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ABSTRACT 
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Title: The Role of Mdm2 in Mouse Development and its Implication in the Pathogenesis 

of Cancer and Congenital Syndromes. 
Committee Chair: Susan M. Mendrysa 
 
 The tumor suppressor protein p53, encoded by Tp53 gene, is a transcription factor 

that regulates cell cycle arrest and apoptosis following cellular stresses that compromise 

DNA integrity and normal cellular function. Tp53 is mutated in approximately 50% of 

human cancers, thereby allowing cancer cells to replicate uncontrollably. In cancers in 

which Tp53 is not mutated, p53 is frequently functionally inactivated through other 

mechanisms. For example, Mdm2, a proximal negative regulator p53 is often 

overexpressed in cancers in which p53 is wild-type.  Mdm2 is E3 ubiquitin ligase that 

binds to and targets p53 for proteasomal degradation and as well as inhibits p53 

transcriptional activity.  Pharmacological disruption of the Mdm2-p53 interaction in 

cancer cells with wild-type p53 is currently being explored as a strategy to enhance p53-

mediated cell death in response to conventional chemotherapeutics. Nutlin-3, an Mdm2 

inhibitor, promotes cell death in cultured cells from human medulloblastoma (MB), a 

common cerebellar pediatric cancer, suggesting that Mdm2 is a promising target to treat 

this tumor type.  Consistent with this idea, studies in a mouse model of MB have shown 

that loss of Mdm2 limits the development of preneoplastic lesion in the cerebellum. The 

developing nature of the cerebellum in the youngest of MB patients is a major 

contributing factor to the side-effects resulting from current MB therapies. Studies in 

adult rodents suggest that nutlin-3 is non-genotoxic in normal homeostatic tissues; 

however the effects of nutlin-3 have not been evaluated in developing tissues.  To gain 

insight into the potential side effects of p53 activation on the developing cerebellum, the 

pharmacological effects of Mdm2 inhibition in Granule Neuron Precursor cells (GNPs) 

was mimicked genetically using a mouse model in which Mdm2 could be selectively 

deleted in postnatal GNPs. My studies revealed that deletion of Mdm2 in GNPs led to a 

reduction in cerebellum size but did not negatively impact gross motor coordination.  
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These results suggest that Mdm2 inhibitors may promote the killing of MB tumor cells of 

pediatric patients without minimal side effects on normal cerebellum development 

 

In addition to cancer, p53 has an important role guarding proliferating cells during 

development. Activation of p53 has been implicated in the pathology of several human 

congenital syndromes, and mice lacking Mdm2 die in utero due to p53-mediated 

apoptosis. These studies highlight the need for p53 function to be tightly regulated as 

even modest decreases or increases in p53 function can promote cancer or disrupt normal 

development, respectively.  During the course of my studies on Mdm2 inhibition in MB, 

it was serendipitously discovered that in the absence of a wild-type level of Mdm2, the 

phenotypic consequences of p53 activation on the developing mouse embryo were 

strongly influenced by the genetic background. On a 129S6/B6 F1 hybrid genetic 

background, mice expressing ~30% the wild-type level of Mdm2 were viable, while mice 

on an inbred C57BL/6 genetic background died at birth and exhibited an array of 

craniofacial abnormalities including coloboma, exencephaly, and cleft palate.  This is the 

first demonstration of a role for Mdm2 in craniofacial development. The genotype-

dependence, further, indicates the presence of additional genes affecting craniofacial 

dysmorphology.  In human pleiotropic malformation syndromes, there is often clinical 

variability amongst individuals with an identical underlying mutation at the major effect 

locus.  Currently, the modifier genes that influence craniofacial dysmorphology are 

unknown.  The allelic variants encoded by the divergent genetic backgrounds that 

increase the penetrance and expressivity of craniofacial malformations in the Mdm2 

hypomorphic mice identify the gene and protein networks governing craniofacial 

development. In the future, it will be important to determine the genes that are 

differentially expressed between mice that express low levels of Mdm2 in C57BL/6 and 

129S6/B6 F1 genetic backgrounds. The results from this comparison are predicted to lead 

to the identification of candidate genes that influence craniofacial development through 

the modulation of p53 function.  
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CHAPTER 1: INTRODUCTION  

1.1 The p53 Tumor Suppressor  

 The p53 tumor suppressor protein is mutated or inactivated in approximately 50% 

of human malignancies (Hollstein et al., 1991). In healthy cells, p53 is unstable and 

targeted rapidly for proteasomal degradation by several ubiquitin ligases including 

Mdm2, Pirh2, COP-1, and CHIP (Haupt et al., 1997; Honda et al., 1997; Leng et al., 

2003; Dornan et al., 2004; Esser et al., 2005). Cellular stresses that compromise cell 

normal function and DNA integrity promote stabilization of p53 by post-translational 

modifications. Upon stabilization and activation, wild-type p53 functions to limit the 

growth of cells under stress, allowing cells time to repair damage to their DNA. Due to 

this important function of p53, p53 is known as the “guardian of the genome”. In cases 

when DNA damage of the cell cannot be repaired, p53 induces programmed cell death or 

apoptosis to prevent cell replication, thereby eliminating cells that could become 

neoplastic. In addition to growth arrest and apoptosis, p53 has been implicated in the 

regulation of other essential cellular functions including senescence, differentiation, 

metabolism, DNA repair, and ribosome biogenesis (Golomba et al., 2014; Kung and 

Murphy, 2016; Williams and Schumacher, 2016).  

1.1.1 Discovery of p53  

The p53 protein was discovered in 1979 by several research groups that were 

identifying proteins that interacted with SV40 virus large T antigen (Kress et al., 1979; 

Lane & Crawford, 1979; Linzer & Levine, 1979; Melero et al., 1979; Smith et al., 1979). 

The TP53 gene was initially cloned from transformed cells and its knockout cause 

cellular arrest, consistent with the role of p53 as an oncogene (Eliyahu et al., 1984; 

Jenkins et al.; 1984; Parada et al, 1984). This TP53 gene cloned from transformed cells 

was later determined to have a mutation that allowed p53 to function as an oncogene. The 

status of p53 as an oncogene was changed in 1989 when wild-type TP53 was cloned and 

its anti-proliferative properties demonstrated (Baker et al, 1989; Takahashi et al., 1989). 
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Wild-type p53 is now widely recognized as an important tumor suppressor that induces 

cell cycle arrest or apoptosis during cellular stresses that compromise DNA integrity. 

1.1.2 Structure and functional domains of p53 protein 

The TP53 gene is located on chromosome 17 in humans and chromosome 11 in 

mice (Trp53). This gene encodes a transcription factor that forms a homotetramer that 

binds to specific DNA-sequences called response elements (RE) on target genes 

(Zambetti et al., 1992; McLure et al., 1998). Each p53 monomer consists of two N-

terminal transactivation domains (TAD1 and TAD2), a conserved Proline-Rich Region 

(PRR), a central DNA binding domain, a nuclear localization signal, a tetramerization 

(TET) domain, and a carboxy-terminal basic regulatory domain (Figure 1.1). The 

frequent mutation of residues in the p53 DNA binding domain in cancer highlights the 

importance of the transcriptional activity of p53 to tumor suppression (Cho et al., 1994; 

Walker et al., 1999). While many mutations lead to loss of p53 function, some mutations 

in p53 result in a gain of function or dominant negative effect on wild-type p53, thereby 

inactivating the p53 homotetramer and changing its transcriptional gene profile (Ko & 

Prives, 1996; O’Farrell et al., 2004).  

 

 
 
Figure 1.1 Schematic of p53 protein functional domains. The p53 N-terminus contains 
2 domains: TAD1 and TAD2, important for its transactivation activity as a transcription 
factor. In addition, p53 N-terminus has a proline rich region. At the center of the protein 

there is a DNA Binding Domain (DBD) that allows p53 to bind to specific DNA 
sequences and which is commonly mutated in cancer. At the C-terminus, a Nuclear 

Localization Signal (NLS), a Tetramerization (TET) domain, and a basic domain that are 
important for p53 localization, ability to form a homotetramer, and regulation, 

respectively. 
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1.1.3 Mutations in p53  

 Mutations in p53 can abrogate its tumor suppressive activities and in some cases, 

confer new functions that promote tumor progression (Oren & Rotter, 2010). In tumors, 

the DNA binding domain of p53 is the most common site for mutations, abrogating p53’s 

ability to bind its target genes (Willis et al., 2004). Moreover, p53 mutations in cancer 

can also have dominant negative effects that result in inactivation of wild-type p53, 

transactivation of new gene targets, and inappropriate binding to other cellular proteins 

(Roemer, 1999; Kim & Deppert, 2004). Mutation of p53 is highly correlated with an 

increased risk of tumorigenesis, as seen in people affected with Li-Fraumeni syndrome 

and p53 knockout mouse models (Srivastava et al., 1990; Donehower, 1996). Despite the 

prevalence of p53 mutations in the majority of human cancers, mutations in the TP53 

gene are not frequently detected in pediatric cancers, suggesting that in these types of 

cancers, p53 is functionally inactivated through other mechanisms (Van Maerken et al, 

2014).  

1.1.4 The role of p53 in cell cycle arrest and apoptosis  

The tumor suppressing activity of p53 stems from its ability to induce cellular 

protective responses including growth arrest and apoptosis. Cellular stresses including 

ionizing or UV irradiation, DNA damage, hypoxia, oncogene activation, and nutrient 

deprivation lead to p53 stabilization and activation (Ko & Prives; 1996). Activated p53 

transcriptionally regulates numerous genes involved in cell cycle arrest or apoptosis with 

the cellular outcome dependent on the nature of the stimulus and the cell type affected.  

 

The cell cycle has two major checkpoints denoted as G1 and G2 to ensure proper 

cell growth, DNA replication and division of the genetic material. This process is 

regulated by complexes of Cyclin Dependent Kinases (CDKs) and Cyclins. A major p53 

gene target is the CDK inhibitor Cdkn1a that encodes the protein p21WAF1/CIP1(El-Deiry et 

al., 1994) (See Figure 1.2). p21WAF1/CIP1 inhibits CyclinA-Cdk2 and CyclinE-Cdk2 

complexes at the G1 cell cycle checkpoint (Dulic et al., 1994). Inhibition of Cdk2 and 

Cdk4 kinases promotes pRb-mediated inhibition of E2F1, a transcription factor that 
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positively regulates DNA replication and cell cycle progression genes (Harper et al., 

1993). In addition, p21WAF1/CIP1 can form a complex with the proliferating cell nuclear 

antigen (PCNA) to inhibit DNA replication (Waga et al., 1994). The role of p21WAF1/CIP1 

in cell cycle arrest was confirmed in a mouse model lacking this protein in which cells 

were unable to arrest the cell cycle after DNA damage (Deng et al., 1995). Cell cycle 

arrest at G1 can also be induced by repression of c-Myc, an oncogene involved in cell 

growth and proliferation. p53 binds to the c-Myc promoter and recruits histone 

deacetylases to repress c-Myc transcription (Ho et al., 2005).  

 

Activation of p53 can induce cell cycle arrest at G2/M by increasing the 

expression of target genes such as YWHAS and Gadd45 (Hermeking et al., 1997; Xiao et 

al., 2000) (See Figure 1.2). YWHAS encodes the protein 14-3-3s that sequesters the 

Cdc2/CyclinB1 complex in the cytoplasm during G2 checkpoint (Hermeking et al., 

1997). In addition, Gadd45 encodes the Gadd45 protein that binds to Cdc2 dissociating it 

from the Cdc2/CyclinB1 complex (Jin et al., 2000; Zhan et al., 1999). By stopping cell 

cycle progression, p53 allows cells time to repair DNA damage caused by stress. 

However, when cells have had severe damage compromising DNA integrity, p53 induces 

apoptosis. 
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Figure 1.2 The role of p53 in the cell cycle during cellular stress. p53 is involved in 
the transcription of genes that can stop the cell cycle in stressed cells at Growth Phase I 
(G1) or Growth Phase 2 (G2). The p53-mediated transcription of p21WAF1/CIP1 stop the cell 

cycle at G1. In addition, p53 has been reported to repress the expression of c-Myc by 
recruiting histone deacetylases to c-Myc promoter and silencing c-Myc. During G2 

checkpoint, p53 induces the genes YWHAS and Gadd45.  

 

Apoptosis is a controlled process in which a cell destructs itself. This process, 

also known as programmed cell death, occurs normally during growth and development 

and as part of tissue homeostasis to get rid of unneeded or damaged cells. Apoptosis is 

also induced following cellular stress that severely compromises DNA integrity or 

normal cell function. The p53 protein plays an important role in apoptosis by activating 

the transcription of multiple pro-apoptotic genes involved in both intrinsic and extrinsic 

apoptotic pathways (See Figure 1.3).  

 

The intrinsic apoptotic pathway is characterized by mitochondrial outer member 

permeabilization (MOMP) which releases cytochrome C from the mitochondrial 

intermembrane (Liu et al., 1996). Bcl-2 family members regulate MOMP in the intrinsic 
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apoptotic pathway (Vaseva & Moll, 2009). Anti-apoptotic proteins including Bcl-2, Bcl-

XL, and Mcl-1 protect the mitochondrial membrane from MOMP. In contrast, pro-

apoptotic proteins including Bax, Noxa and Puma are involved in forming pores in the 

mitochondrial outer membrane, inhibiting anti-apoptotic proteins and releasing 

cytochrome C. The balance among anti-apoptotic and pro-apoptotic Bcl-2 family 

members determines the cellular outcome. After cellular stresses, for example UV 

irradiation, p53-mediated transcription of Bax, Noxa and Puma shifts the balance toward 

apoptosis by inducing MOMP (Miyashita & Reed, 1995; Oda et al., 2000; Nakano et al., 

2001; Yu et al., 2001). Puma and Noxa function similarly, binding to and translocating 

Bax from cytosol to the mitochondria outer membrane. Puma and Noxa also inhibit anti-

apoptotic Bcl-2 family members found in the mitochondrial outer membrane (Yu et al., 

2003, Haupt et al., 2003). Activated Bax oligomerizes in the mitochondrial outer 

membrane creating pores where cytochrome C is released (Korsmeyer et al., 2000). 

Cytochrome C can then interact with Apaf-1 and pro-caspase 9 to form the apoptosome, 

thereby activating the caspase cascade that leads to apoptosis (Chari et al., 2009). In 

addition to transcriptional activation of multiple pro-apoptotic target genes, p53 can 

physically interact with and inhibit the anti-apoptotic proteins Bcl-2, Bcl-Xl, and Mcl-1 

in the mitochondria outer membrane, thereby inducing apoptosis (Wolff et al., 2008). 

Thus, p53 has both transcription-dependent and -independent functions in the intrinsic 

apoptotic pathway. 

In the extrinsic apoptotic pathway, activation of death receptors through ligand 

binding induces the cleavage of caspase 8 initiating a cascade of signals that results in 

apoptosis (Haupt et al., 2003). p53 contributes to the regulation of extrinsic apoptosis by 

promoting the transcription of Fas, Dr5 and Perp (Muller et al., 1998; Wu et al., 1997; 

Attardi et al., 2000). Fas is a transmembrane receptor from the TNF-R family that is 

activated through the binding of FasL ligand, predominantly expressed in T cells (Muzio, 

1998). Activation of p53 by g-irradiation induces the transcription of Fas in a tissue-

specific manner, being highly expressed in the spleen, thymus, kidney and lungs 

(Bouvard et al., 2000). Additionally, p53 increases trafficking of Fas from the Golgi 

apparatus, thereby sensitizing the cell to incoming apoptotic signals (Bennett et al., 

1998). The Dr5 receptor contains a death-domain which is activated through the TNF-
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related apoptosis-inducing ligand (TRAIL) (Haupt et al., 2003). Similar to Fas, the 

expression of Dr5 is tissue-specific during g-irradiation, being highly expressed in the 

spleen, thymus and small intestine (Burns et al., 2001). These studies highlight the tissue-

specificity of p53-mediated extrinsic apoptotic pathway during cellular stresses.  

 

 

 

 
 

Figure 1.3 The role of p53 in the extrinsic and intrinsic apoptotic pathways. The 
protein p53 regulates both the intrinsic and extrinsic apoptotic pathways. In the extrinsic 

apoptosis pathway, p53 increases the expression of the death receptor genes Fas, Dr5 and 
Perp. In addition, cytosolic p53 increases Fas trafficking from the golgi apparatus to the 
plasma membrane sensitizing the cell to incoming apoptotic signals. The activation of 
death receptors results in the activation of caspase 8 and the cleavages of caspases 3, 6 

and 7 resulting in apoptosis. In the intrinsic apoptosis pathway, p53 induces the 
transcription of pro-apoptotic genes Bax, Puma, and Noxa. The pro-apoptotic protein 
Puma helps Bax to translocate to the mitochondria outer membrane where Bax forms 

pores releasing the cytochrome C (Cyt-C) to the cytosol. Additionally, Puma, Noxa and 
cytosolic p53 inhibit anti-apoptotic proteins Bcl-2, Bcl-Xl, and Mcl-1. The cytosolic Cyt-
C binds to Apaf-1 and pro-caspase 9 to form the apoptosome that initiates the cleavage of 

caspases 3, 6, and 7 causing apoptosis. 



