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Abstract

Structural birth defects of the cerebellum, or cerebellar malformations, in humans, have long been
recognized. However, until recently there has been little progress in elucidating their
developmental pathogenesis. Innovations in brain imaging and human genetic technologies over
the last 2 decades have led to better classifications of these disorders and identification of several
causative genes. In contrast, cerebellar malformations in model organisms, particularly mice, have
been the focus of intense study for more than 70 years. As a result, many of the molecular, genetic
and cellular programs that drive formation of the cerebellum have been delineated in mice. In this
review, we overview the basic epochs and key molecular regulators of the developmental programs
that build the structure of the mouse cerebellum. This mouse-centric approach has been a useful to
interpret the developmental pathogenesis of human cerebellar malformations. However, it is
becoming apparent that we actually know very little regarding the specifics of human cerebellar
development beyond what is inferred from mice. A better understanding of human cerebellar
development will not only facilitate improved diagnosis of human cerebellar malformations, but
also lead to the development of treatment paradigms for these important neurodevelopmental
disorders.
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Introduction

In the last two decades tremendous advances have been made in defining the molecular and
cellular programs that orchestrate cerebellar development. This recent progress has been
almost exclusively based on genetic analysis of both human and mouse cerebellar
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malformations; where atypical development has resulted in cerebellar structure that is
macroscopically abnormal in size, shape, and/or position.

Malformations of the human cerebellum have long been recognized with initial human case
reports relying solely on neuropathology (Fusari, 1891; Rossi, 1891; Rossi, 1892). However
the advent of routine CT imaging, followed by MRI imaging, dramatically increased
diagnosis of human brain malformations. From these studies, it is evident that cerebellar
malformations collectively, are not rare, yet population-based prevalence data is difficult to
ascertain since imaging studies are required for diagnosis and are variably performed based
on clinical circumstances and available resources. It is also clear that cerebellar
malformations are extremely heterogeneous and a multitude of malformations exist: from
malformations that predominantly affect the cerebellum to those that affect the cerebellum
and brainstem and malformations that also encompass multiple brain regions. Any or all of
these cerebellar malformations can also include multiple other birth defects outside of the
brain. However, with a focus on the cerebellum, specific definitions and classification
systems have been devised (Barkovich et al., 2009). Cerebellar hypoplasia and Dandy-
Walker malformation are likely the best recognized (FIGURE 1). Recent focus on genetic
analyses of these human disorders aided by the rapid evolution of genetic technologies, has
resulted in identification of numerous causative genes (Aldinger and Doherty, 2016).

In parallel, phenotypic and genetic analysis of cerebellar malformations in mice (FIGURE
2), supplemented by classical embryological studies in avian and fish models laid the
foundation upon which we are only now beginning to truly define the developmental
pathogenesis of human cerebellar malformations. Historically, spontaneous mutations in
mice have been valuable models of human disorders (Artzt, 2012). An early catalog
established the first database of spontaneous neurological mutations of which at least four
mutations had dramatic effect on cerebellar structural development (Sidman et al., 1966).
The names of these mutant strains (reeler, weaver, staggerer and leaner) clearly reflect the
obvious motor phenotypes also associated with the mutant alleles and point to the ease with
which spontaneous mouse mutations affecting cerebellar function, including the subset that
affect cerebellar structure can be identified in large breeding populations. As a result, a
plethora of spontaneous cerebellar mutants have been documented. Studies of these
spontaneous mutant mice revealed the first insights into cerebellar neurogenesis, migration
and other developmental processes required to build the cerebellum. Later, cloning of the
causative genes was facilitated by the availability of the mouse genome sequence, revealing
the first molecular insights into the genetic programs driving these events. The advent and
rapid evolution of genome engineering technologies (Singh et al., 2015; Joyner, 2016) has
since enabled the generation of a multitude of new mouse models to specifically assess the
function of any gene expressed during cerebellar development. Further, mouse mutants
directly modelling human cerebellar disease mutations are readily constructed. Current
mouse databases now list more than 800 spontaneous and targeted mutant alleles
encompassing more than 450 genes (www.informatics.jax.org) with cerebellar
developmental defects.

In this review, we present an overview of the basic epochs and key molecular regulators of
the developmental programs that build the structure of the cerebellum based primarily on
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analysis in mice. We will then outline our current understanding of the developmental
pathogenesis of several key human cerebellar malformations based on this model framework
since there is considerable evolutionary conservation of cerebellar form and molecular
programs across species. We will also highlight examples where significant species-specific
differences in cerebellar phenotypes of comparable genotypes have emphasized that we still
have much to learn about human cerebellar development. Indeed, some human cerebellar
malformations remain unexplained by current mouse-centric developmental models. Finally,
we will end our review discussing some known human-specific developmental features that
predispose human cerebellar development to genetic and environmental insult underlining
the importance of ongoing human fetal research.

