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Abstract

The p53 protein has been extensively studied for its role in suppressing tumorigenesis, in part 

through surveillance and maintenance of genomic stability. p53 has been associated with the 

induction of a variety of cellular outcomes including cell cycle arrest, senescence, and apoptosis. 

This occurs primarily, but not exclusively, through transcriptional activation of specific target 

genes. By contrast, the participation of p53 in normal developmental processes has been largely 

understudied. This review focuses on possible functions of p53 in cerebellar development. It can 

be argued that a better understanding of such mechanisms will provide needed insight into the 

genesis of certain embryonic cancers including medulloblastomas, and thus lead to more effective 

therapies.
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Towards Better Animal Models of Human Embryonic Tumors

p53 is a quintessential tumor suppressor. Over three decades of research have focused on this 

so-called “Guardian of the Genome” [1]. Indeed, the TP53 gene is found to be often mutated 

in a majority of human cancers [2]. This supports the notion that dysfunctional p53 

contributes to tumor progression. More recently, developmental biologists have turned their 

attention to p53, particularly studying its possible roles in stem cell biology and induced 

pluripotency. These relatively new findings, in turn, are likely to impact the understanding of 

the genesis of embryonic cancers.

Current animal models attempt to address subtypes of one such tumor of developmental 

origin, namely medulloblastoma (see Glossary). Most of these models have been 

engineered to have deletion or loss of p53. As compared to other human cancers, multiple 

studies have shown that medulloblastomas are less likely to have mutated p53 (Figure 1) [3–
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9]. Thus, the p53 null animal models do not genetically mimic human medulloblastoma 

where p53 mutation is not as common as that which is seen in other types of cancers. This 

review addresses the importance of a more profound understanding of p53 function in 

development and the ways in which this can be translated into the design of more accurate 

animal models that better recapitulate the genetics of the human disease. With this outlook, 

it will may be possible to achieve more effective treatment modalities for various 

malignancies.

Possible Roles of the Tumor Suppressor p53 in Development

The role of p53 role as a transcription factor and the molecular determinants of its 

transcriptional program continue to be focus of ongoing studies. In response to a variety of 

cellular insults, including DNA damage and oncogenic stress, p53 triggers distinct 

outcomes, including cell cycle arrest, senescence, or apoptosis [10]. A key outstanding 

question for the field, however, is what are the possible roles of p53 in development.

Although a suggested role for p53 in development can be gleaned from a variety of studies, 

definitive demonstrations of p53 contributions to vertebrate development have been elusive. 

For instance, Mdm2−/− mice are embryonic lethals at implantation. This phenotype can be 

fully rescued by p53 loss [11–13]. Indeed, Mdm2/MDM2 is a key negative regulator of p53 

and thus plays critical roles in the control of p53 protein stability as well as its downstream 

function as a transcription factor. p53 in turn, regulates MDM2 gene expression. The 

repressive functions of Mdm2 disable the transcriptional activation of p53 target genes and 

thus, the induction of cell cycle arrest, senescence (via Cdkn1a) or apoptosis (via Bbc3 and 

Pmaip1). As a target gene of p53, increased Mdm2 levels either bring p53 levels back to 

normal, or, inhibit p53 function after cellular stress (Figure 2). This occurs despite the fact 

that Trp53−/− mice develop normally for the most part, although published data show a 

dramatic increase in spontaneous tumor formation (primarily lymphomas and sarcomas) in 

the mutant mice [14]. p53 mRNA has also been reported to be expressed throughout 

embryogenesis with a highly heterogeneous pattern [15]. This raises the question as to 

whether tissue-specific expression of p53 is observable even during homeostasis [16], and if 

there is an actual role for p53 during cellular differentiation [17–19]. There are data 

suggesting that p53 finely regulates stem cell differentiation during either embryogenesis or 

adult homeostasis. And, this fits well with its defined tumor-suppressive role when 

considering any potential threat represented by an uncontrolled stem-like behaving cell 

[20,21].