8 
 

1.1.5 p53 in cell differentiation 

 Cell differentiation is a process in which a cell becomes specialized to carry out a 

particular function within a tissue. The role of p53 in cell differentiation is not well 

understood, with studies supporting a role for p53 both in the promotion and inhibition of 

cell differentiation. Among the first studies of p53 in cell differentiation, Shaulsky et al 

demonstrated that introduction of wild-type p53 in L12 pre-B cells increased expression 

of immunoglobulin µ and the cell surface marker B220 and accelerated differentiation of 

L12 pre-B cells compared to cells that did not expressed p53 (Shaulsky et al, 1991). 

However, this study failed to determine whether the p53 transcriptional activity was 

directly involved in the expression of L12 pre-B cells differentiation markers (Shaulsky 

et al, 1991). In vivo studies using p53 in situ hybridization have inversely correlated p53 

mRNA levels with cell differentiation during embryogenesis. During mouse 

development, high p53 mRNA and protein levels are observed ubiquitously in the mouse 

embryo during early stages of development where undifferentiated cells are actively 

proliferating suggesting that p53 is guarding the developing embryo and proliferating 

cells from possible cellular stresses. After midgestation (E11), p53 levels decrease when 

organogenesis and differentiation process begins. At this stage, p53 become more tissue-

specific and detected in cells undergoing early differentiation events, for example 

postmitotic neurons (Schmid et al., 1991). The localization of p53 in the nucleus was 

observed in oligodendrocytes and PC12 cells (rat pheochromocytoma) that were 

undergoing differentiation (Eizenberg et al., 1996). However, terminally differentiated 

oligodendrocytes and PC12 cells had p53 in their cytoplasm suggesting that in terminally 

differentiated cells p53 is exported from the nucleus (Eizenberg et al., 1996). Consistent 

with the idea that p53 promotes cell differentiation, inhibition of p53 in oligodendrocytes 

and PC12 cells inhibited cell differentiation and spontaneous apoptosis normally seen in 

these cell types (Eizenberg et al., 1996).  p53 can promote growth arrest and 

differentiation of PC12 cells by inducing the expression of Trk2 receptor, thereby 

sensitizing cells Nerve Growth Factor (NGF) signaling (Zhang et al., 2006). Genome-

wide ChIP analyses in PC12 cells treated with NGF demonstrated that p53 regulates the 

pro-differentiation genes Wnt7b and Grhl3, which are implicated in dendritic extension 

and ectodermal development, respectively (Brynczka et al., 2007). Together, the studies 
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suggest that p53 is involved in the early stages of cell differentiation. However, more 

studies are needed to clarify the tissue-specific role of p53 in cell differentiation.  

 

 There is growing interest into the role of p53 in cell differentiation due to 

potential implications in regenerative medicine for stem-cell based therapies. Adult 

somatic cells can be reprogrammed using dedifferentiation factors to generate induced 

pluripotent stem cells (iPS) (Jain & Barton, 2018). The derivation of iPS from adult 

somatic cells offers a new system to potentially modulate diseases and discover new 

drugs and circumvents issues regarding the ethical use of Embryonic Stem Cells (ESCs) 

for studies in regenerative medicine (Singh et al., 2015). The abrogation of p53 function 

in iPS increases their reprogramming efficiency (Hong et al., 2009; Kawamura et al., 

2009; Marion et al., 2009; Utikal et al., 2009). However, the loss of p53 function in iPS 

also increases their genomic instability, making them susceptible to malignant 

transformation (Marion et al., 2009). In addition to increased genomic instability, iPS 

share other traits with malignant cells including uncontrolled proliferation and 

transcription of pluripotency factors (e.g. Myc), which raises concerns as to whether iPS 

should be used for therapeutic purposes (Semi et al., 2013). The reintroduction of p53 

into iPS causes them to activate differentiation pathways that counteract their 

reprogramming (Yi et al., 2012). Among the p53-target genes that counteract iPS 

reprogramming is miR-34a that represses pluripotency genes such as Sox2, Myc, and 

Nanog (Choi et al., 2011). Nanog is a pluripotent marker that is necessary for stem cell 

self-renewal and expression of other pluripotent genes such as Oct4 and Sox2 (Silva et 

al., 2009; Young, 2011). Direct repression of Nanog is mediated by a complex of p53-

mSin3a-HDAC that deacetylates and represses Nanog promoter in ESCs (Lin et al., 

2005). Together, these studies suggest that p53-mediated repression of Nanog is 

important for ESCs and iPS differentiation. In the future, it may be possible to a modulate 

the level of p53 during the reprogramming of somatic stem cell to generate iPS for 

therapeutic purposes without the concern of malignant transformation. 
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1.1.6 Regulation of p53  

 Multiple post-translational modifications control p53 activity including 

phosphorylation, acetylation, and ubiquitination. Various combinations of these p53 

modifications determine the stability, activation, association with other factors, and 

subcellular localization of p53 (reviewed in Meek & Anderson, 2009). The cellular 

outcomes of p53 post-translational modifications are dependent on the nature of the 

stimulus and cell type.  

 

 Phosphorylation is one of the main post-translational modifications of p53. 

Multiple cellular stresses induce the activation of kinases that phosphorylate p53 at 

different sites. DNA damage promotes the activation of ATM, ATR, Chk1, Chk2 and 

DNA-PK kinases that phosphorylate p53 in the N-terminal transactivation domain. After 

DNA damage, activated kinases phosphorylate p53 at Ser15, Thr18, and Ser20. 

Phosphorylation at these p53 sites disrupts p53 interaction with its main negative 

regulator Mdm2 and increases p53 binding with co-activators including the histone acetyl 

transferases (HATs) CREB and p300 (Shieh et al., 1997; Lambert et al., 1998; Schon et 

al., 2002; Toledo & Wahl et al., 2006). In vivo studies of knock-in mice containing 

missense mutations in Ser18 or Ser23 (the murine equivalent of human Ser15 or Ser20), 

which make these sites unable to be phosphorylated, show the important roles of Ser18 

and Ser23 in the p53-mediated response after DNA damage (Chao et al., 2003; Sluss et 

al., 2004; MacPherson et al., 2004). Mutation of Ser18 to Alanine (S18A) resulted in 

reduced expression of p53 target genes in thymocytes and fibroblasts following 

irradiation (IR). In these cells, the p53 C-terminus lacked acetylation suggesting that 

phosphorylation of Ser18 was required prior to the acetylation of p53. The level of 

apoptosis following IR in knock-in S18A mice was reduced relative to irradiated wild-

type mice but it was higher than that observed in p53-null, in contrast, apoptosis was 

completely abrogated in irradiated thymocytes from double knock-in S18A/S23A mice 

indicating that phosphorylation at both p53 Ser18 and Ser23 is critical for p53-mediated 

apoptosis (Chao et al., 2006). Together, these data support the idea that multiple post-

translational modifications synergistically regulate p53 function. 
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  Consistent with the idea that phosphorylation of p53 can also promote p53 

acetylation by HATs. ATM/ATR-mediated phosphorylation of p53 at Ser15 following 

genotoxic stress recruits the acetyltransferase p300 and CBP (CREB-binding protein). In 

turn, p300-CBP acetylates human p53 at the C-terminus at K370, K372, K373, K381, 

K382, thereby opening the p53 DNA binding domain (Gu & Roeder, 1997). Moreover, 

acetylation of surrounding histones at p53 target genes by p300-CBP allows chromatin to 

become more accessible to the activity of p53 and other factors (Goodman & Smolik, 

2000). Acetylation of p53 at different sites changes the ability of p53 to bind DNA and 

other co-factors (Reed & Quelle, 2015). Acetylation of p53 is also reported to contribute 

to the activation of p53 by disrupting ubiquitin-dependent degradation mediated by 

Mdm2, suggesting that acetylation of p53 lysine residues can compete with ubiquitination 

of these same sites (Tang et al., 2008; Li et al., 2002).  

 

 In addition to phosphorylation and acetylation, p53 function and levels are 

regulated by ubiquitination. Ubiquitination of p53 inhibits its function and can decreases 

p53 cellular levels. Multiple E3 ubiquitin ligases have been determined to target p53 for 

proteasomal degradation including Mdm2, Pirh2, COP-1, and CHIP (Haupt et al., 1997; 

Honda et al., 1997; Leng et al., 2003; Dornan et al., 2004; Esser et al., 2005). However, 

the main gatekeeper of p53 is Mdm2. Ubiquitination of p53 by Mdm2 can exclude p53 

from the nucleus and enhance its degradation by the proteasome (Geyer et al., 2000; 

O’Keefe et al., 2003; Boyd et al., 2000).  

 
 The regulation of p53 in both unstressed and stressed cells is important for proper 

cellular function. In unstressed cells, p53 basal levels are tightly controlled by its main 

negative regulator Mdm2 allowing cells to grow and proliferate. In contrast, during 

cellular stresses multiple post-translational modifications activate p53 function to 

regulate cell cycle arrest and apoptosis. Disruption of the multiple layers of p53 

regulation contributes to an increased incidence of diseases such as cancer, thereby 

highlighting the importance of maintaining a proper balance in this dynamic process.  
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1.2 Mdm2: the main negative regulator of p53 

 The Murine double minute 2 (Mdm2) gene was cloned from the mouse double 

minute chromosome amplified in the tumorigenic mouse cell line 3T3DM (Cahilly-

Snyder et al., 1987; Fakharzadeh et al, 1991). An essential function of Mdm2 is to 

negatively control the activity and stability of the tumor suppressor p53 (See Figure 1.5). 

Mdm2 forms a complex with, and inhibits the transcriptional activity of p53 (Momand et 

al., 1992). The N-terminus of Mdm2 binds to the a-helix within the transactivation 

domain of p53 (TAD1), blocking the transcriptional activity of p53 (Chen et al., 1995; 

Kussie et al., 1996) (See Figure 1.4). In addition, Mdm2 is an E3 ubiquitin ligase that 

targets p53 for degradation (Haupt et al., 1997; Honda et al., 1997). The C-terminal 

RING domain of Mdm2 can monoubiquitylate p53, thereby promoting the transport of 

the p53-Mdm2 complex from the nucleus to the cytoplasm (Honda et al., 1997). Mdm2-

mediated polyubiquitination of p53 promotes the degradation of p53 by the 26S 

proteasome (Honda et al, 1997) (See Figure 1.4 and 1.5). 

 

 

 
 

Figure 1.4 Schematic of Mdm2 protein functional domains. The Mdm2 N-terminus 
contains the p53 binding domain followed by a nuclear localization signal (NLS) and 

nuclear export signal (NES) domains that control Mdm2 transport to and from the 
nucleus. The central acidic and Zn domains of Mdm2 are important for the regulation of 

Mdm2 by the binding of other factors, including many ribosomal proteins. A RING 
domain contains the E3 ubiquitin ligase activity is localized at the C-terminus of Mdm2.  
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Figure 1.5 p53 – Mdm2 negative feedback loop. The tumor suppressor p53 is a 
transcription factor that regulates expression of genes involve in cell cycle arrest, 

apoptosis, differentiation and/or senescence when cells are under stress conditions. In 
addition, p53 activates the transcription of its main negative regulator Mdm2, creating an 
autoregulatory feedback loop. Mdm2 is an ubiquitin ligase that negatively regulates p53 

by targeting it for proteasomal degradation or blocking its transcriptional activity.  

1.2.1 Regulation of Mdm2  

 The transcriptional regulation of the Mdm2 gene is controlled by two promoters: 

P1 and P2. Mdm2 P1 is located upstream of exon 1 and controls basal expression. In 

contrast, Mdm2 P2 is located in intron 1 and is inducible by p53 (Barak et al., 1993). 

Activated p53 induces the expression of Mdm2 in response to multiple cellular stresses, 

thereby creating a negative auto-regulatory feedback loop in which p53 regulates 

expression of its own inhibitor (Wu et al, 1993). The Mdm2-p53 auto-regulatory loop is 

important to restrain p53 activity, thereby allowing cells to recover after cellular stress. 

Cellular stresses can also activate other proteins that control Mdm2 function. For 

example, Mdm2 ubiquitin ligase activity is inhibited by p14/ARF (Honda & Yasuda, 

1999). ARF binds to the Mdm2 Ring domain and sequesters Mdm2 in the nucleolus away 

from the nucleoplasm where p53 usually is located (Tao & Levine, 1999; Weber et al., 

1999). In addition, ribosomal proteins such as L11, L5 and L23 can bind to the Mdm2 C-

terminus, thereby inhibiting Mdm2’s E3 ubiquitin ligase activity (Lohrum et al., 2003; 

Dai et al., 2004; Dai & Hu, 2004). 
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 The function of Mdm2 can be regulated by post-translational modifications. 

Genotoxic stresses such as irradiation and ultraviolet light activate ATM and ATR 

kinases, respectively. Mdm2 can be phosphorylated on Serine 395 by ATM and Serine 

407 by ATR, thereby blocking Mdm2-mediated nuclear export of p53. Additionally, 

ATM reduces the level of the Mdm2 deubiquitinase HAUSP (Herpesvirus Associate 

Ubiquitin-Specific Protease), augmenting Mdm2 auto-ubiquitination and degradation 

during genotoxic stresses (Khoronenkova et al., 2012). However, WIP1, a 

serine/threonine phosphatase, reverses Mdm2 phosphorylation at Serine 395 to restore its 

activity towards p53 (Lu et al., 2007). Moreover, phosphorylation of Mdm2 by AKT 

kinase at Serine 166 and 186 can localize this protein to the nucleus to inhibit p53 activity 

(Zhou et al., 2001). Regulation of Mdm2 is important to maintain its basal levels since 

increase expression of Mdm2 has been reported in several cancers.   

1.2.2 Mdm2 amplification and overexpression in cancer  

 The tumor suppressor p53 is mutated in approximately 50% of human cancers. In 

cancers in which the TP53 gene is wild-type, the p53 protein is often functionally 

inactivated by other mechanisms, thus illustrating the importance of p53 function for 

tumor suppression. Consistent with this idea, Mdm2, the proximal negative regulator of 

p53, is amplified and overexpressed in many cancers in which p53 is wild-type. In a 

panel of soft-tissues sarcomas, 36% contained Mdm2 amplifications (Oliner et al., 1992). 

Further histological analysis confirmed the amplification of Mdm2 in sarcomas including 

osteosarcomas, rhabdomyosarcomas, lipomas and liposarcomas (Ladanyi et al., 1993; 

Cordon-Cardo et al., 1994; Nakayama et al., 1995). In addition to sarcomas, Mdm2 is 

amplified in other tumors including glioblastoma multiforme, bladder urothelial 

carcinoma, and cholangiocarcinoma (Oliner et al., 2016). Interestingly, Mdm2 

amplification and p53 mutation events are typically mutually exclusive consistent with 

the idea that in absence of p53 mutations, p53 function is limited through other 

mechanisms (Leach et al., 1993; Cordon-Cardo et al., 1994). 

 

 In addition to Mdm2 amplification, Mdm2 is overexpressed in human tumors as a 

consequence of disrupted oncogenic signals. The expression of the Mdm2 P2 promoter 
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can be induced other factors in addition to p53. MYCN is commonly overexpressed in 

cancers and has been reported to induce Mdm2 expression. Binding of MYCN to the 

Mdm2 promoter inducing Mdm2 expression in MYCN-amplified neuroblastoma cells 

(Slack et al., 2005). Pharmacological inhibition of MYCN decreased Mdm2 levels, 

leading to an increase of p53 activity and apoptosis of neuroblastoma cells (Slack et al., 

2005). Similar to MYCN, the nuclear factor of activated T cells 1 (NFAT-1) has a 

consensus binding site in the Mdm2 P2 promoter (Zhang et al., 2012). NFAT-1 is a 

transcription factor commonly phosphorylated and inactivated in the cytoplasm. Influx of 

calcium to the cell activates calcineurin which dephosphorylates NFAT-1. NFAT-1 

regulates a variety of genes involved in the immune system and cell survival, 

progression, migration, and angiogenesis and is found at high levels in solid and 

hematological malignancies (Qin et al., 2014a). In human hepatocarcinoma, high levels 

of NFAT-1 positively correlate with Mdm2 regardless the presence of p53 (Zhang et al., 

2012). A plant compound JapA has been shown to decrease Mdm2 expression by 

inhibiting the binding of NFAT-1 to Mdm2 P2 promoter and directly bind to Mdm2 and 

promote its degradation in breast cancer cells (Qin et al., 2014b; Qin et al., 2015). In 

addition to Mdm2, NFAT-1 has been shown to induce the expression of c-Myc in 

pancreatic cancer cells (Buchholz et al., 2006; Koenig et al., 2010). It would be 

interesting to know whether there is cooperation among the oncogenic proteins NFAT-1, 

Mdm2 and MYC to limit p53 function in human cancer.  