Overview of cerebellar development from model organism studies

The cerebellum is a derivative of the anterior-most dorsal hindbrain, or dorsal rhombomere 1
(Martinez and Alvarado-Mallart, 1989b; Martinez and Alvarado-Mallart, 1989a; Hallonet
and Le Douarin, 1993; Wingate and Hatten, 1999)(FIGURE 3). The boundary defining the
anterior hindbrain from the more anterior midbrain is the first segmental division of the
developing neural plate and forms due to activation of a gene cascade at neural plate stages
culminating in juxtaposed expression of two key transcription factors; OTX2 (Orthodenticle
Homeobox 2) and GBX2 (Gastrulation Brain Homeobox 2). Otx2 is expressed in the
forebrain and midbrain, with its posterior limit at the presumptive mid/hindbrain boundary.
Concurrently, Gbx2 is expressed in the posterior CNS, with an anterior boundary at the
presumptive mid/hindbrain boundary. Loss of Otx2 shifts the mid/hindbrain boundary
anteriorly, enlarging the cerebellar anlage at the expense of posterior midbrain tissue and
loss of Ghx2 shifts the mid/hindbrain boundary posteriorly causing an expansion of the
midbrain at the expense of cerebellar tissue (Hidalgo-Sanchez et al., 2005). The
establishment of juxtaposed Otx2 and Gbx2 results in formation of a transient signaling
center called the Isthmic Organizer (I1sO) straddling the mid/hindbrain boundary. The IsO
secretes Fibroblast Growth Family 8 (FGF8) and WNT1 which are required for cell survival,
and pattern the adjacent tissue from e8-11.5 in mice (Sato and Joyner, 2009; Harada et al.,
2016). Specifically, loss of Fgf8 or Wntl causes a deletion of tissue adjacent to mid/
hindbrain junction, while modulating Fgf8 and Wnt1 activity levels influences cerebellar
patterning. The posterior limit of the cerebellum is defined by Hoxa2 which is expressed in
the caudal CNS with its anterior boundary at the rhombomere 1/2 boundary. Loss of Hoxa2
results in a caudal enlargement of the cerebellum at the expense of more posterior hindbrain
structures (Gavalas et al., 1997). Ectopic Hoxa2 expression in rhombomere 1 suppresses the
specification of cerebellar neurons (Mason et al., 2000; Eddison et al., 2004). Hoxa2
expression is normally excluded from rhombomere 1 via repression by FGF8 from the 1sO
(Irving and Mason, 2000; Mason et al., 2000).

Much less is known regarding the mechanisms which define the dorsal coordinates of the
cerebellum. However, the dorsal roof plate clearly plays a role. The roof plate is the single
layer thick roof of the dorsal midline of the early neural tube which acts as another transient
signaling center, expressing BMP and WNT secreted factors. The roof plate will eventually
differentiate into the choroid plexus epithelium of the fourth ventricle. In rhombomere 1,
roof plate derived Wnt expression is required to drive early cerebellar anlage ventricular
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zone proliferation, while secreted Bone morphogenetic protein (BMP) gene expression is
required to induce the cerebellar rhombic lip and correctly pattern expression of Pancreatic
transcription factor (Ptfla) in the ventricular zone of the nascent cerebellar anlage (Mishima
etal., 2009; Millen et al., 2014; Yamada et al., 2014). Loss of Ptfla leads to transformation
of cerebellar ventricular zone fates into more ventral brain stem fates (Millen et al., 2014).
To date, Ptfla is the sole known gene defining the ventral boundary of the cerebellar
territory of rhombomere 1, although the molecular cascades that precisely regulate this
ventral limit of Ptfla cerebellar expression remain unknown.

Once established, the developing cerebellar anlage undergoes a series of morphogenetic
events between mouse embryonic (e) days 9 to e12.5 that rotate its anterior posterior axis by
90 degrees and convert it to the medio-lateral axis of the bilateral cerebellar wings (Sgaier et
al., 2005) (FIGURE 4). In large part, this is driven by the pontine flexure of the developing
neural tube. Prolific cell division of the neurepithelium and cerebellar ventricular zone, and
subsequent fusion of the medial edges of the previously independent wings results in a
contiguous structure that will become the medial cerebellar vermis and lateral hemispheres.

In overlapping waves of neurogenesis in the e10.5-e14.5 mouse, progenitors in the Ptfla+
cerebellar ventricular zone give rise to all GABAergic neurons of the cerebellum (FIGURE
3E). The GABAergic Cerebellar Nuclei (CN) neurons are born initially, followed by
Purkinje neurons which migrate radially outwards from the ventricular zone to the
developing cerebellar cortex along radial glial fibers extending from the progenitors in the
ventricular zone to the pial surface. Finally cerebellar interneuron progenitors exit the
ventricular zone (Sudarov et al., 2011). Once the last neurons exit the ventricular zone, the
remaining radial glial cells lose their apical attachment and differentiate into Bergmann Glial
cells retaining and elaborating their pial endfoot attachments. The molecular control of these
cell fate switches remains largely unknown. Expression of oligodendrocyte-specific bHLH
transcription factor (Olig2) defines Purkinje cell progenitors within the Ptfla+ ventricular
zone, while interneuron progenitors are derived from a Ptfla+ ventricular subzone
expressing homeodomain-containing transcription factor GSX1. At €12.5 in the developing
mouse embryo, Olig2+ Purkinje cell progenitors comprise a predominant portion of the
PTFla+ ventricular zone. By e14.5, Gsx1 expression has swept across the ventricular zone
and interneuronal progenitors become the predominant output of the ventricular zone. Gsx1
inhibits Olig2 expression and acts as a brake for temporal identity transition. There is some
evidence that Olig gene expression is also required for the Purkinje cell progenitor identity
(Seto et al., 2014). However, the molecular regulatory details of these dramatic changes in
gene expression and subsequent changes in ventricular zone output remain to be determined.

By e10.5 another germinal zone, the cerebellar rhombic lip, is established between the
cerebellar ventricular zone and dorsal roof plate (FIGURE 3). This stem cell zone gives rise
to all the glutamatergic neurons of the cerebellum. Initially glutamatergic Cerebellar Nuclei
neurons emerge from this zone and migrate tangentially over the top of the anlage to form
the Nuclear Transitory Zone (NTZ), which is a staging zone for Cerebellar Nuclei assembly.
By el11.5, large numbers of granule neuron progenitors (GNPs) emerge from the rhombic lip
to migrate over the anlage to form the external granule layer (EGL) on the pial surface of the
developing anlage, but under the developing meninges. Within the EGL, GNPs divide
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extensively, driven by the mitogen Sonic Hedgehog (SHH), secreted by the underlying
differentiating Purkinje cells (Dahmane and Ruiz i Altaba, 1999). In mice, peak EGL
proliferation occurs around post-natal day (P)7 and is complete by P15. Exponential GNP
proliferation in the EGL drives cerebellar growth and foliation (Sudarov and Joyner, 2007).
Since the size of the posterior fossa does not concomitantly increase, increased cerebellar
size is accommodated by folding along the anterior/posterior axis. In mice, the
circumference of the cerebellar medial anterior/posterior axis increases 17.6-fold between
e17.5 and P14 compared with only a 2.2-fold increase in the mediolateral axis (Legue et al.,
2015). GNP differentiation occurs continually from PO-P14. As granule neurons exit the cell
cycle, they migrate tangentially within the inner EGL and then exit the EGL, migrating
radially inwardly along Bergmann Glial fibers, trailing a long t-shaped axon behind. The
parallel fibers of the granule neurons comprise the cerebellar molecular layer where they
interact with the flat, elaborate dendrites of Purkinje cells. Migrating granule cells settle
below the developing Purkinje cell layer to form the internal granule layer (IGL), achieving
the final laminar arrangement of the mature cerebellum (Millen and Gleeson, 2008; Bultts et
al., 2014; Marzban et al., 2014; Leto et al., 2016).

