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Abstract 

Medulloblastoma (MB), a cancer of the cerebellum, is the most common solid tumor 

affecting children. In the cerebellum, Sonic Hedgehog (Shh) drives the proliferative expansion of 

granule neuron progenitors (GNP). These cells are located in the external granule layer (EGL) and 

are the cells of origin of Shh-MB. We recently identified Norrie Disease Pseudoglioma (Ndp) as 

a novel downstream target of Hh signaling in the developing retina. Ndp encodes an X-linked 

cysteine-rich secreted protein called Norrin, which is best known for its role in angiogenesis and 

blood brain barrier (BBB) maintenance in the developing retina and cerebellum, respectively. 

Norrin mediates this effect by binding to its receptor Frizzled4 (Fzd4) and co-receptors LRP5/6 

and Tpsan12 to activate the canonical, β-catenin-dependent Wnt signaling pathway in endothelial 

cells (ECs). We detected the expression of Ndp and all required receptors in mouse GNPs and MB 

samples. To investigate a potential role for Ndp in Hh-driven MB, we genetically and 

pharmacologically inactivated Ndp/Fzd4 signaling in Ptch+/- mice (a mouse model for human 

Gorlin syndrome), which dramatically increased the incidence and reduced the latency of MB. 

This accelerated rate of tumorigenesis was caused by an increase in the number of preneoplastic 

lesions (PNLs), the precursor lesions to MB, and a faster conversion of these lesions to MB. We 

showed that Ndp mediates this increase in tumorigenesis by signaling through endothelial cell 

receptor Fzd4 to alter the GNP stroma, which is characterised by 5 major alterations: 1) activated 

angiogenic program, 2) open BBB, 3) aberrant deposition of extracellular matrix, 4) aberrant 

lymphocyte recruitment and 5) reduction in meningeal lymphatic vasculature. We propose that 

these stromal alterations are associated with a pro-tumor microenvironment that promotes DNA 

damage in GNPs and leads to enhanced lesion formation and progression towards MB. This 

research highlights 1) an unanticipated role for Ndp/Fzd4 signaling in Shh-MB initiation and 
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progression, 2) a role for stromal signaling in the regulation of MB development and 3) a 

previously undescribed role for Ndp signaling in maintaining meningeal cerebellum lymphatic 

vessels.  
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Chapter 1. Introduction 

1.0 Cancer 

Cancer is one of the leading causes of morbidity and mortality worldwide [1]. It is the result 

of genetic mutations, sporadic or inherited, which either inactivate or activate a tumor suppressor 

or oncogene, respectively [2]. Many of these oncogenes and tumor suppressors are components or 

targets of signaling pathways such as Bone morphogenetic protein (BMP), Fibroblast growth 

factors (FGF), mitogen-activated protein kinase (MAPK), Wingless/Int (Wnt) and Hedgehog (Hh) 

[3, 4]. A classic example of an aberrantly activated signaling pathway that can promote 

carcinogenesis is the Hh pathway. 

 

1.1 The Sonic Hedgehog (Shh) Pathway and tumorigenesis 

The Hedgehog (Hh) signaling pathway regulates several fundamental embryonic and 

postnatal processes, such as stem cell maintenance [5-7], differentiation [8], patterning [9], 

proliferation [10], wound healing [11], and the establishment and maintenance of the blood brain 

barrier (BBB) [12]. The Hh pathway is evolutionarily conserved from Drosophila melanogaster 

to Homo sapiens. Although the framework of the pathway is conserved in humans, it is more 

complex due to duplications (homologues) and divergences (specialization, e.g. primary cilium) 

[13, 14]. The core Hh signaling pathway components are composed of the secreted ligand, 

Hedgehog (Hh), the receptor, Patched (Ptch), the downstream effector, Smoothened (Smo) and the 

glioma-associated oncogene (Gli) protein transcriptional effectors. In mammals, there are 3 Hh 

homologues (Indian hedgehog, Desert hedgehog and Sonic Hedgehog (Shh)), two Ptch receptor 

(Ptch1 and 2) homologues and 3 Gli homologues (Gli1-3). Interestingly, Gli2 and Gli3 are 

multifunctional, as they contain a transcriptional activator and repressor domain at their C- and N-

termini, respectively. In contrast, Gli1 contains only a transcriptional activation domain [15]. Hh 
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signaling can be subdivided into canonical, Smo-dependent, and non-canonical, smo-independent, 

signaling pathways, the former of which will be the focus of the following paragraphs [16]. 

Mammalian Hh signaling requires the primary cilium (Figure 1A), which is a small 

specialized, microtubule-based single projection from the surface of the cell [14]. In the absence 

of ligand, Ptch inhibits entry of Smo into the primary cilium. This causes the Gli proteins, which 

are associated with the chaperone Suppressor of fused (Sufu) [17], to be sequentially 

phosphorylated by various kinases. The phosphorylation target the Gli proteins for partial 

proteasome degradation, and generates a repressor Gli protein (Gli-R). The Sufu-Gli-R complex 

is shuttled to the nucleus, associates with chromatin Hh consensus binding sites, and represses the 

transcription of Hh target genes [18]. Gli3 acts as the predominant repressor of Hh signaling, as it 

is efficiently processed into a repressor transcription factor due to the specific sequence of its 

processing determining domain (PDD) [19]. The sequence of the PDD in Gli2 is less effective, 

which results in a higher frequency of complete protein degradation [20]. Gli1 is a direct target of 

the pathway and is not expressed in the absence of Ptch ligand. Furthermore, it lacks the PDD 

domain and in the absence of Hh signaling, residual Gli1 is completely degraded [21]. 

In the presence of the ligand (Figure 1B), Hh binds Ptch and relieves its inhibition on Smo, 

which in turn allows it to enter the primary cilium. Although not completely characterized, Smo 

in the primary cilium clusters and activates Hh signaling via the Sufu-Gli complex (Sufu-Gli-A), 

which transits through the primary cilium [18]. The Sufu-Gli-A complex can then be imported into 

the nucleus to displace Sufu-Gli-R complexes, ultimately functioning as a transcriptional activator 

of Hh target genes [18, 22].  
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Figure 1. Shh signaling.   

(A) Mammalian Hh signaling requires the primary cilium, which is a small specialized, 
microtubule-based single projection from the surface of the cell [9]. In the absence of ligand, Ptch 
is located at the base of the primary cilium, actively preventing Smo entry. Nascent Gli2 and 3 
proteins (Gli1 is a transcriptional target of the Hh pathway), quickly become associated and remain 
in a complex with the chaperon protein Suppressor of fused (Sufu), which stabilizes them [12]. 
The Sufu-Gli complex is shuttled to the base of the primary cilium [13] where the Gli protein is 
sequentially phosphorylated by kinases (PKA, GSKγȕ and CK1), generating a binding sites for an 
Eγ ubiquitin ligase complex (ȕ-TrCP). The subsequent ubiquitination of the Gli proteins targets 
them for partial C-terminal degradation by the 26S proteasome, creating repressor Gli proteins 
(Gli-R). The resulting Sufu-Gli-R complex is shuttled to the nucleus, associates to chromatin Hh 
consensus binding sites and represses the transcription of Hh target genes [13]. (B) Hh binds to 
Ptch, relieving its inhibition on Smo and the Hh-Ptch complex is internalized in an endosome, 
destined for lysosomal degradation [13]. Smo, which is found within intracellular vesicles, is 
phosphorylated at its C-terminus by GRKβ, promoting the recruitment of ȕ-arrestins and enabling 
the Smo-ȕ-arrestins complex to associate with anterograde intraflagellar transport (IFT) kinesin-II 
machinery. This association shuttles Smo into the primary cilium, where it accumulates and 
dimerizes. The Sufu-Gli complexes travel through the primary cilium, become activated through 
a yet incompletely understood mechanism and are able to be imported into the nucleus as a 
transcriptional activator (Gli-A) [13]. The newly formed Sufu-Gli-A complexes displace Sufu-Gli-
R complexes and activate the transcription of Hh target genes [13, 17]. Figure adapted from [13]. 
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Disruption of the Hh through either ligand-dependent or independent pathways, is involved 

in several malignancies of various organs [23, 24]. In ligand-independent malignancies, there is a 

requirement for cell autonomous, constitutive Hh pathway activation, which requires activating 

mutation(s) in activator(s) (e.g. Smo) and/or inactivating mutation(s) in inhibitor(s) (e.g. Ptch) of 

the Hh pathway. Both basal cell carcinoma and medulloblastoma (MB) can be ligand-independent 

[9, 21, 25, 26]. However, ligand-dependent Hh malignancies do not harbor mutations in 

components of the Hh pathway, but rather, require persistent ligand-dependent pathway activation 

for tumor progression. Examples of these include gastrointestinal tumors, prostate cancer, 

hematological malignancies, and gliomas [23, 27]. This group can be further stratified into 

autocrine (the tumor cell produces and responds to the secreted Hh) and paracrine (multicellular 

signaling involving untransformed cells from the stroma) signaling. This paracrine group can be 

further sub-divided into 1) Stroma-to-tumor signaling, wherein the tumor stimulates the expression 

of Hh from stromal cells, which in turn signal back to the tumor cells; and 2) Tumor-to-stroma 

signaling, whereby tumor cells secrete Hh which signals to neighboring stromal cells, driving the 

production of pro-growth mitogens [23, 27]. Both examples of paracrine tumor signaling highlight 

the key participation of stromal cells in creating a clinically relevant, pro-tumor microenvironment 

[28, 29].   

