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Abstract 

Development requires a delicate balance of proliferation and differentiation.  Too 

little proliferation can result in dysfunctional tissues, while prolonged or heightened 

proliferation can result in tumor formation.  This is clearly seen with the granule neuron 

precursors (GNPs) of the cerebellum.  Too little proliferation of these cells during 

development results in ataxia, whereas too much proliferation results in the cerebellar 

tumor medulloblastoma.  While these cells are known to proliferate in response to Shh, 

it is not clear what controls the differentiation of these cells in vivo. 

 Previous work from our lab has identified basic fibroblast growth factor (bFGF) 

as a candidate differentiation factor for these cells.  In this thesis, I characterize some of 

the cellular and molecular mechanisms involved in FGF-mediated inhibition (FMI) of 

Shh-induced GNP proliferation.  In addition, I employ FGFR knockouts and a bFGF 

gain-of-function mouse to determine whether FGF signaling is necessary and/or 

sufficient for differentiation of GNPs during cerebellar development.  Finally, the 

question of whether bFGF can be effective as a therapeutic agent for in vivo tumor 

treatment is tested in a transplant model. 

 These experiments indicate that FGF signaling is neither necessary nor sufficient 

for GNP differentiation during cerebellar development.  However, transplanted tumors 

are potently inhibited by bFGF treatment.  Furthermore, FMI is shown to occur around 
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the level of Gli2 processing in the Shh pathway, implying that such a treatment has 

promise to be widely effective in treatment of Shh-dependent medulloblastomas.
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1. Introduction 

1.1 Overview 

Developmental signaling pathways control such processes as proliferation, 

differentiation, and survival.  In order for proper development to occur, these processes 

must occur within a certain balance of each other.  A prime example is the development 

of Granule Neuron Precursors (GNPs) in the cerebellum.  Insufficient proliferation of 

these cells results in ataxia, whereas excessive proliferation can result in 

medulloblastoma, a type of cancer.  Thus it is important to understand the signals which 

cause these cells to proliferate and differentiate.  The proliferative cue for these cells has 

been previously shown to be Sonic Hedgehog (Shh) (Wechsler-Reya and Scott, 1999).  

Furthermore, our lab has previously shown that basic Fibroblast Growth Factor (bFGF) 

has the ability to inhibit proliferation caused by activation of the Shh pathway in these 

cells in an in vitro setting (Fogarty et al, 2007).  The question I address in this thesis is 

whether bFGF acts as a differentiation factor for GNPs in vivo and whether bFGF can be 

used to inhibit tumors that arise from hyper-activation of the Shh pathway in GNPs.   In 

the following sections, I will review relevant background information on the cerebellum, 

the Sonic Hedgehog (Shh) pathway, Fibroblast Growth Factor (FGF) pathway, 

Medulloblastoma, and FGF-mediated inhibition (FMI) of Shh-induced proliferation of 

Granule Neuron Precursors (GNPs). 
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1.2 Cerebellum 

The cerebellum has roles in motor control, behavior, and cognition (Rapoport et 

al, 2000).  There are at least five different types of neurons in the cerebellum involved in 

coordinating these processes (Altman and Bayer, 1997).  The most abundant of these are 

the granule neurons, which outnumber the rest of the neurons in the brain.  These cells 

regulate the output of the cerebellum through their interactions with the neighboring 

Purkinje cells.  Underscoring the importance of these cells for proper cerebellar function, 

mice lacking granule neurons exhibit severe ataxia (Hamre and Goldowitz, 1997; Kofuji 

et al, 1996; Mullen et al, 1997). 

 

1.2.1 Embryonic Development 

GNPs are “born” around embryonic day 12.5 (E12.5) when they begin expressing 

the transcription factor Math1 (Ben-Arie et al, 1997).  As shown in Figure 1, GNPs arise 

from a structure called the rhombic lip in the dorsal hindbrain.  From there, these cells 

migrate laterally along the surface of the cerebellum, forming a single-cell layer by birth.  

While these cells are known to proliferate to the mitogen Shh during postnatal 

development (Wechsler-Reya and Scott, 1999), the mitogen that drives their embryonic 

growth is unknown.  In fact, Shh is not produced in the embryonic cerebellum until 

approximately E18.5, just before birth (Dahmane and Ruiz i Altaba, 1999).  Other 
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morphogens, such as members of the bone morphogenetic protein (BMP) family have 

been implicated in the cell fate decision that occurs when cells become GNPs (Alder et 

al, 1999).   

 

1.2.2 Postnatal Development / Structure 

GNPs form a single-cell layer at birth.  This layer is termed the External Germinal 

Layer (EGL) and overlays, in order of depth, the molecular layer, Purkinje cell layer, 

Internal Granule Layer (IGL), and finally the white matter.  Shh is produced by the 

Purkinje cells of the cerebellum, and is the major mitogen for GNPs (Wechsler Reya and 

Scott 1999; Wallace, 1999).  In this postnatal environment, GNPs enter a massive 

proliferative phase which expands the thickness and foliation of the EGL.  As this 

process continues, the GNPs in the inner portion of the EGL begin to differentiate into 

granule neurons and begin migrating inward to populate the IGL.  Eventually all of the 

GNPs have differentiated and migrated to the IGL, leaving the adult cerebellum without 

an EGL.  In mice this process is concluded by the end of the third postnatal week 

(Hatten and Heintz, 1995; Altman and Bayer, 1997), in humans this process continues 

until 6-8 months after birth (Abraham et al, 2001).  
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Figure 1: Embryonic GNPs migrate from the rhombic lip to form the EGL 

 

GNPs originate in the rhombic lip (in the white box above) and migrate along the 

surface of the cerebellum to form the EGL.  Red staining above indicates Pax6 

expression, a marker of GNPs.  
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1.2.3 Expression of Potential Differentiation Factors 

While GNPs are known to proliferate in response to Shh, how these cells 

differentiate is unknown.  There are a couple different possibilities for how this process 

occurs.  The most obvious possibility is that Shh expression could decrease over time, 

allowing GNPs to differentiate.  However, others have shown that Shh expression is 

present from embryonic stages throughout adulthood, indicating that GNPs do not 

differentiate in response to decreased Shh expression (Traiffort et al, 2010). A second 

possibility is that the Shh pathway activates negative regulators of the pathway, such as 

Patched (Ptc), which accumulate over time and turn off the pathway in cells that have 

been exposed to Shh the longest, allowing them to differentiate.  Additionally, it is 

possible that the microenvironment in the outer EGL is more conducive for proliferation 

of GNPs, forming a mitogenic niche.  In support of this theory, factors found in the outer 

EGL, such as heparin sulfate proteoglycans (HSPGs) and laminins, have been shown to 

help promote Shh signaling.  According to this theory, when cells exit this region, they 

are not able to maintain Shh signaling as efficiently and are thus able to differentiate 

(Choi et al, 2005).  A final possibility is that there is an external differentiation factor that 

serves to override Shh signaling in GNPs, allowing them to differentiate.  When 

considering these possibilities, it is important to keep in mind that these possibilities are 
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not mutually exclusive, and it is possible that all of these factors could play a role in 

GNP differentiation. 

There are several candidate differentiation factors that have been identified in 

vitro by their ability to inhibit Shh-induced proliferation of GNPs.  The most likely 

candidates include bFGF, BMP2, BMP4, and pituitary adenylate cyclase-activating 

polypeptide (PACAP) (Wechsler-Reya and Scott, 1999; Fogarty et al, 2007; Rios et al, 

2004; Angley et al, 2003; Nicot et al, 2002).  Basic FGF (also known as FGF2) has been 

reported to be expressed by Purkinje cells and astrocytes in the cerebellum (Fuxe et al, 

1996; Yamamoto et al, 1991; Matsuyama et al, 1992; Giordano et al, 1992).  In addition, 

other FGF ligands which might mimic bFGF activity have been reported to be expressed 

throughout the cerebellum (Yaguchi et al, 2009).  BMP2 and 4 have been reported to be 

expressed in the EGL, with peak expression a few days after birth (Rios et al, 2004; 

Angley et al, 2003).   PACAP is expressed in the Purkinje cell layer and in the deep 

cerebellar nuclei (Nielsen et al, 1998; Skoglosa et al, 1999).  Thus, all of these factors have 

the potential to act as differentiation factors for GNPs in an in vivo setting. 

 

1.3 Shh Pathway 

The Shh pathway is one of the most critical developmental signaling pathways, 

being involved in processes as diverse as growth regulation, cell fate determination, and 
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tissue patterning (Riddle et al, 1993; Meyers and Martin, 1999; Podlasek et al, 1999; 

LaMantia et al, 2000; Fogarty et al, 2005).  The Hedgehog pathway was originally 

identified in Drosophila, and is so named because of the hedgehog-like appearance of 

flies lacking the Hedgehog gene.  In mammals, there are several homologs of Hedgehog, 

including Sonic Hedgehog, Indian Hedgehog, and Desert Hedgehog. 

 

1.3.1 Description of Pathway 

 The Hedgehog pathway has been most extensively studied in Drosophila.  The 

receptor for the Hedgehog ligand is Patched (Ptc).  In the absence of Hedgehog ligand, 

Patched inhibits the activity of Smoothened (Smo), another membrane-bound protein.  

When Hedgehog binds Ptc, this inhibition is removed, allowing Smo to signal and 

activate the Hedgehog pathway.  Smo signals through a complex of proteins located in 

the cytoplasm which includes Costal 2 (Cos2), Fused (Fu), Suppressor of Fused (Sufu), 

and Cubitus interuptus (Ci).  When Hedgehog signaling is inactive, Ci is cleaved into a 

transcriptional repressor which enters the nucleus and blocks transcription of target 

genes.  However, when Hedgehog signaling is active, the full-length form of Ci is 

allowed to enter the nucleus and promotes Hedgehog target gene transcription.  It is 

worth noting that among these target genes are Ptc and other negative regulators of the 

pathway which form a negative feedback loop (Monnier et al, 1998; Delattre et al, 1999).
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 In mammals, there are three homologs of Ci – Gli1, 2, and 3 (Yoon et al, 1998; 

Aza-Blanc et al, 2000).  The main mediator of Shh signaling is Gli2, which is cleaved into 

a repressor in the absence of pathway activation, while the full-length form acts as a 

transcriptional activator in much the same way as Ci functions in Drosophila.  Gli3 

functions primarily as a transcriptional repressor, although it has also been reported to 

act as an activator in some situations.  Gli1 is a target of the Shh pathway, and acts as a 

pure transcriptional activator, serving to amplify Shh pathway activity (Marigo et al, 

1996; Wang et al, 2000).   Other targets of the Shh pathway in GNPs include Nmyc and 

Cyclin D1 (Oliver et al, 2003; Kenney et al, 2003).  The mammalian Shh pathway is 

depicted in Figure 2. 
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Figure 2: The Shh Pathway 

 

 

In the absence of Shh, Patched (Ptc) inhibits the activity of Smoothened (Smo).  This 

results in Gli2 being tethered to microtubules in the cytoplasm, held in a complex 

which includes Costal2 (Cos2), Fused (Fu), and Suppressor of Fused (Sufu).  Protein 

kinase A (PKA) promotes the cleavage of Gli2 into its repressor form, which is 

translocated into the nucleus and represses expression of Hedgehog target genes.  