 

 Studies of germline single nucleotide polymorphisms (SNPs) in Mdm2 highlight 

the impact of even modest changes in the level of Mdm2 expression on tumorigenesis. A 

SNP located at Mdm2 nucleotide 309 can be either occupied by thymine (T) or guanine 

(G) resulting in differences in the level of Mdm2 expression (Bond et al. 2004). Mdm2 

RNA levels measured in a panel of tumor cells containing either Mdm2 SNP309T or 

SNP309G showed that the presence of SNP309G correlates with higher levels of Mdm2 

RNA compared to cells containing the SNP309T (Bond et al., 2004). In people affected 

with Li-Fraumani Syndrome, Mdm2 SNP309G is correlated with an early onset of cancer 

(Bond et al., 2004). In addition, Mdm2 SNP309G increases the risk factor for breast 

cancer in women (Bond et al., 2006). Mechanistically, Mdm2 SNP309G allows for 
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increased binding of the transcriptional activator specific protein 1 (Sp1) resulting in 

increased expression of Mdm2 (Bond et al., 2004). Sp1 is a transcription factor that 

regulates cell growth, and has been implicated in tumorigenesis (Vizcaino et al., 2015). 

The inhibition of Sp1 by either siRNA or mitramycin A reduced the increased expression 

of Mdm2 due to the presence of SNP309G suggesting that the targeting of Sp1 may 

enhance the therapeutic response in cancer patients with Mdm2 SNP309G (Bond et al., 

2004).  

1.2.3 Small molecules to inhibit Mdm2-p53 interaction 

 Many chemotherapies that cause genotoxic damage require p53 activity to kill 

cancer cells. While important to kill cancer cells, many chemotherapies also damage 

surrounding normal healthy tissue leading to adverse side effects. Multiple therapeutic 

strategies are under study to selectively target the activation of wild-type p53 without 

causing genotoxic damage to non-tumor cells. The activation of p53 through 

therapeutically targeting the p53 pathway in cancer may have potentially reduce the 

toxicity of current chemotherapies in normal healthy tissues. Drugs that reactivate wild-

type p53 in cancer are being used in combination to other drugs, including Doxorubixin 

which causes genotoxic stress in cancer cells. The advantage of combining genotoxic and 

p53 activating drugs is to decrease the doses of genotoxic chemotherapies, thereby 

decreasing the negative side effects in healthy tissues (Lane et al., 2010).  

 

 Disruption of Mdm2-p53 complex, in particular, is an attractive strategy by which 

is enhance p53 function in tumors in which p53 is wild type but functionally inactivated. 

Small molecules that disrupt the interaction between wild-type p53 and Mdm2 have been 

designed in order to functionally activate wild-type p53. Nutlins, including nutlin-3, are 

cis-imidazole compounds that were discovered to activate p53 by competing with the 

p53-binding site in the Mdm2 N-terminus (Vassilev et al., 2004). Nutlin-3 activate wild-

type p53 in cultured cells and xenograft tumors, thereby inducing expression of p53-

targets genes including p21, decreasing cell viability, increasing apoptosis, and 

decreasing tumor volume (Vassilev et al., 2004). MI-219 is a spiro-oxindole compound 

designed based on the crystal structure of Mdm2-p53 complex to specifically bind and 
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inhibit Mdm2 with higher affinity than nutlin-3 (Shangary et al., 2008). Xenografted 

osteosarcoma tumors treated with MI-219 showed decreased cell proliferation, increased 

cell apoptosis, and decreased tumor growth (Shangary et al., 2008). In addition to nutlin-

3 and MI-129, using a National Cancer Institute library compound and a cell-based assay, 

RITA (Reactivation of p53 and Induction of Tumor Cell Apoptosis) was discovered to 

suppress growth of HCT116 colon carcinoma cells (Issaeva et al., 2004). Further 

characterization of RITA showed this compound binds directly to p53 and limits p53 

binding to Mdm2 (Issaeva et al., 2004). Small molecule inhibitors that target the Mdm2 

E3 ubiquitin ligase activity are also being explored as an alternative strategy to enhance 

wild-type p53 function (Yang et al., 2005; Roxburgh et al., 2012; Herman et al., 2011).  

 

 Reactivation of wild-type p53 could be a valuable therapeutic strategy for 

childhood malignancies which display infrequent mutations in p53. For instance, 

treatments of human medulloblastoma cell lines containing wild-type p53 with nutlin-3 

decreases cell viability suggesting that treatment of this common pediatric brain tumor 

with Mdm2 inhibitors could be a good therapeutic strategy (Ghassemifar & Mendrysa, 

2012). However, given that higher p53 levels can also kill normal cells, more information 

is needed about the role of p53 in developing tissues prior to using Mdm2 inhibitors to 

activate p53 in pediatric cancers.  

1.2.4 Mouse Models to study Mdm2-p53 pathway  

 The deletion of Mdm2 in mice demonstrates the important role of Mdm2 in 

normal, non-cancer cells. Mdm2-null mice die in utero before implantation of the embryo 

due to increased p53-mediated apoptosis demonstrating the importance of Mdm2 in p53 

regulation during embryogenesis. Interestingly, co-deletion of Mdm2 and Trp53 rescues 

the embryonic lethality seen in Mdm2-null mice indicating that regulation of p53 by 

Mdm2 during embryogenesis is required for normal development (Jones et al, 1995, 

Montes de Oca Luna et al, 1995). Mice heterozygous for Mdm2 are overtly normal but 

are more susceptible to irradiation due to low basal levels of Mdm2 and increased p53 

activity compared to wild-type mice (Mendrysa & Perry, 2000). Mice containing a 

combination of Mdm2 hypomorphic (Mdm2puro) and null (Mdm2D7-12 or Mdm2D7-9 alleles) 
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express approximately 30% of the wild-type Mdm2 level (Mendrysa et al., 2003). 

Mdm2puro/D7-12 mice are viable indicating that the low level of basal Mdm2 expression is 

sufficient to inhibit p53 activity during embryogenesis. However, Mdm2puro/D7-12 mice 

exhibit a number of phenotypes including defects in hematopoiesis, reduced body size, 

and radiosensitivity (Mendrysa et al., 2003). Recently, low levels of Mdm2 in 

Mdm2puro/D7-9 hypomorphic were demonstrated to result in defects in cerebellar 

development due to high levels of p53 function (Malek et al., 2011). The p53-dependent 

cerebellar phenotypes of Mdm2puro/D7-9 mice include disorganization of cerebellar layers 

and increased of apoptosis in Granule Neuron Precursor (GNPs) cells. These phenotypes 

correlate with decreased activity of the Sonic Hedgehog pathway and increased p53-

target genes expression (Malek et al., 2011). Mouse models in which the level of Mdm2 

is reduced show the importance of maintaining appropriate basal levels of Mdm2 to 

negatively regulate p53 during embryogenesis and homeostasis.  

 

 In addition to the basal levels of Mdm2, the negative feedback loop of p53 and 

Mdm2 is also important during homeostasis (Table 1.1). In Mdm2P2/P mice, a point 

mutation in Mdm2 P2 promoter leaves this gene unresponsive to p53 and has been used 

to study the negative feedback loop between p53 and Mdm2. Mdm2P2/P2 mice develop 

normally demonstrating that the Mdm2-p53 negative feedback loop is not essential for 

development (Pant et al., 2013). Basal level of Mdm2 expression from the P1 promoter is 

sufficient to control p53 activity in non-stressed cells. However, following irradiation, 

80% of Mdm2P2/P2 mice die due increased apoptosis of hematopoietic stem cells 

suggesting that the p53-Mdm2 negative auto-regulatory loop is required to limit p53 

activity after cellular stress (Pant et al., 2013). Furthermore, the Mdm2 E3 ubiquitin 

ligase function is important to protect radiosensitive tissues during cellular stresses. 

Mdm2Y487A/Y487A mice have a point mutation in Mdm2 amino acid 487 that disrupting 

Mdm2 E3 ubiquitin ligase activity but is still capable of binding to and inhibiting p53 

transcriptional activity. Mdm2Y487A/Y487A mice are viable mice illustrating that 

ubiquitination of p53 is not essential for restricting p53 activity during mouse 

development. However, 100% of irradiated Mdm2Y487A/Y487A mice died after 22 days 

compared to wild-type due to increase apoptosis and hematopoietic failure suggesting 
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that Mdm2 E3 ubiquitin ligase activity is required in radiosensitive tissues to inhibit p53 

activity during cellular stresses (Tollini et al., 2014).  

 

Table 1.1 Genetic background and phenotypes of selected Mdm2 mouse models  

Mouse Model Genetic Background Phenotype Reference 
Mdm2P2/P2 

 

(Point mutation in 
Mdm2 P2 promoter 
where p53 binds) 

 
>90% C57Bl/6 

background 
 

Viable, p53 cannot 
activate Mdm2 for its 

negative feedback loop, 
Hematopoietic system 

is sensitive to 
irradiation  

 
 

Pant et al 2013 

Mdm2Y487A/Y487A 

 

(Point mutation in aa 
487 to abrogate E3 

ligase) 
 

 
Backcrossed to 

C57Bl/6 for five 
generations; 97% 

C57Bl/6 backgorund 
 

 
 

Viable mice, sensitive 
to irradiation 

 
 

Tollini et al 2014 

Mdm2puro/D7-9  

 

(Combination of null 
and hypomorphic allele 
to reduce basal levels of 

Mdm2) 

 
Maintained on a mixed 

129/Sv 3 C57Bl/6 
background 

 
Small, radiosensitive, 

disrupted development 
of lymphocytes and 

cerebellum 

 
Mendrysa et al 2003 
Malek et al., 2011 

 

1.3 The Rationale of this Study  

 Mdm2 is thought to play an important role in MB tumorigenesis. Low levels of 

Mdm2 in a Shh-driven MB mouse model reduced the development of preneoplastic 

lesions in the cerebellum (Malek et al., 2011). In addition, nutlin-3, an Mdm2 inhibitor, 

decreased the viability of cultured human MB cells with wild-type p53 and promoted 

p53-dependent apoptosis of tumor cells in mice bearing xenografted MB tumors 

(Ghassemifar & Mendrysa, 2012; Kunkele et al., 2012). These studies highlight the 

potential use of Mdm2 inhibition to treat MB. However, as low levels of Mdm2 disrupt 

cerebellar development in mice (Malek et al., 2011), the effect of Mdm2 inhibitors on 

healthy tissue should be carefully examined prior to the use of Mdm2 inhibitors in MB 

pediatric patients whose cerebellum is under development.  

 

 To evaluate the effects of Mdm2 inhibition, and hence p53 activation, in normal 

non-stressed cells of the cerebellum, I utilized a mouse model to genetically knockdown 

Mdm2 specifically in GNPs during postnatal cerebellar development. As discussed in 
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Chapter 3, the spatiotemporal deletion of Mdm2 in GNPs provided a genetic approach to 

mimic pharmacological inhibition of Mdm2. Results from my analyses of postnatal 

cerebellar development following deletion of Mdm2 in GNPs provide new insight into 

the potential side effects of Mdm2 inhibitors or other strategies to enhance p53 function 

in MB tumors.  During the course of my studies on Mdm2 in the cerebellum, it was 

serendipitously discovered that the mouse genetic background significantly altered the 

penetrance of p53-dependent phenotypes.  In Chapter 4, I present my phenotypic analyses 

of birth defects arising in Mdm2puro/D7-9 mice on an inbred C57BL/6 genetic background. 

These studies highlight the need for p53 function to be tightly regulated as even modest 

decreases or increases in p53 function can promote cancer or disrupt normal 

development, respectively. 
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CHAPTER 2: MATERIALS AND METHODS 

2.1 Animal husbandry 

 All mouse protocols performed during this study were approved in advance by the 

Purdue University Animal Care and Use Committee (PACUC). Mice were maintained in 

the Life Science Animal (LSA) building at Purdue University and provided with food and 

water ad libitum. Euthanasia of mice was performed by carbon dioxide asphyxiation 

followed by cervical dislocation.  

2.2 Mouse strains  

 Mdm2flox/flox (Mendrysa et al., 2003) and Math1-CreERTM (Machold & Fishell, 

2005) mice were bred to generate Mdm2flox/flox; Cre (+) and Mdm2flox/flox; Cre (-) mice on 

a mixed genetic background for postnatal cerebellar development studies. Mdm2puro/+ and 

Mdm2+/D7-9 mice maintained on an inbred C57BL/6 background were crossed to generate 

C57BL/6 Mdm2+/+ (wild-type) and Mdm2puro/D7-9 embryos. Additionally, F1 hybrid 

Mdm2+/+ and Mdm2puro/D7-9 embryos (Mendrysa et al., 2003) were generated from 

matings between Mdm2puro/+ and Mdm2+/D7-9 that were maintained on a 129/Sv and 

C57BL/6 background, respectively.  

2.3 Mouse genotyping  

 Experimental mice were genotyped using DNA isolated from toe tissue obtained 

prior to postnatal day ten. DNA was isolated using a modified protocol from Gentra 

System Isolation kit. Briefly, tissues were lysed overnight in a water bath at 55° C in 600 

µl of genomic lysis solution (20 mM Tris-Cl pH 8.0, 150 mM NaCl, 100 mM EDTA, 1% 

SDS, and 0.5 mg/ml Proteinase K) and cooled to room temperature (RT).  After addition 

of 200 µl of Protein Precipitation solution (Gentra Systems Cat #D-5003), samples were 

centrifuged at 16,000 g for 5 minutes. Supernatants were transferred to a clean Eppendorf 

tube and DNA pellets precipitated with 600 µl of isopropanol by centrifugation at 16,000 

g for 10 minutes. DNA pellets were air-dried for 20 minutes and resuspended in 300 µl of 
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sterile water. Genotype was determined by PCR using the GoTag Flexi DNA Polymerase 

kit from Promega according to manufacturer instructions. Tp53, Mdm2 and Cre alleles 

were genotyped as described previously (Jacks et al., 1994; Mendrysa et al., 2003).  

 

Table 2.1 Primers used to genotype mice  
Gene Forward Primer Reverse Primer Size 

(bp) 
Mdm2+ 5’ CTGTGTGAGCTGAGGGAGATGTG 3’ 5’ CCTGGATTTAATCTGCAGCACTC 3’  310 

Mdm2puro 5’ CTGTGTGAGCTGAGGGAGATGTG 3’ 5’ CCTGGATTTAATCTGCAGCACTC 3’ 397 
Mdm2D7-9 5’ GTATTGGGCATGTG TTAGACTGG 3’ 5’ CCTGGATTTAATCTGCAGCACTC 3’ 240 

ZYF 5’ AAGATAAGCTTACATAATCACATGGA 3’ 5’ CCCTATGAAATCCTTTGCTGCACATGT 3’ ~600 
Tp53 5’ TATACTCAGAGCCGGCCT 3’ 5’ ACAGCGTGGTGGTACCTTAT 3’ ~400 
Cre 5’ CATACCTGGAAAATGCTTCTGTCC 3’ 5’ CATCGCTCGACCAGTTTAGTTACC 3’ 320 

2.4 Tamoxifen preparation, delivery and cerebellum dissection  

 Tamoxifen (Sigma-Aldrich Lot #WXBC0652V) dissolved in corn oil (Sigma-

Aldrich) at a concentration of 10 mg/ml and maintained at 4° C up to 1 week in a light 

protected tube. For inducible deletion of the floxed Mdm2 allele, newborn mice were 

injected intraperitoneally with 10 µl of Tamoxifen per 1 gram for two consecutive days 

(P0/P1 or P1/P2). At P6 or P21, cerebella were collected for examining histology, for 

assessing organ-specific Mdm2 knockout efficiency by PCR-based genotype analysis, 

and for analyzing apoptosis by TUNEL staining.  

2.5 Timed Matings  

 Male mice were introduced into females cages in the late afternoon and taken out 

the next morning between 7:00 and 10:00 AM. Female mice were checked for the 

presence of a vaginal plug.  Upon removal of males, females with a vaginal plug were 

measured to establish a baseline body weight and again 7 days after removal of the male. 