The differentiation programs of each cerebellar cell type are all interdependent. For
example, the generation of the flat and elaborate stereotypical Purkinje dendritic tree occurs
from P5-P15 with its planarity and branching pattern heavily influenced by signaling from
differentiating granule neurons (Baptista et al., 1994; Hirai and Launey, 2000; Ohashi et al.,
2014). Likewise, expansion of cerebellar interneuron progenitors within the developing
cerebellar white matter occurs postnatally, influenced by Purkinje cell-derived SHH.
However, their final fates are determined by signals from their eventual locations within the
molecular and internal granule layers (De Luca et al., 2015; Fleming and Chiang, 2015). We
have specifically focused on structural cerebellar malformations, and a full discussion on the
mechanisms that pattern and establish the cerebellar circuitry, including afferents and
efferent is beyond the scope of this review.

Human cerebellar development

Most available data describing human cerebellar development has come from limited fetal
and neonatal pathology studies, with /n utero brain imaging studies now providing
complementary data. Importantly, cerebellar foliation, lamination, neuronal morphology and
circuitry are conserved from mice to humans indicating significant conservation of
developmental programs. There are however, some important species specific differences.

Human cerebellar development is highly protracted compared to mice (Figure 5). In mice,
the cerebellum develops over a period of 30-35 days with peak EGL expansion, foliation,
IGL formation and Purkinje cell maturation occurring during the first two postnatal weeks
(Marzban et al., 2014, Leto et al., 2016). In striking contrast, human cerebellar development
extends from the early first trimester to final circuit maturity which is achieved by the end of
the second postnatal year. A significant portion of human cerebellar development however,
occurs /n utero, including peak proliferation of GNPs and folia formation during the last
trimester (Raaf, 1944; Rakic and Sidman, 1970). The final cerebellar structures also have
distinct features. For example, human cerebellar hemispheres are greatly expanded relative
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to mice, with a concomitant increase in the size of the dentate nucleus. The human
cerebellum is also much more foliated than the mouse cerebellum, yet the basic pattern of
cardinal fissures is identical to mice. Lamination is also conserved, yet cellular ratios are
different across species. For example, in mice there are 200 GNPs per Purkinje cell. In
humans there are 3000 GNPs per Purkinje cell (Lange, 1975). The mechanisms contributing
to these differences in timing and scaling remain unknown.

The most comprehensive histological studies of human cerebellar development were
conducted in the 1940s and 1970s, (Larsell, 1947; Larsell and Stotler, 1947; Rakic and
Sidman, 1970), prior to the inclusion of extensive photographic plates, modern molecular
markers or the many insights derived from model organism studies. The published data
include widely spaced developmental stages, missing many critical important epochs of
cerebellar development known from mice. Recently detailed fetal MRI atlases have been
compiled from extensive in uteroimaging studies. While these provide valuable volumetric
and growth parameters useful for some aspects of clinical prenatal diagnoses, they only
cover clinically relevant gestational weeks 20-24, long after most major genetic programs
have established and patterned the developing cerebellum. Further, important histological
features are not resolvable by MRI (Habas et al., 2010a; Habas et al., 2010b).

The earliest available histological data is from 8 gestational weeks (Larsell, 1947; Rakic and
Sidman, 1970; Zecevic and Rakic, 1976). At this early stage, both zones of neurogenesis, the
rhombic lip and ventricular zone are visible. By 10-11 gestational weeks, a stream of cells
can be seen present along the pial surface connecting to the rhombic lip, which presumably
is the EGL, but cannot be confirmed due to lack of immunohistochemical and transcriptome
data (Rakic and Sidman, 1970). The ventricular zone is thinner than that of the mouse at
e11.5, indicating that Purkinje cells and interneuron progenitors were likely born prior to
this stage. This is supported by the fact that a broad multilayered Purkinje cell layer
extending from the ventricular zone to the nascent molecular layer is evident between 10 and
13 gestational weeks, with a Purkinje cell monolayer achieved by 20-24 gestational weeks.
In the third trimester, Purkinje cells initiate development of their characteristic extensive and
flattened dendritic arbor and long axon (Rakic and Sidman, 1970; Zecevic and Rakic, 1976;
Haldipur et al., 2011;Haldipur et al., 2012). This final maturation period is 6-fold longer in
humans vs mice (Zecevic and Rakic, 1976).

As in mice, the maturation of the human cerebellar Purkinje cell monolayer coincides with
the phase during peak EGL proliferation between the 20th and 32nd gestational week (Rakic
and Sidman, 1970). Indeed the human cerebellum increases in size 5 fold from gestational
weeks 24-40 (Limperopoulos et al., 2005b; Volpe, 2009) due to extensive EGL proliferation.
Foliation also correlates with EGL proliferation. The primary fissure first appears around the
11th gestational week while the secondary fissure, seen around the 16th gestational weeks
becomes more prominent with age. Foliation between the 20th and 32nd gestational week
increases dramatically as the cerebellum rapidly increases in size and volume.