Binding of Shh to Ptc is aided by heparin sulfate proteoglycans (HSPGs).  In the 

presence of Shh, inhibition of Smo by Ptc is relieved.  Signaling through Smo breaks 

up the complex holding Gli2 in the cytoplasm, allowing full-length Gli2 to 

translocate into the nucleus and activate target genes including Gli1, Nmyc, Ptc, and 

Cyclin D1. 
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1.3.2 Involvement in Development / Cancer 

 The Shh pathway is critical for many developmental processes, including left-

right orientation of the embryo, limb bud formation, development of various organs, 

and specification of cell fate for neural precursors along the neural tube and 

dopaminergic neurons in the midbrain and hindbrain (Riddle et al, 1993; Meyers and 

Martin, 1999; Podlasek et al, 1999; LaMantia et al, 2000; Fogarty et al, 2005).  In the 

postnatal cerebellum, Shh serves as the major mitogen for GNPs (Wechsler-Reya and 

Scott, 1999). 

 Thus, it is not surprising that 20-30% of medulloblastomas result from 

inappropriate activation of the Shh pathway (Marino, 2005).  In a similar manner, 

aberrant activation of the Shh pathway has also been implicated in cancers arising from 

other tissues whose growth during development is driven by Shh, most notably 

prostate, pancreatic, and colorectal cancer (Shaw et al, 2009; Bailey et al, 2009; 

Yoshikawa et al, 2009).   

 

1.4 Fibroblast Growth Factor Pathway 

 Similar to the Shh pathway, the FGF pathway is involved in many 

developmental processes including proliferation, differentiation, and tissue patterning.  
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In fact, the FGF pathway has been shown to have all these roles in the central nervous 

system (Reuss et al, 2003; Dono, 2003). 

 

1.4.1 Pathway Description 

 There are 23 FGF ligands and 4 FGF receptors (FGFRs).  FGFRs 1-3 each have two 

spliceforms, termed IIIb and IIIc respectively.  FGF ligand binding to a FGFR is 

promoted by neighboring heparin sulfate proteoglycans (HSPGs) (Yayon et al, 1991).  

FGFRs exist in dimers, and upon ligand binding, undergo transphosphorylation of 

tyrosine residues on their cytoplasmic tails in order to become activated (Schlessinger et 

al, 2000).   

Once activated, there are several downstream signaling pathways through which 

FGF signaling can be transduced.  First, the activated receptor can bind the docking 

proteins FRS2(α) and Crk.  Each of these docking proteins recruits signaling complexes 

once activated.  FRS2 assembles a signaling complex that includes Grb2, Sos, Shp2, and 

Gab1 (Kouhara et al, 1997; Eswarakumar et al, 2005).  Crk assembles a signaling complex 

that includes Shc, C3G, and Cas37.  Both of these complexes activate the PI3 kinase-Akt 

and the Ras-MAP kinase (MAPK) pathways.  The list of MAPKs that can be activated by 

FGF signaling includes p42/44-Erk, SAPK/JNK, and p38, although the specific MAPKs 

that are activated are determined by cell type (Dailey et al, 2005).  Each of these MAPKs 
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has its own MAPK kinase (MAPKK) which phosphorylates and activates it.  Once 

activated by their respective MAPKKs, these MAPKs can be translocated to the nucleus.  

Among the substrates for phosphorylation by these kinases are transcription factors 

such as Ets, AP-1, and ATF/CREB, which promote expression of target genes (Newberry 

et al, 1997; Tan et al, 1996).  Alternatively, phospholipase-Cγ (PLCγ) can bind to the 

activated FGFR and convert phosphatidyl-inositol-4,5-diphosphate (PIP2) to inositol-

1,4,5-triphosphate (IP3) and diacylglycerol (DAG).  IP3 stimulates the release of calcium 

while DAG activates protein kinase C-δ (PKCδ) (Williams et al, 1995; Williams et al 

1994).  PKCδ can then activate Raf and stimulate the downstream elements of the 

Ras/MAPK pathway (Ueda et al, 1996; Corbit et al, 1999). 

 Among the target genes upregulated by FGF signaling are proteins such as the 

Sproutys, Sef, and MKP3 that serve as negative feedback regulators of the FGF pathway.  

These proteins act at different points along the FGF signal transduction pathway and 

serve to attenuate the FGF signal.  In addition to being transcriptional targets of FGF 

signaling, the Sprouty proteins are also phosphorylated in response to FGF.  These 

proteins are likely able to interact with several elements of the FGF pathway, most 

notably inhibiting binding of the Grb2-Sos complex to FRS2 (Hanafusa et al, 2002).  Sef is 

another transcriptional target of FGF, encoding a transmembrane protein whose 

intracellular domain binds FGFRs (Tsang et al, 2002).  This interaction has been shown 
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to inhibit tyrosine phosphorylation of FGFR1 and FRS2 (Kovalenko et al, 2003).  MKP3 is 

a third transcriptional target of FGF and dephosphorylates activated ERK (Groom et al, 

1996; Eblaghie et al, 2003; Li et al, 2007).  Together, these proteins ensure that the FGF 

signaling cascade does not continue after the FGF ligand is no longer present.  The FGF 

pathway is depicted in Figure 3. 

 

1.4.2 Involvement in Development 

 FGFs are involved in a variety of developmental processes, including cell fate 

specification, differentiation and proliferation.  Furthermore, FGFs have been shown to 

play all of these roles in the central nervous system (Reuss et al, 2003; Dono, 2003).  A 

prime example of the importance of FGF signaling during development can be seen in 

the isthmic organizer at the midbrain/hindbrain boundary.  Here, FGF8 controls the 

patterning of the tissues of the dorsal hindbrain that give rise to the tectum and 

cerebellum (Martinez et al, 1999).  FGFs are also involved in neural tube induction, 

proliferation of stem cells in the hippocampus and subventricular zone, and 

differentiation of oligodendrocytes and neurons in the spinal cord and midbrain (Streit 

et al, 2000; Gage et al, 1995; Gritti et al, 1996; Chandran et al, 2003; Dasen et al, 2003; Ye 

et al, 1998).  
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Figure 3: The FGF Pathway 

 

Binding of FGF ligands to an FGFR is aided by heparin sulfate proteoglycans 

(HSPGs).  Upon ligand binding, FGFRs dimerize and transphosphorylate their 

cytoplasmic tails.  This allows FGFRs to bind the docking proteins FRS2 and CRK.  

These docking proteins assemble signaling complexes – Grb2, Sos, Gab1, and Shp2 

in the case of FRS2, and Cas37, Shc, and C3G in the case of CRK.  Both of these 

complexes are capable of activating the PI3K-AKT and Ras-MAPK signaling 

pathways.  MAPKs activated by FGF signaling include ERK1/2, JNK, and p38.  

These MAPKs are activated by their respective MAPKKs, which are in turn 

activated by MEKKs.  Downstream kinases of these pathways activate transcription 

factors, including Ets, AP-1, and ATF/CREB.  Transcriptional targets of the FGF 

pathway include Sef, Spry, Mkp3, Erm, and Pea3.  Alternatively, activated FGFRs 

can bind PLCγ, which cleaves PIP2 into IP3 and DAG.  IP3 stimulates release of 

intracellular Ca2+ stores, which activates CAMK.  DAG activates PKCδ which 

activates Raf and promotes MAPK signaling.  
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1.5 Medulloblastoma 

 Medulloblastoma is one of the most obvious and devastating results of an 

imbalance between proliferation and differentiation in the developing brain.  There are 

several types of medulloblastoma, defined by their gene expression profiles (Thompson 

et al, 2006; Gilbertson and Ellison, 2008).  Two of these subtypes result from activating 

mutations in critical developmental pathways, Wnt and Shh respectively.  Mutations in 

the Shh pathway account for 20-30% of medulloblastomas.  While the most common 

mutation is an activating mutation of Smo, other mutations such as deletion of Sufu 

account for a significant portion of medulloblastoma cases (Marino, 2005). 

 

1.5.1 Stats / Current Treatment 

The cerebellar tumor medulloblastoma is the most common malignant brain 

tumor in children (Wechsler-Reya and Scott, 2001; Wetmore, 2003; Crawford et al, 2007).  

While some cases of this disease occur during adulthood, the majority occur before the 

end of adolescence with most occurring around 9 years of age (Dyer, 2004).  The most 

common treatments are surgical resection followed by radiation and chemotherapy.  

These are successful in eradicating the tumor in the majority of cases, but due to the fact 

that patients are at such a developmentally critical stage when this occurs, these 
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therapies often result in cognitive and motor defects as well as increased risk of tumor 

development later in life.  

 

1.5.2 Ptc+/- mouse model  

 Animal models have enabled many discoveries that would have been impossible 

to test experimentally otherwise.  In the case of medulloblastoma, one popular model 

system is the Ptc+/- mouse (Goodrich et al, 1997).  This mouse is heterozygous for Ptc, 

with the second copy of Ptc being lost in a population of the mice.  While wild type 

adult mice have no remaining cells in the region previously containing the EGL, 70% of 

adult Ptc+/- mice have ectopic pre-neoplastic lesions residing on the surface of the 

cerebellum.  Not all of these lesions go on to form tumors, but approximately 15% do.  

These tumors have all lost the second copy of Ptc, and thus have a constitutively active 

Shh pathway which drives their growth (Oliver et al, 2005).  

 

1.5.3 Granule Cell Precursors as Cell of Origin  

 In order to most effectively study a tumor, it is important to know the cell type 

that gives rise to it.  In this way, what is known about the originating cell type can be 

applied to better understand the behavior of the tumor.  For example, if you wanted to 
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inhibit the growth of the tumor, you might target signaling pathways that are known to 

promote the growth of the originating cell type. 

 In the case of medulloblastoma, several studies from our lab and others have 

indicated that GNPs are the cell of origin for at least a subset of the disease (Yang et al, 

2008; Schuller et al, 2008; Emmenegger and Wechsler-Reya, 2008).  These studies use 

mice expressing Cre recombinase to excise Ptc in specific cell types.  Specifically, they 

drive Cre expression off the Math1 enhancer to target GNPs, and Glial Fibrillary Acidic 

Protein (GFAP) to target stem cells (some of the progeny of these stem cells develop into 

GNPs also).  GFAP is expressed days earlier in the developing embryonic hindbrain, so 

it would be reasonable to assume that a tumor forming from these cells might develop 

faster and be more aggressive.  Interestingly, these studies found that regardless of the 

cell type where Ptc was originally excised, the resulting tumors developed in the same 

postnatal timeframe.  This, along with other data demonstrating the similar phenotypic 

appearance of tumors arising from these two backgrounds led the authors to conclude 

that GNP cell fate specification is required for tumor development to occur in the 

cerebellum following Ptc deletion (Shh pathway activation). 
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1.6 FGF-mediated inhibition (FMI) of Shh Pathway in GNPs 

 Basic FGF signaling has been shown to interact with Shh signaling in several 

tissues during development.  One such example is the establishment of left-right 

orientation during heart development (Meyers and Martin, 1999), where opposing 

gradients of bFGF and Shh determine which way the heart will loop.  In the cerebellum, 

studies from our lab have indicated that bFGF can be a potent inhibitor of Shh signaling 

in GNPs, identifying bFGF as a candidate differentiation factor for GNPs.   

 

1.6.1 Basic observation 

 When Shh was first identified as the major mitogen for GNPs, other potential 

mitogens were tested to see if they could cooperate with Shh to boost proliferation 

further.  Interestingly, not only did none of the factors cause an increase in proliferation, 

one factor, bFGF, was shown to be able to potently inhibit the proliferation of Shh-

treated GNPs (Wechsler-Reya and Scott, 1999).  Following up on this observation, 

previous studies in our lab have demonstrated that bFGF inhibits this proliferation via 

inhibition of the Shh pathway, and can inhibit the proliferation of Ptc+/- tumor cells, 

which is driven by the Shh pathway (Fogarty et al, 2007).  Furthermore, this observation 

is not limited to cells of the GNP lineage, as in both NIH-3T3 fibroblasts and murine 
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embryonic fibroblasts (MEFs), bFGF has been observed to be able to inhibit activation of 

the Shh pathway.  