Several studies highlight a role for p53 in stem cell maintenance, homeostasis, and 

differentiation. For example, p53 has been shown to block induced pluripotent stem cell 

reprogramming by causing cell cycle arrest or apoptosis in mouse embryonic fibroblasts 

[22]. p53 has also been reported to affect stem cell self-renewal and quiescence by 

decreasing the frequency of symmetric cell division in mouse mammary stem cells [23] and 

through transcriptional activation of certain target genes such as Gfi-1 [24]. Furthermore, 

there is evidence to suggest that cell “stemness” might be affected by indirect down-

regulation of key factors such as c-Kit via p53, through a mechanism of upregulation of 

micro-RNA miR-34 in human colorectal cancer cell lines [25]. Thus, these studies have 
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revealed a function for p53 beyond its well-characterized tumor suppressive role [26][15]. 

We summarize below the current data describing the potential role of p53 in development, 

with a specific emphasis on the cerebellum.

Development of the Mouse Cerebellum: A Primer

The cerebellum has a simple laminar structure that results from fine developmental 

processes starting around embryonic day (E) 10.5 and ending around postnatal day (P) 21. 

The cerebellar primordium arises form the roof of the mesencephalon composed of two 

progenitor zones: The ventricular zone and the rhombic lip[27]. The rhombic lip gives rise 

to multiple glutamatergic derivatives including granule cells, whereas the ventricular zone 

gives rise to several GABAergic neurons, including Purkinje cells. These two cell types are 

crucial elements of early stages of cerebellar development, which can be grossly divided into 

two phases: Embryonic cellular migrations and postnatal organ expansion. Cell migration of 

granule cell precursors from the rhombic lip to the surface of the cerebellum occurs 

progressively from E13.5 to birth. Purkinje cells precursors behave differently: following 

their genesis within the ventricular zone (spanning days E10 to E12), they become rapidly 

post-mitotic before they begin migrating radially [27] (Figure 3 and 4).

Around E18, cells from the external granular layer (EGL) start a cellular expansion 

primarily initiated by proliferating signals secreted by Purkinje cells (Figure 5) [27]. The 

latter produce the Sonic Hedgehog mitogen that is secreted outwardly into the external 

granular layer [28]. Following postnatal cellular expansion, the external granular layer can 

be subdivided into two layers: the outer layer that remains highly proliferative and the cells 

in the inner layer that engage cell cycle arrest and cellular differentiation. Differentiated 

granule cells then migrate inwards to form the internal granular layer. Cellular expansion in 

the external granular layer and cellular invasion of the internal granular layer are critical for 

the overall cerebellar foliation process [29]. Within the first two weeks post-partum, cellular 

expansion and migration continue. At this point, cells located in the internal granule layer 

have reached their mature state. By the third week post-partum, the cerebellum is now fully 

developed, at which point, the external granular layer is acellular (Figure 3 and 4).

The p53 Tumor Suppressor is Implicated in Cerebellar Development

Mdm2 is an E3 ubiquitin-ligase which binds specifically to p53 and targets it for 

proteasomal degradation [24]. Additionally, Mdm4 (also called Mdmx) can cooperate with 

Mdm2 to repress transcriptional activation by p53 (Figure 2) [25]. Upon detection of 

different kinds of stress signals, the activation of certain molecular cascades can trigger post-

translational modifications stabilizing p53, which in turn can activate the transcription of its 

target genes [10]. As mentioned, although p53 null mice develop normally and progress 

through adulthood (despite an increased tendency for early tumorigenesis) [14], mouse 

models that alter one or more members of the p53 pathway have pointed to a role for p53 in 

development.
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Alteration of p53 negative regulators

Mice null for Mdm2 are embryonic lethals, perishing after implantation of the embryo to the 

uterus wall (E4.5) [13]. Similarly, mice null for Mdm4 are also embryonic lethals but die 

later in gestation (E7.5) [30]. Incidentally, both mutations can be rescued by deletion of p53. 

These findings have demonstrated non-overlapping regulation of p53 by Mdm2 and Mdm4 

but have also argued for the necessity of keeping p53 levels in check throughout 

development. This notion was further reinforced by studies that more finely modulated 

Mdm2, Mdm4, and p53 levels [31,32]. For instance, the cerebellar foliation defects observed 

in Mdm2+/− Mdm4+/− mice were abolished when just one allele of p53 was deleted. These 

defects were primarily due to increased levels of p53 protein accompanied by a higher 

apoptotic index. Additionally, mice null for Mdm2 in addition to harboring an arginine to 

proline mutation at codon 172 of p53 (apoptosis-deficient p53515C/515C) displayed reduced 

cellularity of the external granular layer at day P5 due to reduced proliferation of progenitor 

cells [33]. Similarly, hypoplasia and aberrant cerebellar foliation were also seen in mice with 

a hypomorphic Mdm2 allele (Mdm2puro). Taken together, these studies have indicated that 

the fine-tuning of the Mdm2-p53 network is critical during development.