 

1.2 Tumor microenvironment 

The current doctrine for cancer is a tumor-centric model, in which tumor precursor cells 

acquire mutations that lead to cell autonomous growth via proliferation to form a preneoplastic 

lesion (PNL) [30-32]. This lesion can grow to 1-2mm3 before its size exceeds the diffusion limits 

of nutrients and gases, requiring novel blood vessel supply to sustain its growth [33].  
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In the established tumor, cancer cells can co-opt or “reprogram” the normal stromal cells 

through a bidirectional communication (with morphogens and cytokines) to promote the growth 

of the developing neoplasia [32, 34, 35]. Various stromal cell types, such as fibroblasts termed 

cancer associated fibroblasts (CAFs), can contribute to tumor growth. CAFs have been shown to 

secrete various proteins, including matrix metalloproteinases (MMPs), extracellular matrix 

(ECM), cytokines and growth factors, which can promote the acquisition of almost every single 

hallmark of cancer [36, 37]. ECs can also be recruited to the tumor by the secretion of angiogenic 

factors such as VEGF-A, from tumor cells or re-programmed stromal cells [33, 38]. These ECs 

contribute to the formation of new blood vessels, which nourish the developing tumor. These blood 

vessels also contribute to the establishment of an immune-suppressive environment within the 

tumor, as excessive activation of the angiogenic program down-regulates the surface expression 

of receptors required for leukocyte infiltration [39, 40]. Additional examples of stromal cells that 

can promote tumor progression include numerous cell types from the immune system. Several 

studies describe an increased risk of cancer in patients with chronic inflammation [32, 41] or a 

suppressed immune response,  as seen in patients receiving chronic treatment with 

immunosuppressive agents [32, 42], or patients suffering from acquired immunodeficiency 

syndrome (AIDS) [32, 43]. Tumors can also selectively recruit certain subtypes of immune cells 

by altering the secretion of specific chemokines. This can promote the formation of an immune-

suppressive environment, and enhance the evation of tumor cells from immune-mediated 

destruction [44]. The tumor can also alter the gene expression pattern and even increase the genetic 

instability in normal stromal cells [45]. A growing number of studies demonstrate that activation 

of the angiogenic program, recruitment of CAF, and immune cell infiltration are markers for poor 

prognosis for several cancers, further highlighting the importance of stroma/tumor communication 
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[29]. Although much is known about the importance of stroma in promoting tumor progression 

and metastasis, little is known about its role in lesion initiation in organs which are difficult to 

study, such as the central nervous system (CNS). 

 

1.3 The cerebellum and medulloblastoma (MB) 

The cerebellum is a posterior brain structure located ventral to the visual cortex, and is 

predominantly composed of granule neurons and Purkinje cells, surrounded by a diverse array of 

modulating interneurons [46]. The cerebellum plays essential roles in sensory motor functions, the 

coordination of balance, the vestibular-ocular reflex, and spatial learning [46, 47].  

 The cerebellum is organized in a laminar fashion, where the granule neuron progenitors (GNP) 

occupy the apically located external granular layer (EGL) (Figure 2). During early postnatal life, 

Purkinje cells (PC), located in the Purkinje cell layer (PCL) secret Shh, which signals to the 

apically located GNPs, driving Shh signaling. This can be seen by the up-regulation of known Hh 

target genes and the proliferative expansion of the GNPs [48]. As development ensues, the GNPs 

gradually become unresponsive to Shh-mediated proliferation due to a combination of asymmetric 

cell division, ECM composition, and additional inhibitory cues [49, 50]. The GNPs migrate along 

Bergmann glia radial fibers to terminally differentiate into Granule Neurons (GN) in the inner 

granule layer (IGL) [51]. Bergmann glial cell bodies are located in the PCL, while their radial 

fibers span the EGL and molecular layer (ML). As a result of the massive postnatal proliferative 

expansion of the GNPs, the GNs are the most abundant neurons in the adult human CNS [48, 51-

54]. In the mature cerebellum, there are no more GNPs located in the EGL, as they have all 

migrated inwards towards the IGL. However, if GNPs remain on the apical surface of the 

cerebellum, developmental accidents can arise and the sustained activation of the Hh pathway, 

along with additional oncogenic events, can lead to the formation of Shh- medulloblastoma (MB).  
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Figure 2. Postnatal Cerebellum development.  

(A) Schematic diagram of an early postnatal cerebellum, red square denoting area zoomed in for 
cellular resolution. (B) Purkinje cells (PC), located in the Purkinje cell layer (PCL), secrete sonic 
hedgehog (Shh), which drives the proliferation of Granule neuron progenitors (GNPs) located in 
the external granule layer. As development ensues, GNPs become unresponsive to the pro-
proliferative signal of Shh, due to asymmetrical division, ECM composition and additional 
inhibitory cues. The differentiating GNPs migrate along Bergmann glia radial fibers, which have 
their cell body located in the PCL, while their radial fibers span the EGL and molecular layer 
(ML), to terminally differentiate into Granule Neurons (GN) in the inner granule layer (IGL). (C) 
In the adult cerebellum there are no GNPs left on the apical surface. However, if GNPs remain on 
the apical surface of the cerebellum and maintain a sustained Hh pathway activation, and if 
additional oncogenic events occur, this can drive the formation of Shh- medulloblastoma (MB). 
Figure adapted from [55].  
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MB is the most common pediatric solid malignancy [56]. Historically, MB was considered 

a single disease, although recent molecular and genomic analyses have stratified MB into 4 major 

subgroups: Shh, Wnt, Group3 and Group4 [56-59]. The Shh subgroup represents ≈ γ0% of 

reported cases [56], has a moderate prognosis, and arises from aberrant Hh pathway activation in 

proliferating GNPs [60, 61]. Group 3 and 4 MBs are associated with moderate to poor prognosis 

and represent ≈60% of reported cases (Group γ ≈ β5% and Group 4 ≈γ5%). Biologically and 

genetically Group 3 and 4 are not as well defined and the cell of origin is still speculative, but the  

predominant drivers are thought to be altered chromosomal copy number variation and oncogene 

amplifications (E.g. MYC and MYCN) [56, 62]. The Wnt MB subgroup represents ≈ 10% of 

reported cases [56] and has a good prognosis, as the tumor typically responds very well to 

treatment and has a very low probability of recurrence. The Wnt MB subgroup arises from aberrant 

Wnt pathway activation that typically involves mutations in ȕ-catenin [63] in cells originating from 

the Rhombic lip [56, 62, 63].  

 

1.4 Wnt signaling  

Wnt signaling is involved in several essential cellular processes, such as cell fate 

determination, proliferation, survival, differentiation, migration, and polarity [64, 65]. Similar to 

other developmental pathways such as Hh, the aberrant activation of the Wnt pathway is associated 

with several different neoplasms [64-66]. The Wnt signaling pathway is evolutionary conserved 

from Drosophila melanogaster to Homo sapiens and like the Hh pathway, it contains several 

examples of divergence and duplications [67]. Wnt signaling can be roughly subdivided into 

canonical, ȕ-catenin-dependent, and two non-canonical signaling pathways termed the Planar Cell 

Polarity pathway (PCP) and the Wnt/calcium pathway [68-70]. The core canonical Wnt signaling 

pathway components are comprised of the secreted ligand Wnt, the receptor Frizzled (Fzd), the 
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co-receptor Low-Density Lipoprotein Receptor-Related Protein 5 (Lrp5) or 6 (Lrp6), and the 

transcriptional co-activator ß-catenin. In humans, there are 19 Wnt ligands, which can bind with 

different affinities to the cysteine-rich domain (CRD) [71] of the G-coupled proteins receptors 

(GPCR) Fzd, of which there are 10 [70, 72, 73]. The following review will only focus on the 

canonical Wnt signaling pathway.  