 Basic FGF was also shown to be effective in promoting differentiation when 

injected into the cistern adjacent to the cerebellum.  Interestingly, this effect was only 

observed in lobes IX and X of the cerebellum, those closest to the injection site (Fogarty 

et al, 2007). 

 

1.6.2 Mechanism  

 Due to the massive nature of the FGF pathway, these studies also tested a panel 

of inhibitors specific to many downstream elements of the FGF pathway, with the goal 

of identifying which proteins were responsible for FMI.  Despite the wide range of 

inhibitors used, only inhibition of ERK and c-jun phosphorylation blocked FMI to any 

degree, and complete ablation of the effect was only seen when both were inhibited 

together (Fogarty et al, 2007).  This may indicate that FMI acts on multiple parts of the 

Shh pathway in order to inhibit its activity. 

 Additionally, these studies provided evidence that bFGF inhibited proliferation 

by promoting differentiation.  This was determined by quantitating the expression of the 

transcription factor MEF2D, a marker of neuronal differentiation, in treated GNPs.  

While Shh treatment was shown to decrease the percentage of MEF2D positive cells after 
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72hrs of treatment, bFGF treatment markedly increased MEF2D expression whether or 

not Shh was included in the treatment (Fogarty et al, 2007). 

 

1.7 Rationale for Thesis 

 My work follows from that described in Fogarty et al.  Despite the identification 

of several candidate differentiation factors in an in vitro setting by our lab and others, 

none to date have been shown to function as such in vivo.  The primary goal of my 

research therefore was to determine if bFGF was necessary and/or sufficient to carry out 

the role of differentiation factor for GNPs in vivo.  For the majority of this work, I 

employed mice whose GNPs either lacked FGFRs or overexpressed bFGF.   

Furthermore, because the subset of medulloblastomas that we study result from 

hyperactivation of the Shh pathway, discovery of the natural differentiation signal might 

enable us to more effectively target these tumors.  Thus, a second goal of my work, done 

in collaboration with Dr. Eugene Hwang, was to determine if bFGF could be useful as a 

therapeutic to limit the growth of these tumors.
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2. Materials and Methods  

2.1 Animals  

FGFR TKO mice were generated by crossing Fgfr1F/F (Xu et al, 2002), Fgfr2F/F (Yu 

et al, 2003), Fgfr4-/- (Weinstein et al, 1998), and Math1-Cre (Yang et al, 2008; Shuller et al, 

2008) mice.  FGFR TKO and control mice used for experiments were offspring of Fgfr1F/F; 

Fgfr2F/F; Fgfr4-/- x Fgfr1F/F; Fgfr2F/F; Fgfr4+/-; Math1-Cre+/- pairs.  Ptc+/- mice (Goodrich et al, 

1997) were from Matthew Scott (Stanford University, Stanford, CA).  LSL-K-ras G12D 

mice (Jackson et al, 2001) were from David Kirsch.  Math1-bFGF mice were generated as 

described below.  Animals were bred and maintained in the Cancer Center Isolation 

Facility at Duke Medical Center. 

 

2.2 Generation of Math1-bFGF mice  

The murine bFGF coding sequence was inserted into the NcoI restriction site of 

the pJ2X-NNE plasmid following the Math1 enhancer (Helms et al, 2000).  The pJ2X-

NNE plasmid was a gift from Jane Johnson (University of Texas, Dallas, TX).  DNA 

microinjection into B6SJLF1/J eggs and implantation into B6SJLF1/J surrogate mothers 

was performed at the Duke Transgenic Mouse Facility.  Founders were screened for 

presence of the Math1-bFGF sequence and crossed to C57BL/6J mice to produce 

experimental litters.  Primers used for screening are as follows:  Math1 Fwd (5’-
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TGTCAGCTGGTGAGCGCACT), and bFGF Rev (5’-TGAAGTGGGCTGGTGGGAAG).  

The resulting product was 401 bp for positive founders.   

 

2.3 Growth Factors and Viruses 

FGF (Peprotech, Rocky Hill, NJ) was used at 25ng/mL except where indicated.  

Shh supernatant was generated by transfecting 293T cells with Shh-N expression 

plasmid (David Robbins, Dartmouth Medical School, Hanover, NH) and harvesting 

supernatant for 3 days.  Supernatant was used at 20% final concentration.  BMP2 

(Peprotech, Rocky Hill, NJ) was used at 100ng/mL. 

Viruses expressing H-Ras G12V and K-Ras G12V (Lim and Counter, 2005) were a 

gift from Chris Counter.  LZRS-IRES-GFP or LZRS-Nmyc-IRES-GFP viruses were used 

for the Nmyc experiments (Kessler et al, 2009). 

 

2.4 Isolation and Culture of GNPs and Tumor cells 

GNPs were isolated as described in (Oliver et al, 2005) from 2 to 11-day-old (P2-

P11) mice.  For embryonic GNPs, cells were sorted for Math1-GFP following isolation.  

Tumor cells were isolated in the same way from 17-24 week old Ptc+/- and Fgfr1F/F; Math1-

Cre+/-; Ptc+/- mice displaying signs of medulloblastoma.  Cells were cultured on poly(D-

lysine)-coated plates in Neurobasal medium containing 2% B27, 1 mM sodium pyruvate, 

2 mM L-glutamine, and 1% Pen/Strep (Invitrogen). 
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2.5 Proliferation Assays 

GNPs were cultured in poly(D-lysine)-coated 96-well plates at 2 x 105 cells per 

well. Growth factors were added at the beginning of culture, and cells were incubated 

for 48 h before being pulsed with [methyl-3H]thymidine (PerkinElmer, Fremont, CA). 

After 16 h, cells were harvested by using a Mach IIIM Manual Harvester 96 (TOMTEC, 

Hamden, CT), and incorporated radioactivity was quantitated by using a Wallac 

MicroBeta microplate scintillation counter (PerkinElmer, Fremont, CA). 

 

2.6 Immunofluorescence Staining and Analysis 

For staining of frozen tissue, brains were fixed in 4% PFA, cryoprotected in 30% 

sucrose, embedded in Tissue-Tek OCT (Sakura Finetek) and sectioned sagittally at a 

thickness of 12 µm. Sections were permeabilized with PBST (PBS + 0.1% Triton X-100), 

blocked with PBST + 10% normal goat serum, and incubated with primary antibodies 

specific for Ki67 (Abcam, Cambridge, MA) and NeuN (Millipore) overnight at 4oC 

followed by Alexa Fluor 594-anti-rabbit and Alexa Fluor 488-anti-mouse secondary 

antibodies for 1 hr at room temperature. Sections were counterstained with DAPI 

(Molecular Probes) and mounted in Fluoromount-G (Southern Biotechnology 

Associates).  Tiled images were taken using a Zeiss LSM 510 inverted confocal 

microscope and related software at the Duke Light Microscopy Core Facilty.  

Quantitation was done using Metamorph software. 
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For staining of cultured cells, cells were fixed in 4% PFA following 24 or 48hr in 

culture.  They were then subjected to the same staining protocol described above.  

Cleaved caspase-3 primary antibody was from Cell Signaling Technology. 

 

2.7 Stereotaxic Implantation and in vivo Treatment of Tumor 
Cells  

Tumor cells were transplanted into SCID/beige mice as described in (Read et al, 

2009).  2-3 weeks after transplantation, PBS or bFGF (80ng/µl, 2.5 µl) was injected into 

the transplant site, followed by a second round of injection 3-7 days later.  At the first 

sign of symptoms, the cohort was euthanized and brains were imaged by whole mount 

microscopy using a Leica MC 16 FA microscope (Leica Microsystems (Switzerland) Ltd), 

and Micropublisher 5.0 RTV camera and QCapture software (QImaging, Surray, BC). 

 

2.8 RNA Isolation and RT-PCR   

RNA was isolated by using the RNAqueous kit (Ambion, Austin, TX). Lysates 

were treated with DNA-free DNase treatment and removal reagents (Ambion), and RNA 

was quantitated on a TD-700 fluorometer (Turner BioSystems, Sunnyvale, CA) by using 

RiboGreen (Invitrogen). Real-time PCR for gli1 was performed as described in (Oliver et 

al, development 2005).  Primers for Mkp3 are as follows: Fw (5’-

ATGAGAACACTGGTGGAGAG-3’) and Rev (5’-ACTCGGCCTGGAACTTAC-3’).  
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Primers for bFGF are: Fw (5’-GAGGAGTTGTGTCTATCAAG-3’) and Rev (5’-

TAACACACTTAGAAGCCAGC-3’). 

 

2.9 Cell Cycle Analysis 

GNPs from TKO and control cerebella were fixed with PFA using a FITC BrdU 

Flow Kit (BD Pharmingen) following culture with Shh +/- bFGF.  Fixed cells were 

stained with 7-AAD and analyzed by FACS using a FACScan flow cytometer (Becton 

Dickinson).
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3. Fibroblast Growth Factors inhibit the Shh pathway at 
the level of Gli processing and induce cell cycle arrest 
to inhibit Shh-induced proliferation of GNPs and tumors  

3.1 Introduction 

As mentioned above, current treatment for medulloblastoma generally involves 

surgical resection followed by chemo- and radiotherapy.  Such treatment is generally 

successful in promoting survival, but can result in developmental defects leading to 

deficits in cognition and motor control, as well as secondary tumors which arise as a 

result of this treatment (Crawford et al, 2007).  Clearly such side effects leave room for 

better treatments. 

This is why there is currently a large push to develop targeted molecular 

therapies.  Such therapies target specific proteins involved in the signaling pathways 

that drive tumor growth and development.  In the case of the Shh-driven 

medulloblastomas that we study in our lab, it is most obvious to target the elements of 

the Shh pathway that promote its activity.  Based on previous results from our lab, bFGF 

is capable of inhibiting the Shh pathway in both GNPs and the Shh-dependent tumors 

arising from them (Fogarty et al, 2007; Yang et al, 2008).  Knowing that bFGF can inhibit 

the Shh pathway in these medulloblastomas is useful, but it is also important to learn as 

much about how this process works in order to understand the potential limitations of 

such a treatment. 
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 There are several levels at which bFGF can interfere with Shh signaling.  Because 

both bFGF and Shh use heparin sulfate proteoglycans (HSPGs) to aid their signaling, it 

could be the case that bFGF is out-competing Shh for the available HSPGs, thus reducing 

Shh signaling.  However, because FMI was abolished in cells treated with a pan-FGFR 

inhibitor, it is far more likely that bFGF must signal through at least one type of FGFR in 

order to inhibit the Shh pathway in these cells (Fogarty et al, 2007).  The fact that bFGF 

can inhibit the Shh pathway in Ptc+/- tumor cells strengthens this conclusion because Shh 

ligand binding is not involved in proliferation of these cells.   

This leaves a few notable levels of the Shh pathway that bFGF signaling may be 

inhibiting: Smo, Sufu, Gli2 processing, or downstream of target genes such as Gli1 and 

Nmyc.  Determination of which of these proteins are affected by bFGF signaling will 

help elucidate the types of tumors that potentially could be treated by bFGF treatment.  

This is important because in the human version of the disease not all tumors result from 

a deletion of Ptc or constitutive activation of Smo – a significant percentage of these 

tumors result from mutations in other Shh pathway elements such as Sufu and Gli 

(Marino, 2005). 