Alterations of p53

A recent study in which the last 24 amino acids of p53 (p53ΔCTD) were deleted from p53 

revealed an added layer of complexity by which p53 impacts cerebellum development in 

mice [34]. The p53 C-terminal domain shares features that are remarkably similar to those of 

histone tails; the C-terminus is highly basic and is subject to an extensive number of post-

translational modifications [10]. This domain has been implicated in protein-protein 

interactions but the mechanisms by which expression of p53ΔCTD causes cerebellar defects 

remain to be deciphered. A similar mouse model lacking the last 31 amino acids of p53 

(p53Δ31) has also resulted in a hypoplastic brain phenotype [35]. These results are consistent 

with the premise that p53 function during normal cerebellum development might be linked 

to its ability to interact with co-activators or co-repressors via its C-terminal domain.

p53 Regulates the Hedgehog Pathway in Mice

The Hedgehog pathway, through its best-studied ligand, Sonic Hedgehog (Shh), is critical 

for the regulation of vertebrate development and organogenesis. It is indeed one of the key 

drivers of cellular proliferation and organ patterning during post-natal cerebellar 

development [27,28]. Upon binding of the Shh ligand to its receptor, Patched 1 (Ptch1) on 

the receiving cell, the inhibition of the transmembrane protein Smoothened (Smo) by Ptch1 

is disabled. This in turn allows the translocation of Smo to primary cilia [39–42] that will 

consequently further activate the pathway primarily through post-translational modifications 

and cleavage of effector Gli proteins, especially Gli2 (Figure 5) [41]. Elegant studies have 

identified additional partners of the Shh pathway at the membrane of the receiving cell that 

are either required for the activity of the pathway in multiple tissues, or are critical for 

specifying the outcomes of its subsequent activation, proliferation or patterning. Some Shh 

partners are co-receptors Gas1, Cdo and Boc [42] as well as certain proteoglycans [43].
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Considering the influence of the Sonic Hedgehog pathway on cellular expansion, its 

different downstream targets, and its overall effect on cell cycle progression[41], it is evident 

that unbalanced regulation of this pathway may potently induce tumor formation. Numerous 

studies argue for a crosstalk between Sonic Hedgehog and p53 pathways. Indeed, the Shh 

mitogen produced by Purkinje cells in the perinatal cerebellum signals immature granule 

cells in the external granular layer for proliferation. Consequently, from birth to 21 days 

post-partum (P21) when the cerebellum has achieved its development, the organ size will 

have undergone a dramatic size increase (70, 71).

Evidence suggests that activated Sonic Hedgehog signaling can lead to the inhibition of p53 

activity through Mdm2-dependent proteasomal degradation. This process requires post-

translational modifications of Mdm2, especially phosphorylation at serine 166 that enhances 

its interaction with, and subsequent poly-ubiquitination of p53 [36–38]. Therefore, Sonic 

Hedgehog signaling may have a dual role: it could act as a driver of proliferation in the 

developing cerebellum and as an inhibitor of apoptosis and cell cycle exit. Concurrently, p53 

is also able to down-regulate Sonic Hedgehog output through negative regulation of certain 

Gli proteins, including Gli1 and Gli2 [36,37,44,45]. However, even though several studies 

have reached similar conclusions regarding the interplay between effectors of the Sonic 

Hedgehog pathway and core members of the p53 pathway, the mechanisms by which such 

an interaction occurs still remain elusive. Taken together, these observations strengthen the 

notion of fine-tuned regulatory mechanisms occurring between antagonist signaling 

pathways during development.