Differentiation and maturation of the human granule cells progresses as in mice, however
once again there are several species-specific features. The developing human fetal cerebellar
cortex has a unique transient layer - the lamina dissecans. The lamina dissecans is a cell
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sparse region that is present between the maturing Purkinje cells and the nascent IGL
between the 20th and 32nd gestational week. The lamina dissecans disappears after the 32nd
gestational week. No function has been attributed to this layer, however, electron
microscopic studies indicate that the lamina dissecans shows the presence of many cellular
processes which may indicate a site of incipient synapse formation (Rakic and Sidman,
1970). At birth, the human cerebellar cortex still has a prominent EGL. By 12—24 months,
the EGL gradually decreases in thickness as a result of decreased proliferation and migration
of granule neurons into the IGL. By the end of the second postnatal year the EGL is depleted
while concurrently, the thickness of the molecular layer and length of the Purkinje layer
increase with increased cerebellar volume (Raaf, 1944; Rakic and Sidman, 1970; Haldipur et
al., 2011; Haldipur et al., 2012).

Overview of structural malformations of the human cerebellum

The study of human cerebellar malformations has lagged behind study of human cerebral
cortex malformations (Barkovich et al., 2012). However, recognition that abnormal
cerebellar development can result in significant cognitive and behavioural deficits (Stoodley
and Limperopoulos, 2016) coupled with advances in brain imaging and human genetics has
led to increased focus on human cerebellar malformations. Human cerebellar malformations
can be classified as predominantly involving the cerebellum or involving both the
cerebellum and brainstem. Here we focus on structural malformations that arise during
embryonic, fetal and early post-natal development as the cerebellum achieves its
stereotypical structure. We will not address medulloblastoma, a developmental cerebellar
tumor, nor discuss spinocerebellar ataxias which are primarily degenerative disorders of the
mature cerebellum.

Human cerebellar malformations can occur in isolation or as part of broader syndromes
involving other brain regions and/or multiple systems (Bolduc et al., 2011; Brossard-Racine
et al., 2015). Collectively human cerebellar malformations are relatively common, although
the true incidence is difficult to ascertain due to several factors including the fact that
imaging is required for diagnosis and clinical outcomes are extremely variable (Aldinger and
Doherty, 2016). Unfortunately, depending on the clinical circumstances and resources
available, imaging studies are not routinely performed in all cases of developmental
disability. Further, cerebellar malformations are often under recognized even if imaging
studies are available. Despite these obstacles, there has been considerable progress in
defining cerebellar malformations and their causes over the last 2 decades through
interdisciplinary, collaborative work by pediatric neurologists, pathologists, radiologists,
geneticists and developmental biologists.

Clinical dysmorphologists classically define malformations as non progressive congenital
morphological anomaly due to alteration of a primary developmental program. Alterations
may be genetic in nature or involve a teratogen such as retinoic acid which can derail normal
development (Piersma et al., 2017). Malformations are classically distinguished from
disruptions, which are defined by a breakdown of structure which, until the event, had
normal developmental potential (Poretti et al., 2016; Brossard-Racine et al., 2017).
Examples of disruptions include viral infections such as CMV (Teissier et al., 2014) and
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Zika (Cugola et al., 2016; Mlakar et al., 2016) or destructive vascular events which also can
be associated with genetic risk factors. In practice, malformations and disruptions are often
difficult to distinguish. Further, there is accumulating evidence that disruptions such as fetal
hemorrhage can entirely mimic some genetic forms of cerebellar malformation.

Notably, histological and clinical imaging studies represent snapshots in time for any one
individual. In mice, developmental time course studies can be conducted on multiple mice of
identical genotypes. However, human patients with multiple imaging studies across time are
rare and these series are usually only available when atrophy is suspected based on clinical
deterioration. Hence, even when human cerebellar malformations are recognized during fetal
stages, it is evident that cerebellar development was derailed at earlier developmental stages
when no data is available for analysis. Thus, the human cerebellar malformation literature
has historically been rife with conjecture about the underlying causes of cerebellar
malformations.

Fortunately, modern genetic and genomic technologies have revolutionized the diagnosis of
cerebellar malformations and a multitude of genes have been identified (Aldinger and
Doherty, 2016). Further, considerable advances in basic model vertebrate cerebellar
developmental biology have contextualized the molecular diagnoses and revealed
remarkable new insights into the pathogenesis of human structural cerebellar malformations.
A full discussion of all cerebellar malformations and disease causative genes is well beyond
the scope of this review and has recently been reviewed elsewhere (Aldinger and Doherty,
2016). Instead, we have chosen to highlight some of the prominent findings and themes of
the review. Additionally, we have emphasized new insights into cerebellar development that
have been gained specifically because of the study on human cerebellar malformations.

So what have human cerebellar malformations taught us about

development?

1) Cerebellar malformations are rarely exclusively cerebellar.

Perhaps most importantly, the genetic study of human cerebellar malformations have
emphasized that many cerebellar malformations are not actually simply cerebellar
malformations. Many cerebellar malformations in both human and mice involve other brain
regions. This isn’t surprising, since many genes that regulate cerebellar development are
essential for development throughout the CNS.

Example 1: In mice, many spontaneous neurological mutants were historically readily
identified because of cerebellar-related gait abnormalities. The relative simplicity of
cerebellar anatomy made cerebellar structural malformations more readily recognizable than
malformations of many other CNS regions. For example, the classical spontaneous mouse
cerebellar reeler mutant was first identified because of its striking cerebellar—related reeling
phenotype and severe hypoplasia of the cerebellum (Falconer, 1951). Yet these mice have a
multitude of other CNS phenotypes. These include striking cerebral cortical lamination
deficits (Hamburgh, 1963). Indeed, Reelin (RELN), the protein encoded by the reefer gene is
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expressed in many regions of the developing CNS where it coordinates cell positioning
during neurodevelopment.