Pregnant females were identified by gain of weight after 1 week of the timed mating.  

2.6 Embryo collection, processing and cryosectioning 

 Embryos were dissected at embryonic day (E) 10.5, 15.5, and 17.5. Embryos at 

E10.5 were snap frozen in liquid nitrogen and stored at -80° C for isolation of RNA and 
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protein. Embryos at E15.5 and E17.5 were fixed in 10 % neural buffered formalin 

(Thermo Scientific) for histological analyses.  For cryosectioning, embryos were placed 

in 30 % sucrose solution until they settled to the bottom of the tube and were 

subsequently embedded in optimal cutting temperature compound (OCT). Serial coronal 

cryosections of E15.5 and E17.5 embryos were taken at 12 µm starting from the eyes, and 

continuing to the anterior part of the head. Transverse cryosections of E17.5 embryos 

torsos were taken at 14 µm. Slides were stored at -80° C until use. In addition, E17.5 

embryos were dissected out for Alcian and Alizarin staining (described in section 2.10).  

2.7 Phenotype scoring 

 A phenotype scoring system was developed to quantify the penetrance of 

craniofacial malformations in C57BL/6 mice differing in Mdm2 genotype. Phenotypes 

scored included head shape, eye shape, tongue protrusion and exencephaly. Phenotypes 

of E15.5 embryos were scored using a rubric from 0 - 3 for the shape of the face, eye and 

tongue protrusion, with a score of 0-1 being equivalent or similar to wild-type and 2-3 

representing the presence and degree of abnormal phenotype.  

2.8 Haematoxylin and Eosin staining 

 Cryosections were warmed to RT and stained in Harris Haematoxylin solution 

(Sigma-Aldrich Lot SLBQ6493V). Differentiation and bluing of sections were performed 

using Scott’s tap water and acid alcohol (0.5 % HCl in 70 % Ethanol). After Shandon 

Eosin Y Alcoholic staining (Thermo Scientific Lot 370223), sections were dehydrated in 

a gradual increase of ethanol and cleared with xylene.  

2.9 TUNEL staining  

 Apoptosis was detected in cryosections using ApopTag Peroxidase InSitu 

Apoptosis Detection Kit (S7100, EMD Millipore) according to manufacturer instructions. 

Cryosections were post-fixed in pre-cooled ethanol:acetic acid (2:1) for 5 minutes at –20° 

C in a coplin jar. Slides were washed in two changes of 1X Phosphate Buffered Saline 

(PBS) for 5 minutes each. Endogenous peroxidase activity in tissues was quenched by 



24 
 

incubating slides in 3 % hydrogen peroxide in PBS for 5 minutes at RT followed by 

washing the same slides for 5 minutes in 1X PBS. Equilibration buffer was applied to the 

slides and incubated for at least 10 seconds at RT. Working strength TdT enzyme was 

immediately applied onto the sections and slides were incubated in a humidified chamber 

at 37° C for 1 hour.  Slides were incubated for 10 minutes in a couplin jar with the 

working strength stop/wash buffer and washed in three changes of 1X PBS for 1 minute. 

Excess liquid was carefully aspirated from the sections and the anti-digoxigenin 

peroxidase conjugate was applied to the sections and slides incubated in humidified 

chamber for 30 minutes at RT. Slides were washed in four changes of 1X PBS for 2 

minutes. To develop color, the peroxidase substrate DAB (Vector Laboratories Inc.; 

Burlingame, CA) was applied to completely cover the slides and slides placed in a 

humidified chamber for 10 minutes at RT. Color development was monitored by 

examining slides under a microscope. Slides were washed in three changes of water for 1 

minute each and incubated in water for 5 minutes. Slides were incubated in a coplin jar 

containing methyl green 0.5 % for 10 minutes at RT and washed three times with water, 

dipping the slides in the water 10 times during the first and second wash, and 30 second 

without agitation during the third wash. Slides were washed in three changes of 100 % N-

butanol in a coplin jar, by dipping slides in the water 10 times during the first and second 

washes, and 30 seconds without agitation during the third wash. Dehydration of tissue 

sections was performed using 100 % xylene for 2 minutes. Slides were mounted under a 

glass coverslip using Permount mounting medium.  

2.10 Alcian and Alizarin staining in whole-mount mouse skeletons  

 Bone and cartilage formation in embryos, was detected by Alcian (Acros 

Organics Lot A0354144) and Alizarin (Acros Organics Lot A0353916) staining that was 

performed as previously described with slight modification (Ovchinnikov, 2009) 

Following overnight incubation in 90 % ethanol at RT, dissected E17.5 embryos were 

warmed up in hot water, carefully skinned and eviscerated, and incubated overnight in 95 

% ethanol at RT. Embryos were transferred into 15 ml falcon tubes containing acetone 

and incubated overnight to clear fatty tissue and permeabilize cells. Next, embryos were 

placed in 6-well plates and submerged in 0.05 % Alcian Blue overnight at RT. After 
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Alcian Blue staining, embryos were de-stained for 6 hours with several changes of 70 % 

ethanol at RT. Following de-staining, embryos were incubated overnight in 1 % KOH to 

clear the tissues. This solution was replaced with 0.005 % Alizarin Red staining and 

incubated overnight on a rocking platform at RT. Stained embryos were stored at RT in 

ultrapure glycerol (Invitrogen Lot 0365C504).  

2.11 RNA Isolation, cDNA preparation and real-time PCR 

 Total RNA isolated from E10.5 embryos was analyzed by reverse transcription 

and real-time PCR. E10.5 embryos were homogenized in 300 µl of Trizol (Ambion/RNA 

by Life technologies) according to manufacturer instructions. Briefly, 60 µl of 

chloroform was added and samples incubated for 15 minutes at RT followed by 

centrifugation at 14,000 g for 15 minutes at 4° C.  The aqueous phase was transferred to a 

clean eppendorf tube. RNA was precipitated by the addition of 150 µl of isopropanol and 

incubated for 15 minutes at RT followed by centrifugation at 12,000 g for 30 minutes at 

4° C. RNA pellets were washed with 75 % ethanol and centrifuged at 8,000 g for 5 

minutes at 4° C. Ethanol was removed and RNA pellets air-dried for 5 minutes. RNA 

pellets were resuspended in 20 µl of DEPC-treated nuclease-free water (Ambion Cat# 

9906 Lot# 026P062233A).  

 

 Total RNA was used to generate cDNA using Transcription First Strand cDNA 

Synthesis Kit from Roche according to manufacturer instructions. cDNA preparation was 

performed by combining 2 µg of RNA with 2 µl of random hexamer primers and 

bringing the final volume to 13 µl with PCR-grade water. Samples were incubated 10 

min at 65 ° C followed by the addition of 7 µl of mastermix (4 µl of RT reaction buffer, 

0.5 µl of RNase inhibitor, 2.0 µl of 10 mM deoxinucleotides, and 0.5 µl of RTase). 

Samples were incubated as follows: 25° C for 10 minutes, 55° C for 30 minutes, 85° C 

for 5 minutes, followed by cooling to 4° C. Prepared cDNA was stored at -20° C.  

 

 Real-time PCR reactions were set up using SYBR Green Master Mix from 

Applied Biosystems and run on an Applied Biosystems ViiA 7. Data were analyzed using 
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Microsoft Excel software. Relative gene expression levels were calculated using the 

formula 2-DDCT with Tubb5 as a loading control and wild-type expression values as the 

calibrator. Analyses were performed in triplicate for six mice per genotype. One-way 

analysis of variance (ANOVA) test was done using Microsoft Excel with p-value <0.05 

considered significant.   

 

Table 2.2 Primers used for real-time PCR 

Gene Forward Primer Reverse Primer 
Tubb5 5’ TGGGACTATGGACTCCGTTC 3’ 5’ AAAGCCTTGCAGGCAATCA 3’ 

p21 5’ TTGTCGCTGTCTTGCACTCT 3’ 5’ GAGGGCTAAGGCCGAAGAT 3’ 
Bax 5’ GGCGAATTGGAGATGAACCTGG 3’ 5’ GCTAGCAAAGTAGAAGAGGGC 3’ 

CyclinG1 5’ GCATGGCAGCACATCCCTTTA 3’ 5’ TGTAGACCAGCCTGGCTTTGAAT 3’ 
Noxa 5’ CGTCGGAACGCGCCAGTGAACCC 3’ 5’ TCCTTCCTGGGAGGTCCCTTCTTGC 3’ 
Perp 5’ TTTGGTGGAGGTGTTTCGAC 3’ 5’ GAAGCAGATGCACAGGATGA 3’ 
Gli1 5’ GTGTACCACATGACTCTACTCGGG 3’ 5’ TCATACACAGACTCAGGCTCAGG 3’ 

2.12 Protein Isolation  

 Whole E10.5 embryos were lysed in 100 µl of filtered RIPA buffer (50 mM Tris-

HCl pH 7.5, 1 % Igepal, 0.5 % SDS, 0.5 % sodium deoxycholate, 150 mM NaCl, 5 mM 

EDTA) supplemented with protease and phosphatase inhibitors (Thermo Scientific Pierce 

Protease and Phosphatase Inhibitor mini tablets, EDTA-Free Prod# 88669 Lot# 

QE20110720) by incubation for 30 minutes on ice. Samples were centrifuged at 

maximum speed for 30 minutes at 4° C and supernatants containing the protein lysate 

transferred to new eppendorf tubes and stored at -80° C until use. Protein concentrations 

were determined using the DC Protein Assay (Bio-Rad) according to manufacturer’s 

instructions. Bovine Serum Albumin (BSA) standards (0.25 µg/µl, 0.50 µg/µl, 1.0 µg/µl, 

1.5 µg/µl, and 2.0 µg/µl) were prepared in RIPA buffer. In a 96 well plate, 5 µl of 

standards and 5 µl of diluted whole cell lysate were plated in duplicate and mixed with 25 

µl of A’ reagent (20 µl of reagent S in 1 ml of reagent A) and 200 µl of Reagent B.  

Following incubation at RT for 15 minutes, absorbance at 750 nm was read in 

Spectramax plate reader.  
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2.13 Western Blot 

 For analysis of protein expression, 40 µg of whole cell lysate was resolved by 

SDS-PAGE using a 10 % gel and blotted onto a 0.45 µm nitrocellulose membrane 

(Amersham Protran Premium). Membranes were blocked in 5 % non-fat milk made in 1X 

Western Blot (WB) buffer (150 mM NaCl, 20 mM Tris Base, and 0.5 % Ipegal; pH 8.0) 

and incubated with primary antibodies at 4° C overnight on a rocking platform (See 

Table 2.3).  Membranes were washed three times for 5 minutes each with 1X WB buffer 

and incubated with secondary antibodies for 2 hours at room temperature on a rocking 

platform. After washing three times for 5 minutes each with 1X WB buffer, signals were 

detected by enhanced chemiluminescence (SuperSignal West Femto Maximum 

Sensitivity Substrate, ThermoScientific) and visualized using a Syngene G:Box system. 

 

Table 2.3 Antibodies used for Western Blot 

Primary Host Specie Purpose Dilution Catalog # Manufacturer 
p53 (CM5) Rabbit 1° 1:1000 NCL-p53 CM5p Vector 

MDM2 (210) Mouse 1° 1:1000 Ab16895 Abcam 
b-Actin Mouse 1° 1:10000 A5441 Sigma 

Anti-rabbit 
IgG-HRP 

Donkey 2° 1:10000 NA934 Amersham 

Anti-mouse 
IgG-HRP 

Sheep 2° 1:10000 NXA931 Amersham 

2.14 Statistical methods  

 Statistical significance was calculated using Microsoft Excel software. Several 

statistical methods were utilized to established significance based on the results analyzed: 

two-tailed student’s t test, chi square for goodness of fit, and ANOVA with Tukey test. 

Tests were considered significant with a p-value < 0.05. All error bars represent standard 

error of the mean. 
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CHAPTER 3:THE ROLE OF MDM2 IN GRANULE NEURON 
PRECURSOR CELLS DURING POSTNATAL CEREBELLAR 

DEVELOPMENT 

3.1 Cerebellum: function and development 

 The cerebellum is located in the posterior part of the brain and plays an important 

role in motor coordination, language, and cognition (Roussel & Hatten, 2011). The 

development of this highly organized structure begins during early embryogenesis when 

progenitor cells proliferate and migrate from both the ventricular zone and the rostral 

rhombic lip to the nascent cerebellum. Cells from the ventricular zone give rise to 

Purkinje cells, Bergmann glia, astrocytes, interneurons and neuron of the deep nuclei. In 

contrast, progenitor cells from the 4th rhombic lip give rise to Granule Neuron Precursor 

cells (GNPs) that will establish the External Granule Layer (EGL) in the postnatal 

cerebellum (Goldowitz & Hamre, 1998).  

In mice, GNPs start populating the cerebellum around embryonic (E) day 13.5. 

Proliferation of GNPs begins at E17.5, reaches its peak at postnatal (P) days 5 to 8, and 

declines at day P15. Postnatal proliferation of GNPs in the EGL is a major determinant of 

the terminal shape and function of the cerebellum. Postnatal proliferation of GNPs is 

dependent on Sonic hedgehog (Shh) mitogen released from Purkinje cells. After birth, 

Purkinje cells release Shh to stimulate the proliferation of GNPs resulting in the 

expansion of the EGL and determining the foliation pattern of the mature cerebellum 

(Wallace, 1999; Corrales et al., 2006). In mice lacking Purkinje cells, the number of 

GNPs is decreased and cerebellar foliation pattern is disrupted (Caddy & Biscoe, 1979). 

Following expansion of the EGL, GNPs migrate inwards in the cerebellum 

through Purkinje cell’s dendrites in the molecular layer to form the Granule Layer (GL) 

where they will terminally differentiate into granule neurons 3 weeks after birth in mice 

and during the first year in humans (Figure 3.1). Disruption of the molecular pathways 

that tightly regulate the proliferation, migration, and differentiation of GNPs in 

development contribute to the formation of medulloblastoma (MB), a cerebellar cancer.  
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Figure 3.1 Schematic representation of postnatal cerebellar development in mice. A) 
Shh mitogen released from Purkinje cells induces GNPs proliferation in the External 

Granule Layer (EGL). Following expansion of the EGL, GNPs differentiate and migrate 
through the Purkinje Cell Layer (PCL) to make the Granule Layer (GL). The mature 

cerebellum consists of three layers: Molecular Layer (ML), PCL and GL. Picture taken 
and modified from Marzban et al., Frontiers in Cellular Neuroscience, 2015. B) The gross 

anatomy of the cerebellum consists of 4 lobes: anterior, central, posterior and nodular; 
each containing folds called lobules (I to X). The lobularization or foliation pattern is 

tightly controlled during cerebellar development by Shh signaling and GNP expansion in 
the EGL. Figure taken from White & Sillitoe, Developmental Biology, 2013.  

3.2 Medulloblastoma  

 MB, a malignant tumor that arises in the cerebellum, is the most common brain 

cancer that affects children, but also occurs in adolescents and adults. Current treatments 

for MB consist of craniotomy surgery to resect most of the tumor if possible followed by 

chemotherapy and radiotherapy. Treatment regimens are customized to a degree based on 

MB subtype, tumor size and location, and the patient’s age. Across all MB subtypes, 

survival rate is approximately 65 – 70 % (Schwalbe et al., 2017). Despite this high 

survival rate, however, MB survivors often suffer from detrimental side effects including 

cognitive disorder, ototoxicity and impaired movements that negatively impact patients’ 

quality of life. Deleterious side-effects arise largely due to the nonspecific killing of 

healthy tissues following MB treatments that lack specificity for MB tumor cells (Roussel 

& Hatten, 2011). New treatments for MB are urgently needed to selectively target MB 

cells while decreasing nonspecific cytotoxic effects.   

 

 Medulloblastoma is primarily classified using the World Health Organization 

(WHO) classification method that includes patient age, metastatic stage, level of tumor 
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resection, and cellular morphology. In the past few years, MB tumors have been 

subdivided based on their clinical features, genetics, and molecular expression into four 

main subtypes: Wnt, Shh, Group 3, and Group 4 (Taylor et al., 2012; Table 3.1). These 

subgroups show differences in their affected demographic population, clinical outcome, 

morphological histology, and DNA aberrations. Classification of MB subtypes continues 

to be refined. For example, the MB Shh subtype has recently been further subdivided into 

MB Shh infant and MB Shh child, and subtypes Group 3 and Group 4 have both been 

subdivided into high risk and low risk (Schwalbe et al., 2017). The molecular differences 

among these MB subgroups may help to predict their biological behavior and how they 

will respond to targeted treatments. The better understanding of the MB molecular 

subtypes and their biology has the potential to guide the development of improved 

targeted therapies and personalized cancer treatments. 