Other studies have identified a potential indirect interaction between p53 and upstream 

members of the Sonic Hedgehog pathway. Studies on the retinoic acid receptor related 

orphan receptor (RORα) have revealed its function as a early factor controlling Purkinje cell 

differentiation [46]. Furthermore, RORα is directly involved in the transcriptional activation 

of Shh making it a determining factor of cerebellum development [47]. More recently, in 
vitro studies have identified an interesting interaction between p53 and RORα that seems to 

function in the context of DNA damage: RORα is not only a p53 target but also stabilizes 

the p53 tumor suppressor through inhibition of its proteasomal degradation. In turn, this 

enables p53 activity as a transcription factor [48,49]. Even though further analyses in vivo 
are required, multiple ways of regulation of cerebellum development by p53 could be 

envisioned. The tumor suppressor would be not only inhibiting proliferation in Shh-

receiving cells – thus preventing uncontrolled cellular expansion – but might also act as an 

inducer of cell cycle arrest and apoptosis in RORα-expressing Purkinje cells following DNA 

damage. This could potentially block Shh secretion at the source.

A growing body of literature thus argues that activated signaling from the Sonic Hedgehog 

pathway can inhibit p53 activity in the cerebellum [36–38]. This suggests a fundamental 

balance between the anti-proliferative function of p53 and the induction of proliferation by 

Sonic Hedgehog signaling. However, the molecular details of this mechanism warrant 

further analysis and validation. The interplay between the Sonic Hedgehog and the p53 

pathways may balance proliferation and cell death, in turn contributing to proper cerebellum 

development. It is quite conceivable that in cancers developing in the cerebellum, such as 

medulloblastomas, mutant p53 would be required for tumorigenesis. In fact, the majority of 
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medulloblastoma cases harbor wild-type p53 proteins (Figure 1), possibly suggesting a novel 

role for the tumor suppressor in the formation of tumors arising in the cerebellum.

Medulloblastoma Subgroups

There are currently four molecularly characterized subtypes of medulloblastoma, namely: 

SHH, WNT, Group 3 and Group 4 (G4). The SHH subgroup, which is the best studied, finds 

its name from the Shh pathway shown to initiate tumorigenesis. Indeed, genetic analyses 

have shown that human tumors commonly display mutations or gene amplifications of 

particular members of the Sonic Hedgehog pathway, resulting in their specific constitutive 

activation [50,51]. For instance, the WNT subgroup is characterized by activation of the Wnt 

signaling pathway, in which two members (APC and CTNNB1) are often mutated in 

medulloblastoma [52]. This type has a much better prognosis than the SHH subgroup [53]. 

Group 3 comprises tumors with overexpression of c-Myc, not seen in the other subtypes. 

However, the definition of the inherent characteristics of Group 3 and Group 4 remains quite 

controversial and as yet, has been difficult to establish. Despite great efforts, the treatment of 

medulloblastomas (like other embryonic cancers) remains a serious challenge, further 

complicated by the histopathological and cytogenetic heterogeneities that are inherent to the 

disease [54].

Current Mouse Modeling of the Sonic Hedgehog and WNT Subgroups

It is currently thought that tumor cells of the SHH type of medulloblastoma originate from 

the granule cell progenitors in the external granular layer. Indeed the vast majority of these 

cells express markers of the proliferating external granular layer, the most common of which 

is ATOH1 (MATH1). More recently, it was demonstrated that Atoh1 protein expression was 

critical for the progression of this type of tumor [55], as this transcription factor potently 

regulates proliferation of granule cell progenitors in mice [56]. This likely occurs with 

Atoh1 keeping progenitors cells sensitive to Shh signaling through transcriptional activation 

of the Gli2 gene (Figure 5). Moreover, several groups have generated mouse models to key 

elements of the SHH subgroup of human medulloblastoma. Even though genetic analyses of 

human tumor samples have revealed mutations in PTCH1 and SUFU (and others), a full 

penetrance for medulloblastoma formation has not been generally achieved without 

additional deletion of other key genes such as p53 [57–61]. Of note, there have been 

exceptions for which fully penetrant inductions of medulloblastoma have been achieved with 

a constitutively active form of Smo, induced in either Atoh1-expressing cells, NeuroD2-

expressing cells, or hGFAP-expressing cells. Nevertheless, SMO mutations have not been 

the most prevalent mutations in human forms of medulloblastoma [3–8]. By contrast, 

deletion of Patched in lineage-restricted progenitors or stem cells has been shown to induce 

fully penetrant medulloblastomas [62]. This strengthens the importance of neuronal lineage 

commitment for medulloblastoma formation. However, it also raises questions about current 

hypotheses regarding the driving factors of tumorigenesis, tumor progression, and the 

putative cellular origins of these types of medulloblastomas. Interestingly, Li and colleagues 

[63] identified another population of cells expressing the filament protein Nestin but not 

Atoh1. These cells seemed to originate from the ventricular zone as early as E14.5 and a 

subset of these was found to localize to the non-proliferative inner external granular layer. 
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Besides having comparable sensitivity to Sonic Hedgehog signaling when compared with 

Atoh1-expressing cells in the external granular layer, Nestin-expressing progenitor cells 

were deficient in DNA repair, possibly explaining their increased tumorigenic potential. 