It is also important to identify the cellular mechanism by which GNPs and tumor 

cells stop proliferating in response to bFGF treatment.  For instance, if these cells are 

actually differentiating rather than undergoing apoptosis, they might be able to 

reintegrate into the cerebellum to serve a functional role. 



 

28 

In the following chapter, I characterize bFGF-mediated inhibition of the Shh 

pathway with regard to both cellular and molecular mechanisms. 

 

3.2 Results 

3.2.1 FGF ligands capable of FMI  

Previous work from our lab identified the ability of bFGF to inhibit Shh-induced 

proliferation of GNPs.  In the same experiment, other growth factors such as IGF-1, 

NGF, PDGF, and EGF were shown to have no effect on Shh-induced proliferation of 

GNPs (Fogarty et al, 2007), indicating that the ability of bFGF to inhibit Shh-induced 

proliferation is not a trait common to all receptor tyrosine kinases.  The possibility 

remained, however, that other members of the FGF pathway were capable of having a 

similar effect.  To test this, GNPs were isolated from cerebella at postnatal day 7 (P7) and 

treated with a series of FGFs for 48hrs before a 16hr thymidine pulse.  At this point, 

assays were frozen in order to lyse the cells, and incorporated thymidine was measured.  

FGFs 5, 6, 7, 8, 9, 10, 16, and 17 did not significantly affect Shh-induced proliferation.  

However, in addition to bFGF, FGF1 and FGF4 showed some ability to inhibit Shh-

induced proliferation in GNPs.  While bFGF typically reduces proliferation by 90%, 

FGF1 and 4 both reduced proliferation to approximately 50% of the Shh-alone condition 

(Figure 4 and Fogarty et al, 2007). 
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Figure 4: FGF ligands capable of FMI 

 

 

3.2.2 FMI latency 

 As shown previously (Fogarty et al, 2007), bFGF treatment begins to inhibit the 

Shh pathway as early as 3hrs after treatment.  However, we typically measure 

proliferation 48hrs after treatment, which raises the question of whether such a long 

delay is necessary in order to see an effect with regard to proliferation.  To address this 
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All commercially available FGF ligands were tested for ability to inhibit 

Shh-induced proliferation.  GNPs were isolated from P7 cerebella and 

cultured +/- Shh and the indicated FGF ligand for 48hrs.  These cultures 

were then pulsed with tritiated thymidine and cultured for an additional 

16hrs.  Cultures were then frozen to lyse the cells.  Contents of thawed 

wells were passed through filters and tritium counts representing 

thymidine incorporation were read for a minute.   Thymidine 

incorporation in response to Shh was inhibited in GNPs treated with 

bFGF, FGF1, and FGF4. 
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issue, I set up a proliferation assay with a thymidine pulse starting at the 24hr timepoint 

as well as the usual 48hr timepoint.  As shown in Figure 5, when bFGF-treated GNPs 

were pulsed at 24hrs, proliferation was only inhibited by 50%, while the usual 80-90% 

inhibition was observed when GNPs were pulsed at 48hrs.  For comparative purposes, I 

also ran this experiment with a range of doses of cyclopamine, a small molecule 

inhibitor of Smo.  Basic FGF inhibits Shh-induced proliferation at similar kinetics to 1-2 

µM cyclopamine, which happens to be the highest dose of cyclopamine that can be used 

before toxicity and off-target effects are observed (Lipinski et al, 2008). 
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Figure 5: FMI Latency 

 

 

3.2.3 FMI possible throughout postnatal development 

 Our original observations regarding FMI were all using P7 GNPs.  In order to 

determine if this was more generalizable to GNPs of other ages, I ran proliferation 

assays using GNPs at a variety of postnatal ages (P2-P11).  As shown in Figure 6, FMI 

occurs at all postnatal stages tested. 
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Percent decrease in thymidine incorporation was measured in proliferation 

assays measuring thymidine incorporation over a 16hr pulse.  GNPs were 

isolated from P7 cerebella and pulsed with tritiated thymidine at either 28hr or 

48hr after treatment.  Percent inhibition was calculated according to the following 

formula: (100%)*{1-[(Shh+treatment)-(treatment)]/[(Shh)-(untreated)]}. bFGF 

inhibits Shh-induced proliferation as effectively as the highest non-toxic dose of 

cyclopamine. 
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Figure 6: FMI during postnatal stages of development 

 

 

3.2.4 Embryonic Effects of bFGF 

 Because Shh is not produced in the cerebellum until around E18.5, it was unclear 

what effect, if any, bFGF would have on the proliferation of embryonic GNPs.  To 

investigate this, I used mice expressing Math1-GFP.  GFP positive regions of the 

Thymidine incorporation after bFGF treatment was measured in GNPs from P2-P11.  

GNPs were isolated from P2-P11 cerebella and analyzed for thymidine 

incorporation in a proliferation assay following the indicated treatments.  In all 

cases, bFGF was able to inhibit Shh-induced proliferation. 



 

33 

cerebellum were microdissected under a dissection scope before individual cells were 

isolated and sorted for GFP.  These cells were then analyzed in a proliferation assay 

measuring thymidine incorporation.  Due to the fact that relatively few GFP positive 

cells remained after sorting, and few mice were available for this experiment, replicates 

are limited and should be interpreted as preliminary results.  However, taken with a 

grain of salt, it appears that GNPs are capable  of responding to Shh prior to the stage 

when Shh is normally produced, although up to E17.5 it appears that bFGF may have a 

slight proliferative effect on GNPs, and no effect on Shh-induced proliferation.  

Interestingly though, GNPs from E18.5 embryos, the age where Shh usually begins to be 

expressed in the cerebellum, did display FMI.  These results are shown in Figure 7. 
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Figure 7: Proliferation in Response to Shh and bFGF during embryonic stages 

 

 

3.2.5 FMI occurs in multiple cell types 

 As it was important to determine if developmental stage was an important factor 

for FMI, it was also important to determine if cells from all stages of tumor development 

were equally affected by bFGF treatment.  To test this, cells from preneoplastic lesions in 

6wk old Ptc+/- mice were isolated, treated with bFGF, and analyzed in a proliferation 

assay.  Similar to both GNPs and full-blown tumor cells, proliferation of cells from these 
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GNPs were isolated from E14.5-E18.5 cerebella.  Math1-GFP was used to 

guide microdissection of the embryonic cerebellum.  Cells were then 

enzymatically and mechanically dissociated before being sorted by FACS to 

isolate GNPs.  Sorted GNPs were cultured for 48hrs with the indicated 

treatments before being pulsed with tritiated thymidine and analyzed in a 

thymidine incorporation assay.  E14.5 GNPs were only treated with Control 

or bFGF media.  Prior to E18.5, bFGF does not inhibit Shh-induced 

proliferation. 
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preneoplastic lesions was greatly inhibited by bFGF (Figure 8; Kessler et al, 2009; 

Fogarty et al, 2007). 

 

 

Figure 8: bFGF is capable of inhibiting proliferation in pre-neoplastic lesions 
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Cells from pre-neoplastic lesions were isolated from 6wk old Ptc+/- mice, cultured +/- 

bFGF, and thymidine incorporation was analyzed in a proliferation assay.  

Proliferation of cells from all of the lesions tested was inhibited by bFGF treatment. 
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3.2.6 Mechanism 

3.2.6.1 FMI does not work by inducing apoptosis 

 As previous work from our lab shows, treatment of GNPs with bFGF for 48-

72hrs in culture results in increased expression of MEF2D, a marker of terminal neuronal 

differentiation, suggesting that bFGF inhibits proliferation of GNPs by promoting 

differentiation.  To be thorough, I also investigated the possibility that bFGF might be 

inducing apoptosis in these cells. 

 To address that possibility, I plated GNPs and Ptc+/- tumor cells and cultured 

them for 24 and 48hrs in the presence and absence of bFGF.  All GNPs were cultured in 

the presence of Shh.  At either 24 or 48hr post-treatment, I fixed the cells with PFA and 

stained them for cleaved caspase-3, a marker of apoptosis, and DAPI, a marker of nuclei.  

I then quantitated six fields of cells from each condition, comparing the number of cells 

stained for cleaved caspase-3 to those stained with DAPI. 

 As shown in Table 1, treatment with bFGF did not increase the percentage of 

cells undergoing apoptosis at either timepoint, in both GNPs and Ptc+/- tumor cells. 
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Table 1: Cleaved caspase-3 percentage following bFGF treatment 

 

 

 

3.2.6.2 FMI induces cell cycle arrest in G0/G1 

 To further characterize the cellular mechanism involved in FMI, I also performed 

cell cycle analysis on GNPs and tumor cells treated with bFGF.  As shown in Figure 9, 

treatment with bFGF causes cell cycle arrest in the G0/G1 phase of the cell cycle.  It is 

also worth noting that bFGF treatment did not cause an increase in the sub-G0 peak, 

which would have indicated dead/apoptotic cells.  This is consistent with the process of 

differentiation. 

 

TOTAL

Control bFGF Control bFGF Control bFGF Control bFGF
DAPI 843 1348 887 1536 1914 2790 1694 1626

Caspase 85 120 253 316 310 314 619 490

% Caspase 10.08 8.90 28.52 20.57 16.20 11.25 36.54 30.14

Ptc+/- tumor cells
24hr 48hr

P7 GNPs
24hr 48hr

P7 GNPs and tumor cells were cultured in the presence or absence of bFGF for the 

indicated times.  GNPs were cultured in the presence of Shh.  Cells were then 

stained for cleaved caspase-3 and DAPI.  Cleaved caspase-3 and DAPI staining was 

quantitated in 6 fields per condition and the percentage of cells staining for cleaved 

caspase-3 was calculated.  bFGF-treated cells displayed a slightly lower percentage 

of cleaved caspase-3 positive cells.  
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Figure 9:  bFGF induces cell cycle arrest in G0/G1 

 

 

3.2.6.3 FMI occurs below Sufu in the Shh pathway 

 To narrow down the possible levels of the Shh pathway that could be affected by 

bFGF treatment, I examined FMI using Sufu-/- MEFs (Svard et al, 2006).  As mentioned 

above, MEFs are one of the cell types where we have previously been able to observe 

FMI.  MEFs lacking Sufu have constitutively active downstream Shh signaling. 

 Sufu-/- MEFs were cultured with and without bFGF for 24hrs, and then lysed and 

RNA was extracted.  Using cDNA made from this RNA, I ran real time PCR for Gli1 to 

measure activity of the Shh pathway in these two conditions in relation to uncultured 

cells.  As shown in Figure 10, untreated Sufu-/- MEFs have similar Gli1 expression to 

uncultured Sufu-/- MEFs, while the Sufu-/- MEFs that had been treated with bFGF showed 

GNPs were isolated from P7 cerebella and treated as indicated for 48hrs before being 

fixed with PFA and stained.  Cells were analyzed by FACS based on 7AAD staining, 

and percentage of cells in each phase of the cell cycle was determined by analysis of 

DNA content.  Cells treated with bFGF arrested in the G0/G1 phase of the cell cycle.  

FACS analysis in this experiment was performed by Shirley Markant. 

Untreated Shh Shh+bFGF 
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a dramatic reduction in the level of Gli1 expression, indicating that FMI occurs below 

the level of Sufu in the Shh pathway. 