In the presence of ligand (Figure 3B), Wnt binds to its respective Fzd receptor and co-

receptors (LRP (5/6)), which promote their dimerization and induces a conformational change in 

Fzd and LRP (5/6) [78]. The conformational change in Fzd promotes the recruitment and 

dimerization of Dishevelled (DVL), which in turn promotes the recruitment of Axin to the 

cytoplasmic tail of LRP5, effectively inhibiting the ȕ-catenin destruction complex composed of 

the scaffold protein adenomatous polyposis coli (APC), the serine threonine kinases, glycogen 

synthase kinase γ beta (GSKγȕ) and Casein Kinase 1 (CKI), the phosphatase βA (PPβA), the 

phosphatase 2P (PP2P) and the E3-ubiquitin ligase b-TrCP) [61, 68, 79]. This in turn stabilises 

cytoplasmic ȕ-catenin, and in association with mandatory DNA binding partner transcription 

factors (TCF) or Lymphoid enhancer-binding factor (LEF) family of transcription factors [82, 83], 

allows it to enter the nucleus to activate the transcription of key target genes.  

In the absence of Wnt ligand (Figure 3A), newly synthesised ȕ-catenin is quickly bound 

by the ȕ-catenin destruction complex, which targets it for proteasomal degradation. The lack of ȕ-

catenin in the nucleus enables the association of the DNA binding proteins TCF and LEF with 

transcriptional repressors such as Groucho and histone deacetylases (HDACs) to epigenetically 

repress Wnt target genes [67]. 
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Figure 3. Canonical Wnt signaling.  

(A) In the absence of Wnt ligand, newly synthesized ȕ-catenin is quickly bound by the ȕ-catenin 
destruction complex (composed of the scaffold protein adenomatous polyposis coli (APC), the 
serine threonine kinases, glycogen synthase kinase γ beta (GSKγȕ) and Casein Kinase 1 (CKI), 
the phosphatase 2A (PP2A) the phosphatase PP2P and the E3-ubiquitin ligase b-TrCP), [64, 74] 
and is sequentially phosphorylated at the amino terminus, creating a docking site for the E3 
ubiquitin ligase, ȕ-TrCP. The subsequent ubiquitination of ȕ-catenin targets it for proteasomal 
degradation [75]. In the nucleus, the mandatory DNA binding partners of ȕ-catenin, TCF/LEF, 
associate with repressive complexes, such as Groucho and histone deacetylases (HDACs) to 
repress Wnt target gene transcription [70]. (B) In the presence of ligand, Wnt binds Fzd and co-
receptors (LRP (5/6)), promoting their dimerization and inducing conformational change in Fzd 
and LRP (5/6) (Figure 3B). The conformational change in Fzd recruits Dishevelled (DVL) and 
promotes its polymerization through the DIX domain [71, 76]. The DVL multimer, in turn, is 
thought to facilitate the recruitment of Axin to the cytoplasmic tail of LRP (5/6). The recruitment 
of the scaffold protein Axin directs the ȕ-catenin destruction complex to the plasma membrane 
[64, 71, 74]. In addition, it drives the sequential phosphorylation of LRP (5/6) in a GSK3 and CKI-
dependent manner, promoting b-TrCP dissociation and inhibiting the destruction complex by some 
yet uncharacterized mechanism [66, 69, 70, 75]. Newly synthesized ȕ-catenin can now accumulate, 
often referred to as “stabilized”, in the cytoplasm where it can bind directly to nuclear pore 
machinery (importin-ȕ/ȕ-karyopherin or other importin-ȕ-factors like transportin) and enter the 
nucleus in an energy-dependent manner [77]. In the nucleus, ȕ-catenin displaces transcriptional 
repressors, such as transducin-like enhancer (TLE, also known as Groucho) [70] and associates 
with transcription factors (TCF) or Lymphoid enhancer-binding factor (LEF) family of 
transcription factors [78, 79]. The association of ȕ-catenin with TCF/LEF recruits additional 
transcriptional co-activators BCL9, Pygopus and some histone acetyltransferases (HATs), to drive 
transcription of key target genes [66, 70, 75, 79]. Figure adapted from [80].  
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1.5 Norrie disease Pseudoglioma (Ndp)  

Recently, a novel Wnt ligand, Norrin, has been characterized, adding to the growing list of 

known Wnt ligands [81]. Norrin is a small, 133 amino acid, secreted protein encoded by the X-

linked gene, Ndp [82]. Norrin is an atypical Wnt, which appears more closely related to the 

Transforming Growth Factor- ȕ (TGF-ȕ) proteins (protein sequence identity ≤17%), than to all 

other Wnts [81]. Norrin forms an obligatory homodimer [81, 83] and binds Frizzled 4 (Fzd4), as 

well as co-receptors Lrp5/6 and Trans-Membrane Spanning Protein 12 (Tspan12) (Fig 2B) [82, 

84, 85] with picomolar [83] affinity, to activate canonical ȕ-catenin dependent Wnt signaling in 

ECs [82, 84, 85]. In humans, autosomal-dominant mutations in Fzd4 [86-88], LRP5 [86, 87] and 

Tspan12 [86, 89], in addition to autosomal-recessive mutations in LRP5 [86, 90], Tspan12 [86, 

91] and Ndp [86, 92, 93] have been implicated in a number of diseases, including X-linked Norrie 

disease, familial exudative vitreoretinopathy (FEVR), Coat’s disease and retinopathy of 

prematurity, all of which are characterized by hypovascularization in the retina and  progressive 

vision loss [82, 85, 94, 95]. Almost every Norrie disease (ND) patient exhibits a progressive loss 

of hearing, and over one third of ND patients also exhibit a delay in cognitive development. This 

is often concomitant with other psychiatric disorders [82, 85, 96], suggesting that Ndp could have 

additional functions in other parts of the CNS. Norrin is predominantly studied in the context of 

angiogenesis in several organs including the retina, the endometrium, and more recently, for its 

role in the blood brain barrier (BBB) maintenance [97].  

 

1.6 Vascular development  

The circulatory system (Figure 4) is composed of 1) the blood-vascular network, which 

transports blood and nutrients to all organs, and 2) the lymphatic vascular network, which returns 

extravasated lymph and cells back into the vascular network  [98]. The blood vascular network is 
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a highly organized system composed of the heart, blood and the supporting vasculature (Figure 

4A), its function is to provide the entire organism with the transport of nutrients, oxygen, 

hormones, and immune cells, while removing unwanted metabolic by-products and gases (e.g. 

Carbon Dioxide). The blood vascular tree can roughly be sub-divided into arteries, capillaries and 

veins. Arteries and veins are composed of a similar basic structure (Figure 4E): an outer layer or 

tunica externa (composed of connective tissue), a middle layer or tunica media (composed of 

elastic fibers, connective tissue and vascular smooth muscle cells (vSMC)) and an inner layer or 

tunica intima (composed of a single endothelial lining or endothelium, surrounded by a basement 

membrane). Although the arteries and veins are composed of a similar structure, there are some 

distinctions, e.g. in arteries, the tunica media is the thickest layer, while in veins, the tunica externa 

is the thickest layer [99]. Initially, the specification of arterial versus venous fate was believed to 

be due to physiological cues, such as blood flow direction, pressure and oxygen levels. However, 

recent studies have revealed that this fate decision is determined by gene expression during very 

early embryonic development (during early vasculogenesis) [99-103]. 

 The vascular network is generated through two key processes, vasculogenesis and 

angiogenesis. Vasculogenesis is the process by which ECs differentiate from the embryonic 

mesoderm and organize themselves into a primitive vascular network [104]. Angiogenesis on the 

other hand (Figure 4B), is the expansion of the pre-existing vasculature by vessel destabilization, 

sprouting, endothelial cell proliferation, vascular migration, and vessel re-stabilization [105]. It is 

a tightly regulated process, which involves the integration of several molecular cues. Deregulation 

can precipitate numerous diseases, including rheumatoid arthritis, infertility, stroke, heart disease, 

ulcers, retinopathy, scleroderma and psoriasis [105-111]. Currently, there are a plethora of factors 
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that are known to influence angiogenesis [112]. The following review of angiogenesis will only 

focus on the contribution of two prominent players, VEGF and the Angiopoietins. 

Under physiological conditions, the vasculature is found in a quiescent state and 

angiogenesis is initiated in response to tissue growth (during development or carcinogenesis), 

wound healing, or during a state of prolonged increased metabolic demand (physical training) 

[107]. These events lead to hypoxia, which has been shown to be one of the strongest stimulators 

of angiogenesis [113]. Under hypoxic conditions the Hypoxia-Inducible Factor (HIF) α subunit is 

stabilized, enabling it to dimerize with the constitutively expressed ȕ subunit [114, 115] and drive 

the expression of genes involved in glycolysis (anaerobic respiration) and angiogenesis, such as 

VEGF-A [116, 117].  

