration under the influence of Unc5h3 mutant granule cells. Notably, there are many spontaneous and ENU-induced cerebellar mutants which remain to be characterized and are certain to add new, interesting, and likely unpredictable pieces to the puzzle of cerebellar development.
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The genetics of cerebellar malformations

    The cerebellum has long been recognized for its role in motor co-ordination, but it is also increasingly appreciated for its role in complex cognitive behavior. Historically, the cerebellum has been overwhelmingly understudied compared to the neocortex in both humans and model organisms. However, this tide is changing as advances in neuroimaging, neuropathology, and neurogenetics have led to clinical classification and gene identification for numerous developmental disorders that impact cerebellar structure and function associated with significant overall neurodevelopmental dysfunction. Given the broad range in prognosis and associated medical and neurodevelopmental concerns accompanying cerebellar malformations, a working knowledge of these disorders and their causes is critical for obstetricians, perinatologists, and neonatologists. Here we present an update on the genetic causes for cerebellar malformations that can be recognized by neuroimaging and clinical characteristics during the prenatal and postnatal periods.

Specific malformations with known genetic causes

Predominantly cerebellar malformations

A malformed cerebellum may be abnormally small, dysplastic, or unusually large. The vermis and both hemispheres may be equally or disproportionately affected. Primary malformations of the pons, midbrain, and supratentorial structures are also seen in a substantial subset of patients. The wide range in morphological presentations results from the diversity of causes, including chromosomal abnormalities, specific genetic syndromes, and extrinsic factors.

· Dandy–Walker malformation

    Dandy–Walker malformation  is a heterogeneous disorder defined by a hypoplastic, upwardly rotated vermis, an enlarged fourth ventricle, and an enlarged posterior fossa with an elevated confluence of sinuses. Typically, the cerebellar hemispheres are less affected than the vermis, and the brainstem is normal to moderately hypoplastic. DWM can occur with additional brain abnormalities including agenesis of the corpus callosum (ACC) and hydrocephalus, but more often it occurs as an isolated brain-imaging finding. The clinical features and developmental outcomes vary widely. Patients may exhibit symptoms ranging from intellectual disability to autism or they may be completely unaware of any deficits until diagnosed as adults for unrelated reasons. The recurrence risk in isolated DWM is low at an estimated 1–5%, suggesting de-novo, somatic mosaic, or complex genetic causes.Few genes have been implicated in rare cases of DWM, including genomic imbalances that are part of a congenital syndrome and rare single gene disorders. FOXC1-related DWM is associated with multiple congenital anomalies, especially eye malformations consistent with Axenfeld–Rieger syndrome. Congenital anomalies associated with FOXC1-related DWM in severely affected patients overlap with Ritscher–Schinzel, or 3C (cranio-cerebello-cardiac) syndrome. Recently, mutations in CCDC22 were found in X-linked cases of 3C syndrome, suggesting that CCDC22 mutations may be a new cause of DWM. Though these patients were noted to have DWM, limited neuroimaging data were reported to substantiate this diagnosis. ZIC1/4-related DWM is also associated with multiple congenital anomalies, including dysmorphic facial features and abnormal development of the eyelids. Recently, exome sequencing identified autosomal dominant mutations in LAMC1 and NID1 as the cause of DWM with encephalocele in two families. Despite these genetic advances, the genetic cause remains unknown in the majority of DWM patients.

· Huntington disease 

Huntington disease is a progressive brain disorder that causes uncontrolled movements, emotional problems, and loss of thinking ability (cognition).Adult-onset Huntington disease, the most common form of this disorder, usually appears in a person's thirties or forties. Early signs and symptoms can include irritability, depression, small involuntary movements, poor coordination, and trouble learning new information or making decisions. Many people with Huntington disease develop involuntary jerking or twitching movements known as chorea.Mutations in the HTT gene cause Huntington disease. The HTT gene provides instructions for making a protein called huntingtin. Although the function of this protein is unknown, it appears to play an important role in nerve cells (neurons) in the brain. The HTT mutation that causes Huntington disease involves a DNA segment known as a CAG trinucleotide repeat . This segment is made up of a series of three DNA building blocks (cytosine, adenine, and guanine) that appear multiple times in a row. Normally, the CAG segment is repeated 10 to 35 times within the gene. In people with Huntington disease, the CAG segment is repeated 36 to more than 120 times. People with 36 to 39 CAG repeats may or may not develop the signs and symptoms of Huntington disease, while people with 40 or more repeats almost always develop the disorder. An increase in the size of the CAG segment leads to the production of an abnormally long version of the huntingtin protein. The elongated protein is cut into smaller, toxic fragments that bind together and accumulate in neurons, disrupting the normal functions of these cells. The dysfunction and eventual death of neurons in certain areas of the brain underlie the signs and symptoms of Huntington disease