 

 

Figure 10: bFGF inhibits Shh pathway in Sufu-/- MEFs 

 

 

3.2.6.4 FMI occurs above Nmyc and Gli1 in the Shh pathway 

 Knowing that FMI happens below the level of Sufu leaves two other possible 

levels of interaction: Gli2 processing, or downstream of target genes.  To address the 
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expression was normalized to the Time 0 condition.  bFGF treatment was able to 

block Gli1 transcription despite constitutive Shh pathway activation. 
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second possibility, GNPs were infected with an Nmyc overexpression virus and then 

FMI was tested in a proliferation assay.  As shown in Figure 11, Nmyc overexpression 

greatly reduces the ability of bFGF to inhibit proliferation in these cells.  This indicates 

that most, if not all of the effects of bFGF on the Shh pathway occur above the level of 

Nmyc.  Furthermore, when GNPs are treated with bFGF for 24hrs, we see a decrease in 

Gli1 expression, indicating that FMI occurs above the level of Gli1.  Taken together, 

these findings indicate that FMI occurs at a level above the transcriptional targets of the 

Shh pathway. 
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Figure 11: Nmyc-induced proliferation in GNPs is not inhibited by bFGF 

 

 

3.3 Discussion 

While current treatments for medulloblastoma work fairly well to eliminate the 

tumor, they often introduce new problems in the areas of cognition, motor control, and 

secondary tumor development later in life.  Because of this, there is currently a large 

push in the medulloblastoma field to develop targeted molecular therapies for these 
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GNPs were isolated from P7 cerebella and infected with GFP or Nmyc virus for 

24hrs.  Cells were then sorted for GFP and plated for a thymidine incorporation 

assay with the indicated treatment.  GFP-infected cells were inhibited by bFGF, but 

Nmyc-infected cells displayed only slight inhibition. 



 

42 

tumors.  While from a patient’s perspective the only issue of importance is whether a 

given therapy works (i.e. removes the problem without introducing others that are 

equally serious), from a clinician’s perspective it is important to understand the cellular 

and molecular workings of the therapy.  When a therapy is better understood, clinicians 

can better determine which tumors are most likely to respond to it. 

There is a significant portion of medulloblastomas that have a mutation in an 

element of the Shh pathway (Marino, 2005).  For this reason, many of the therapies 

currently undergoing clinical trials are designed to disrupt Shh signaling.  In fact, most 

of these therapies target Smo (Low and de Sauvage, 2010), one of the most obvious 

activators of the Shh pathway.  This is well and good as long as the patient has a 

mutation in one of the upstream elements of the pathway such as Ptc or Smo.  However, 

if a tumor results from a mutation in downstream elements such as Sufu or Gli, a 

therapy targeting Smo would be useless.  Thus, it is important to know what your 

therapy of choice targets. 

In this case, I have shown that bFGF targets the Shh pathway below the level of 

Sufu, but above the level of target genes such as Gli1 and Nmyc.  This means that bFGF 

has the potential to be effective in a wider range of tumors, as it should inhibit any 

tumor resulting in a mutation in Sufu or above.  The most likely area of the Shh pathway 

targeted by FMI is at the level of Gli2 processing, though further experimentation will be 

required to determine the precise role of bFGF signaling in this process. 
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Furthermore, because the cellular mechanism behind FMI appears to be 

differentiation rather than apoptosis, treatment with bFGF might be a gentler and more 

natural option than other available therapies.
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4. Fibroblast Growth Factor signaling is not necessary 
for proper Granule Neuron development  

4.1 Introduction 

As mentioned in the introductory chapter of this thesis, one of the possible ways 

that GNPs manage to differentiate in the presence of constant Shh signaling is by way of 

a differentiation factor that overrides Shh signaling and allows these cells to 

differentiate.  Because bFGF and other FGFs can inhibit Shh in vitro and have been 

reported to be expressed in the developing cerebellum (Fuxe et al, 1996; Yamamoto et al, 

1991; Matsuyama et al, 1992; Giordano et al, 1992; Yaguchi et al, 2009), it is possible that 

FGF signaling represents such a differentiation signal.  If so, the question arises of 

whether FGF signaling is required for proper cerebellar development. 

If FGF signaling is required for GNP differentiation, loss of such a signal could 

result in prolonged proliferation of GNPs in the EGL, or even tumor formation.  

Alternatively, such a situation could result in normal GNP migration, but with 

incomplete differentiation or prolonged proliferation of these cells while in the internal 

regions of the cerebellum.  However, if FGF signaling is not necessary for GNP 

differentiation, loss of FGF signaling might not result in a discernable phenotype, even if 

FGF signaling normally has a role in this process. 

In order to address this question, I examined the cerebella of mice lacking FGFRs 

1, 2, and 4 in their GNPs– both individually and in combination.  Using knockout mice 

rather than alternate methods such as injection of an RNAi virus has several advantages.  
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First, any phenotype observed should be consistent between mice of a similar genotype 

– in other words, there is no need to worry about inefficient or inconsistent knockdown 

from the RNAi or inefficient delivery or infection of the virus.  Second, knockout mice 

allow for long-term observation of the effects of genomic deletion specifically in the 

targeted cells.  This allows for cleaner phenotypes with more easily attributable 

characteristics. 

In the case of FGFR1 and FGFR 2, global knockout has been shown to result in 

embryonic lethality (Deng et al, 1994; Yamaguchi et al, 1994; Arman et al, 1999).   For this 

reason it was necessary to use mice with lox-P sites flanking parts of these genes.  These 

mice were crossed to mice expressing Cre recombinase driven off of the Math1 enhancer 

(Yang et al, 2008; Schuller et al, 2008).  In cells expressing Math1, the flanked regions of 

these genes would then be excised, leaving the gene non-functional.   Because GNPs are 

the only cells in the postnatal cerebellum which express Math1, this also allowed me to 

delete these FGFRs only in GNPs.  In the course of these experiments, I crossed all of 

these mice together to form a FGFR1/2/4 triple knockout (TKO), with receptors 1 and 2 

being deleted only in GNPs. 

In the following chapter, I report my observations of the GNPs and cerebella of 

these mice. 
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4.2 Results 

4.2.1 FGFR expression in P7 GNPs  

In order to abolish FGF signaling in GNPs in vivo, it was first important to 

determine which FGFRs are normally expressed during postnatal cerebellar 

development.  Accounting for different splice variants of these receptors, there are seven 

different FGFRs that could be expressed (two splice forms of FGFR1-3, and one for 

FGFR4).  To determine which of these were expressed, I performed PCR using primers 

specific to each splice variant (Hsu et al, 2001).  I used cDNA from P7 sorted Math1 

positive GNPs.  The IIIc splice variant of all four receptors is expressed in P7 GNPs (data 

not shown).  It is worth noting that FGFR3 IIIc did not amplify in all replicates of this 

experiment. 

 

4.2.2 FGFR1 is required to inhibit Shh-induced proliferation in vitro  

 After determining which FGFRs are expressed in P7 GNPs, it was next important 

to identify which of these receptors was involved in the FMI we observe in vitro.  To test 

this, I acquired knockout mice for FGFR1, 2, and 4.  Knockout mice for FGFR3 were 

unavailable to me during the course of these experiments.  In the case of FGFR1 and 

FGFR2, the mice contain a lox-P site which surrounds a region of the gene in question.  

These mice were crossed with Math1-Cre mice to produce mice lacking FGFR1 or FGFR2 

in the GNPs of the cerebellum. 
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 Proliferation assays testing FMI were run on P7 GNPs from each of these 

knockout mice.  As shown in Figure 12, bFGF was able to inhibit both the FGFR2 and 

FGFR4 knockout GNPs, but was unable to inhibit GNPs from the FGFR1 knockout.  To 

determine if loss of multiple FGFRs could have a similar effect, I created double 

knockouts of each possible combination, as well as a FGFR1/2/4 triple knockout (TKO).  

When analyzed in a proliferation assay, only the knockouts lacking FGFR1 displayed an 

inability to perform FMI (Figure 13). 

 We have previously shown that bFGF inhibits proliferation of GNPs by 

inhibiting the Shh pathway (Fogarty et al, 2007).  To determine if the restoration of 

proliferation I observed was due to restored activity of the Shh pathway, I ran RT-PCR 

for Gli1 using cDNA from both FGFR1 knockout and TKO P7 GNPS that had been 

cultured +/- bFGF for 24 hrs.  As shown in Figure 14, both cell types show no inhibition 

of Gli1 expression upon bFGF treatment.  Together, these results indicate that FGFR1 is 

necessary for FMI in vitro. 
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Figure 12: Inhibition of Shh-induced proliferation in FGFR single knockouts 

 

Thymidine incorporation was measured in P7 GNPs from FGFR single knockouts 

that were run in proliferation assays with the indicated treatments.  Shh-induced 

proliferation of GNPs lacking FGFR2 or FGFR4 was still inhibited by bFGF, but 

proliferation of GNPs lacking FGFR1 was not inhibited. 
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Figure 13: Inhibition of Shh-induced proliferation in multi-FGFR knockouts 

 

 

GNPs were isolated from P7 cerebella of double and triple FGFR knockouts.  

Thymidine incorporation was measured in proliferation assays following the 

indicated treatments.  bFGF could not inhibit Shh-induced proliferation in any 

knockout lacking FGFR1. 
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Figure 14: bFGF is unable to inhibit Shh pathway in GNPs lacking FGFR1 

 

 

4.2.3 Loss of FGFR1 has no obvious developmental effects in vivo 

After determining that FGFR1 is necessary for FMI in vitro, I was then able to 

address the question of whether loss of FGFR1 in vivo results in a developmental 

phenotype.  To examine this, I examined matched mid-sagittal sections of P7 mice 

lacking FGFR1 with those of their WT littermates.  These sections were stained with 

markers of proliferation (Ki67) and differentiation (NeuN) and cerebellar structure was 

also analyzed. 
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GNPs were isolated from P7 cerebella and cultured for 24hr with the indicated 

treatments. Expression of Gli1 and Actin were determined by RT-PCR.  Gli1 

expression in GNPs lacking FGFR1 was not inhibited by bFGF treatment. 
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 As shown in Figure 15, mice lacking FGFR1 display similar cerebellar structure 

to their WT littermates.  In addition, these mice display a similar proportion of Ki67 

positive and NeuN positive cells in their EGL.  Thus, it appears that FGFR1 is not 

necessary for normal cerebellar development. 

 

 

Figure 15: FGFR1 knockout cerebella develop normally 

 

 

4.2.4 FGFR1 expression is greatly reduced in FGFR1 KO mice in vivo 

 Due to the lack of an obvious cerebellar phenotype in mice lacking FGFR1 in 

their GNPs, I set out to confirm that FGFR1 expression was significantly reduced in 

vivo.  To examine this, I crossed these mice to mice containing a flox-stop-PLAP 

Matched mid-sagittal sections of P7 FGFR1 KO and Control cerebella were stained 

for Ki67 (red), NeuN (green), and DAPI (blue).  Knockout cerebella develop similar 

foliation and percentage of cells undergoing proliferation and differentiation. 

FGFR1 KO Control 
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sequence (Kessler et al, 2009).  These crossed mice express PLAP on their cell surface, 

allowing me to purify these GNPs by FACs.  I then isolated genomic DNA and ran PCR 

for two regions of FGFR1 – one in the region targeted for deletion, and the other in a 

region that should be present regardless of excision.  Figure 16 shows a graph of the 

ratio of the targeted region to the common region.  This demonstrates that the majority 

of FGFR1 is being excised in vivo. 

 

 

Figure 16: FGFR1 is excised efficiently from Math1-Cre;FGFR1F/F mice 
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P7 Math1-Cre;FGFR1F/F;Flox-stop-PLAP GNPs were isolated and sorted based on 

PLAP expression.  Genomic DNA from PLAP positive GNPs was examined for 

presence of regions of FGFR1 in exon 4 and exon7 by RT-PCR.  The ratio of 

exon7/exon4 expression is graphed above.  This ratio in FGFR1 KO GNPs was 

approximately 8% of that in control GNPs. 
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4.2.5 Loss of FGFR1/2/4 has no obvious developmental effects in vivo 

Although loss of FGFR1 had no obvious developmental phenotype, one possible 

explanation for this is that other FGFRs might be able to compensate for this loss in vivo.  