Similar to mice, human RELN mutations cause cerebellar hypoplasia due to Purkinje and
granule neuron migration abnormalities. As in mice, homozygous human RELN mutations
are also associated with cerebral cortical lamination abnormalities. In humans however, the
normally folded or gyrencephalic cortex is smooth — or lissencephalic when RELN function
is lost (Hong et al., 2000). This is a very striking phenotype on MRI imaging studies and
hence patients were initially ascertained as having a primary cerebral cortex phenotype.
Intriguingly a number of studies have shown altered expression of RELN in epilepsy,
psychiatric and aging disorders (Folsom and Fatemi, 2013; Dazzo et al., 2015; Ishii et al.,
2016).

RELN mutations are not the only example of “cerebellar” genes with widespread,
fundamental cellular and developmental function. Severe cerebellar hypoplasia and or
dysmorphology is common in dystroglycanopathies or muscle-eye-brain disorders caused by
underglycosylation of a dystroglycan with O-linked carbohydrates (Martin, 2005). Loss of
various a and B tubulins are a major cause of brain malformations, including lissencephaly,
pachygyria and microgyria, all with varying degrees of cerebellar hypoplasia and
dysmorphology (Kato, 2015) reflecting the fundamental role of tubulin in neuronal
migration.

Example 2: Early gene targeting studies in mice demonstrated that complete loss of Wnt1
cause deletions of the anterior cerebellum and other mid/hindbrain defects. This is due to its
role in the function of the IsO and thus, establishment of the cerebellar territory during very
early neural development. Given the importance of Wnt1 gene function in hindbrain
development and specifically in development of brain stem nuclei regulating critical
autonomic functions, complete loss of Wnt1 is incompatable with neonatal life.
Hypomorphic Wntl function seen in the spontaneous swaying mouse and some targeted
alleles cause less severe, nevertheless prominent cerebellar mispatterning and hypoplasia
(Thomas et al., 1991). Yet, despite its iconic role in cerebellar development from mouse
studies, surprisingly, human WNT1 mutations were initially identified in patients with a
range of mild-to-severe recessively inherited Osteogenesis imperfecta, a genetic disorder
characterized by bone fragility coupled with low bone mass (Ogawa, 1987; Keupp et al.,
2013; Pyott et al., 2013). These human disease gene variants are not null mutations as
human homozygous null mutations are presumably incompatible with viability. However,
human studies prompted a reexamination of post-natal phenotypes in mouse hypomorphic
Whntl mutants, revealing previously overlooked bone deficits. In parallel, further
examination of human patients with osteogenesis imperfecta caused by recessive
hypomorphic WNT1 mutations revealed brainstem and cerebellar hypoplasia consistent with
disrupted IsO function.

From these and numerous other examples we have learned several important lessons, likely
applicable to many studies of human genetic disease. 1) Our perceptions of primary
phenotypes in both humans and mice, are clearly heavily influenced by ascertainment bias.
Further, the cerebellum does not develop in isolation of the rest of the embryo, hence
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consideration of other phenotypes is essential to gain a full understanding of the cellular and
molecular developmental pathologies of any particular malformation and the differential
diagnosis of the disorder. 2) Although human developmental biology is similar to mice, the
study of human disorders can provide significant new insights regarding gene function
beyond the cerebellum. For example, psychiatric and cognitive phenotypes are difficult to
assess in mice yet may be prominent features of human disease. 3) Human populations carry
many allelic variants of any gene including hypomorphic alleles and non-coding regulatory
variants. This is in striking contrast to the few alleles that have either spontaneously arisen or
have been constructed in mice, which are often null alleles. Thus, although mouse studies
are important to dissect the mechanisms of gene function, the full phenotypic spectrum of
altered gene function is best revealed in human versus mouse studies.

2) Cerebellar hypoplasiais common and has a multitude of genetic and non-genetic

causes

Cerebellar hypoplasia (CH) refers to a small and often underdeveloped cerebellum. It is
perhaps the most common and most non-specific cerebellar malformation given that it is
observed in many different disorders and is often a feature of genomic imbalances (Aldinger
and Doherty, 2016). Cerebellar development is a complex orchestration of genetic programs
controlling neurogenesis, migration, histogenesis and connectivity. There are many
opportunities for cerebellar development to be derailed. This is reflected in the large number
of genes and disorders that include CH, including RELN and WNT1 as already discussed.
CH is frequently associated with other brain malformations including malformations of the
cerebral cortex and brain stem and often has a relatively poor clinical prognosis. This is not
perhaps surprising, given that brain imaging studies are most often indicated in children with
neurodevelopmental delays. Hence, once again, ascertainment bias is an important
consideration regarding cerebellar malformations.

The association of CH with brain stem malformations is of particular note, particularly the
association of CH with hypoplasia of the Pons. Neurons comprising the pontine nucleus
originate from the dorsal rhombic lip and undergo extensive migration to the ventral brain
stem (Kratochwil et al., 2017). Since the rhombic lip also gives rise to all cerebellar granule
neuron progenitors, it makes sense that developmental disruption of the rhombic lip lineage
has both cerebellar and extracerebellar repercussions. Several progressive,
neurodegenerative disorders of the developing cerebellum have been identified and
specifically termed Pontocerebellar hypoplasia (PCH). 8 distinct PCH types are recognized
based on distinguishing clinical features and causative genes (Aldinger and Doherty, 2016).
It is important to note many non-degenerative cerebellar hypoplasia cases are associated
with pontine hypoplasia reflecting the common developmental origins of these readily
identified CNS structures. RELN mutation represents an excellent example of this
phenomenon.

Although often occurring with other brain malformations, CH can be diagnosed as an
isolated malformation. For example, patients harboring OPHN1 mutations have CH as the
most predominant feature in imaging studies (Tentler et al., 1999; Philip et al., 2003).
Strikingly, OPHN1 encodes a Rho-GTPase-activating protein expressed throughout the
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entire CNS. Given that loss of OPHN is also associated with intellectual disability and
seizures, cerebral cortical involvement is certain. However, on imaging studies, the almost
crystalline, regular structure of the cerebellum makes it easier for structural abnormalities in
this brain region to be compared to the more amorphous structure of the cerebral cortex.
Hence CH is the earliest abnormality to diagnose.