VEGF, also known as vascular permeability factor (VPF), is composed of 5 members: 

placenta growth factor (PGF), VEGF-A, VEGF-B, VEGF-C, VEGF-D. VEGF-A is the most 

potent angiogenic driver, while VEGF-C and D are essential drivers of lymphangiogenesis, a 

subject discussed in greater detail below. VEGF-A shows a higher affinity for VEGF receptor 1 

(VEGFR-1) as compared to VEGFR-2, however, VEGFR-1 has a weaker kinase activity compared 

to VEGFR-2, the predominant angiogenic driving receptor [107, 118, 119]. The binding of VEGF-

A to VEGFR-2 induces receptor dimerization and autophosphorylation, which drives downstream 

activation of various kinases (PKC, PKD, PI3K and MAPK) [107, 118], and activates various 

cellular processes, including transcription [120].  

The stromal increase in VEGF-A signals to neighboring ECs, inducing the re-activation of 

the quiescent vasculature. VEGF-A initiates angiogenesis by specifying a tip cell, which is a non-

dividing endothelial cell with multiple dynamic VEGFR2-enriched filopodia, and leads the 

invading vasculature [121]. The tip cell expresses the Notch ligand Dll4, which induces Notch 
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signaling in neighboring stalk cells, preventing excessive angiogenic sprouting [107, 122]. VEGF-

A signaling through VEGFR-2 also induces the release of Angiopoietin-2 (Ang2) from endothelial 

cell intracellular granules, called Weibel-Palade bodies. Ang2 functions as a competitive 

antagonist of Ang-1, which is secreted by pericytes and vSMC. Ang2 binds tyrosine kinase with 

immunoglobulin-like and EGF-like domains 2 (TIE-2) receptor on ECs and blocks receptor 

phosphorylation, leading to the disruption of endothelial cell association with the basal lamina, 

associated pericytes and vSMC [123, 124]. VEGF-A-VEGFR-2 signaling also drives expression 

of matrix metalloproteinases (MMPs), which degrade the surrounding basal lamina and 

extracellular matrix (ECM), enabling the tip cells to penetrate and navigate in the surrounding 

stroma [123]. The migration of the tip cell is driven by the highly proliferative, tightly associated 

juxtaposed stalk cells [121].  

The invading vasculature is a fragile monolayer of ECs, which requires support and 

stabilization by the normally associated mural cells. Mural cells can be roughly subdivided into 

vSMC and pericytes; the vSMC are typically associated with the large diameter arteries and veins, 

while pericytes are predominantly associated with the smaller diameter vasculature such as 

arterioles, capillaries and venules [125]. The invading vascular tip cell secretes and deposits 

platelet-derived growth factor ȕ (PDGF-ȕ), with a minor contribution from trailing stalk cells, onto 

the cell surface and surrounding extracellular matrix [126]. PDGF-ȕ signals through PDGF 

receptor-beta (PDGFR-ȕ) on mural cells to stabilize the nascent vasculature. In arteries and veins, 

PDGF-ȕ/PDGFR-ȕ signaling promotes the recruitment and proliferation of vSMC, while in the 

smaller diameter vasculature PDGF-ȕ - PDGFR-ȕ signaling serves as a chemoattractant for co-

migrating pericytes [127]. PDGF-ȕ can also signal to undifferentiated mesenchymal cells within 

the stroma to induce a mural cell fate, recruiting them to the nascent vasculature [125, 128-130]. 
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The differentiation and maturation of mural cells is not completely understood and involves several 

other signaling pathways such as Sphingosine-1-Phosphate signaling to endothelial  cells and 

endothelial cell secreted TGF-ȕ [125].  

When tip cells of two or more capillary sprouts meet, they fuse and vacuoles within the 

ECs coalesce to give rise to the lumen [131], which allows oxygenated blood to flow through and 

reduces stromal hypoxia [107, 118]. The stalk cells and pericytes secrete basal membrane 

components, such as CollagenIV and Laminin [132], which ensheathes and stabilizes the newly 

formed vasculature [107, 118, 133]. Furthermore, the associated mural cells actively secrete Ang1, 

activating Tie2 signaling in ECs, driving vascular stabilization and endothelial cell survival [123, 

134-136].  

The sequential stepwise process of angiogenesis is fairly ubiquitous throughout an 

organism, however some organs require the activation of additional signaling pathways, a 

noteworthy example is Central Nervous system (CNS) angiogenesis, which requires ȕ-catenin-

dependent signaling in ECs [137].  
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Figure 4. The vascular tree and angiogenesis.  

(A) The vasculature tree can roughly be subdivided into the heart, arteries, veins and (C) the 
capillary bed. (B) Angiogenesis is the process of novel vasculature formation from the expansion 
of pre-existing vasculature. This process takes place in several sequential steps. Vessel 
destabilization: Vascular endothelial growth factor A (VEGF-A) activates quiescent ECs and 
induces the dissociation of the associated mural cells and the degradation of the surrounding 
basement membrane. Sprouting: the tip cell is specified and extravagates out into the surrounding 
parenchyma, following the VEGF-A gradient and trailed by the tightly associated stalk cells. 
Branching: Tip cells from different vessels meet and fuse, while vacuoles within them coalesce to 
form a lumen, which enables blood flow and starts the vascular stabilization process. Vascular 
stabilization: ECs recruit mural cells, which secrete various factors such as angiopoeitin-1 (Angpt-
1), along with the deposition of extracellular matrix (ECM) proteins, promoting the stabilization 
and maturation of the newly formed vasculature. (D) Representational diagram illustrating the 
composition of capillary blood vasculature and capillary lymphatic vasculature. This diagram also 
highlights the unique features of the two capillaries, such as the presence of pericytes coverage 
and endothelial fenestration for the blood capillaries. The lymphatic capillaries have an incomplete 
or absent basement membrane, no pericyte coverage and no fenestration. (E) Representational 
diagram of the composition of arteries and veins. This diagram also highlights some of the 
differences between them, e.g. the thicker tunica media in arteries as compared to the veins, while 
the tunica externa is thicker in veins as compared to arteries. Adapted from [138, 139]. 
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1.7 The Blood brain barrier (BBB) 

The functional unit within the vasculature, in terms of nutrient and gas exchange, is the 

capillary bed. In humans, the capillary bed can roughly be subdivided into 3 groups; sinusoidal 

(discontinuous), fenestrated and continuous. This classification is based on two predominant 

features. The first is the presence and size of the openings between and within ECs (called 

fenestrations). The size of the openings between ECs is a feature which is related to the spacing 

and distribution of the inter-endothelial cell adhesion junction complexes, which are found 

ubiquitously throughout the vascular tree. The second feature depends on the completeness of the 

surrounding basement membrane [140, 141]. These different types of capillary beds are organ-

specific and essential for the proper functioning of the designated organ. Notable examples include 

the fenestrated vasculature within the renal glomerulus of the kidneys [142], and the highly 

selective virtually impenetrable continuous vasculature of the CNS.  

The CNS blood brain barrier (BBB) is essential for the maintenance of the brain interstitial 

fluid (ISF) homeostasis and for the creation of a specialized environment that is essential for the 

proper functioning of the brain. The CNS ECs (CNS-Endo) are highly specialized ECs and contain 

several unique adaptations that contribute to the assembly of the blood brain barrier (BBB). These 

adaptions include: the high expression and selective localization of influx and efflux transporters, 

the presence of continuous intercellular tight junctions (TJ) complexes, the lack of fenestration, 

and a reduced expression of leukocyte adhesion molecules (abrogating the recruitment of 

infiltrating leukocytes and limiting immune surveillance) [143]. Furthermore, CNS-Endo have a 

complete and continuous basement membrane. The elevated expression of several tight junction 

(TJ) proteins (Claudins, TJ-associated MARVEL proteins (TAMPs, which include Occludins) and 

immunoglobulin superfamily membrane proteins (JAM-A/-B/-C)) are concentrated at the apical 

side towards the vessel lumen and are often intermingled with adherens junction complexes [135, 
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144, 145]. The TJ effectively seals the inter-endothelial cell membranes together, giving the 

luminal surface of the vasculature a smooth continuous appearance. This reduces solute/ion 

permeability and contributes to the elevated transendothelial electric resistance (TEER) of the 

CNS, as compared to non-CNS vasculature [146, 147]. The TJ is also essential for the 

establishment of cell polarity, which enables the apical versus basal localization expression of 

substrate specific transporters, which enables the ECs to control the directionality of the trans-

endothelial influx and efflux of substrates [135, 148]. Furthermore, CNS-Endo also have a low 

pinocytic activity and an elevated abundance of mitochondria and various metabolic enzymes, 

which cooperate together to establish a “metabolic barrier” [135, 149]. All together these unique 

adaptions of the brain ECs form the BBB and enable the creation of a unique brain interstitial fluid 

(ISF), which is essential for proper brain function. While the brain ISF is comparable to blood 

plasma, it has a much lower K+, Ca2+, glutamate and protein concentration and an increased Mg2+  

concentration [135, 144, 149].  