3.2.1 Wnt subtype  

 The Wingless (Wnt) canonical pathway plays an important role during central 

nervous system development by promoting the proliferation, self-renewal, and 

differentiation of neural stem cells (reviewed in Mulligan & Cheyette, 2012). The Wnt 

canonical pathway is characterized by the binding of Wnt ligand to the Frizzled and low-

density-lipoprotein-related protein 5/6 (LRP5/6) receptors leading to phosphorylation of 

Disheveled, thereby abrogating degradation of b-catenin by the APC/Axin/GSK3b 

destruction complex (Komiya & Habas, 2008). b-catenin subsequently translocates to the 

nucleus where it promotes the transcription of Wnt-target genes (Komiya & Habas, 

2008). In humans, deregulation of b-catenin stemming from germline mutations in the 

APC gene result in Turcot syndrome which is characterized by increased risk of 

colorectal cancer as well as MB (Hamilton et al., 1995). In addition, somatic mutations in 

the CTNNb1 gene encoding b-catenin have been detected in people suffering from 

sporadic MB (Zurawel et al., 1998). MB Wnt tumors typically present in the lower 

rhombic lip of the cerebellum with a classic large cell/anaplastic histology. MB Wnt 

tumors occur equally in males and females at all ages but rarely infants. In MB clinical 

stratification studies, MB patients with nuclear staining of b-catenin were shown to have 
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a 92 % rate of 5-year survival compared to 65 % that were negative for nuclear b-catenin 

(Ellison et al., 2005). The good prognosis of patients with MB Wnt compared to other 

MB subtypes supports the de-escalation of cancer treatments for patients with MB Wnt 

subtype (Gajjar et al., 2006; Ramaswamy et al., 2011; Taylor et al., 2012).  

3.2.2 Shh subtype  

 The Sonic Hedgehog (Shh) pathway is involved in mitogenic signaling that 

promotes the proliferation of GNPs during postnatal cerebellar development. In the 

absence of Shh ligand, the patched (Ptch) receptor inhibits smoothened (Smo), causing 

the repression of the Shh pathway (Carballo et al., 2018). The binding of Shh ligand to 

Ptch releases Smo from repression leading to the activation of the Gli1 and Gli2 

transcription factors which positively regulate expression of Shh gene targets (Carballo et 

al., 2018). In people, deregulation of Shh signaling due to germline mutations in the 

receptor PTCH1 or the Shh inhibitor, Suppressor of fused homolog (SUFU), result in 

Gorlin syndrome which is characterized by increased risk of MB (Slade et al., 2011). 

Approximately 40 % of MB Shh tumors have loss of chromosome 9q in which the 

PTCH1 gene is located (Kool et al., 2008; Northcott et al, 2011b; Cho et al., 2011). In 

addition, 10 – 15 % of MB Shh have somatic mutations in Shh pathway components such 

as PTCH1, SUFU, and SMO (Northcott et al., 2011b).  

 
 MB Shh tumors present most commonly in infants and adults, affecting females 

and males equally (Northcott et al. 2011b). Prognosis for MB Shh tumors is intermediate 

between the MB Wnt and Group 3 subtypes. Current strategies to specifically treat MB 

Shh tumors with small molecules that target the Shh pathway have shown promise for 

limiting Shh MB tumor progression. For example, a SMO inhibitor, GDC-0449, was 

effective in temporarily reducing MB metastatic tumors growth as seen by positron-

emission tomography (PET) scan after two months of treatment (Rudin et al., 2009). 

However, after 3 months of treatment, the patient died due to relapse of tumor growth 

indicating that MB Shh developed resistance to GDC-0449. New therapeutic strategies 

against this MB subtype are needed and remain under investigation. (Rudin et al., 2009).  
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3.2.3 Group 3 subtype  

 Tumors of the MB group 3 have amplification or overexpression of the oncogene 

OTX2 and gain of chromosome 1q suggesting that oncogenes identified in this 

chromosome could be driving tumorigenesis of this subtype (de Hass et al., 2006; 

Northcott et al., 2011a; Puri & Saba, 2014). MB group 3 tumors metastasize to the spinal 

cord and present with the worse prognosis of all MB subtypes despite aggressive 

treatments (Cho et al., 2011; Kool et al., 2008; Northcott et al., 2011a). In addition, the 

presence of MYC amplification in primary tumors worsens the prognosis of MB group 3 

survivors (Cho et al., 2011). MB Group 3 tumors preferentially affect male infants and 

children but rarely occur in adolescents or adults. 

3.2.4 Group 4 subtype  

Tumors of the MB Group 4 have over 80 % of isochromosome 17q (i17q). As 

with MB Group 3 tumors, amplification of OTX2 is also seen in MB Group 4 (Boon et 

al., 2005; Northcott et al., 2011b). In addition, expression of follistatin-related protein 5 

(FSTL5) in MB Group 4 tumors correlates with poor prognosis (Remke et al., 2011). MB 

Group 4 tumors typically present with a classic histology and predominantly affects 

males (3:1 males:females). Interestingly, females affected with MB Group 4 frequently 

exhibit loss of chromosome X suggesting a role of the sex in the tumorigenesis of this 

MB subtype (Kool et al., 2008; Cho et al., 2011; Northcott et al., 2011a; Northcott et al., 

2011b). The prognosis of patients with MB Group 4 tumors is similar to MB Shh subtype 

(Taylor et al., 2012). MB Group 4 subtype can affect people from all age groups. 

However, worse prognosis is identified in almost 25 % of adults affected with MB Group 

4 compared to infants, children or adolescents with same subtype (Remke et al., 2011). 
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Table 3.1 The four main Medulloblastoma subtypes 

MB 
Subtype 

Demographic 
Males:Females 

Genetic 
Feature 

Prognosis References 

Wnt 1:1 Germline mutation in APC 
Somatic mutations in 

CTNNb1 

Good prognosis Boon et al., 2005 
de Hass et al., 2006 

Kool et al., 2008 
Cho et al., 2011 

Remke et al., 2011 
Northcott et al., 

2011a 
Northcott et al., 

2011b 
Taylor et al., 2012 

 
 

 
Shh 

 
1:1 

Germline or somatic 
mutations in PTCH and 

SUFU 
Amplification of Gli1, 

Gli2, or MYCN 

 
Intermediate 

prognosis between 
Wnt and Group 3 

 
 

Group 3 

 
 

3:1 

OTX2 amplification or 
overexpression 

Gain of chromosome 1q  
MYC amplification 

 

 
 

Poor prognosis 

 
Group 4 

 
3:1 

Isochromosome 17q 
(i17q); Females loss one X 

chromosome; 
Amplification of OTX2 

and FSTL5 

 
Similar to MB Shh 

subtype 

3.3 p53-Mdm2 pathway in Medullobastoma   

 Inactivating mutations in TP53 are not frequently reported in MB (Saylors III et 

al., 1991; Pfaff et al., 2010). However, MB Wnt and Shh subtypes present TP53 

mutations at low rates (Pfaff et al., 2010; Zhukova et al., 2013). Moreover, people 

affected with Li-Fraumani syndrome who inherit germline mutation in TP53 are 

predisposed to MB (Barel et al., 1998). The role of p53 inactivation in MB tumorigenesis 

has been studied in mouse models. Although p53-null mice do not develop MB, MB is 

frequently observed when p53 is inactivated in combination with other proteins including 

Rb, Parp, and DNA repair proteins (e.g. Brca2) (Donehower et al., 1992; Jacks et al., 

1994; Marino et al., 2000; Eberhart, 2003; Frappart et al., 2009). In addition, deletion of 

Tp53 increases the incidence of MB tumors in Shh-driven MB Ptch1+/- and Sufu+/- mouse 

models (Heby-Henricson et al., 2012). Together these studies suggest that loss of p53 

function can contribute to MB tumorigenesis.  

Recent analyses of MB Shh subtypes have revealed mutations in TP53 are more 

commonly present in MB Shh tumors of children as compared to infants suggesting that 
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there might be different mechanism to inactivate p53 between these two populations 

(Schwalbe et al., 2017). In the absence of TP53 mutations, other mechanisms could be 

limiting p53 function.   

 

Consistent with the idea that p53 function is limited in MB by mechanisms other 

than mutation, the levels of Mdm2, the main negative regulator of p53 are increased in 

MB (Adesina et al., 1994; Batra et al., 1995; Kunkele et al., 2012). Recently, our lab has 

shown that reduction of Mdm2 levels in Ptch1+/- mice, a mouse model of Shh-driven MB, 

reduces the number of preneoplastic lesions in the cerebellum demonstrating the 

requirement of Mdm2 for the initiation of MB tumorigenesis (Malek et al., 2011). In 

addition, pharmacological disruption of the MDM2-p53 interaction with nutlin-3 

decreased cell viability of human MB cell lines with wild-type p53 thereby supporting 

the therapeutic value of Mdm2 inhibition for the treatment of MB, particularly of the Shh 

subtype (Ghassemifar & Mendrysa, 2012).  

As many patients with MB Shh subgroup are infant patients in which the 

cerebellum is still under development, the utility of Mdm2 inhibition as a therapeutic 

approach for MB Shh tumors is dependent, in part, on the impact of loss of Mdm2 

function on postnatal cerebellar development. Prior research from our lab has revealed 

that Mdm2puro/D7-9 mice that express systemic low levels of Mdm2 throughout 

embryogenesis have abnormal cerebellar foliation patterns at birth (P0), thus 

demonstrating a critical role for Mdm2 in prenatal cerebellar development. Although 

cerebellar defects of Mdm2puro/D7-9 mice persisted into adulthood, it is unclear whether 

these defect stem from a paucity of GNPs at birth or whether Mdm2 is also required in 

GNPs postnatally (Malek et al., 2011). A better understanding of the role of Mdm2 in the 

postnatal cerebellum is needed in order to understand the potential side effects of 

pharmacological inhibition of Mdm2 in infants with MB tumors. 

The broad objective of my research project is to evaluate the effects of Mdm2 

inhibition, and hence p53 activation, on the developing postnatal cerebellum. The low 

level of Mdm2 throughout embryogenesis in Mdm2puro/D7-9 mice limits the use of this 

model for providing insight into the specific role of Mdm2 in postnatal cerebellar 
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development. To circumvent the limitations of Mdm2puro/D7-9 mice, I will employ a mouse 

model in which Mdm2 can be acutely deleted specifically in GNPs during postnatal 

cerebellar development in newborn mice. The results from this research are predicted to 

provide new insight into the use of Mdm2 inhibition as a new therapeutic strategy that 

may selectively target MB tumor cells without affecting healthy cerebellar cells, thereby 

limiting detrimental side effects. 

3.4 Mouse model to study the effect of Mdm2 inhibition on GNPs of the cerebellum  

 My overarching goal is to utilize pharmacological inhibition of Mdm2 to enhance 

p53 activity and promote cell death in MB tumor cells. Toward that goal, the specific 

goal of my research is to determine the effect of loss of Mdm2 in normal cerebellar GNPs 

during postnatal cerebellum development in order to gain insight into potential side 

effects associated with this novel therapeutic approach. I hypothesized that deletion of 

Mdm2 in GNPs during postnatal cerebellar development would reduce the number of 

GNPs due to increased p53-mediated apoptosis.  

 The pharmacological effects of Mdm2 inhibition in GNPs was mimicked 

genetically using a mouse model in which Mdm2 could be selectively deleted in GNPs 

during postnatal cerebellar development. Mdm2flox/flox mice utilized for these experiments 

have loxP sites flanking Mdm2 exons 7 and 9 which are recognized by the Cre 

recombinase leading to conversion of the Mdm2flox allele to the null Mdm2D7-9 allele 

(Mendrysa et al., 2003; Figure 3.2). Mdm2flox/flox mice were crossed with Math1-CreERTM 

mice that express a tamoxifen-inducible CreER fusion protein under control of the Math-

1 promoter (Machold & Fishell, 2005). The Math1 promoter is expressed in proliferating 

GNPs and inner ear hair cells, restricting the expression of Cre recombinase to these 

types of cells (Ben-Arie et al., 1997; Chow et al., 2006). Postnatally, expression of 

Math1-CreERTM is restricted predominantly to GNPs of the EGL in the cerebellum. 

While the CreERTM expression is spatially restricted to GNPs, the activation of this 

enzyme is controlled temporally by the addition of tamoxifen which binds the mutated 

hormone-binding domain of estrogen receptor (Feil et al., 2009). The binding of 

tamoxifen to CreERTM recombinase in Mdm2flox/flox; Cre (+) mice causes CreERTM to 
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translocate from the cytoplasm to the nucleus where it mediates the recombination of the 

Mdm2flox allele to a Mdm2Δ7-9 null allele. This mouse model allows me to assess the 

spatiotemporal consequences of Mdm2 loss of function during early postnatal cerebellar 

development and thus gain potential insights into consequences of pharmacological 

inhibition of Mdm2 inhibition in GNPs. 

 

Figure 3.2 Mdm2flox/flox and Math1-CreErTM mouse models used to spatiotemporally 
knockdown Mdm2 in postnatal GNPs. A) Schematic representation of the Mdm2flox 
allele. Mdm2 loxP sites flanking exons 7 and 9 are recombined by tamoxifen-activated 

CreERTM recombinase to generate a Mdm2Δ7-9 null allele. B) The expression of CreERTM 
is controlled by the Math1 promoter, which is activated in postnatal proliferating GNPs. 

3.5 Mdm2 recombination is detected in Mdm2flox/flox; Cre (+) mice injected with 
tamoxifen at P0/P1 or P1/P2  

To determine whether Mdm2 inactivation in GNPs impairs postnatal cerebellar 

development, I established Mdm2flox/flox; in which the Math1-CreER transgene was 

present [Mdm2flox/flox; Cre (+)] or absent [Mdm2flox/flox; Cre (-)]. All Mdm2flox/flox mice, 

with (+) or without (-) Cre, were intraperitoneally injected with tamoxifen at P0/P1 or 

P1/P2 and euthanized at P6 when GNPs start to reach peak proliferation. Conversion of 

Mdm2 floxxed alleles to Mdm2 null alleles by CreER recombinase was confirmed by 

non-quantitative PCR analyses of Mdm2flox; Mdm2Δ7-9, and CreER DNA. Robust deletion 

of Mdm2 was detected specifically in DNA isolated from cerebella of Mdm2flox/flox; Cre 

(+) mice injected with tamoxifen. In contrast, the null Mdm2Δ7-9 allele was not detected in 
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the cerebella of Mdm2flox/flox; Cre (-) that were injected with tamoxifen but lacked the 

CreER transgene (Figure 3.3 Lanes 3 and 4 versus 1 and 2). Although the null Mdm2Δ7-9 

allele was generated in in the cerebellum following tamoxifen treatment of Mdm2flox/flox; 

Cre (+) mice, the Mdm2flox/flox allele was still amplified by PCR in these samples (Figure 

3.3 Lanes 3 and 4). The presence of the Mdm2flox/flox allele in Mdm2flox/flox; Cre (+) mice 

following tamoxifen is likely due to DNA from non-GNP cell populations within the 

cerebellum in which the Math-1 promoter is not expressed and hence Cre not activated. 

Together, these results demonstrate that Mdm2 can be selectively inactivated in the 

postnatal cerebellum. 

 

 

 
 

Figure 3.3 Mdm2 recombination in Mdm2flox/flox; Cre (+) mice injected with 
tamoxifen. Mice from lanes #1 through #4 were injected with tamoxifen (lanes #1 and #3 
at P0/P1; lanes #2 and #4 at P1/P2). All these mice were euthanized at P6 and cerebellar 

DNA isolated for PCR. Mdm2flox/flox; Cre (+) (lanes #3 and #4) have bands for 
Mdm2flox/flox, Mdm2D7-9 alleles, and CreERTM alleles. In contrasts, Mdm2flox/flox; Cre (-) 

(lanes #1 and #2) only have bands for Mdm2flox/flox alleles.  
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3.6 Deletion of Mdm2 in GNPs decreased cerebellar size and disrupted lobules 
morphology  

Next, to determine whether acute deletion of Mdm2 in the postnatal GNPs 

affected cerebellar morphology, cerebellum size and EGL thickness were analyzed by 

H&E staining. Mdm2 deletion at P0/P1 in the cerebella of Mdm2flox/flox; Cre (+) mice 

resulted in smaller cerebella compared to control Mdm2flox/flox; Cre (-) (Figure 3.4 A). 