Consequently, one can imagine that some medulloblastomas from the SHH subgroup could 

originate from the Nestin-expressing progenitor cells or, that cerebellar tumorigenesis might 

involve the cumulative defects from multiple and distinct cell populations. This could 

explain, at least in part, the degree of heterogeneity described in medulloblastomas.

Gilbson and colleagues generated a mouse model recapitulating WNT subgroup 

medulloblastoma characteristics. This model showed the anatomical and molecular 

characteristics of the human WNT-subtype disease originated from the brainstem and led to 

the upregulation of markers such as BMP4, and DKK1[64], albeit under conditions of p53 

deficiency. Even though the elucidation of the mechanisms leading to tumor formation has 

been substantive, a great deal of work in identifying effective treatments for 

medulloblastoma remains. Indeed, most current models of medulloblastoma are set in a p53 

null background, which significantly increases the phenotype penetrance. However, p53 is 

not mutated in the majority of human tumors; the mutations range from 2.5% to 21%, 

depending on the report (Figure 1). Thus, it will be critical in future studies to reintegrate 

p53 status as seen in the human disease context in order to engineer better animal models. 

Hopefully, these experimental approaches will lead to more accurate predictions and 

consequently, a better potential for improved therapies.

Concluding Remarks

Despite the understanding gained from the use of existing mouse models of 

medulloblastomas, these generally rely on p53 deletion. These models contrast the 

frequency of p53 mutations in human tumors. Indeed, the majority of human 

medulloblastoma cases retain a wild-type form of the tumor suppressor. Even though these 

models do not fully recapitulate the genetic alterations observed in human 

medulloblastomas, they do nonetheless emphasize the role played by the tumor suppressor 

during the onset of the disease. They also highlight the potential timeframe during which 

aberrant cellular proliferation is likely to occur as a result of circumvented p53 responses. 

An increasing amount of evidence suggests that in the SHH medulloblastoma subgroup, a 

critical inhibition of p53 function occurs through the activation of its main repressor Mdm2 

[36–38]. Incidentally, upregulation of the p53-inactivating oncogene WIP1 has also been 

reported in Group 3 and 4 medulloblastoma subtypes [65]. Collectively, these findings may 

help explain the certain lack of selective pressure that involves p53 loss or mutation in order 

to drive medulloblastoma tumorigenesis.

Other p53 deficient mouse models of medulloblastomas reveal how important the tumor 

suppressor is in regards to the genomic stability of the highly proliferative developing 

cerebellum. Mice simultaneously deficient for key effectors of the DNA repair pathway 

(Lig4, Xrcc4, or Brca2) and p53 have shown robust induction of medulloblastomas [66–69]. 

This fully penetrant phenotype would suggest that there is very likely a need for different 

DNA repair mechanisms in conjunction with p53 to prevent medulloblastoma formation. 

Given the inherent genomic instability of Nestin-expressing progenitor cells described by Li 
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and colleagues [63], induction of DNA repair by p53 appears to be crucial during cerebellar 

development.

Although a multitude of questions remain, as emphasized in this short review (see 

Outstanding Questions), a deeper understating of cerebellar development in general, but 

also, of the contribution of p53 in this process, is likely to improve our ability to diagnose 

and treat different types of medulloblastomas, a serious clinical burden in pediatric 

medicine.

Outstanding Questions

What role does p53 play during the genesis of medulloblastoma?

Since p53 is ubiquitously expressed, what is the basis of the observed tissue-specificities 

in mutant mice with differing alterations in the p53 pathway? How does this relate to 

development and cell differentiation?

What is the nature of the precise interplay between p53 and Sonic Hedgehog signaling?

Does p53 regulate the co-receptors involved in Shh signaling?

Why do the majority of medulloblastoma subtypes retain wild-type functional p53?