Over recent decades, it has become increasingly clear that the BBB is not a rigid property 

that is strictly controlled by the brain ECs, but rather is a dynamic property that can be actively 

modulated by the cell within the neurovascular unit (NVU). Brain ECs, astrocytes, neurons, 

microglia, pericytes and immune cells all belong to the NVU, and can actively modulate BBB 

plasticity [150, 151]. The contribution of these different cell types to the formation of the NVU 

and BBB vary depending on various factors, including inflammatory status and their location 

either deep in the parenchyma or in the meninges. 

 

1.8 BBB development and maintenance 

The ability of ECs (ECs) to adopt BBB properties is not intrinsic to ECs, but rather is an 

acquired property that is gained from EC interactions with neural cells (astrocyte and their 
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progenitors) [152, 153]. The development of the BBB is a multistep process that begins with the 

invasion of ECs into the embryonic neuroectoderm under the guidance of several neural progenitor 

secreted factors. These early angiogenic sprouts exhibit several features unique to the CNS 

vasculature, including expression of TJ proteins and nutrient transporters, such as Glucose 

transporter 1 (Glut1), as well as some general vascular features, such as a large number of 

transcytotic vesicles and an elevated expression of leukocyte adhesion molecules [143].  

Angiogenesis in the CNS require the convergence of the VEGF and Wnt signaling 

pathways. VEGF is secreted by the neural progenitor cells and is essential for the initiation and 

guidance of the developing sprout [154]. Canonical ȕ-catenin-dependent Wnt signaling is required 

for sprout invasion and capillary bed formation [137]. Canonical Wnt signaling also promotes the 

expression of Tumor necrosis factor receptor superfamily member 19 (Tnfrsf19 also known as 

Troy) and Death receptor 6 (Dr6) in ECs, which synergize with VEGF signaling to promote 

downstream JNK activation, providing a potential point of cross talk between both pathways and 

highlighting the need for both pathways to activate angiogenesis in the CNS [137].  

Canonical Wnt signaling is also essential for embryonic and postnatal BBB establishment 

and maturation. Canonical Wnt increases the expression of TJ proteins (e.g. Claudin-3) [155] and 

specialized transporters (e.g. Glut1) [155, 156] and inhibits the expression of Plasmalemma 

vesicle-associated protein (Plvap or Meca32), a marker of fenestrated ECs [94]. Furthermore, 

canonical Wnt signaling has been shown to directly regulate the expression of PDGF-ȕ, which 

drives mural cell recruitment and enhances vessel stabilization and quiescence [157]. The 

regulation of canonical Wnt signaling in ECs of the CNS is regulated by a collection of regionally 

expressed Wnts, which include Wnt7a and Wnt7b in the developing forebrain and ventral region 

of the neural tube, Wnt1, Wnt3, Wnt3a and Wnt4 in the developing dorsal, hindbrain and spinal 



21 
 

cord [137, 143] and Norrin, an atypical Wnt, in the cerebellum, retina and olfactory bulb [84, 97]. 

Recently, a novel receptor, tumor endothelial marker 5 (TEM5 as known as GPR124), has been 

shown to be essential for forebrain and ventral spinal cord sprout formation, EC survival and BBB 

formation [158-160]. In the developing forebrain, TEM5 is believed to be involved in angiogenesis 

and BBB formation, at least in part, by promoting Wnt7-dependent canonical Wnt signaling [161]. 

Canonical Wnt signaling is essential for BBB formation and maturation, however, it is not 

sufficient by itself and requires enhancement from several other cell types, predominantly mural 

cells (mostly pericytes in the capillary beds [162-164]) and astrocytes [165-167] to complete the 

maturation of the BBB. The maturation of the BBB includes the expansion, redistribution and 

further elaboration of the TJ complexes, increased expression of specialized influx and efflux 

transporters, and the decreased expression of transcytosis and leukocyte adhesion molecule 

expression [143].  

Astrocytes are important for the maturation and maintenance of the BBB and their 

association (direct or indirect) with the vasculature is dependent on the vasculature localization 

within the CNS. The vasculature within the brain parenchyma is intimately associated with the 

astrocyte end feet, which almost completely envelop the outer, ECM rich, surface of the 

vasculature [143]. In contrast, the vasculature confined within the meninges is separated from the 

astrocyte end feet by a layer of meningeal cells [132].  

 

1.9 The perivascular space  

In the brain, at the level of pre-capillary arteriole, post-capillary venule or larger vessels 

(all predominantly confined within the meninges), there are 4 layers of basement membrane that 

surround the vasculature. The first layer encapsulates the ECs and separates them from the 

pericytes, the second surrounds the pericytes and separates them from the meningeal epithelium, 
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the third envelops meningeal epithelium and separates it from the astrocytes and the fourth layer 

is produced by the astrocyte end feet and forms the glial limiting membrane [132]. The pericytes 

are encased between two (the ECs and pericyte) basement membranes, which are often regarded 

as a composite basement membrane. The pericytes maintain direct contact with the ECs through 

peg-socket junctions, which are imbedded in and extend through the basement membrane 

surrounding the ECs [143]. The last two basement membranes that are produced and deposited by 

the astrocyte end feet and meningeal epithelium are collectively termed the parenchymal basement 

membrane and are structurally continuous and function to delimit the brain parenchyma [168]. The 

composite endothelial/pericyte basement membrane together with the parenchymal basement 

membrane form the inner and outer limits of the Virchow-Robin (VR) space [132, 143, 169, 170] 

(Figure 5C), a space that is known to have an immune surveillance function [171-173]. As the 

vasculature travels deeper into the brain parenchyma, the meningeal layer and associated basement 

membrane is lost, designating the end of the VR space. At the level of the vascular capillary bed a 

small perivascular space is still present between the glial end feet and the pericyte basement 

membrane. The VR space and perivascular space are important structures as they have an essential 

role in metabolite and ISF homeostasis, as illustrated by tracer dye experiments, where tracer dyes 

injected into the CSF or brain parenchyma could be observed travelling along the perivascular and 

VR spaces [165, 174]. 

 

1.10 The meninges 
The meninges is a system of envelops composed of 3 membranes that surrounds the brain 

and spinal cord, protecting the brain and acting as a cushion by keeping it in suspension. In 

mammals, the 3 layers relative to the skull are the outer dura mater, the arachnoid mater, and the 

inner pia mater. The cerebrospinal fluid (CSF) is located in the subarachnoid space between the 
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arachnoid mater and the pia mater [175]. The pia mater, the innermost layer of the meninges, is 

directly associated with the astrocyte end feet (forming the glial limiting membranes), surrounding 

the brain and following its every contour and fold. In the cerebellum it is the pia mater which 

follows the external granule layer into the deep cerebellar folds [176].  