Quantification of cerebellar area shows that Mdm2flox/flox; Cre (+) injected with tamoxifen 

at P0/P1 have statistically significant smaller cerebella compared to control Mdm2flox/flox; 

Cre (-) (Figure 3.6 A). In contrast, cerebellar area at P6 was not significantly from 

controls when different when Mdm2flox/flox; Cre (+) mice were injected at P1/P2 (Figure 

3.6 B). In addition to cerebellar area, Mdm2flox/flox; Cre (+) mice have disrupted 

morphology of anterior cerebellar lobules II and III compared to control Mdm2flox/flox; Cre 

(-) (Figures 3.4 B and 3.5 B). Despite the disrupted morphology of anterior cerebellar 

lobules II and III of Mdm2flox/flox; Cre (+) mice, quantitation of EGL thickness in 

cerebellar lobule II revealed no significant reduction in thickness due to acute Mdm2 

deletion in mice injected (Figure 3.7). Togther, these results suggest that deletion of 

Mdm2 in GNPs negatively affects the cerebellum size and disrupts the morphology of 

cerebellar lobules in particular the anterior lobules II and III but does not affect the 

thickness of EGL.   
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Figure 3.4 Decreased cerebellar size and disrupted morphology of anterior 

cerebellar lobules in Mdm2flox/flox; Cre (+) cerebellum due to tamoxifen activated 
Cre recombination of Mdm2 at P0/P1. A) H&E stained sections taken at 4X show that 
Mdm2 deletion results in small cerebellum and disrupted morphology of anterior lobules 
II and III. B) H&E stained sections of lobule II EGL at 40X showing thinner EGL due to 

Mdm2 deletion.  
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Figure 3.5 Mdm2flox/flox; Cre (+) mice injected at P1/P2 have smaller cerebella and 
disrupted morphology of anterior lobules II and III. A) H&E stained sections at 4X 

show small cerebellum and abnormal morphology of anterior lobules II and III in 
Mdm2flox/flox; Cre (+). B) H&E stained sections of lobule II at 40X shows thinner EGL in 

Mdm2flox/flox; Cre (+).  
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Figure 3.6 Cerebellar area is significant smaller in Mdm2flox/flox; Cre (+) mice 

injected with tamoxifen at P0/P1. A) Average cerebellar area of P0/P1 Mdm2flox/flox; Cre 
(-) (n=7) and Mdm2flox/flox; Cre (+) (n=9) tamoxifen-injected mice. * p < 0.05 B) Average 

cerebellar area of P1/P2 Mdm2flox/flox; Cre (-) (n=4) and Mdm2flox/flox; Cre (+) (n=4) 
tamoxifen-injected mice. ns = not significant, p = 0.92. 

 
 
 
 
 

 

Figure 3.7 EGL thickness is not significantly reduced in mice after acute deletion of 
Mdm2. The thickness of first lobule was measured in mice with and without Mdm2 

deletion in GNPs. The results show there is no significant reduction in the thickness of 
EGL in Mdm2flox/flox; Cre (+) compared to Mdm2flox/flox; Cre (-) ns = not significant, p = 

0.73. 
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To evaluate the long-term effects of Mdm2 deletion in GNPs, the cerebella of 

mice injected with tamoxifen at P0/P1 or P1/P2 was analyzed at P21 when the 

development of the cerebellum is largely complete.  At P21, H&E analyses revealed that 

the anterior cerebellar lobules of Mdm2flox/flox; Cre (+) have smaller anterior lobules than 

control, consistent with the smaller cerebella at P6 mice. These studies suggest that 

deletion of Mdm2 during early stages of cerebellar development elicits a reduction of 

GNPs in the anterior lobules which persists until adulthood and negatively affects the 

foliation of mature cerebellum.  

 

 

Figure 3.8 Deletion of Mdm2 in GNPs disrupts the morphology of anterior 
cerebellar lobules of three-week-old Mdm2flox/flox; Cre (+) mice. A) Smaller anterior 
lobules II and III of three-week-old Mdm2flox/flox; Cre (+) mice that had been injected 

with tamoxifen at P0/P1 B) Mdm2flox/flox; Cre (+) mice injected with tamoxifen at P1/P2 
have smaller anterior cerebellar lobules.  
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3.7 Deletion of Mdm2 did not significantly increase apoptosis of GNPs in the 
External Granule Layer of mice  

As Mdm2 limits the apoptotic function of p53, we next determined whether 

disrupted cerebellar size and morphology of anterior lobules could be attributed to 

decreased GNP survival. To identify apoptotic cells, I performed TUNEL staining in situ 

on P6 cerebella.  Although the number of TUNEL positive nuclei present in P6 cerebella 

of Mdm2flox/flox; Cre (+) appeared qualitatively to be increase, quantitative analyses show 

there is no significant different between Mdm2flox/flox; Cre (+) and control Mdm2flox/flox; 

Cre (-) mice (Figure 3.8 A and B). These results are consistent with the insignificant 

difference of EGL thickness measured between Mdm2flox/flox; Cre (+) and control 

Mdm2flox/flox; Cre (-) mice (Figure 3.7). Thus, acute deletion of Mdm2 does not enhance 

tapoptosis in GNPs during postnatal cerebellar development.  

 

 
 
Figure 3.9 Deletion of Mdm2 in GNPs does not increase GNPs apoptosis in the EGL. 
A) TUNEL stained sections of lobule II at 40X of mice injected with tamoxifen at P0/P1. 

TUNEL positive or apoptotic cells (brown nuclei) are indicated with black arrows. B) 
Percentage of apoptotic area in the cerebellar EGL of Mdm2flox/flox; Cre (-) (n=3) and 

Mdm2flox/flox; Cre (+) (n=3) mice. ns, p = 0.49 

3.8 Loss of function of Mdm2 in GNPs does not affect mice behavior  

 The cerebellum plays a key role in the control of coordination and motor 

movements. In order to determine whether Mdm2 deletion in GNPs negatively affects 

motor coordination, mice injected with tamoxifen at P0/P1 or P1/P2 were monitored at 
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P21 for imbalance and hindlimb clasping, neurological signs of loss of coordination 

characteristic of ataxia (Guyenet et al., 2010). Although loss of Mdm2 negatively 

impacted cerebellar size and lobule morphology (Figure 3.6) spatiotemporal deletion of 

Mdm2 in postnatal GNPs had no effect on the balance and coordination.  These 

observations are consistent with previous analyses of Mdm2puro/Δ7-9 mice in which 

systemic low levels of Mdm2 resulted in disorganization of cerebellar layers with an 

increase of GNPs apoptosis in the EGL, reduced cerebellar size and defects in foliation, 

but failed to impair coordination and motor movements (Malek et al., 2011).  

3.9 Discussion  

 Several studies suggest that Mdm2 may be good therapeutic target for treatment 

of MB Shh subtype. A low level of Mdm2 in Ptch1+/- mice, a mouse model of Shh-driven 

MB, suppresses tumor initiation (Malek et al., 2011). In addition, p53 activation by 

nutlin-3, a small molecule that disrupts the Mdm2 and p53 interaction, causes cell death 

of human MB cell lines with wild-type p53 (Ghassemifar & Mendrysa, 2012). In mice 

nultin-3 decrease the growth of medulloblastoma tumors in a subcutaneous xenograft 

model concomitant with activation of p53-target gene expression, decreased cell 

proliferation, and increased tumor cell death (Kunkele et al., 2012). Although these 

studies highlight the potential of Mdm2 inhibition for treating MB, the role of Mdm2 in 

postnatal GNPs in the normal developing cerebellum is still not well understood. 

 

 	  Previous studies have shown abnormal development of the cerebellum in 

Mdm2puro/Δ7-9 mice expressing low levels of Mdm2 throughout embryogenesis (Malek et 

al., 2011). The cerebella from Mdm2puro/Δ7-9 mice are small in size and have disruption of 

the foliation pattern, disorganization of cerebellar layers, and increased GNPs apoptosis 

in the EGL. However, the low levels of Mdm2 in all cells throughout embryogenesis of 

Mdm2puro/Δ7-9 mice make it challenging to pinpoint the exact time where Mdm2 exert its 

function in cerebellar development. Although studies with Mdm2puro/Δ7-9 mice 

demonstrate a role for Mdm2 in prenatal cerebellum development, it is unclear from this 

model whether Mdm2 continues to occupy a role for GNPs during postnatal cerebellum 

development. To circumvent these limitations of Mdm2puro/Δ7-9 mice, I have used 
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Mdm2flox/flox; Math1-CreErTM mice which allow for spatiotemporal control of Mdm2 

deletion in GNPs specifically during postnatal cerebellar development.  

 

 The acute deletion of Mdm2 in GNPs during postnatal cerebellar development 

results in smaller cerebella and anterior cerebellar lobules. Mdm2 loss in GNPs during 

postnatal cerebellar development could be activating p53-mediated apoptosis causing 

disrupted anterior lobules morphology. Histology analyses showed that there was a 

qualitatively increase of TUNEL positive nuclei in the EGL of tamoxifen-injected 

Mdm2flox/flox; Cre (+) cerebella suggesting that deletion of Mdm2 due to Cre 

recombination activate p53. However, quantification of TUNEL positive nuclei in the 

EGL revealed no significant difference between Mdm2flox/flox; Cre (-) and Mdm2flox/flox; 

Cre (+) indicating that the acute deletion of Mdm2 during postnatal cerebellar 

development does not cause apoptosis of GNPs. At present, we cannot exclude the 

possibility that non-apoptotic functions of p53 such as cell cycle arrest or early 

differentiation of GNP contribute to the small size of cerebella with postnatal loss of 

Mdm2 in GNPs. The smaller anterior cerebellar lobules in mice with acute deletion of 

Mdm2 are consistent with the known pattern of Shh signaling during cerebellar 

development. Gli1, a Shh target gene, is expressed primarily in the anterior and the most 

posterior cerebellar lobules (Corrales et al., 2006). Deletion of Mdm2 in proliferating 

postnatal GNPs could be disturbing Gli1 expression in the anterior lobules necessary for 

proper proliferation of GNPs and cerebellar foliation. Indeed, expression of Shh target 

genes is decreased in the cerebellum of Mdm2puro/Δ7-9 mice (Malek et al., 2011), indicating 

that loss of Mdm2 negatively impacts Shh signaling. In the future, it would be interesting 

to evaluate whether Shh signaling is altered in the anterior lobules following postnatal 

deletion of Mdm2 in GNPs. 	  

 

 Although there is postnatal deletion of Mdm2 in GNPs negatively affects 

cerebellar morphology, motor coordination of mice is not negatively impacted in these 

mice. This lack of motor coordination defects suggests that pharmacological inhibition of 

Mdm2 in normal GNPs may not grossly impair cerebellar function. However, in our 

current model we cannot eliminate the possibility that there is a subset of GNPs in which 
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the Mdm2 floxed allele failed to recombine following tamoxifen injection. Cre 

recombinase efficiency may not optimally induce deletion of Mdm2 in all GNPs in the 

cerebellum, resulting in a mosaic of GNPs with and without Mdm2 deletion. GNPs in 

which Mdm2 was not deleted could potentially proliferate and compensate for the loss of 

cells in which Mdm2 was deleted. In the future, the efficiency of Cre recombination in 

GNPs could be evaluated by crossing Mdm2flox/flox; Math1-CreErTM with Rosa26 reporter 

(R26R) mice. Mice expressing the R26R have the LacZ gene encoding β-‐galactosidase 

(β-‐gal) expressed after Cre-‐mediated recombination of loxP sites (Soriano, 1999). The 

presence of β-‐galactosidase activity in GNPs can allow the identification of cells that 

undergo recombination of the Mdm2 alleles after activation of Cre recombinase with 

tamoxifen.  

 

 An alternative explanation to see some mice smaller cerebella and anterior lobules 

after Mdm2 deletion in GNPs could be their genetic background. Recently, we have 

observed the phenotype of Mdm2puro/Δ7-9 mice is largely influenced by the genetic 

background Mdm2puro/Δ7-9 mice on a 129/Sv x C57BL/6 F1 genetic background are viable 

and phenotypes including small size and disrupted cerebellar development described 

before (Mendrysa et al., 2003; Malek et al, 2011). In contrast, Mdm2puro/Δ7-9 mice on an 

inbred C57BL/6 genetic background die late in gestation or at birth. C57BL/6 

Mdm2puro/Δ7-9 embryos display an array of craniofacial deformities (described in Chapter 

4).  Interestingly, these phenotypes were rescued when p53 was deleted demonstrating 

that Developmental malformations and perinatal lethality of C57BL/6 Mdm2puro/Δ7-9 mice 

are p53-dependent. Phenotypic differences between F1 hybrid and inbred C57BL/6 

Mdm2puro/Δ7-9 mice suggest that the genetic background may contribute to the modulation 

p53 activity.  In the current study of Mdm2 in postnatal GNPs, the genetic background of 

Mdm2flox/flox; Math1-CreErTM is mixed with a large percentage of 129/Sv. We hypothesize 

that the genetic background is affecting the cerebellar phenotype in Mdm2flox/flox; Math1-

CreErTM mice when Mdm2 is deleted in GNPs by the tamoxifen activated Cre 

recombinase. In conclusion, the new data highlights the importance of the genetic 

background in p53 activity suggesting the possibility that genetic background of MB 

patients may influence future treatments of MB that rely on activation of p53.  
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CHAPTER 4: THE ROLE OF MDM2 IN CRANIOFACIAL 
DEVELOPMENT 

4.1 Craniofacial development 

The vertebrate head is a complex structure that protects the brain and provides a 

scaffold to sustain vital activities such as feeding, breathing and hearing. The 

development of craniofacial structures is similar between mice and humans beginning 

during embryonic day (E) 9.5 in mice and 4-5 weeks in humans (Figure 4.1; Suzuki et al., 

2015). The structures of the head arise from the growth and fusion of seven processes: 

frontonasal and paired lateral/medial nasal, maxillary and mandibular. The thickening of 

the frontonasal process forms the nasal placodes that will give rise to the lateral and 

medial nasal processes. The maxillary processes emerge from the first branchial arch and 

grow medially towards the lateral and medial nasal process. Merging of the lateral and 

medial nasal processes form the primary palate. Palatal shelves of the maxillary processes 

grow medially and fuse in the midline, giving rise to the secondary palate. 

 
Abnormal development of the head and face is presented in about one third of 

human birth defects (Trainor, 2010). Frequently, craniofacial abnormalities are observed 

in people suffering from different congenital syndromes. Individuals presenting 

craniofacial malformations undergo multiple surgical interventions along their life 

representing a significant socio-psychological and economic burden for them and their 

families (Bemmels et al., 2013).  An improved understanding of the molecular genes and 

pathways involved in normal and disrupted craniofacial development could provide 

potentially valuable information to guide the development of early detection methods and 

prenatal treatments to prevent head and face defects in newborns. Towards this goal, 

major attention has been given to the development and maturation of neural crest cells 

(NCCs) since disruption of this cell population has been implicated in several congenital 

syndromes with craniofacial abnormalities (Trainor, 2010).  
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Figure 4.1 Similarities between murine and human craniofacial development. A) 
Human craniofacial development from 4 to 10 weeks. B) Murine craniofacial 

development from embryonic days 9.5 to 14.5.  (Figure taken and modified from Suzuki 
et al., 2015.)  

4.1.1 The contribution of neural crest cells (NCCs) in embryo development  

 During development, NCCs in conjunction with embryonic tissue regulate the 

morphogenesis of craniofacial structures and other organs. NCCs are pluripotent cells 

born in the interface between neuroectoderm and surface ectoderm referred as the neural 

plate border (Selleck & Bronner-Fraser, 1995). During neurulation, the neural plate 

border undergoes morphological changes to form the neural tube in which NCCs will be 

inducted along its axis. The formation of NCCs in avians, fish and amphibians is 

controlled by signaling pathways including WNT, BMP and FGF. Less well understood 

are the pathways involved in mammalian NCC induction (Crane and Trainor, 2006). 
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NCC delamination from the neural tube is controlled by Snail genes, promoting an 

epithelial to mesenchymal transition (Bhatt et al., 2013). NCCs migrate by following 

region-specific pathways to populate the frontonasal area and the 1st, 2nd, 3rd and 4th 

branchial arches (Cordero et el., 2011). NCC-derivative tissues arise from cells that 

delaminate from the neural tube cranial to posterior axis and migrate to their final cranial, 

cardiac, trunk and sacral destinations (Vega-Lopez et al., 2018). During head formation, 

cranial neural crest cells (CNCs) populate different regions of developing craniofacial 

structures and differentiate into bone, cartilage and connective tissue (Helms et al., 2005). 