One of the most striking findings in recent years is that genetic abnormalities do not readily
explain many cases of CH (Sajan et al., 2013). Indeed there is growing awareness that
prematurity and perinatal cerebellar injury are significant causes of cerebellar hypoplasia.
During the third trimester, many critical cerebellar developmental events occur including
foliation, peak proliferation and migration of granule neurons, interneuron differentiation,
late stages of Purkinje cell differentiation and synapse formation all take place /in utero
(Rakic and Sidman, 1970; Zecevic and Rakic, 1976). Premature birth is a major risk factor
for cerebellar injury and is associated with deficits in motor coordination, and cognition and
is also associated with reduced cerebellar volume (Limperopoulos et al., 2005b;
Limperopoulos et al., 2007; Peralta-Carcelen et al., 2017). Preterm infants are also prone to
cerebellar hemorrhage which often leads to cerebellar atrophy (Limperopoulos et al.,
2005a). Additionally, prenatal or neonatal exposure to glucocorticoids (Heine et al., 2011),
hypoxia (Darnall et al., 2017), and hyperoxia (Scheuer et al., 2017) can also dramatically
alter GNP proliferation and migration, contributing to cerebellar injury.

3) Analysis of Joubert Syndrome and Dandy-Walker malformation have revealed new
cerebellar developmental principles not previously appreciated in model organisms.

There are several examples where human cerebellar malformations have revealed new
insights not previously appreciated in the study of model organisms.

One example is Joubert Syndrome (FIGURE 6), a syndromic malformation of the brainstem
involving a distinctive elongation of the cerebellar peduncles in addition to cerebellar vermis
hypoplasia. To date, more than 30 genes have been shown to be causative for this recessive
syndrome, all notable for their association with the primary cilia and basal body organelles;
crucial cellular structures required for multiple signaling pathways including sonic
hedgehog, WNT and platelet derived growth factor (Parisi and Glass, 1993; Aldinger and
Doherty, 2016). The importance of primary cilia during cerebellar development was
unknown when the first Joubert genes were identified (Parisi et al., 2004; Castori et al.,
2005; Sayer et al., 2006; Valente et al., 2006a; Valente et al., 2006b). These human genetic
studies prompted analysis of mice lacking cerebellar cilia which demonstrated that severe
cerebellar hypoplasia and foliation abnormalities in these disorders are likely primarily
attributable to a failure of expansion of the neonatal granule cell progenitor population due
to the loss of the ability to receive the SHH mitotic signal from Purkinje cells during EGL
expansion (Chizhikov et al., 2007; Spassky et al., 2008). Later studies also revealed an
earlier role for cilia in medial cerebellar fusion (Doherty and Millen, 2011; Lancaster et al.,
2011).

Additional new insights into cerebellar development have come from analysis of Dandy-
Walker malformation (DWM). DWM is perhaps the most recognizable and well known
human cerebellar malformation (Figure 1). Case reports exist from as early as the late 19t
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century (Fusari, 1891; Rossi, 1891; Rossi, 1892). The core features of DWM are a small
cerebellar vermis, rotated up and away from the brainstem and concomitant large fourth
ventricle, all contained within a large posterior fossa. Although early cases were all initially
recognized due to accompanying hydrocephalus (Dandy, 1921; Taggart and Walker, 1942;
Benda, 1954; Dandy and Blackfan, 1964), hydrocephalus is not a consistent feature. Other
variable features include brain stem hypoplasia, agenesis of corpus callosum, yet it most
often occurs as an isolated malformation.

The genetic causes of DWM remain largely unknown. The recurrence risk is low (1-5%)
with very few familial cases reported. This suggests de novo, somatic mosaic or complex
causes. Indeed, best characterized are genomic imbalances; heterozygous deletions of
chromosome (chr) 3924 involving the zinc finger in cerebellum (Z/C)1 and ZIC4 genes
(Grinberg and Millen, 2005; Blank et al., 2011). Additionally heterozygous deletions of chr
6p25 encompassing the Forkhead box 1 (FOXCI) gene are also associated with DWM
(Aldinger et al., 2009; Delahaye et al., 2012; Haldipur et al., 2014; Haldipur et al., 2017).

Analysis of the cerebellar phenotype of Foxc1 mutant mice which model human del chr
6p25 DWM has been essential in revealing the extent of mesenchymal control of cerebellar
development. Until human genetic studies identified FOXC1 as a transcription factor
relevant to cerebellar development, mouse biologists had largely focused on the role of this
gene in cardiovascular development (Kume, 2009).

Foxcl is a transcription factor that is not expressed in the developing cerebellum. Rather, its
expression is limited to the head mesenchyme surrounding the early cerebellar anlage. Head
mesenchyme is a mixture of head neural crest and mesodermally derived cells that will give
rise to the meninges, bone, and musculature of the head. Foxcl likely directly regulates
posterior fossa size through its cell-autonomous regulation of meningeal and osteoblast
development (Vivatbutsiri et al., 2008). Importantly however, complete loss of Foxcl non-
autonomously induces a rapid and devastating decrease in embryonic cerebellar ventricular
zone radial glial proliferation and a concurrent increase in cerebellar neuronal
differentiation. Subsequent migration of cerebellar neurons is disrupted, associated with
disordered radial glial morphology. /n vitro, SDF1a, a direct Foxcl target also expressed in
the head mesenchyme, acts as a cerebellar radial glial mitogen and a chemoattractant for
nascent Purkinje cells. Its receptor, Cxcr4, is expressed in cerebellar radial glial cells and
conditional Cxcr4 ablation in these radial glial cells mimics the FoxcI ™~ cerebellar
phenotype. SDF1a also rescues the FoxcI™~ phenotype. Together, these studies demonstrate
that Foxcl-dependent Sdfla-Cxcr4 signaling from the mesenchyme to the developing anlage
regulates a multitude of cerebellar developmental programs (Haldipur et al., 2014).