The blood vessels traversing the subarachnoid space are encased by a layer of meningeal 

cells, which isolates them from the CSF. As the vasculature penetrates the interstitium of the brain, 

it loses its meningeal and vSMC coverage, and is ensheathed solely by pericytes and astrocyte end 

feet at the capillary bed level within the brain parenchyma. At the capillary bed level the meninges 

and associated VR space is absent. However, the VR space and the perivascular space are 

continuous as the meningeal cells which delimite the VR and perivascular space are fenestratsted, 

allowing the passage of CSF and ions from one compartment to the other [168]. The presence and 

continuity of the VR and perivascular spaces has been shown to have an essential role in removing 

metabolic waste and turning over the interstitial fluid (ISF) in the brain through the glymphatic 

system [165, 177].   
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Figure 5. Cerebrospinal fluid movement and the glymphatic system.  
(A) Schematic of a sagittally sectioned mouse P14 brain, black box illustrating the zoomed-in 
section (B). (B) Simplified diagram illustrating the movement of fluid within the central nervous 
system (CNS) that maintains brain interstitial fluid (ISF) homeostasis. Cerebral spinal fluid (CSF) 
enters the Virchow-Robin (VR) space by travelling through the meningeal layer in the 
subarachnoid space and travels along arteries to enter the brain parenchyma (C). At some point the 
meningeal layer disappears and the CSF from inside the VR space travels through the fenestrated 
meningeal cells to enter the perivascular space of the arterial vasculature. (B) The CSF continues 
to travel along the vasculature to enter the brain parenchyma. (D) Water and transportable ions 
enter the brain’s parenchyma in an Aquaporin-4 (AQP4) dependent manner, where it mixes with 
the interstitial fluid (ISF) and exits the parenchyma of the brain, along with dissolved solutes and 
macromolecules by bulk flow, draining into the para-venous space. (B) The ISF and dissolved 
solutes follow the venous vasculature and exit the brain, either by draining back into the CSF in 
the subarachnoid space, or by re-entering the venous circulation through selective transporters, or 
by draining into the lymphatic system confined along the sinus veins. Adapted from [178]. 
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1.11 Glymphatics and Lymphatic system  
The human brain is a large, dense and highly metabolic organ, which would not be able to 

eliminate waste and cellular debris through simple diffusion alone. As such, alternative adaptive 

mechanisms are required to accomplish these roles and upon further investigation the glymphatic 

system was discovered. Essentially, the CSF in the subarachnoid space enters the VR space of 

arterioles, travels along the arteriole, propelled by arterial pulsations (Figure 5B) [179]. As the 

vasculature further ramifies into the capillary bed the pia sheath becomes fenestrated as it 

disappears and enables the exchange of substance and water in the VR space with the structurally 

continuous perivascular space (Figure 5C) [174, 180]. At the capillary level (Figure 5D), the CSF 

enters the brain parenchyma through astrocyte end feet in an Aquporin4-dependent manner to mix 

with the ISF in the brain interstitium. The CSF-ISF and solutes are propelled out of the brain 

interstitium by bulk flow (Figure 5B) and travel along the perivascular space of veins to exit the 

brain [165, 166]. Initially, the glymphatic system was believed to functionally replace traditional 

lymphatic vasculature. However, recently, functional lymphatic vasculature has been discovered 

within the meningeal dura layer [181, 182], which contributes to lymphocyte trafficking [181], 

CSF absorption from the subarachnoid space and ISF removal, presumably by cooperating with 

the glymphatic system [182]. Currently little is known about the lymphatic development in the 

CNS, as most scientific insight was gained from studying lymphatic vasculature in non-CNS 

organs.  

The lymphatic vasculature is an essential component of the circulatory system and is 

essential for maintaining blood volume and protein homeostasis, effectively preventing corporal 

edema, in addition to accomplishing an essential immunological surveillance function [183]. The 

fundamental building blocks of the lymphatic network are the lymphatic ECs (LECs), which 

differentiate embryonically from vein ECs located within the cardinal vein (CV) and the 
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intersomitic veins (ISVs) [184-186]. These initial embryonic lymphatic progenitor cells proliferate 

and reorganize themselves to form the lymphatic vasculature network [186-188].  

The molecular mechanisms that control lymphatic development and maturation are not 

completely understood.  However, with the development of reporter mice and the discovery of 

novel lymphatic markers, some insight into the process has been gained. During embryonic 

development Sox18 is expressed in a subpopulation of vein ECs, which co-operates with COUP-

TFII to induce the expression of Prospero homeobox protein 1 (Prox-1), a master transcriptional 

regulator of lymphatic fate specification, maintenance and development [99, 139, 189-191]. Prox-

1 regulates the expression of many essential lymphatic genes, including Podoplanin (PDPN), 

Cyclin E1 (Ccne1) and VEGFR3. As lymphatic development ensues, Prox-1 expression becomes 

dependent on a VEGFR3-Prox1 feedback loop [192, 193]. The sustained expression of Prox-1 in 

LEC during embryonic development and adulthood is highlighted by the observation that the 

conditional down-regulation or deletion of Prox-1 is sufficient to revert terminally differentiated 

LECs to vein ECs [193].  

The embryonic lymphatic vascular expansion and development was shown to be induced 

in response to the increase in interstitial pressure (a mechano-induction) [194]. Upon further 

investigation it was shown that the mechano-induction of lymphatic patterning and development 

is mediated by canonical Wnt, ȕ-catenin dependent signaling [195]. Furthermore the targeted 

deletion of ȕ-catenin from the lymphatic vasculature induced aberrant lymphatic vessel patterning 

and prevented lympho-venous valve specification [195]. The role of canonical Wnt signaling in 

lymphatic vessel patterning and lympho-venous valve specification is believed to be mediated, at 

least in part, by the modulation of two of its direct downstream target genes, Prox1 and FOXC2 

[189-191, 195]. Furthermore, an additional investigation has highlighted tissue specific Wnts, such 
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as Wnt5b and Wnt5a, which have been shown to be essential for cardinal vein lymphatic 

specification [196] and dermal lymphatic maintenance during postnatal life, respectively [197]. 

The importance of Wnt signaling in lymphatic development and CNS angiogenesis [137], and their  

common origin, have raised the possibility that some tissue-specific Wnt ligand may be able to 

modulate the patterning and development of both vasculatures simultaneously.  
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Rationale and Objectives – Micro-environment in PNL initiation and 

MB development 
The tumor microenvironment is a heterogeneous population predominantly composed of 

tumor cells and stromal cells. These stromal cells can support tumor growth through various 

mechanisms, such as the induction of angiogenesis [198], which in turn promotes tumorigenesis 

by enhancing growth and metastasis and/or by preventing necrosis and apoptosis [33, 199, 200]. 

It has been shown that there is a positive correlation between the expression level of angiogenic 

factors and the aggressiveness of the tumor [33]. Furthermore, for some CNS tumors, such as 

malignant glioma, the activation of the angiogenic program and the opening of the BBB is believed 

to be essential for driving tumor cell proliferation, growth, invasion and destruction of the normal 

neighboring brain tissue [201, 202]. The disruption of the BBB was also shown to be a common 

feature amongst both human and mouse CNS malignancies [201, 203], which makes the vascular 

component of the microenvironment a candidate of interest in the context of tumor progression. 

However, the relationship between tumor progression and angiogenesis is not well characterized 

in the CNS, as the opportunities for studying early stage human CNS tumor samples are very rare. 

Recently, several lines of research have promoted the concept of a shared mechanism that co-

ordinates CNS vascular and neuronal development [204]. This notion was initially inspired by the 

observation that axonal growth cone and vascular tip cells have several similar anatomical and 

cellular features [205]. In addition, several CNS injury models showed that angiogenesis enhances 

neurogenesis through the mobilization of neural progenitor cells to the site of injury. Furthermore, 

some angiogenic factors, such as VEGF, have neuroprotective properties [206-208]. Interestingly, 

several axon guidance molecules, such as Slit/Robo, semaphorin/neuropillin, Ephrin/Eph and 

others, in addition to several mitogens, such as Shh and Wnt, have known roles in directing CNS 

angiogenesis [137, 205, 209-211]. As some CNS malignancies were associated with 
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developmental defects (e.g. Wnt and Shh-MB) and CNS angiogenesis is associated with normal 

CNS development, there could also be a functional relationship between tumor initiation and 

angiogenesis. Studying the role of angiogenesis in CNS tumor initiation requires an adequate 

multistage CNS tumor model [212]. An ideal mouse model for such a study is the Ptch+/- MB 

model [213]. The Ptch+/- mouse model has a LacZ-neo gene construct inserted into one of the 

Ptch1 alleles, rendering the mouse haploinsufficient for Ptch1, resulting in a slight gain of function 

for the Shh pathway [213]. The Ptch+/- mouse model is considered a paradigm for Shh-MB and an 

ideal mouse to model human Gorlin syndrome [213]. MB development in Ptch+/- mice is well-

characterized with a sequential multi step developmental program in which GNPs accumulate on 

the surface of the cerebellum. Sustained Hh pathway driven-proliferation in these ectopic GNPs 

creates the formation of a lesion [51, 55]. The additional rounds of replication of GNPs located 

within the lesion promotes DNA damage [214, 215], thereby increase the chance of acquiring 

mutations in growth regulation genes (e.g. Ptch1), which can lead to cell autonomous growth. In 

Ptch+/- mice, the inactivation of the remaining Ptch1 allele is an early event in lesion progression 

and is associated with elevated levels of P53 oncogene-induced senescence [216, 217]. To 

circumvent senescence additional mutations in P53 or epigenetic alterations in cell cycle 

checkpoint proteins, such as Cdkn2a, are required [217] to enable lesions progression towards Shh-

MB [212, 216]. Interestingly, it has been shown that the majority of PNLs regress [25] and even 

Ptch null GNPs can differentiate [218]. This observation highlights the importance of senescence 

evasion in lesion progression [217]. Furthermore, it has been shown that in established non-CNS 

tumor the microenvironment can promote DNA damage [45, 219]. These observations create the 

possibility that the microenvironment could contribute to the early lesion initiation and progression 

in Ptch+/- mice. To explore the relationship between the stroma and pre-tumor 
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initiation/progression in Ptch+/- mice, we modulated Norrin/Frizzled4 (Fzd4) signaling, a signaling 

axis which is involved in neuronal-mediated vascularization and BBB maintenance in the 

cerebellum [84].  