Previous studies have shown that CNC interactions with muscle progenitor cells (derived 

from mesoderm) are important to establish the musculoskeletal architecture of the head 

(Rinon et al., 2007; Tzahor et al., 2003). Impairment of NCC proliferation, migration and 

differentiation is implicated in a diverse class of developmental defects collectively 

referred to as neurocristopathies (NCP) (Vega-Lopez et al., 2018).  

4.2 The role of p53 in craniofacial malformations  

 As discussed in Chapter 1, p53 is an important tumor suppressor which limits 

cancer initiation and progression through its anti-proliferative and pro-apoptotic cellular 

functions. The primary function of p53 is to induce cell cycle arrest when cells are under 

moderate stress that negatively affects DNA integrity (El-Deiry et al., 1994; Ho et al., 

2005; Hermeking et al., 1997; Xiao et al., 2000). When DNA damage is irreparable, p53 

activate genes involve in programmed cell death or apoptosis (Haupt et al., 2003). 

Additionally, p53 has been determined to play a role in a variety of essential cellular 

functions such as metabolism, DNA repair, and ribosome biogenesis (Kung & Murphy, 

2016; Williams & Schumacher, 2016; Golomba et al., 2014). Though important for tumor 

suppression, p53 activation during embryogenesis has been implicated in the 

pathophysiology of congenital syndromes characterized by craniofacial malformations 

(Table 4.1). Disruptions in developmental pathways and mutations in essential genes that 

result in birth defects also frequently activate p53 (Danilova et al., 2008). For example, 

mouse models of congenital syndromes Treacher Collins, CHARGE, Di-George and 

Diamond-Blackfan Anemia all exhibit heightened p53 activity despite arising from 
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mutations in diverse genes (Table 4.1; Jones et al., 2008; Watkins-Chow et al., 2013; Van 

Nostrand et al., 2014; Caprio & Baldini, 2014). 

4.2.1 Congenital syndromes that exhibit heightened activation of p53  

 Treacher Collins Syndrome (TCS) is an autosomal dominant congenital syndrome 

that affects facial development. Common physical features of TCS patients include ear 

malformations resulting in hearing loss, downward slanting eyes that can be accompanied 

with colobomas of lower eyelids, underdeveloped lower jaw and zygomatic bones, and 

cleft palate (Jones et al., 2008). People affected with TCS typically have mutations in the 

TCOF1 gene which encodes the nucleolar phosphoprotein Treacle (Valdez et al., 2004). 

Treacle occupies an important role in ribosome biogenesis by interacting with key 

components of pre-ribosomal machinery for ribosomal DNA transcription (Valdez et al., 

2004). In addition, Treacle interacts with the NOP56 protein, part of the pre-ribosomal 

methylation complex, to methylate 18S pre-RNA (Gonzales et al., 2005). Mice 

heterozygous for Tcof1, a model of human TCS, have disrupted ribosomal biogenesis and 

exhibit craniofacial defects. In these mice, the disruption of ribosomal biogenesis induces 

p53-dependent apoptosis of neuroepithelial cells that impairs development of NCCs 

(Jones et al, 2008). Notably, craniofacial defects in Tcof1+/- mice are mitigated by genetic 

deletion of p53 as well as prenatal pharmacological inhibition of p53 (Jones et al., 2008). 

Together, these results underline the importance of p53 and proper ribosome biogenesis 

during NCC development in order to prevent TCS pathologies.  

 

 Enhanced p53 activation is also thought to underlie, in part, the pathophysiology 

of Diamond-Blackfan Anemia (DBA), a NCP arising from mutations in ribosomomal 

proteins (RPs). People affected with DBA have red cell aplasia during their first year of 

life and can also present with craniofacial, skeletal, urogenital and heart abnormalities 

(Vlachos et al., 2008). The phenotype of DBA affected individuals is dependent on which 

RP is mutated. For instance, mutation in RPL5 is associated with cleft palate while 

mutation in RPL35A affects genitourinary development. Common amongst cells from 

patients with DBA arising from mutation of different RPs is the robust activation of p53. 

Accumulation of p53 protein has been observed in DBA patient-derived CD34+ 
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hematopoietic progenitor cells with mutation in RPS19 leading to p53-dependent cell 

cycle arrest.  Similarly, p53 promoted apoptosis in CD34+ hematopoietic cells in persons 

with DBA that arises from mutation in RPL11 (Moniz et al., 2012). In mice, 

haploinsufficiency for Rsp7 results in multiple DBA-related phenotypes including 

vertebral fusion, gross embryonic developmental delay, erythroid maturation delay, and 

central nervous system (CNS) apoptosis, which can be rescued by Tp53 

haploinsufficiency, demonstrating that p53 contributes to DBA phenotypes seen in these 

mice (Watkins-Chow et. al., 2013). Moreover, in vitro studies have shown that 

overexpression of RPL5 in H1299 and U2OS cells abrogates Mdm2-mediated inhibition 

of p53, leading to activation of p53 and cell cycle arrest (Dai & Lu, 2004). Together, 

studies of DBA have shown that disruption of multiple ribosomal proteins results in p53 

activation which, in turn, contributes to the pathogenesis of DBA phenotypes.  

 

Another congenital disorder that exhibits heightened p53 activation is CHARGE 

syndrome. CHARGE is an acronym for the most common features seen in patients 

affected with this syndrome which are ocular coloboma, heart defects, choanal atresia, 

retarded growth and development, genitourinary hypoplasia, and ear abnormalities. 

Approximately 70 % of CHARGE patients exhibit mutations in CHD7, a gene encoding 

an ATP-dependent chromatin remodeler (Van Nostrand & Attardi, 2014). Recently, 

CHARGE syndrome phenotypes including coloboma, cleft palate, and skeletal/ear/heart 

defects were seen in Tp5325,26,53,54/+ mice that express a transactivation-dead Tp53 

(Tp5325,26,53,54) which stabilized and heighted wild-type p53 activity (Van Nostrand et al., 

2014). Chd7 binds to the Tp53 promoter and inhibits its expression in murine NCCs (Van 

Nostrand et al., 2014). NCCs lacking Chd7 exhibit increased basal levels of p53 and 

expression of p53 target genes. Similarly, fibroblasts isolated from CHARGE patients 

that harbor CHD7 mutations exhibit increased p53 protein levels and p53 target gene 

expression (Van Nostrand et al., 2014). These results show the importance of p53 in 

regulating the pathology of CHARGE syndrome.  

 

DiGeorge syndrome (DGS) is characterized by a microdeletion in chromosome 

region 22q11.2, and is the most common cause of congenital heart disease (CHD). People 
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affected with this syndrome present CHD as a consequence of a malformations in the 

aortic arch and/or cardiac outflow tract (OFT) (Scuccimarri & Rodd, 1998). Other 

common features of DGS are defects in the thymus and parathyroid gland affecting T cell 

development and calcium levels, respectively (Scuccimarri & Rodd, 1998). Tbx1 encodes 

a transcription factor that regulates the differentiation of the second heart field (SHF) 

cells in OFT of the developing heart (Watanabe et al., 2012). In Tbx1+/- mice, 

haploinsufficiency of the T-box transcription factor 1 recapitulates many of the 

phenotypes seen in human DGS patients, particularly CHD defects. The cardiac 

phenotype Tbx1+/- mice is partially rescued by deletion of Tp53 (Caprio & Baldini, 2014). 

TBX1 and p53 were discovered to share a common target, Gbx2 (Caprio & Baldini, 

2014), which is required for proper NCC migration and patterning in the pharyngeal 

arches and cardiovascular development (Byrd & Meyers, 2004). Tbx1 haploinsufficiency 

led to an increase on p53 levels and a down-regulation of Gbx2.  In Tbx1+/- mice lacking 

Tp53, Gbx2 levels were reestablished, thereby promoting NCC migration into the 

pharyngeal arches and heart (Caprio & Baldini, 2014).  

  

 Together, these congenital syndromes illustrate the importance of maintain strict 

controls on p53 function during embryonic development. Interestingly, many of the 

pathologies associated with these syndromes in mice can be partially rescued by deletion 

of Tp53, demonstrating the therapeutic potential of inhibiting p53 prenatally.  
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Table 4.1 Activation of p53 is involved in the pathology of a variety of congenital 
syndromes 

Congenital 
Syndrome 

Mouse Model Defects Reference 

Treacher Collins TCOF1+/- Increase apoptosis of neural 
crest cells causes severe 
frontonasal hypoplasia, 
doming of skull and severe 
microphtalmia.  

Jones et al, 2008, 
Nature Medicine 

CHARGE Tp5325,26,53,54/+ Coloboma, heart defects, 
growth retardation, ear 
defects, cleft palate, 
mandibular hypoplasia, 
kidney defects, 
bone/cartilage defects, 
thymus aplasia, exencephaly  

Van Nostrand et al, 
2014, Cell Cycle 

Diamond-Blackfan 
Anemia 

Rsp7Zma/+ Vertebral fusion, 
disorganization within neural 
arches, asymmetric 
attachment of ribs to 
sternum, short sternum, 
delayed development of 
ossification centers in lumbar 
and sacral vertebrae, minor 
delay of optic fissure closure 
to severe microphtalmia and 
internalization of entire eye 
structure, reduction of 
melanoblast (white belly 
spot), neuronal apoptosis, 
reduction in cortical and 
hippocampal size, enlarged 
ventricles, deficit in working 
memory  

Watkins-Chow et al, 
2013, PLOS Genetics 

Di-George Tbx1+/- and Tbx1-/neo2 Hypoplasia or aplasia of 
fourth pharyngeal arch 
arteries, Defect in the heart 
outflow tract *p53 reduce 
dosage modified phenotype 
on Tbx1 hypomorphic not 
null mice.  

Caprio & Baldini, 2014, 
PNAS 

 

4.3 Mouse model to study activation of wild-type p53 during development 

 Mice containing a combination of hypomorphic (Mdm2puro) and null (Mdm2∆7-9) 

alleles for Mdm2 on a F1 129/C57BL/6 genetic background have shown decreased 

expression of about 30 % of wild-type Mdm2 but their viability has only been reported to 

be negatively affected when exposed to irradiation (Figure 4.2; Mendrysa et al., 2003). 
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However, Mdm2 hypomorphic mice on a F1 129/C57BL/6 genetic background are 

radiosensitive due to heightened p53 levels (Mendrysa et al., 2003). In contrast, only a 

few Mdm2 hypomorphic mice in an inbred C57BL/6 Mdm2puro/∆7-9 genetic background 

were born despite repeated crossings of Mdm2+//∆7-9 and Mdm2puro/+ mice, suggesting that 

the low level of Mdm2 on this genetic background results in a lethal condition. We have 

observed a high percentage of p53-dependent craniofacial deformities on inbred C57BL/6 

Mdm2puro/∆7-9 embryos. Most importantly, these developmental defects are dependent on 

the mouse genetic background since Mdm2puro/∆7-9 on a F1 129/C57BL/6 genetic 

background had no craniofacial deformities.  

 

 
 

Figure 4.2 Schematic of Mdm2 hypomorphic and null alleles. (A) The 
Mdm2puro hypomorphic allele was created by insertion of a puromycin resistance cassette 
(PURO) after exon 6. LoxP sites are present flanking the puromycin resistance cassette 

and after exon 9.  Cre-mediated recombination deleted the puromycin resistance cassette 
resulting in the generation of the Mdm2Δ7-9 null allele (Mendrysa et al., 2003).  

4.4 Perinatal lethality of C57BL/6 Mdm2 hypomorphic embryos  

 To delineate the timing of C57BL/6 Mdm2puro/∆7-9 lethality, Mdm2+//∆7-9 and 

Mdm2puro/+ mice were crossed and embryos collected at several stages of development. A 

chi-square (X2) test of goodness-of-fit was performed to determine whether the four 

genotypes Mdm2+/+, Mdm2puro/+, Mdm2+/∆7-9, and   Mdm2puro/D7-9 were equally present at 

the expected Mendelian frequency of 25 % each. Genotypic analyses revealed that 

C57BL/6 Mdm2puro/∆7-9 embryos were present at the expected Mendelian frequency at 

E10.5 (n=284, X2=5.324, p>0.05), E15.5 (n=210, X2=2.229, p>0.05) and E17.5 (n=210, 
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X2=2.266, p>0.05) (Table 4.2). Together these results suggest that C57BL/6 Mdm2puro/∆7-

9 embryos die perinatally, between E17.5 and P0.  
 

Table 4.2 Expected and observed genotype of offspring from C57BL/6 Mdm2puro/+ 

and Mdm2+/D7-9 intercrosses at different embryonic days   

 
 

4.5 Loss of Mdm2 results in craniofacial malformations in C57BL/6 mice 

 To begin to characterize the perinatal lethality of inbred C57BL/6 Mdm2puro/∆7-9 

embryos, E15.5 embryos expressing different levels of Mdm2 were collected and 

examined. Mdm2puro/∆7-9 embryos dissected at E15.5 embryos exhibit coloboma (rupture 

in the structures that compose the eye), tongue protrusion and squared faces compared to 

their wild-type counterparts. In addition, a subset of Mdm2puro/∆7-9 embryos exhibited 

exencephaly (Table 4.3; Figure 4.3).  
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Figure 4.3 C57BL/6 inbred mice hypomorphic for Mdm2 exhibit craniofacial 
malformations. In contrast to wild-type controls (A), E15.5 Mdm2puro/∆7-9 embryos (B, 

C) show an array of craniofacial deformations including squared faces, tongue protrusion, 
coloboma (black arrows), and exencephaly (yellow arrow).  

 
Table 4.3 Incidence of phenotypes observed in embryos dissected at E15.5 

 

4.6 Bone ossification is decreased in Mdm2 hypomorphic embryos  

 In addition to overt craniofacial abnormalities, C57BL/6 Mdm2puro/∆7-9 embryos 

are small in size (11.928 ± 1.352 mm) compared to their wild-type counterparts (13.342  

± 0.816 mm) suggesting growth retardation (Figure 4.4). Bone development is divided 

into endochondral and intramembranous ossification. The endochondral ossification is 

characterized by a cartilage intermediate that is formed by mesenchymal cells and is 
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found predominantly in the long bones of the appendicular skeleton. In contrast, 

intramembranous ossification occurs primarily in the bones of the skull directly by 

mesenchymal cells differentiation into osteoblasts without forming a cartilage 

intermediate.  To determine the effect of Mdm2 loss on cartilage and bone formation, 

Alcian (blue stain for cartilages) and Alizarin (red stain for bones) staining was 

performed on E17.5. wild-type and Mdm2puro/∆7-9 embryos. Bone ossification in skeletons 

of Mdm2 puro/∆7-9 embryos was reduced as seen by a decrease in of Alizarin (red) staining 

compared to wild-type skeleton (Figure 4.5 A and D). The parietal and frontal bones of 

the skull have decreased ossification and appear transparent due to the development as 

intramembranous bones (Figure 4.5 E). In addition to skull, C57BL/6 Mdm2puro/∆7-9 

embryos also exhibited a considerably decreased mineralization of vertebrae (Figure 4.5 

F). The percentage of ossification quantified of the long bones of E17.5 embryos show 

that Mdm2 hypomorphic embryos have significant decreased ossification compared to 

wild-type embryos (Table 4.4; Figure 4.6). Together, these results reveal that a low level 

of Mdm2 disrupts ossification of the cranial and long bones contributing to the 

craniofacial and developmental defects observed in the Mdm2 hypomorphic embryos.  

 
Figure 4.4 Small size of embryos expressing a low level of Mdm2. The crown to rump 
length measurement of E15.5 embryos were taken with an electronic caliper after embryo 

dissection and before processing tissues for histology. The results show a significant 
reduction in length of Mdm2puro/∆7-9 (n=5) as compared wild-type (n=11) embryos 

(*p<0.05).  
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Figure 4.5 Loss of Mdm2 impairs bone ossification. Alcian and Alizarin staining was 
performed on wild-type (A-C) and Mdm2puro/∆7-9 (D-F) embryos at E17.5 to detect bone 

and cartilage formation. Examination of the whole skeleton shows decreases in bone 
ossification in Mdm2puro/∆7-9 embryo (D) compared with their wild-type counterpart (A). 

Higher magnification of Mdm2puro/∆7-9 embryo in (A) show delayed ossification of 
parietal and frontal bone (B versus E) and vertebrae (C versus F) as shown as lack of 
alizarin staining. Black arrows in (B) and (E) pointed to parietal and frontal bones. 

Yellow arrows in (C) and (F) pointed to ossification centers in the vertebrae. Embryos 
were stained by Stasa Tumpa and photographed by JCC and Stasa Tumpa.  