Although homozygous null Foxcl mouse mutants have revealed the importance of
mesenchymal control of many aspects of cerebellar development, the mouse cerebellar
phenotypes in homozygous null animals are much more severe than those associated with
human DWM. Indeed, deletion 6p25 DWM patients do not have complete loss of FOXCL.
Rather, one normal chromosome is retained. Mice carrying a homozygous hypomorphic
allele of Foxcl mutant have phenotypes more ready comparable to human DWM.
Particularly striking is the presence of a partially formed posterior lobule which echoes the
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posterior vermis DW ‘tail sign’ observed in human imaging studies (Bernardo et al., 2015).
Lineage tracing experiments in Foxcl mutant mouse cerebella indicated that aberrant
migration of granule cell progenitors destined to form the posterior-most lobule causes this
unique phenotype. Analyses of rare human del chr 6p25 fetal cerebella demonstrate
extensive phenotypic overlap with our Foxcl mutant mouse models, validating our DWM
models and pointing to disruption of mesenchymal signaling during cerebellar rhombic lip
development as likely central to the developmental pathogenesis of human DWM (Haldipur
etal., 2017).

4) Not all human cerebellar malformations are readily explained by current model
organism-derived developmental paradigms

Summary

Rhombencephalosynapsis (FIGURE 6) is human cerebellar malformation which cannot be
explained by current models of cerebellar development. Rhombencephalosynapsis is very
rare midline brain malformation characterized by missing cerebellar vermis with apparent
fusion of the cerebellar hemispheres. Rhombencephalosynapsis can be seen in isolation or
together with other central nervous system and extra-central nervous system malformations
(Ishak et al., 2012). To date, no genes have been associated with this malformation and
current mouse models cannot explain the origin of this malformation.

As illustrated in Figure 4, in mice, the cerebellar vermis is a derivative of the anterior-most
portion of dorsal rhombomere 1. As pontine flexure displaces posterior rhomobomere 1
laterally, the vermis forms from extensive proliferation of the anterior/medial cerebellar
ventricular zone with subsequent fusion of the growing bilateral wings of the cerebellar
anlage.

Several mouse mutants exist that lack a cerebellar vermis. Specifically, these mutants all lack
IsO function. Loss of IsO in Wnt1 or Engrailed 1 homozygous mutants cause a large
deletions of mid and hindbrain tissue during early neural tube stages when the cerebellar
territory is defined. In these mice, no cerebellar vermis forms but residual cerebellar
hemispheres remain unfused across the dorsal midline (McMahon and Bradley, 1990;
Thomas and Capecchi, 1990; Wurst et al., 1994). In mouse mutants with hypomorphic 1sO
function, a vermis forms, albeit mispatterned (Basson et al., 2008). There have never been
any mutant mice described with fusion of cerebellar hemispheres in the absence of a vermis.
Until genes causative for Rhombencephalosynapsis are identified, the developmental
pathogenesis of this malformation will remain a mystery.

In this review, we have described key developmental mechanisms that drive formation of the
cerebellum. As is evident, almost all of this information has been obtained from genetic
analysis of cerebellar malformations, largely in model organisms, mostly in mice. Although
human cerebellar malformations have long been recognized, their genetic basis has only
recently begun to be elucidated. These studies have revealed several new insights into
cerebellar development that were previously unappreciated in model organisms, including
significant extra-cerebellar influences on cerebellar development — both genetic and
environmental. However, in truth, we actually know very little about the specifics of human
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cerebellar development. Normal embryonic and fetal human cerebellar development has
never been fully described. Recent studies on the development of the human cerebral cortex
have identified many striking human-specific features during fetal neurogenesis including
the organization of germinal zones (Nowakowski et al., 2016; Nowakowski et al., 2017).
These features have been shown to be relevant in the context of cortical malformations such
as lissencephaly (Bershteyn et al., 2017). It is certain that human-specific cerebellar
developmental programs exist. A better appreciation of these will not only facilitate
improved diagnosis of human cerebellar malformations, but also lead to the development of
treatment paradigms for these important neurodevelopmental disorders.
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Highlights
. Cerebellar malformations are rarely exclusively cerebellar.
. Cerebellar hypoplasia is common and has a multitude of genetic and non-
genetic causes.
. Analyses of Joubert Syndrome and Dandy-Walker malformation have

revealed new cerebellar developmental principles not previously appreciated
in model organisms.

. Not all human cerebellar malformations are readily explained by current
model organism-derived developmental paradigms.
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DWM | MTM

Figure 1: Examples of Human cerebellar malformations.
Mid sagittal MRI views of human cerebellar malformations with an unaffected individual

shown for comparison. Dandy-Walker malformation (DWM) with white arrowhead
highlighting the small cerebellar vermis rotated away from the brainstem in an enlarged
posterior fossa encompassing a very large fourth ventricle. Molar Tooth Malformation
(MTM) with black arrowheads marking the edge of the small vermis with cerebellar
hemispheres occupying the residual space in a normally sized posterior fossa.
Occulocerebrocutaneous syndrome (OCCS) with left white arrow indicating the third
ventricle and black arrow highlighting a massively enlarged tectum; right white arrow points
to rudimentary cerebellum. Also note lack of corpus callosum. Cerebellar vermis hypoplasia
(CVH). Cerebellar agenesis (CBAG); note reduced size of pontine nucleus of the small brain
stem.
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Figure 2. Examples of mouse cerebellar malformations.
Dorsal whole mount views of cerebellar malformations in 4 spontaneous mutants and 1