 

Hypothesis: Modulation or disruption of the endogenous neuronal to endothelial ligand, Ndp, is 

an important event during early tumorigenesis to drive the establishment of a pro-tumor 

microenvironment, promoting tumorigenesis through enhanced lesion formation and tumor 

progression.  

Specific aims  

1)  Characterization of the role of Ndp signaling in cerebellar development and Ndp/Fzd4 signaling 

in MB initiation and progression. 

2) Characterization of stromal alterations as a function of inactivation of endothelial Ndp/Fzd4 

signaling.  

3) Dissection of the requirement for the stromal alterations in MB development.   
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Chapter 2. Material and methods 

2.1 Mice 

All experiments were approved by the University of Ottawa Animal Care Ethics Committee and 

adhered to the guidelines of the Canadian Council on Animal Care (CCAC).  

 

Ndp-/Y mice 

Ndp-/Y mice (RRID:MGI:4414648), generated by disruption of the Ndp locus by a lacZ-containing 

cassette were obtained from Lexicon Pharmaceuticals [85] and maintained by interbreeding on a 

mixed background. Ndp is an X-linked gene, therefore we used Ndp−/Y males for the lacZ-based 

reporter expression analysis in (Figure 6). Ndp−/− females are infertile, therefore the experimental 

cross to generate Ndp-/Y;Ptch+/− compound mutants and littermate controls must be performed by 

crossing Ndp+/− females with Ptch+/− males. Thus, the Ndp-/Y and Ndp-/Y;Ptch+/− genotypes are 

restricted to male mice carrying the Ndp−/Y allele, whereas additional controls include both sexes.  

 

Ptch+/- Mice 

Ptch+/− (RRID:MGI:2177702) mice were obtained from Jackson Laboratories and maintained on 

a C57BL/6 background. 

 

Fzd4Flox/Flox 

Fzd4Flox/Flox (RRID:MGI:4412187) mice were obtained from Jackson Laboratories and maintained 

on a C57BL/6 background. 

 

Atoh1-Cre 

Atoh1-Cre (RRID:IMSR_JAX:011104) mice were obtained from Jackson Laboratories and 

maintained on a C57BL/6 background.  
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Tie2-Cre 

Tie2Cre (RRID:IMSR_JAX:008863) mice were obtained from Jackson Laboratories and 

maintained on a C57BL/6 background. Tie2Cre+/-;Fzd4Flox/Flox females are infertile, therefore 

Tie2Cre+/-;Fzd4Flox/Flox;Ptch+/− compound mutants were generated by crossing Fzd4Flox/Flox;Ptch+/− 

females with Tie2Cre+/-;Fzd4Flox/Flox males.  

 

Neurod2-SmoA1 

Neurod2-SmoA1 (RRID:MGI:3831004) mice [220] were maintained as homozygotes, crossed 

with Ndp+/− females and tumors were monitored in Neurod2-SmoA1+/−;Ndp-/y and Neurod2-

SmoA1+/−;Ndp+/y littermates.  

In every experiment, all compound mutants were compared to single mutant or wild-type controls 

from the same breeding cohort to ensure matched backgrounds. In Kaplan-Meier survival curve 

studies, mice were continually monitored and sacrificed upon display of advanced tumor 

symptoms (a domed head, dysmorphic skull, head tilt, hunched posture, ataxia and weight loss) or 

other adverse health effects as per CCAC endpoint guidelines. All animals were dissected to 

confirm presence or absence of medulloblastoma. 

 

2.2 Antibodies 

The following primary antibodies were used for immunostaining or flow cytometry: 

Table 1. List of Antibodies 

Antibody Source Dilution 
rabbit anti-mouse 
collagen IV 

AbD Serotec 2150–1470 RRID:AB_2082660 1:1000 

rat anti-mouse CD31  clone MEC13.3, BD Biosciences 550274 
RRID:AB_393571 

1:200 

rabbit anti-pan-Laminin Abcam ab11575 (AB_298179) 1:500 
rabbit anti-NeuN  Millipore ABN78 (AB_10807945) 1:1000 
rabbit anti-phospho-
histone H3  

Millipore 06–570 (AB_310177) 1:500 
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rabbit anti-phospho-
histone H3  

Millipore 06–570 (AB_310177) 1:500 

rat anti-mouse PLVAP clone MECA-32, BD Biosciences 553849 
(AB_395086) 

1:100 
 

rabbit anti-mouse 
Claudin-5  

Thermo Fisher 34–1600 RRID:AB_2533157 
 

1:500 

Rat anti-mouse CD45 Stem Cell (Cat#60030.1) 1:300 
rat anti-mouse CD45R clone RA3-6B2, BD Biosciences 550286 

RRID:AB_393581 
1:100 
 

rabbit anti-active 
caspase-3  

clone C92-605, BD Biosciences 559565 
RRID:AB_397274 

1:200 

rabbit anti-Pax6  Covance PRB-278P RRID:AB_2313780 
 

1:500 
 

rat anti-myelin basic 
protein AbD  

Serotec MCA409S RRID:AB_325004 1:100 
 

mouse anti-ȕ-tubulin 
isotype III  

clone SDL.3D10, Sigma-Aldrich T8660 
RRID:AB_477590 

1:1000 

rabbit anti-GFAP  Sigma-Aldrich G9269 RRID:AB_477035 1:1000 
rabbit anti-PDGF 
receptor beta  

Abcam ab32570 RRID:AB_777165 
 

1:100 

rat anti-mouse 
Endomucin  

Santa Cruz sc-65495 RRID:AB_2100037 1:250 
 

mouse anti-ZO-1  Thermo Fisher 339100 RRID:AB_2533147 1:300 
Rabbit anti-LEF1 Clone C12A5, Cell Signaling 2230 

RRID:AB_823558 
1:250 

Rat anti-Lyve-1 Monoclonal ThermoFisher scientific (Cat# 14-
0443-82) 

1:300 

Mouse aanti- 
Podoplanin 

eBioscience Inc, Mouse IgG, Ref:12-5381-80, 
Clone #:eBio8.1.1 

1:300 

Mouse anti-Occludin Monoclonal BD Bioscicence (Cat# 611090) 1:300 
Anti-Prox-1 antibody AngioBio Co., Rabbit IgG, (Cat# 11-002P) 1:300 
Mouse anti-NeuroD1 Abcam (Cat# AB60704) 1:300 
Isolectin GS-IB4 Alexa 
Fluor 594 Conjugate 

Life Technologies I21413 1:100 – 
1:300 

488 anti-mouse CD11c clone N418, BD Biosciences 117313 1:100 
488 anti-mouse CDγε clone 145-2c11, BD Biosciences 100321 1:100 
647 anti-mouse CD1d clone 1B1, BD Biosciences 123511 1:100 
488 anti-mouse CD5 clone 53-7.3, BD Biosciences 100612 1:100 
488 anti-mouse IgM clone RMM-1, BD Biosciences 406521 1:100 
488 anti-mouse CD4 clone Gk1.5, BD Biosciences 100425 1:100 
488 anti-mouse CD8a clone 53-6.7, BD Biosciences 100726 1:100 
488 anti-mouse CD19 clone 6D5, BD Biosciences 115524 1:100 
PE anti-mouse CD279 
(PD-1) 

clone J43, eBioscience Monoclonal 12-9985-82 1:100 
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PE anti-mouse CD274 
(PD-L1) 

clone MIH5, eBioscience Monoclonal 12-5982-82 1:100 

 

2.3 Tissue processing 

For fixed tissue, pups younger than 14 days old were decapitated and brains were removed and 

placed directly into 4% paraformaldehyde (PFA). Animals 14 days and older were anesthetized 

and cardiac perfusion was performed using 10 ml of PBS, then 10 ml of 4% PFA, followed by 

dissection of the brain. Brains used for histological stains, Evans Blue visualization, in situ 

hybridization or immunostaining were then fixed in 4% PFA overnight at 4°C, whereas brains 

used for X-gal staining were fixed in 2% PFA with 2 mM MgCl2 and 1.25 mM EGTA (ethylene 

glycol tetraacetic acid) for 45 min at 4°C. All tissues were then washed in PBS, cryoprotected in 

30% sucrose/PBS overnight at 4°C, and embedded in a 50:50 mixture of Optimal cutting 

temperature compound (OCT compound):30% sucrose by freezing in chilled 2-methylbutane. For 

fresh frozen tissue, unfixed brains were dissected and embedded as described above. If used for 

immunostaining, cardiac perfusion was performed using 10 ml of cold PBS before dissection. For 

lasercapture microdissection, tissue was immediately dissected and embedded without perfusion, 

for maximum RNA integrity. 