Is there a similar or redundant interplay between the p53 pathway and various oncogenic 

drivers of tumorigenesis in the various medulloblastoma subtypes?

Is p53 only relevant in granule cells or does it influence the development of other cell 

types in the cerebellum?

What is the significance of RORα as a p53 target in Purkinje cell signaling in the 

cerebellum?
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Glossary

Hedgehog pathway Crucial developmental pathway in mammals. Pathological 

activation has been implicated in the genesis of numerous human 

cancers including skin cancers (basal cell carcinoma) and the 

SHH subgroup of medulloblastomas.

Medulloblastoma The most common malignant pediatric brain tumors located in the 

cerebellum. Over 70% of Medulloblastoma are diagnosed before 

age 10 in patients. Prognoses are highly linked to the cancer 

subtype. These are usually good for SHH and WNT subtypes 

whereas they can be quite poor for group 3 and 4 subtypes.

Cerebellum organ playing an important role in motor control, coordination, 

motor learning and equilibrium. More recently, researchers have 
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been pursuing a link between cerebellum functionality, cognitive 

development and autism.

Ventricular zone This progenitor zone is one of the two critical areas of the 

developing cerebellum. It primarily gives rise to inhibitory 

neurons such as Purkinje cells.

Rhombic lip This other progenitor zone of the developing cerebellum primarily 

giving rise to excitatory neurons such as granule cells.

Granule cells These excitatory neurons are among the smallest and most 

numerous cells of the brain. Their massive expansion accounts for 

the dramatic increase in size of the developing cerebellum from 

the late embryonic phases to the fully mature state. The SHH 

subtype of medulloblastoma is thought to be due to uncontrolled 

proliferation of these cells.

Purkinje cells In contrast to granule cells, Purkinje cells are some of the largest 

brain cells. Discovered in 1837, these inhibitory cells enable the 

fine regulation and coordination of motor movements.

Mdm2−/− mice Unviable and with embryonic lethality at the time of implantation. 

The phenotype is rescued by p53 deletion.

Trp53−/− mice Harbor apparent normal development but are subject to 

spontaneous tumors, primarily lymphomas and sarcomas in 

adults.

Glutamatergic 
neurons

They use glutamate as a neurotransmitter; excitatory in the 

vertebrate nervous system.

GABAergic neurons They use γ-Aminobutyrate (GABA), a major inhibitory 

neurotransmitter in the mammalian central nervous system.

Mdm2+/−; Mdm4+/− 

mice
Present bone marrow cell depletion and cerebellum hypoplasia. 

This phenotype can be rescued with monoallelic p53 deletion, 

further supporting the fine-tuning of p53 and its repressors during 

development.

Trp53515C/515C mice Express a mutant p53 protein, R172P. This is the mouse 

equivalent of R175P in humans. The mutant protein is deficient in 

inducing apoptosis but can still lead to partial cell cycle arrest, 

contributing to the maintenance of chromosome stability in the 

suppression of tumorigenesis.

Mdm2puro mice Harbor a puromycin cassette between exons 6 and 7 of Mdm2, 

thereby creating a hypomorphic Mdm2 allele. Exhibit aberrant 

foliation of the cerebellum due to increased granule cell 

progenitor death.
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Trp53ΔCTD/ΔCTD 

mice
express a truncated p53 lacking 24 amino acids in the C-terminus. 

DIsplay severe hematopoietic defects and reduced cellularity of 

the external granule layer of the cerebellum.

Trp53Δ31/Δ31 mice express a truncated p53 lacking 31 amino acids the C-terminus. 

Their primary phenotypes include aplastic anemia and pulmonary 

fibrosis.

Nestin type of intermediate filament expressed in certain neurons.
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Trends

Mouse models of medulloblastoma depend on p53 ablation. However, most cases of the 

human disease are not associated with mutation(s) in p53. This raises the question of the 

role of p53 during the genesis of medulloblastomas.

Altering the dosage of the negative regulators of p53 (Mdm2 and Mdm4) in vivo has 

resulted in impaired cerebellar development in mice

p53 can down-regulate Hedgehog signaling output through the negative regulation of Gli 

proteins. This results in decreased proliferation of Sonic Hedgehog Shh-sensitive cells.