· Cerebellar hypoplasia

    Cerebellar hypoplasia (CH) refers to an underdevelopment of the cerebellum. This category of cerebellar malformation is distinct from DWM in that it does not involve a concurrent enlargement of the posterior fossa, and almost all individuals exhibit cognitive and motor impairments. CH is a feature of many different disorders and it is often a non-specific feature associated with genomic imbalances. CH is frequently associated with additional brain abnormalities, including lissencephaly, cortical dysplasia, microcephaly and heterotopia, pointing to specific genetic causes. The lissencephaly spectrum of brain malformations is caused by defects in either the reelin pathway or microtubule formation and function. Patients with autosomal recessive mutations in RELN have pachygyria and an extremely hypoplastic cerebellum with very little foliation and disproportionate effects on the vermis. Additional clinical features include profound developmental disability, microcephaly, sloping forehead, seizures, and congenital lymphedema. In contrast, patients with autosomal recessive mutations in VLDLR, a reelin receptor, exhibit mild pachygyria and a mildly small cerebellum that retains some foliation.. Reelin is transiently expressed by neurons within superficial layers in both the cerebral cortex and cerebellum and regulates radial neuronal migration. Mutations in the alpha- and beta-tubulins are a major cause of brain malformations, especially lissencephaly, pachygyria, and polymicrogyria, collectively referred to as tubulinopathies. Mutations in TUBA1A, TUBA8, TUBB2A, TUBB2B, TUBB3, TUBB4A, and TUBB are associated with a range of clinical features from isolated congenital fibrosis of the extraocular muscles to severe intellectual disability, quadriplegic cerebral palsy, seizures, cranial neuropathies and hydrocephalus. Neuroimaging features include cortical dysgenesis (lissencephaly or polymicrogyria), malformation of cranial nerves, and basal ganglia dysplasia, often with cerebellar and pontine hypoplasia, and defects in the corpus callosum, anterior commissure and internal capsule. Dysmorphic features are infrequently reported, and, surprisingly, other organ systems are not affected. Most occurrences are sporadic and due to de-novo mutations, but rare recurrences have been reported due to germline mosaicism and autosomal recessive inheritance.

· Cerebellar hyperplasia

    Cerebellar hyperplasia, or macrocerebellum, is a rare neuroimaging finding that occurs in isolation, or is coincident with a variety of neurodevelopmental disorders, including genomic imbalances and specific overgrowth syndromes, including megalencephaly–capillary malformation (MCAP) and megalencephaly–polydactyly–polymicrogyria–hydrocephalus (MPPH) (reviewed by Poretti et al.). Recently, significant progress has been made in understanding the pathophysiology that leads to brain overgrowth in MCAP/MPPH. Clinical features of MCAP/MPPH include seizures, capillary malformations, macrocephaly, and polydactyly, and diagnosis is often based on cerebral cortical overgrowth and polymicrogyria. Though cerebellar size is normal at birth, patients often develop a macrocerebellum with normal posterior fossa size. This may progress into cerebellar ectopia/Chiari I malformation, causing clinically associated symptoms (posterior headache, dysphagia, stridor) and hydrocephalus. It is unknown whether the cerebellar overgrowth is a feature of generalized brain overgrowth, or whether there are distinct mechanisms that specifically influence cerebellar overgrowth. Most MCAP and MPPH patients have activating de-novo mutations in PIK3R2 and PIK3CA, respectively, that result in increased cell growth. Mutations affecting the PI3K–AKT–mTOR pathway are found in a variety of cancers, opening the possibility of using drugs in development for cancer treatment to reduce brain overgrowth and neurological issues in patients with MCAP/MPPH.

· Cerebellar dysplasia

    Any part of the cerebellum can be dysplastic, from small focal regions within one hemisphere to abnormal foliation throughout the cerebellum. Hypoplastic cerebella are frequently also dysmorphic, as observed in tubulinopathies and cobblestone malformations. Chudley–McCullough syndrome (CMS; MIM 604213) is an autosomal recessive disorder in which patients have striking disorganization of the inferior cerebellar hemisphere folia and additional brain abnormalities, including frontal polymicrogyria with subcortical heterotopia, corpus callosum hypogenesis, and arachnoid cysts. Clinical presentation includes severe neonatal sensorineural hearing loss and hydrocephalus that may require shunting in some patients. Surprisingly, these patients typically are not dysmorphic, lack additional congenital anomalies, and have relatively mild developmental problems. CMS is caused by biallelic truncating mutations in GPSM2 that encodes a GTPase regulator required for correct orientation of stem cell divisions in multiple tissues. The cerebellar dysplasia present in CMS is likely due to abnormal cell division, but the precise mechanism remains unknown. Poretti–Boltshauser syndrome (PBS; MIM 150320) is characterized by cerebellar dysplasia, cysts, and vermis hypoplasia. with and without retinal dystrophy and is caused by mutations in LAMA1. The superior cerebellar peduncles are long in some patients, though their appearance differs from the classic molar-tooth appearance that defines JS. The clinical features of PBS include motor and speech delay with variable cognitive impact. Finally, cerebellar dysplasia with cysts is a prominent feature in cobblestone malformations and GPR56-related brain malformations.

Conclusions

Modern genetic and genomic techniques have revolutionized the diagnosis of cerebellar malformation disorders. Previously, few specific causes were known and genetic testing was not highly informative. Now, the genetic cause can be identified in many patients with distinct cerebellar malformations. Powerful techniques can detect a broad spectrum of variants, from single nucleotide changes to large genomic imbalances. We are now transitioning from targeted single-gene or panel testing to sequencing the majority of coding DNA (the exome) or even the whole genome. Whole genome sequencing can potentially detect most single nucleotide changes and genomic imbalances, resulting in a high yield using a single test. To maximize the utility of this type of testing, progress must be made in our understanding of normal human genetic variation and in our ability to identify DNA variants associated with disease. Extensive functional analysis of sequence changes is further required to understand their biological impact, as well as empiric phenotyping work to correlate genetic variation with clinical features. Specific genetic diagnosis in a fetus or neonate with a cerebellar malformation is improving care for patients and their families, by providing: (i) diagnostic, carrier and prenatal testing; (ii) more accurate prognostic and recurrence risk information; (iii) avoidance of additional, unnecessary diagnostic testing; (iv) early diagnosis of associated complications through medical monitoring; (v) reduction in stress caused by diagnostic uncertainty; and (vi) relief of parental guilt and anxiety for causing their child’s disability. Defining molecular pathways underlying normal and abnormal human cerebellar development is critical toward developing specific therapies. 
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