To address this possibility, I examined matched mid-sagittal sections from TKO mice 

and control littermates.  As shown in Figure 17, these mice showed similar cerebellar 

structure, including the proportion of the EGL expressing Ki67 and NeuN.  These 

experiments were also repeated at other postnatal ages including P2, P4, P11, and P14 

(data not shown).  Similar to the case of the FGFR1 knockout, TKO cerebella did not 

display an obvious phenotype. 

 

Figure 17: TKO cerebella develop normally 

 

Matched sections of TKO and control cerebella were stained for Ki67 (red) and 

DAPI (blue).  Cerebella from P2-P14 mice were examined – cerebella from P7 mice 

are displayed.  Knockout cerebella displayed similar size, foliation, and percentage 

of proliferating cells in the EGL on average. 

TKO Control 
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4.2.6 In vivo Gli1 / Mkp3 expression 

Because there was no obvious phenotype in any of the mice lacking FGFRs, I 

decided to check the in vivo activity of the Shh and FGF pathways in GNPs.  To look at 

in vivo Shh pathway activity, I took cDNA from freshly isolated GNPs from TKO and 

control cerebella, then ran RT-PCR for Gli1.  As shown in Figure 18, TKO GNPs do not 

express higher levels of Gli1 than their control littermates.  In fact, Gli1 levels may be 

slightly reduced in these cells. 

To determine if there is less FGF signaling in TKO GNPs in vivo, I ran the same 

experiment looking for Mkp3 expression.  Mkp3 is a transcriptional target of the FGF 

pathway, and Mkp3 expression is increased in cultured GNPs and Ptc+/- tumor cells 

following bFGF treatment (data not shown).  As shown in Figure 18, TKO GNPs have 

reduced levels of Mkp3 expression, indicating that FGF signaling is reduced in these 

cells in vivo. 
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Figure 18: In vivo expression of Shh and FGF target genes 

 

 

4.2.7 Other inhibitors of the Shh pathway still effective on TKO GNPs 

One attractive hypothesis for why TKO cerebella are able to develop normally is 

that there are other candidate differentiation factors that are expressed in the 

cerebellum, and may be able to compensate for loss of FGF signaling.  In support of this 

possibility, I found that P7 TKO GNP proliferation can be inhibited by BMP2 in a similar 

manner to that of WT GNPs (Figure 19). 
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Gli1 and Mkp3 expression was analyzed by RT-PCR using cDNA from freshly 

isolated P7 GNPs.  In each case, expression was normalized to Actin, and then 

normalized to Control 3.  TKO GNPs have lower levels of FGF pathway activity, 

but do not have more Shh pathway activity. 
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Figure 19: BMP2 inhibits Shh-induced proliferation of TKO GNPs 

 

 

4.2.8 Preliminary Embryonic Results 

 Another possible explanation for the lack of obvious phenotype in TKO mice is 

that FGFR1 and FGFR2 are excised in GNPs when Math1 is first expressed around E12.5.  

Basic FGF may have a mitogenic role for GNPs during embryonic stages (see Chapter 3).  

If so, a postnatal phenotype could be obscured by an embryonic phenotype. 

 As shown in Figure 20, TKO and control cerebella at E15.5 have the same basic 

shape and appearance.  When I quantitated DAPI in the region of the embryonic EGL 

(excluding the rhombic lip), the TKO mouse had fewer cells in that region.  However, 
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GNPs were isolated at P7 from TKO and control cerebella were examined for 

thymidine incorporation in a proliferation assay following bFGF and BMP2 

treatment as indicated.  bFGF is unable to inhibit Shh-induced proliferation in 

TKO GNPs, but BMP2 potently inhibits TKO GNP proliferation. 
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staining for Ki67 and Pax6 showed that both TKO and control EGL had equivalent 

proportions of both proliferating cells and GNPs in this region.  Because of the limited 

amount of mice available for this experiment, these data should be considered 

preliminary and should be repeated before any real conclusions are drawn from them.  

As is, these data indicate that there is no significant embryonic phenotype in TKO mice 

that might account for normal postnatal appearance. 

 

Figure 20: EGL of embryonic TKO and control cerebella have similar 

percentage of proliferation and GNPs 
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Matched mid-sagittal sections of E15.5 TKO and control cerebella were stained for 

Ki67, Pax6, and DAPI.  Staining in the EGL (excluding the rhombic lip) was 

quantitated using Metamorph software.  TKO and control EGL contained similar 

percentages of Ki67 staining as well as Pax6 staining. 
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4.2.9 Lobe dissection experiments in TKO 

 Our lab has previously shown that injection of bFGF into the cistern adjacent to 

the cerebellum is capable of inducing differentiation of GNPs in the lobes neighboring 

the site of injection.  Interestingly though, this effect was limited to lobes IX and X, 

raising the possibility that the ability of GNPs to respond to bFGF is dependent upon the 

lobe of the cerebellum in which they are located. 

 To address this possibility, I dissected cerebella into lobes III-V, lobes VI-VIII, 

and lobes IX and X.  GNPs were then isolated from these cerebellar regions, and a 

proliferation assay was run examining the proliferative response in the presence or 

absence of Shh.  As shown in Figure 21, GNPs from the anterior lobes appear to be more 

able to proliferate in response to Shh.  When I did this experiment with mice lacking 

FGFR1 and 2, GNPs from all these regions proliferated equally well in response to Shh.  

This indicates that in vivo FGF signaling is capable of reducing the potential of GNPs to 

respond to Shh in a lobe-specific manner.  All of these experiments were performed at 

P7, however at other ages Shh-responsiveness may favor different lobes. 
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Figure 21: Ability to respond to Shh varies by cerebellar lobe 

 

 

4.3 Discussion  

 Tumors are often the result of developmental signaling pathways being activated 

under inappropriate conditions (or from failed inactivation of these pathways, etc.) 

(Hanahan and Weinberg, 2000).  As such, it is important to understand as much as 

possible about the way development occurs under normal conditions, so that this 

knowledge can be put to use when development goes awry and produces tumor 
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P7 FGFR1/2 KO and control cerebella were dissected into lobes III-V, lobes VI-

VIII, and lobes IX-X.  GNPs were then isolated from these lobes and thymidine 

incorporation was measured in response to Shh in a proliferation assay.  Fold 

increase from untreated to Shh-treated is graphed. GNPs from anterior lobes 

(III-V) of control cerebella show a greater Shh response than posterior lobes 

(IX-X).  All lobes showed similar ability to respond to Shh in GNPs from 

double FGFR knockouts lacking FGFR 1 and 2.  Other combinations of FGFR 

knockout were not tested for proliferation differences by lobe.  
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conditions.  If you are fortunate enough to know which cell type gives rise to a 

particular tumor, it is then possible to apply your knowledge of the workings of that cell 

type to better understand the workings of the tumor.  In this case, we know that Shh-

dependent medulloblastomas arise from GNPs (Yang et al, 2008; Schuller et al, 2008).  It 

is therefore important to understand as much about the developmental process of GNPs 

as possible.  With the potential applications to tumor biology in mind, it is especially 

critical to understand how GNPs control the processes of proliferation and 

differentiation.  

 We know from previous work that Shh is the major mitogen for GNPs during 

their postnatal development (Wechsler-Reya and Scott, 1999).  However, no one has 

shown how GNPs undergo the process of differentiation.  While there are several 

possible methods these cells might employ to shut off the Shh pathway and 

differentiate, the possibility that I have investigated is that of bFGF as a differentiation 

factor.  Consistent with a role as a differentiation factor, bFGF is able to inhibit GNP 

proliferation in vitro at any postnatal stage tested.   

However, while FGFR1 was shown to be necessary for FMI in vitro, loss of 

FGFR1 in vivo had no apparent effect on GNP development.  To rule out the possibility 

that other FGFRs were compensating for this loss in vivo, I generated a triple FGFR 

knockout lacking FGFR1, 2, and 4.  GNPs from this knockout were also immune to the 

effects of bFGF in vitro, but had no discernable effect in vivo.  While in theory FGFR3 
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could still be compensating for the loss of the other FGFRs, FGFR3 was not sufficient to 

transduce the bFGF signal in vitro, so I find it more likely that another candidate 

differentiation factor, such as BMP2, could be compensating for the loss of FGF 

signaling. 

As shown in this chapter, TKO GNPs have lower FGF signaling in vivo than 

their control counterparts, and are still capable of being inhibited by other families of 

candidate differentiation factors, as demonstrated by BMP2.  Furthermore, when 

separated into cerebellar regions by lobe, some groups of GNPs lacking FGFR1 appeared 

to be more responsive to Shh treatment, as measured by thymidine incorporation.  

Taken together, compensation by redundant differentiation factors seems the most likely 

reason that FGF signaling is not necessary for GNP differentiation in vivo.  
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5. Overexpression of bFGF in Granule Neuron 
Precursors is not sufficient to alter cerebellar 
development  

5.1 Introduction 

As mentioned in the previous chapters, bFGF may act as a differentiation factor 

for GNPs during cerebellar development.  As such, it is important to ask the question of 

whether bFGF is sufficient to carry out this role in vivo.  It is also important to remember 

that sufficiency does not require necessity (addressed in the previous chapter of this 

thesis) nor does necessity require sufficiency. 

To address this question, I, with the help of the Duke Transgenic Mouse Facility, 

created a mouse that expresses bFGF off of the Math1 enhancer.  Such overexpression 

models are useful for examining pathway activation outside of its usual setting, or at an 

expression level above what is normally seen.   In a cerebellar setting, this Math1-bFGF 

(MthFGF) mouse overexpresses bFGF in its GNPs, allowing me to observe the effects of 

FGF pathway activation in these cells.   

In the case where bFGF is sufficient to induce differentiation of GNPs in vivo, 

overexpression in this way could cause a wave of mass differentiation early in 

development, which would result in a small cerebellum lacking an EGL.  It is also 

possible that a positive phenotype would be less severe, affecting only portions of GNPs 

at a time – this might be more difficult to determine, but would likely lead to a hastened 
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differentiation process, resulting in a thinner EGL containing fewer proliferating cells 

than usual. 

In our lab, we had previously injected bFGF into the cistern adjacent to the 

cerebellum and observed decreased proliferation and increased differentiation in the 

lobes closest to the injection site (Fogarty et al, 2007).  Proximity to the injection site, and 

thus exposure of higher concentrations of bFGF, is the most likely explanation for why 

this effect was observed in some lobes, but not others.  However, it is also possible that 

there is something different about lobes IX and X during the timeframe of these 

injections (P4-P6) that “primed” them to respond to the injected bFGF.  This MthFGF 

mouse allows me to distinguish between these possibilities by exposing all of the lobes 

of the cerebellum to similar concentrations of bFGF. 

In the following chapter, I report my observations of the GNPs and cerebella of 

these mice and of mice with an activating K-ras mutation. 

 

5.2 Results 

5.2.1 Generation of MthFGF mice 

In order to examine the in vivo effects of hyper-activated FGF signaling in GNPs, 

I set out to create a mouse that overexpressed bFGF in its GNPs.  To do this, I cloned the 

murine bFGF coding sequence into the pJ2X-NNE vector following the Math1 Enhancer 

sequence (Helms et al, 2000).  The final vector is displayed in Figure 22.  DNA 
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microinjection of B6SJLF1/J eggs and implantation into B6SJLF1/J surrogate mothers was 

performed at the Duke Transgenic Mouse Facility.  Founders were screened for presence 

of the Math1-bFGF sequence and crossed to C57BL/6J mice to produce experimental 

litters.  For more details, see Methods. 