Activated Hedgehog signaling can lead to the inhibition of p53 activity through Mdm2-

dependent proteasomal degradation. This in turn increases the activation of the Shh 

pathway and proliferation in Shh-sensitive cells.

Mouse models simultaneously deficient in key effectors of the DNA repair pathway (such 

as Lig4, Xrcc4, or Brca2) and p53 show early and strong induction of medulloblastoma 

with 100% penetrance. This reinforces the important role for DNA-damage repair 

mechanisms and possible cooperation with the p53 pathway during cerebellar 

development.
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Figure 1. Unlike Other Cancer Types, Most Human Medulloblastomas Do Not Harbor Sustained 
TP53 Mutations
The frequency of mutations in the gene encoding human p53 is plotted for various cancers 

and compared to those found in human medulloblastomas. Several published studies of 

human medulloblastoma are compared to data of other human cancers, derived from 

cBioPortal. (3,4,5,6,9, 72)
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Figure 2. p53 is Negatively Regulated by Mdm2 and Mdm4
The classical model of the p53 pathway revolves around its core elements: p53 and its main 

repressor Mdm2. During homeostasis, protein levels of p53 are kept low by ongoing 

proteosomal degradation triggered via the ubiquitin ligase activity of Mdm2 (A). Although 

Mdm4 does not target p53 for degradation, both Mdm4 and Mdm2 inhibit p53-dependent 

transcriptional activation of its target genes by directly binding to p53 (A and B). Following 

cellular stress such as DNA damage or oncogenic activation (C), both p53-Mdm2 and p53-

Mdm4 interactions are disrupted. The resulting free p53 can fully function as a transcription 

factor in its homotetrameric form and activate the transcription of target genes involved in 

different cellular outcomes such as cell cycle arrest (Cdkn1a) or apoptosis (Bbc3 and 

Pmaip1).
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Figure 3. Embryonic Cerebellar Development is Driven by Progenitor Cell Migration
A schematic is shown of a sagittal view of the developing cerebellum during embryogenesis. 

At the indicated stages, cerebellar development involves primarily migration of immature 

cellular progenitors. There are two key zones from which the cells that will constitute the 

mature cerebellum originate, namely: the ventricular zone and the rhombic lip. Granule cell 

progenitors migrate out of the rhombic lip along the anterior-posterior axis from E13.5 to 

birth. The inward migration of Purkinje cell progenitors from the ventricular zone starts at 

E10.5 and finishes around E13.5.
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Figure 4. Postnatal cerebellum development involves the proliferation, migration and 
differentiation of granule cells
(A) Following migration from the embryonic rhombic lip, granule precursor cells populate 

the external granular layer and engage in massive cellular expansion. (B) The initial 

proliferation stage of immature granule cells is closely followed by subsequent 

differentiation and inward migration of granule cells past the Purkinje cell layer (pink cells). 

Two sub-layers can then be distinguished: the proliferative outer layer (depicted with blue 

nuclei) and the differentiated inner layer (represented with purple nuclei). Post-mitotic 

granule cells migrate out of the external granular layer to invade and populate the internal 

granular layer (P1 to P19). (C) Around three weeks post-partum, all granule cells have left 

the external granular layer, completing the development of the cerebellum. The empty space 

between the external granular layer and the Purkinje cell layer is the molecular layer. It 

primarily contains the dendritic tree of Purkinje cells and axonal projections of different cell 

types of the cerebellar cortex: mature granule cells, Basket cells, Stellate cells, and Golgi 

cells. The cell bodies of Basket cells and Stellate cells are found in the molecular layer.
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Figure 5. The Sonic Hedgehog (Shh) pathway is critical for cerebellar development
During cerebellar development, Purkinje cells secrete Sonic Hedgehog (Shh) and other 

mitogens that stimulate the granule cells to proliferate. RORα is a transcription factor that 

upregulates Shh gene expression. Shh binds to the Patched receptor (Ptch1) on the surface of 

granule cells. This relieves Ptch1-mediated inhibition of Smoothened (Smo). Smo signaling 

leads to activation of Gli2 as a transcription factor and thus expression of genes encoding 

transcription factors (such as Gli1) and proteins needed for cell proliferation (such as Cyclin 

D1), among others. Atoh1 is a transcription factor expressed in immature granule cells that 

regulates basal gene expression of Gli2. This contributes to the sensitivity to proliferative 

signals coming from Purkinje cells.
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