engineered mouse strain. Wild-type (+/+) cerebellum with cerebellar vermis (cv) and
cerebellar hemispheres (ch) indicated showing stereotypical foliation pattern. Disruption of
this patterning is obvious in many mouse mutant strains. For example, in dreher (ar)
homygous mutants, a reduced cerebellar vermis causes juxtaposition of the cerebellar
hemispheres. In hydrocephalus with hop gait (hyf) homozygous mutants, the vermis is more
prominent than the hemispheres. Although these mice are not models for any specific human
malformation, investigation of the underlying pathogenesis has provided insights into the
role of the roof plate in cerebellar development and vermis formation. Po/aris (pol) and
inversus (inv) homozygous mutants have severely disrupted cerebellar morphology and are
models for cilia related MTM human cerebellar malformations. Zic1/4 double homozygous
mouse mutants model human DWM and display simplified vermis foliation. Anterior is to
the left, indicated by the presence of midbrain colliculi (m). Photos are optimized to show
pattering differences and are not all at the same magnification.
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(A?) Schematic representation of an embryonic mouse cerebellum between e12.5-e18.5 (CB)
sectioned along the sagittal plane. The cerebellum is derived from the dorsal region of
rhombomere 1 (rh1) under the influence of signaling factors from the Isthmic organizer
(1sO) and roof plate (RP). (B) A composite of embryonic developmental processes during
embryogenesis. The developing cerebellum has two zones of neurogenesis, the ventricular
zone (VZ) and the rhombic lip (RL). The cerebellar ventricular zone consists of a lining of
radial glia (RG) and gives rise to all cerebellar GABAergic neurons and interneurons.
GABAergic cerebellar nuclei neurons are produced first, followed by Purkinje cells and
PAX2-expressing cerebellar interneuron progenitors. Bergmann Glia are also derived from
the cerebellar ventricular zone. The rhombic lip on the other hand gives rise to the three
major glutamatergic neuronal subtypes that populate the cerebellum. Firstly, cerebellar
nuclei projection neurons migrate from the rhombic lip into the Nuclear Transitory Zone
(NTZ) over the anlage as the rostral migratory stream. As embryonic development proceeds,
granule neuron progenitors (GNPs) next migrate out of the rhombic lip between embryonic
day 12.5 and 16. These cell progenitors migrate tangentially under the pial surface to
establish the EGL of the developing cerebellum in an anterior to posterior manner. The RL
also gives rise to unipolar brush cells (UBC) later in development, that migrate into the
cerebellar anlage, (C) The EGL is a secondary germinal zone, or transit amplifying center.
The EGL is composed of 2 sublayers — a proliferating external zone and an inner
differentiating zone. Proliferation of GNPs takes place during postnatal days PO-P14. This
proliferation is largely driven by the mitogen sonic hedgehog (SHH) secreted from Purkinje
cells which have formed the Purkinje layer (PL) under the EGL. (D) Proliferation of GNPs
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in the EGL is responsible for the dramatic size increase of the post-natal mouse cerebellum.
As granule neurons exit the cell cycle, they migrate tangentially within the inner EGL and
then exit the EGL migrating radially inward to settle below the developing Purkinje cell
layer to form the internal granule layer (IGL), resulting in the final laminar arrangement of
the mature cerebellum. (E) Schematic representation of the multiple cell types that arise in
the cerebellar ventricular zone and rhombic lip. Reference : Haldipur P, Dang D. and Millen
K.J., (In press) Embryology. In: M. Manto and T.A.G.M. Huisman (Eds.) The cerebellum in
children and adults. Elsevier, Amsterdam.
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Figure 4 -

Tt?e cerebellum is a derivative of the anterior-most dorsal hindbrain, or dorsal (D)
rhombomere 1 (rl). The establishment mid-hindbrain (mb-hb) boundary results in formation
of a transient signaling center called the Isthmic Organizer (1sO), which secretes Fibroblast
Growth Family 8 (FGF8) and WNT1 which are required for cell survival and pattern the
adjacent tissue from e8-11.5 in mice. The developing cerebellar anlage undergoes a series of
morphogenetic events between mouse embryonic (e) days 9 to e12.5 that rotate its anterior
posterior (AP) axis by 90 degrees and convert it to the medio-lateral axis (ML) of the
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bilateral cerebellar wings. This reorientation is in large part driven by pontine flexure which
converts the horizontal alignment of mid/hindbrain to nearly right angles (indicated by black
double headed arrows). The roof plate (rp) is the single layer thick roof of the dorsal midline
of the early neural tube which acts as another transient signaling center, expressing BMP and
WNT secreted factors. The roof plate will eventually differentiate into the choroid plexus
epithelium of the fourth ventricle. In rhombomere 1, roof plate derived Wnt expression is
required to drive early cerebellar anlage ventricular zone proliferation, while secreted Bone
morphogenetic protein (BMP) gene expression is required to induce the cerebellar rhombic
lip and correctly pattern expression of Pancreatic transcription factor (Ptfla) in the
ventricular zone of the nascent cerebellar anlage.
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A. Summary of neurogenesis in the mouse cerebellum
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Figure 5 -

Sugmmary of neurogenesis in the developing (A) mouse and (B) human cerebellum. Human
cerebellar development is highly protracted compared to mice. In mice, the cerebellum
develops over a period of 30—-35 days with peak EGL expansion, foliation and IGL
formation and Purkinje cell maturation occurring during the first two postnatal weeks. In
striking contrast, human cerebellar development extends from the early first trimester to
final circuit maturity which is achieved by the end of the second postnatal year. Also, a
significant portion of human cerebellar development occurs /n utero, including peak
proliferation of GNPs and folia formation during the last trimester. Reference: Haldipur P,
Dang D., and Millen K.J., (In press) Embryology. In: M. Manto and T.A.G.M. Huisman
(Eds.) The cerebellum in children and adults. Elsevier, Amsterdam
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Figure 6 :
MRI views of human Joubert syndrome, a syndromic malformation of the brainstem

involving a distinctive elongation of the cerebellar peduncles in addition to cerebellar vermis
hypoplasia (C,D) and rhombencephalosynapsis (E, F) with an unaffected individual (A,B)
shown for comparison. A,C and E are midsagittal views while B,D and F are along the
horizontal plane. JS is characterized by distinct molar tooth sign (D, arrow), while RCS is
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