 

 

Figure 22: Structure of pJ2X-bFGF plasmid used to make MthFGF mouse 

 

The coding sequence of murine bFGF was inserted into the NcoI site following the Math1 

Enhancer in the pJ2X-NNE vector.  This plasmid was microinjected into B6SJLF1/J eggs 

and implanted into B6SJLF1/J surrogate mothers by members of the Duke Transgenic 

Mouse Facility. 
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5.2.2 MthFGF mice produce bFGF in vivo 

 To confirm that the MthFGF mice were working as expected, RT-PCR using 

cDNA from sorted (Math1-GFP) P7 MthFGF GNPs was run for bFGF expression.  As 

shown in Figure 23, control GNPs do not express bFGF, whereas bFGF levels in MthFGF 

GNPs are elevated. 

 

 

Figure 23: MthFGF GNPs produce bFGF in vivo 
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RT-PCR for bFGF and Actin was run using cDNA from freshly isolated P7 MthFGF 

and control GNPs.  bFGF expression was normalized to Actin, then normalized to 

the Control condition.  Control GNPs do not express significant amounts of bFGF 

mRNA but MthFGF GNPs do. 
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5.2.3 MthFGF GNPs have inhibited Shh-induced proliferation and can 
inhibit neighboring GNPs in vitro 

 To test whether MthFGF GNPs were secreting bFGF and inhibiting their own 

Shh pathway, P7 MthFGF and control GNPs were cultured in the presence and absence 

of Shh and proliferation was measured by thymidine incorporation as described earlier.  

While control GNPs proliferated in response to Shh, MthFGF GNPs did not (Figure 24).  

Furthermore, addition of exogenous bFGF was unable to decrease the proliferation of 

MthFGF GNPs further, and bFGF treatment of control GNPs did not decrease their 

proliferation below that of the MthFGF GNPs.  This indicates that the MthFGF GNPs are 

capable of inducing FMI on themselves. 

 To test whether MthFGF GNPs are able to inhibit neighboring GNPs, MthFGF 

GNPs were cultured in the presence of control GNPs and proliferation was measured in 

response to Shh. As before, any well containing MthFGF GNPs did not show a 

proliferative response to Shh, indicating that MthFGF GNPs can secrete bFGF and 

inhibit neighboring cells. 
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Figure 24: MthFGF GNPs inhibit Shh-induced proliferation in vitro 

 

 

5.2.4 MthFGF mice display normal development 

 Because MthFGF GNPs are capable of recapitulating the effect of exogenous 

bFGF in vitro, I compared matched mid-sagittal MthFGF and control cerebellar sections 

at P4, P7, and P10 to determine if hyper-activation of the bFGF pathway resulted in a 

developmental phenotype.  As shown in Figure 25, MthFGF mice are virtually 

indistinguishable from their control littermates in terms of cerebellar structure and 

expression of Ki67 and NeuN in the EGL.  This indicates that bFGF is not sufficient to 

induce GNP differentiation in vivo. 
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GNPs were isolated from P7 MthFGF and control cerebella.  Cells were then analyzed 

for thymidine incorporation in a proliferation assay in both pure and mixed 

populations with the indicated treatments.  MthFGF GNPs inhibited Shh-induced 

proliferation in both MthFGF and control GNPs.   
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Figure 25: MthFGF cerebella display normal development 

 

 

5.2.5 Comparison of MthFGF signaling in both in vivo and in vitro 
settings 

 The fact that MthFGF cerebella displayed no overt developmental phenotype in 

any lobe was a bit surprising given the effectiveness of MthFGF GNPs in vitro and the 

fact that injection of bFGF near the developing cerebellum can induce GNP 

differentiation (Fogarty et al, 2007).  To attempt to reconcile these observations, I 

examined the activity of the Shh and FGF pathways of these cells in vivo (uncultured) 

and after 24hr treatment with no treatment, Shh, or Shh and bFGF.   

Mid-sagittal sections of P7 MthFGF and control cerebella were stained for Ki67 

(red), NeuN (green) and DAPI (blue).  The EGL of MthFGF and control cerebella 

display a similar percentage of proliferation and differentiation.  Foliation and 

lobe size are also similar. 

Control MthFGF 
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As shown in Figure 26, Gli1 expression in uncultured MthFGF GNPs is similar to 

that of the uncultured control GNPs, which is consistent with these mice having a 

similar in vivo phenotype.  In contrast, only the control cells maintained Gli1 expression 

when treated with Shh in culture, indicating again that MthFGF GNPs are capable of 

inhibiting the Shh pathway in vitro. 

 

 

Figure 26: MthFGF GNPs inhibit Gli1 expression in vitro but not in vivo 
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GNPs were isolated from P7 MthFGF and control cerebella.  Cells were cultured 

24hr with the treatments indicated above and Gli1 expression was compared to 

uncultured cells by RT-PCR.  Gli1 expression as determined by RT-PCR was 

normalized to Actin, then to the Control Condition at Time 0.  Gli1 expresssion is 

similar in uncultured cells but is significantly inhibited by MthFGF GNPs and 

exogenous bFGF in vitro.   
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As shown in Figure 27, MthFGF GNPs may have slightly higher Mkp3 

expression when uncultured, but based on their similar in vivo phenotype, this 

difference is likely insignificant.  Control GNPs display reduction of Mkp3 expression 

when cultured without bFGF, but maintenance of Mkp3 expression with bFGF 

treatment, indicating that the FGF pathway is active in these GNPs in vivo.  Cultured 

MthFGF GNPs display consistently elevated Mkp3 expression on par with uncultured 

MthFGF GNPs.  This indicates that MthFGF GNPs are able to maintain FGF signaling in 

vitro, but are incapable of increasing FGF signaling to a significant degree in an in vivo 

setting. 
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Figure 27: MthFGF GNPs have active FGF signaling 

 

 

5.2.6 FMI can be mimicked by infection with K-ras (G12V) virus 

 While these experiments were ongoing, I was also investigating other ways to 

activate FGF signaling in vivo.  Since we knew that FMI requires activation of ERK and 

c-jun (Fogarty et al, 2007), it was most logical to try to activate the Ras-MAPK branch of 

the FGF pathway.  To determine if activation of this pathway downstream of the 

receptor could mimic FMI, I infected GNPs with an overexpression virus for H-ras 

(G12V) or K-ras (G12V) (Lim and Counter, 2005) and subsequently ran a proliferation 
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GNPs were isolated from P7 MthFGF and control cerebella.  Cells were cultured 24hr 

with the treatments indicated above and MthFGF expression was compared to 

uncultured cells by RT-PCR.  MthFGF expression as determined by RT-PCR was 

normalized to Actin, then the Control condition at Time 0.  MthFGF GNPs display 

higher Mkp3 expression in vitro and slightly elevated Mkp3 expression in vivo when 

compared to control GNPs. 
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assay.  As shown in Figure 28, overexpression of H-ras did not significantly inhibit Shh-

induced proliferation.  However, GNPs infected with the K-ras overexpression virus 

showed significant FMI-like inhibition.  It should be noted that this experiment was not 

repeated, therefore these results should be treated as preliminary. 

 

 

 

 

Figure 28: Overexpression of activated K-Ras can mimic FMI  
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GNPs were isolated from P7 cerebella and infected for 24hrs with a virus expressing 

GFP, activated H-Ras, or activated K-Ras before thymidine incorporation was 

measured in a proliferation assay.  Activated H-Ras had no discernable effect on Shh-

induced proliferation whereas activated K-Ras mimicked FMI. 
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5.2.7 GNPs from LSL-Kras (G12D) mice display limited Shh response 

 I also tested GNPs from LSL-Kras (G12D) mice (Jackson et al, 2001) I crossed to 

Math1-Cre mice.  In theory, these GNPs should have activated K-ras signaling.  To test if 

these GNPs were able to mimic FMI, I ran a proliferation assay.  As shown in Figure 29, 

the LSL-Kras GNPs showed partial inhibition of Shh-induced proliferation.  Addition of 

exogenous bFGF was able to further inhibit the Shh response in these cells.  These results 

were not repeated. 

 

 

Figure 29: Math1-Cre;LSL-Kras mice proliferate less in response to Shh   
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GNPs were isolated from P7 Math1-Cre;LSL-Kras and control cerebella and 

thymidine incorporation was analyzed in a proliferation assay following indicated 

treatments.  Math1-Cre;LSL-Kras GNPs displayed less Shh-induced proliferation 

than control GNPs.  Addition of exogenous bFGF inhibited the remaining Shh-

induced proliferation. 
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5.2.8 Cerebella from Math1-Cre;LSL-Kras mice develop normally 

 Matched P7 mid-sagittal cerebellar sections from Math1-Cre;LSL-Kras mice were 

compared to control littermates.  Similar to the MthFGF mice, when these mice were 

compared with their control counterparts, they displayed similar cerebellar structure 

and a similar proportion of the EGL that was Ki67 and NeuN positive (Figure 30).  This 

experiment was not repeated. 

 

 

Figure 30: Math1-Cre;LSL-Kras cerebella develop normally 

 

Mid-sagittal sections of P7 Math1-Cre;LSL-Kras and control cerebella were stained for 

Ki67 (red), NeuN (green), and DAPI (blue).  These sections display similar proportions 

of Ki67 and NeuN in the EGL and similar foliation and lobe size. 

Control Math1-Cre;LSL-Kras 
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5.3 Discussion 

 In terms of a potential therapeutic, the question of sufficiency is much more 

critical than that of necessity.  With the help of the Duke Transgenic Mouse Facility, I 

generated a mouse that allowed me to address this question in an in vivo setting.  While 

our earlier experiments using intracisternal injection indicated that at least some GNPs 

in the cerebellum were induced to differentiate by the addition of bFGF, the data 

acquired from this mouse indicates that this question is more complex than it first 

appeared. 

 While the mouse I used for these experiments was able to reproduce the effect of 

FMI that is seen upon treatment of GNPs with exogenous bFGF, in vivo examination 

revealed no significant phenotype or developmental disturbance.  Thus, it is important 

to remember to avoid over-interpretation of in vitro results, because biology in a living 

system is always more complicated. 

 In this case, I think it is most likely that the injections of bFGF created a zone of 

highly concentrated bFGF, inducing differentiation, while the MthFGF GNPs did not 

produce FGF signaling significantly higher than control GNPs were experiencing.  The 

reason for the similar level of signaling in the MthFGF mice could be either because the 

bFGF was not traveling efficiently between GNPs (i.e. getting stuck in the matrix 

between cells, etc), or negative feedback loops could have been activated, reducing the 

effective level of FGF signaling.  It should be noted that Mkp3, which I am using as a 
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readout of FGF signaling, is also one of these negative regulators, so it is possible that 

after weeks of constitutive bFGF expression, signaling in the GNPs adapted to return the 

effective level of FGF signaling to something more towards normal. 
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6. bFGF treatment inhibits tumor growth in vivo 

6.1 Introduction  

The most exciting possibility involving FMI is that it might one day be employed 

to treat Shh-dependent medulloblastomas.  As mentioned previously, our current 

therapies leave room for improvement.  However, while we have previously 

demonstrated that bFGF can inhibit proliferation of Shh-dependent medulloblastoma 

cells in vitro, it is critical to demonstrate that bFGF can be equally effective in an in vivo 

setting.  It is also important to determine if there are any tumor types that would be 

resistant to such treatment. 