Table 4.4 Summary of percentage of the long bone ossification 
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Figure 4.6 Decreased ossification in Mdm2puro/∆7-9 embryos. Graphed is the percentage 
of bone ossification in long bones of wild-type (n=5) and Mdm2puro/∆7-9 (n=5) embryos at 
E17.  Quantification was performed using ImageJ software.  Ossification in Mdm2puro/∆7-9 

embryos is significantly decreased as compared with wild-type controls (*p<0.05). 

4.7 Palate development is delayed due to low levels of Mdm2  

 Mdm2 hypomorphic embryos exhibit squared faces and tongue protrusion, similar 

to phenotypes identified in the Tp5325,26,53,54/+ mouse model of human CHARGE 

syndrome in which wild-type p53 function is aberrantly activated (Van Nostrand et al., 

2014). As Tp5325,26,53,54/+ mice also exhibit cleft palate we investigated whether activation 

of p53 in Mdm2puro/∆7-9 embryos. similarly resulted in cleft palate. H&E staining of the 

developing palate at E15.5 revealed that the Medial Epithelial Seam (MES) located in the 

developing palate is resolved in all nine wild-type controls (Figure 4.7 A-C), indicating 

complete fusion of the palatal shelves. In contrast, the MES structure is observed in 50 % 

(4 out of 8) of Mdm2puro/∆7-9 embryos, consistent with a delay in the fusion of the palatal 

shelves (Figure 4.7 F-H). In 25 % (2 out of 8) Mdm2puro/∆7- 9 embryos cleft palate was 

identified (Figure 4.7 I). Since the disappearance of the MES is controlled by apoptosis 

(Cecconi et al., 1998; Cuervo and Covarrubias, 2004; Martinez-Alvarez et al., 2004; 

Vaziri et al., 2005), TUNEL staining was performed to examine apoptotic nuclei along 

the MES structure in the palate Apoptotic nuclei were detected in 75 % of Mdm2puro/∆7-9 

(Figure 4.7 J) and 100 % of wild-type (Figure 4.7 K) showing no qualitatively differences 
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between these genotypes. These results show that Mdm2puro/∆7-9 embryos present delayed 

development of the palate.  

 

 

 
Figure 4.7 Delayed palatal fusion due to low levels of Mdm2. A-I) H&E staining on 

coronal palate of E15.5 wild-type embryos (A-C, n=9) and Mdm2puro/∆7-9 (D-I, n=8) and. 
Black arrows point to MEE structure in pictures D through H. Red arrow points to cleft 
palate in picture I. Pictures were taken at 10X. Scale bar 20 µm. J-K) TUNEL staining 
slides on coronal palate of E15.5 wild-type (J, n=4) and Mdm2puro/∆7-9 (K, n=5) palates. 

Pictures were taken at 40X. Scale bar 50 µm.  
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4.8 Abnormal eye development due to low levels of Mdm2 

In humans, ocular coloboma is frequently associated with craniofacial 

malformations.  Consistent with that observation, gross inspection of E17.5 embryos 

revealed that 45 % of C57BL/6 Mdm2puro/∆7-9 embryos exhibited coloboma.  The increase 

in coloboma in Mdm2puro/∆7-9 relative to wild-type embryos was statistically significant 

based on chi-square test of goodness-of-fit (n=86, X2= 8.689, p < 0.05; Table 4.3). In 

contrast, coloboma was observed in only 10 % of wild-type embryos. Mdm2puro/+ and 

Mdm2+/∆7-9 embryos in which the levels of Mdm2 are modestly reduced exhibited 9 % 

and 12.5 % coloboma, respectively (Table 4.3; Figure 4.8). Histologically, rupture of the 

retina resembling coloboma was observed in 17% (1 out of 6) Mdm2puro/∆7-9 H&E stained 

eyes (red arrow in Figure 4.8 C). Mdm2 hypomorphic embryos have microphthalmia 

(small eyes) compared to wild-type (Figure 4.8 A-C). Quantification of eye areas 

confirmed the observation that Mdm2puro/∆7-9 eyes are significantly smaller compared to 

their wild-type counterparts (Figure 4.8 F). Besides the differences in eye morphology, 

apoptotic nuclei were only observed in the retina of 4 out of 6 stained Mdm2 

hypomorphic eyes compared to 0 of 4 in their wild-type counterparts (Figure 4.8 E).  

 

 

 

 

 

 

 

 

 

 

 

 

 



62 
 

 
 

 

 

 

 

 

 

 

 

 
Figure 4.8 Mice deficient for Mdm2 exhibit microphtalmia, coloboma and increased 

apoptosis in the retina. A-C) H&E staining in coronal eye of Wild-type (n=3) and 
Mdm2 hypomorphic (n=6) embryos. Black arrows (B and C) point to the retina and red 

arrow (C) points to a rupture in the retina. D-E) TUNEL staining in coronal eye of Wild-
type (n=4) and Mdm2 hypomorphic (n=6) embryos. F) Quantification of eye area of 3 

Wild-type and 6 Mdm2 hypomorphic eyes. *p<0.05.  

D) E) 
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4.9 p53 targets gene expression is increased in embryos expressing a low level of 
Mdm2  

 Previously reported phenotypes of Mdm2puro/∆7-9 mice on a 129S6/B6 F1 genetic 

background were p53-dependent, arising from enhanced p53 activity due to a 

systemically low level of Mdm2 (Mendrysa et al., 2003; Malek et al., 2011). Given the 

increased severity of phenotypes of Mdm2puro/∆7-9 mice on a C57BL/6 genetic 

background, I hypothesized that p53 activity was higher in Mdm2puro/∆7-9 mice on the 

inbred C57BL/6 compared to F1 129S6/B6 genetic background. To test this hypothesis, 

p53 protein levels in C57BL/6 and 129S6/B6 F1 Mdm2 hypomorphic E10.5 embryos 

were compared.  The results show an increase of p53 levels in Mdm2puro/∆7-9 on both 

genetic backgrounds, compared to their respective wild-type controls (Figure 4.9 A). 

Surprisingly, the level of p53 level was higher in theMdm2puro/∆7-9 embryos on the 

129S6/B6 F1 compared to C57BL/6 background. To corroborate this data, densitometry 

analysis was performed showing no significant differences of p53 levels between 

Mdm2puro/∆7-9 and WT on both genetic backgrounds (B6, p=0.116; F1, p=0.263) (Figure 

4.9 B). In the future, it would be worth investigating the phosphorylation and activation 

status of p53 in these genetic backgrounds.  

 

 
Figure 4.9 Increased levels of Mdm2 in Mdm2puro/∆7-9 embryos. A) WB analysis of p53 
levels in E10.5 embryos of indicated genotype and genetic background. b-Actin was used 
as a loading control. B) Densitometry analysis of two independent WB using b-Actin as a 

loading control. ns=not significance.  
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 In addition to analyzing p53 protein levels, real-time PCR was performed to 

determine the level of expression of p53 target genes including cell cycle arrest genes p21 

and CyclinG1 as well as the pro-apoptotic genes Bax, Noxa and Perp in order to compare 

the activity of p53 expressed in C57BL/6 and 129S6/B6 F1 Mdm2puro/∆7-9 embryos. For 

both the 129S6/B6 F1 and C57BL/6 genetic backgrounds, expression of p21, Bax, 

CyclinG1, Noxa and Perp was significantly increased in Mdm2puro/∆7-9 embryos compared 

to WT (*p<0.01) (Figure 4.10). The increase expression of p53 target genes in 

Mdm2puro/∆7-9 embryos confirms in both genetic backgrounds that p53 was activated in 

the absence of a wild-type levels of Mdm2. To determine whether there is statistically 

significance difference of the gene expression between B6 and F1 genetic backgrounds, 

an ANOVA with Tukey test was performed. Based on the results, CyclinG1 was the only 

gene significantly different between B6 and F1 Mdm2puro/∆7-9 embryos (**p<0.01). 

 

 Previous studies have shown that disruption in Shh signaling pathway leads to 

decrease NCC proliferation and craniofacial malformations (Brugmann et al., 2010). In 

addition, studies in our lab have shown that low levels of Mdm2 affected Shh target 

genes (Malek et al., 2011). Besides p53 target genes, Shh target gene Gli1 expression was 

evaluated. The result shows no change in Gli1 expression among all the four genotypes in 

E10.5 embryos (Figure 4.10). These results show that p53 activation due to low levels of 

Mdm2 is increasing the expression of genes that promote cell cycle arrest and apoptosis, 

which could negatively affect mouse embryogenesis but is not affecting Shh pathway.  
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Figure 4.10 p53 signaling is increased in B6 and F1 embryos expressing low levels of 

Mdm2. Expression of p53 target genes p21, Bax, CyclinG1, Noxa, and Perp and Shh 
target gene Gli1 in whole E10.5 embryos was determined by real-time PCR and 

normalized to Tubb5. Graphed is the average fold change in gene expression of p53- and 
Shh-target genes on the indicated mouse genetic background (B6 = C57BL/6; F1= 

129S6/C57BL/6 F1) and Mdm2puro/∆7-9 relative to Mdm2+/+ controls (n = 6, *p<0.05, 
ANOVA, ** p<0.05, ANOVA with Tukey Test).  
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Table 4.5 Phenotypes shared among CHARGE syndrome patients and mouse 
models 

Phenotypes CHARGE Syndrome 
(humans) 

Tp5325,26,53,54/+ 
mice 

Mdm2puro/∆7-9 mice 

Coloboma Major + + 

Exencephaly Not reported + + 

Growth Retardation Minor + + 

Bone/Cartilage Defects Minor + + 

Cleft Palate Minor + + 

Ear defects Major + nd 

Heart defects Major + * 

Mechanism of p53 
activation 

Loss of CHD7 
(Van Nostrand et al., 

2014) 

Mutant p53  
(Tp5325,26,53,54)  

(Van Nostrand et 
al., 2014) 

Wild-type p53   

+ = determined; nd = not determined; * = work in progress  

4.10 Discussion  

 In this research project, I characterized the craniofacial phenotype exhibited in 

inbred C57BL/6 Mdm2puro/∆7-9 mice that express a systemically low level of Mdm2, the 

negative regulator of p53. The majority of C57BL/6 Mdm2puro/∆7-9 embryos exhibited 

coloboma, tongue protrusion and squared faces compared to their wild-type counterparts. 

Exencephaly was also detected only in a subset of C57BL/6 Mdm2puro/∆7-9 embryos. 

These developmental abnormalities are consistent with those observed in Tp5325,26,53,54/+ 

mice, model of human CHARGE syndrome, in which wild-type p53 is aberrantly 

stabilized by a mutant p53 (Table 4.5; Van Nostrand et al., 2014). In contrast, p53 protein 

is wild-type and its stability and activation under normal cellular controls in in 

Mdm2puro/∆7-9 mice, this making a Mdm2puro/∆7-9 mice a robust system for evaluating the 

consequences of enhanced p53 function in developing and homeostatic tissues. 
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 Inbred C57BL/6 Mdm2puro/∆7-9 mice die perinatally and exhibit multiple 

phenotypes including small body size and decreased bone ossification. In a prior study, 

conditional deletion of Mdm2 in osteoblast progenitor cells activated p53 causing skeletal 

defects such as fused lumbar vertebrae, porous cranial bones and reduced bone length and 

mineralization (Lengner et al, 2006), thereby illustrating the importance of p53 regulation 

by Mdm2 in osteoblast differentiation. The significant decrease in bone ossification in the 

long bones of Mdm2 hypomorphic embryos is consistent with the deletion of Mdm2 in 

osteoblast progenitor cells which impair bone formation by decreasing Runx2, a 

transcription factor expressed in differentiated osteoblast (Lengner et al. 2006). In the 

future, will be interesting to determine whether Runx2 expression is decreased in 

C57BL/6 Mdm2puro/∆7-9 which would suggest that a threshold of level of Mdm2-p53 is 

required for proper osteoblast differentiation. We have also shown that a low level of 

Mdm2 impairs bone ossification, especially in the parietal and frontal bones. 

Interestingly, embryos lacking p53 show decrease bone density in frontal and parietal 

bones (Rinon, et al 2011). These results demonstrate that an appropriate level of p53 is 

required for normal bone skull development and Mdm2 may play an essential role in 

maintaining the appropriate level of p53.  

 

 In addition to decreased bone ossification, delayed palatal shelves fusion with low 

frequency of cleft palate was detected in a subset of C57BL/6 Mdm2puro/∆7-9 embryos. 

Cleft palate represents one the most common birth defect in humans. Multiple 

environmental and genetic factors have been involved in the etiology of cleft palate 

(Bush & Jiang, 2012). A better understanding in the molecular pathways that regulate 

palate development (palatogenesis) would help to design ways for early detection and/or 

prevention of cleft palate. During mouse development at E10, palatal shelves protruding 

from the maxillary processes grow vertically along the tongue. At E12-E15 these palatal 

shelves grow horizontally above the tongue and their Medial Edge Epithelial (MEE) cells 

fuse to form the Medial Epithelial Seam (MES) (Suzuki et al., 2015). The complete 

fusion of the palate occurs when MES disappears. Dysregulation of pathways controlling 

palatal shelves proliferation, fusion or MES disappearance can lead to cleft palate (Iwata 

et al. 2013). It will be interesting to examine the palate of younger embryos to identify 



68 
 

what is causing the delay in palatal fusion in C57BL/6 Mdm2puro/∆7-9 mice. In addition, 

we can examine the palate of older embryos to determine whether MES persist through 

palate development or it disappear. Studies on the fate of MES during palatogenesis have 

shown that these cells undergo apoptosis (Xu et al., 2006). One pathway involved in the 

degeneration of MES is TGFb which positively regulates Irf6 and p21 to coordinate the 

disappearance of MEE (Iwata et al., 2013). Disruption in TGFß-mediated Irf6 lead to 

submucosal cleft palate, which is characterized by a mucous membrane lining the cleft. 

The results from the examination of palates in Mdm2puro/∆7-9 embryos will allow us to 

determine whether p53 activation disrupt TGFb during palatogenesis and MEE 

disappearance.  

 

 Craniofacial malformations often arise as a result of congenital syndromes. 

Recently, p53 have been involved in the pathogenesis of Treacher Collins and CHARGE 

syndromes, which are characterized by craniofacial defects. Inhibition of p53 in Treacher 

Collins mouse model prevents the abnormal development of head and face. This result 

suggests that prenatal inhibition of p53 could be an option to treat craniofacial 

malformations improving the quality of life of affected individuals. However, phenotypic 

variations are seen in affected individuals with mutations in the same genes, 

demonstrating that clinical outcome varies based on genetic background. Interestingly, 

the only gene that was significantly expressed between C57BL/6 and 129S6/B6 F1 

hybrid genetic backgrounds was CyclinG1 (Figure 4.10). Similarly, upregulation of 

CyclinG1 was detected in E8.5 Tcof+/- embryos, mouse model of Treacher Collins (Jones 

et al., 2008). In this research project, I had identified that phenotypic penetrance of 

craniofacial deformities due to deficiency in Mdm2 is dependent on the inbred C57BL/6 

mouse genetic background as Mdm2puro/∆7-9 on a 129S6/B6 F1 hybrid genetic background 

lacked overt craniofacial phenotypes and survived to adulthood. This observation 

suggests the existence of p53 modifiers that regulate the activity of this protein. 

Mdm2puro/∆7-9 C57BL/6 and 129S6/B6 F1 mice will allow to study the impact of genetic 

background on the activity of p53 during craniofacial development. Mdm2puro/∆7-9 mice 

provide the opportunity of identifying genetic modifiers that are responsible for 

increasing or attenuating the activity of p53 during embryogenesis.  
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 Future steps in this research project is to determine how activation of p53 is 

causing these craniofacial defects. I hypothesize that p53 is disrupting NCC development, 

migration or differentiation based on the structures that were abnormally developed in the 

inbred C57BL/6 Mdm2puro/∆7-9 mice. Due to the role of p53 in cell cycle arrest and 

apoptosis, TUNEL staining of E10.5 C57BL/6 Mdm2puro/∆7-9 embryos can give us an idea 

if these cells are undergoing apoptosis during their migration process. In addition, whole 

mount in situ hybridization using Sox10 marker can be performed to determine whether 

p53 is disrupting NCC migration. The results from these experiments will reveal whether 

the craniofacial malformations seen in C57BL/6 Mdm2puro/∆7-9 mice are a cause of 

disruption in NCC development. Moreover, RNA sequencing can be performed to gain 

an insight into the pathways that are deregulated in C57BL/6 Mdm2puro/∆7-9 compared to 

C57BL/6 and 129S6/B6 Mdm2puro/∆7-9 F1 hybrids. This particular experiment will allow 

the identification of differentially expressed genes in Mdm2puro/∆7-9 from both genetic 

backgrounds.  
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