One of the systems we used to address the question of whether bFGF could be an 

effective tumor therapy in an in vivo setting is a transplant model.  In these experiments, 

tumor cells from donor mice are transplanted into the cerebellum of an 

immunocompromised recipient mouse.  This system allows questions addressing the 

process of tumor take (propagation) to be answered – for example, if you thought a 

certain gene was critical for tumor initiation, you could knock-out or silence the gene 

and then examine the rate of tumor take and/or growth following transplant to 

determine the importance of that gene for that process.   

Additionally, this transplant system can be employed to treat a previously 

transplanted tumor and follow the effect of the treatment.  Because only 15% of the Ptc+/- 
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mice we use to model medulloblastoma end up developing tumors, the transplant 

system is useful to guarantee that a tumor is present before treatment is administered. 

In the following chapter, I report the effects of bFGF on tumor growth in an in 

vivo environment. 

  

6.2 Results 

6.2.1 bFGF can inhibit Ptc+/- tumor cells unless Nmyc is 
overexpressed 

As shown in Chapter 3, one of the situations where bFGF fails to induce FMI in 

GNPs is when Nmyc is overexpressed.  Because Nmyc amplification has been observed 

in other Shh-dependent tumors (Freier et al, 2006), I decided to see if overexpression of 

Nmyc in Ptc+/- medulloblastoma cells would confer resistance to bFGF treatment similar 

to what happens in GNPs. 

To test this, Nmyc-infected Ptc+/- tumor cells were treated with bFGF and run in a 

proliferation assay.  As shown in Figure 31, bFGF was not able to inhibit the 

proliferation of the Nmyc-infected tumor cells.  This indicates that bFGF would be 

ineffective in treating a tumor with Nmyc amplification. 
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Figure 31: bFGF does not inhibit Nmyc-driven tumors 

 

 

6.2.2 Ptc+/- tumors develop at similar frequency with or without 
FGFR1 

While loss of FGF signaling is apparently not necessary for normal GNP 

development, it might still play an in vivo role in tumor prevention.  To investigate this, 

I crossed the Math1-Cre;FGFR1-flox/flox mice with the Ptc+/- mice and observed the rate 

and frequency of tumor development.  As shown in Table 2, tumor development was 

not altered in any way in these mice regardless of FGFR1 expression.  However, when 

cells from these tumors were analyzed in a proliferation assay (Figure 32), bFGF was 

unable to inhibit the growth or Shh pathway activity of these tumors. 
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Tumor cells were isolated from an Nmyc-infected Ptc+/- tumor and thymidine 

incorporation was measured in a proliferation assay following bFGF treatment.  

Proliferation of these tumor cells was not significantly inhibited by bFGF treatment.   
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Table 2: Loss of FGFR1 does not affect Ptc+/- tumor development 

 

 

 

 

Figure 32: FGFR1 KO;Ptc+/- tumors cannot be inhibited by bFGF 

 

 

 

Total number 
of mice

Total number 
of tumors

Percentage of 
mice with tumor 
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Average 
tumor latency 

(months)

Ptc+/- 30 4 13.3 6.75
Ptc+/-;FGFR1 KO 25 4 16 6.75
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FGFR1 KO;Ptc+/- tumor cells were isolated and thymidine incorporation was 

measured in a proliferation assay following bFGF treatment.  Proliferation was 

unaffected by bFGF treatment. 

FGFR1 KO mice were crossed to Ptc+/- mice and observed for signs of tumor 

development.  FGFR1 KO;Ptc+/- mice developed tumors at a comparable rate and 

frequency to Ptc+/- mice. 
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6.2.3 Pre-neoplastic lesions develop at normal frequency in Ptc+/-; 
MthFGF mice 

 I ran a similar experiment with the MthFGF mice.  Because my hypothesis was 

that MthFGF expression could decrease formation of pre-neoplastic lesions and tumors, 

I focused on the pre-neoplastic stage (seen in 70% of Ptc+/- mice) rather than the tumor 

stage (seen in only 15% of Ptc+/- mice).  The final genotype for the mice in this experiment 

was MthFGF;Math1-GFP;Ptc+/-.  I collected cerebella at 6 weeks of age and examined 

them for presence of green pre-neoplastic lesions.  As shown in Figure 33, formation of 

pre-neoplastic lesions was unaffected by the presence of the MthFGF transgene. 

 

 

Figure 33: Sample pre-neoplastic lesions in Math1-GFP;Ptc+/- and 

MthFGF;Math1-GFP;Ptc+/- mice 

 

MthFGF mice were crossed with Math-GFP;Ptc+/- mice. Cerebella were examined 

for presence of pre-neoplastic lesions marked by GFP expression at 6wks of age.  

Presence of the MthFGF transgene did not affect the frequency of pre-neoplastic 

lesion appearance.  Sample pre-neoplastic lesions are displayed above – 

approximately 2/3 of the mice in each condition contained such lesions. 

Control MthFGF 
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6.2.4 bFGF pre-treatment prevents tumor cell engraftment following 
transplant 

 To determine if the inhibitory effect of bFGF on tumor cells in vitro is transitory, 

Ptc+/- tumor cells were cultured with or without bFGF and then transplanted into the 

cerebellum of SCID beige hosts.  Mice were monitored for signs of tumor development 

and euthanized when a tumor was found.  All but one of the control transplants (13/14) 

developed a tumor during the length of the experiment, whereas none of the bFGF-

treated transplants developed tumors.  This indicates that FMI is a permanent effect and 

could be useful for tumor treatment.  This experiment was performed by Dr. Eugene 

Hwang. 

 

6.2.5 bFGF treatment of transplanted tumor cells in vivo inhibits 
tumor growth 

 To determine if FMI could be useful to treat tumors in vivo, Math1-GFP;Ptc+/- 

tumor cells were first transplanted into SCID beige hosts.  After approximately two 

weeks (the exact timing varied slightly between cohorts), the host mice received an 

injection of bFGF or PBS in the original injection site.  This was followed by a second 

injection 3 days later.  PBS- and bFGF-injected mice were then observed for signs of 

tumor formation.  Whenever a mouse displayed tumor symptoms the entire cohort was 

euthanized and brains were collected.  These brains were then analyzed for the presence 

of tumor cells (marked by Math1-GFP).  As shown in Figure 34, bFGF treatment resulted 



 

83 

in much smaller tumors, when any tumor formation could be found.  Furthermore, 

tumor lateral extension was calculated by multiplying the number of sections containing 

tumor cells by the thickness of the sections (Figure 35).  Together, these two observations 

indicate that the bFGF-treated tumors were significantly smaller than the PBS-treated 

tumors.  This indicates that bFGF could be a useful therapy for Shh-dependent tumors.  

The transplants and injections for this experiment were performed by Dr. Eugene 

Hwang. 

 

 

Figure 34: bFGF inhibits tumor growth in vivo 

 

Math1-GFP;Ptc+/- tumor cells were isolated and transplanted into SCID beige hosts.  

Two weeks later, mice received injections of bFGF or PBS twice in three days.  Mice 

were then monitored for signs of tumor development and the entire cohort was 

euthanized when any of the mice in the cohort became symptomatic.  Sagittal 

sections were stained with DAPI (blue).   Cerebella from bFGF-injected mice showed 

little tumor growth, if any.  Isolation and transplantation of tumor cells as well as 

subsequent treatment with bFGF was performed by Dr. Eugene Hwang. 

PBS-injected bFGF-injected 
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Figure 35: Lateral Extension of bFGF- and PBS-injected tumors 

 

 

6.3 Discussion 

 At the end of the day, the most important role of a therapeutic is that it works in 

the patient.  In a similar way, it is important to demonstrate that it can work in a similar 

in vivo situation before being tried in a patient.   

 Over the years many people have expressed doubts about the effectiveness of 

bFGF as a potential therapeutic agent for the treatment of medulloblastoma.  For 
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bFGF- and PBS-treated Math1-GFP;Ptc+/- tumors were sectioned and examined for 

presence of GFP-positive tumor cells.  Presence of tumor cells was confirmed by 

H&E.  Tumor lateral extension was calculated by multiplying the number of 

sections containing tumor cells by the thickness of the section.  bFGF-treated 

tumors were much smaller and less frequent than those treated with PBS. 
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instance, one group claimed that in their hands bFGF did not inhibit medulloblastoma 

tumor cells at all (Zhao et al, 2008).  What they failed to consider was that the tumor 

model they were using contained additional mutations beyond the standard Ptc+/- 

mutation we use to model medulloblastoma.  In addition, their tumor model has been 

reported to have a variety of complicating issues, including, but not limited to, Nmyc 

amplification (Zindy et al, 2007).  Thus, it is not surprising to me that bFGF is unable to 

inhibit the proliferation of these tumors, because I have observed that bFGF can not 

inhibit Nmyc-driven tumors. 

 Other critics have claimed that bFGF treatment most likely leaves a cancer stem 

cell behind that is able to repopulate the tumor after treatment (Ward et al, 2009).  To 

address this issue, we treated Ptc+/- tumor cells with bFGF for 24hrs in culture before 

transplanting these tumor cells into SCID mice.  If bFGF treatment leaves behind a 

cancer stem cell, such treatment would select for that cell and tumors should develop at 

some rate.  Instead, no tumors were formed from the bFGF-treated cells, whereas nearly 

all of the control transplants developed tumors. 

 Furthermore, despite the fact that endogenous FGF signaling appears to be 

ineffective for tumor prevention, treatment of these tumors with bFGF resulted in 

dramatic inhibition of tumor growth.  Importantly, the post-treatment cerebella appear 

to be largely intact, with no noticeable side effects from the bFGF treatment.  This is 

significant because there are other cell types present in the cerebellum that in theory 
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might have proliferated in response to bFGF (Lee et al, 2005), but there was no adverse 

reaction observed from those cells in vivo.  Thus, bFGF has passed all the tests it can in a 

mouse, indicating that it might be useful as a therapeutic for Shh-dependent tumors. 
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7. Conclusions and Future Directions 

Over the previous chapters, I have investigated the role bFGF signaling plays in 

cerebellar development, tumorigenesis, and tumor treatment.  While FGF signaling 

appears to be neither sufficient nor necessary for normal cerebellar development, when 

delivered by injection, bFGF is able to potently inhibit Shh signaling and resulting 

proliferation in GNPs and tumors derived from them.   

I have determined that this inhibition of proliferation occurs at a level below 

Sufu and above target genes in the Shh pathway, most likely around the level of Gli2 

processing.  This is important, because it indicates that bFGF has potential to be effective 

on a wider range of tumors than many therapies currently in clinical trials.  It is also 

important, because it means that bFGF should not be used to treat tumors with 

amplification of Nmyc.  I have furthermore shown evidence that FMI works by inducing 

differentiation rather than inducing apoptosis, and that tumors treated in vivo are safely 

and permanently inhibited. 

Further characterization of FMI can still be done – for instance, exactly what 

protein(s) in the Shh pathway is affected by bFGF signaling, and what part of the FGF 

pathway is responsible for this interaction?  Also, bFGF needs to be tested on human 

Shh-dependent medulloblastoma xenograft lines before being tried in a patient. 

In terms of development, there are several other candidate differentiation factors 

expressed in the cerebellum which could be compensating for the loss of FGF signaling 
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in GNPs.  Despite the lack of a definitive phenotype in either the knockout or gain-of-

function models I examined, FGF signaling might play a redundant role in the GNP 

differentiation process.   

Regardless of the involvement of bFGF, these other factors need to be examined 

in a similar fashion to what I did with regard to FGF signaling in these experiments.  

Possibly, this could involve knockout of several of these factors at once before a clear 

phenotype is seen.  Also, other developmentally relevant questions such as the identity 

of embryonic mitogen(s) for GNPs are still open and need to be investigated.  
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