 

2.4 Granule neuron progenitor (GNP) isolation 

GNPs from the EGL or lesion-associated GNPs from P14 and P30 Ptch+/− mice were purified from 

cerebella by percoll gradient separation and pre-plating, as described previously [25]. Cells were 

then transferred to PDL-coated glass coverslips to proceed with immunostaining, pelleted and 

immediately resuspended in PBS for flow analysis, or resuspended in lysis buffer for RNA 

extraction. 

 



35 
 

2.5 Immunostaining 

2.5.1 PFA-fixed brain tissue 

Brains were sectioned sagittally in a Leica CM1850 cyrostat at 12 µm onto Superfrost Plus 

positively charged slides (Fisher Scientific), air dried for 1–2 hr, and stored with desiccant at 

−20°C. Prior to immunostaining, antigen retrieval was performed in 10 mM sodium citrate buffer 

(pH 6) in a rice steamer. Slides were blocked with 10% normal serum in TBLS (Tris-buffered 

saline containing 1% bovine serum albumin and 10 mM lysine) for 30 min at room temperature 

(RT).  Antibodies were diluted in TBLS and incubated overnight at 4°C. Sections were incubated 

with Alexa fluor secondary antibodies (Molecular Probes) of the desired fluorescence (excitation: 

488, 555 and 647) at 1:1000 for 1 hr at RT, and nuclei were stained with Hoechst before 

coverslipping with fluorescence mounting medium (Dako S3023). For co-immunostaining, both 

primary and both secondary antibodies were incubated simultaneously. 

 

The following modifications were performed for peroxidase-based immunohistochemistry (IHC): 

Before blocking, endogenous peroxidases were quenched by incubating slides in 0.3% hydrogen 

peroxide in PBS for 15 min at RT. Biotinylated secondary antibodies were used at 1:200 (Dako), 

followed by incubation with avidin-biotin peroxidase (Vector Laboratories, PK-4000) for 40 min 

at RT, color development with 2.5% diaminobenzidine, and a brief counterstain with hematoxylin 

before mounting in 50:50 glycerol:PBS. 

 

2.52 Acetone-fixed brain sections 

Fresh frozen brains were cryosectioned at 12 µm on to Superfrost Plus positively charged slides 

(Fisher Scientific), air dried for 1–2 hrs, and slides were dipped in acetone for 20 seconds prior to 

storage at −80 oC until staining. Before staining, slides were fixed in ice cold (-20oC) acetone for 

10 min, washed in ice cold (-20oC) 70% ethanol for 5 min followed by several washes in RT PBS, 
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and blocked with 10% normal serum in PBS. Primary antibodies were diluted in 3% normal serum 

and incubated overnight at 4°C, followed by secondary antibody detection and mounting, as 

described above. For the Pax6/CD31/EdU triple stain, the EdU was detected immediately 

following Pax6/CD31 immunostaining, using the Molecular Probes Click-iT EdU Alexa Fluor 647 

Imaging Kit according to manufacturer’s instructions. 

 

2.5.3 GNP immunostaining  
Purified GNPs, directly ex vivo or cultured were washed in sterile PBS before a 10 min fixation 

step in 4%PFA. Subsequently the cells were washed in sterile PBS and stained, as outlined in 

section 2.4.1. For the endogenous Fzd4 receptor stain, 10mM of α-Fzd4 or control α-KLH antibody 

were added into the culture media 10 min prior to wash and fixation. EDU pulses where performed 

4 hrs prior to fixation, unless specified otherwise, with 10μM of EDU added directly into the 

culture media. For each stain or co-stain, at least 1 coverslip from 3 or more different biological 

samples was stained and examined. 

 

2.5.4 Image stream/flow cytometry 

Animals at the desired age were pulsed with 10mg/ kg of EDU IP prior to harvest. Cells were 

dissociated, as specified in section 2.4.3 and quantified by hemocytometer. 106 cells were placed 

into a 15ml falcon tube, spun down for 5 min at 400gs, washed (1XPBS +2%FBS and 0.1% 

Sodium aside), spun down again and fixed for 10minutes in 4%PFA (with constant agitation). 

Subsequently the cells were washed in sterile PBS and permeabilized by re-suspending in PBS + 

0.025% Tween20 on the rocker for 5 min at RT. Cells were subsequently spun down, washed in 

fresh PBS twice and blocked by re-suspension in 1ml 10%GS/PBS on the rocker for 30 min at RT. 

Primary antibody incubation was performed overnight at 4 oC with rocking, followed by several 
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washes in PBS and the secondary antibody incubation was performed at RT for 1hr. Cells were 

subsequently stained with Hoechst or EdU staining was performed prior to Hoechst staining 

(Image stream: Hoechst = 2 μl in 2ml of PBS). Cells were then spun down and re-suspended in 

500 μl of sterile PBS for imagestream/Flow analysis.      

 

2.6 Retinal whole-mounts  
For retinal whole mount analysis, mice were perfused with 10 ml of PBS followed by 10 ml of 4% 

PFA, eyes were removed and the nasal caruncle was preserved during dissection. The retinas were 

placed in cold HBSS and a suture was inserted into the dorsal pole. Retinas were dissected into 

flat mounts with 4 radial incisions, with the longest incision located at the dorsal pole. Following 

the removal of the pigmented epithelial layer the retinal flat mounts were post dissection fixed in 

4%PFA for 10 min. The retinas were washed in PBS + 0.5% TritonX-100 and permeabilized in 

500 μl of PBS + 0.5% TritonX-100 for 15 min at -80oC. Afterwards the retinas were removed and 

thawed at RT, washed several times in PBS + 0.5% Triton X-100 and blocked in 2% normal Goat 

serum in PBS + 2% Triton X-100 for 1 hr at RT. Isolectin GS-IB4 Alexa Fluor 594 Conjugate 

(1:100, Life Technologies I21413) was diluted in blocking buffer and incubated over night at 4oC. 

The following day the retinas were washed several times in PBS + 0.5% Triton X-100, followed 

by PBS, transferred to a slide with the photoreceptors facing the glass slide, cover slipped with 

Dako fluorescent mounting medium and sealed with clear nail polish [145]. 

 

2.7 X-gal staining  

Slides with 12 µm cryosections of 2% PFA-fixed brains were air-dried for 1 hr, placed in X-gal 

reaction buffer (1 mg/ml X-gal with 5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 

2 mM MgCl2, 0.02% IGEPAL, 0.01% sodium deoxycholate in 0.1 M phosphate buffer), incubated 
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overnight at 37°C, then washed and mounted with 50:50 glycerol:PBS. For co-X-gal/IHC stains, 

IHC was performed as described above, immediately after incubation in X-gal reaction buffer. For 

each X-gal stain or X-gal/IHC co-stain, at least 4 separate sections from n = 3 cerebella were 

examined. 

 

2.8 In situ hybridization  

Digoxigenin (DIG)-labeled antisense RNA riboprobes were prepared by in vitro transcription from 

linearized plasmids containing complete or partial cDNA sequences of the following mouse genes: 

Atoh1 (a gift from Dr. Carol Schuurmans), Mycn, and Ccnd1. ISH was performed as previously 

described [221], with the following modifications: Slides were incubated 1 to 5 hrs in staining 

buffer containing NBT and BCIP, and slides were mounted in 50:50 glycerol:PBS. For each probe, 

at least 3 separate sections from n = 3 tumors were examined. 

 

2.9 Hematoxylin and eosin staining (H&E) 

4%PFA fixed sections were used. Before the staining, fresh ethanol (50%, 70%, 80%, 95% and 

100%) was prepared, Eosin Y stain (Ricca 2850-32) was reconstituted as specified by the 

manufacturer and Mayer’s hematoxylin solution (Sigma MHSγβ) was filtered through a filter 

paper (Whatman paper). Slides were rinsed in PBS for 2 min and placed into Hematoxylin solution 

for 3 min. Excess hematoxylin was rinsed off in tap water (until purple coloration stopped coming 

off of the slides), and briefly dehydrated by incubating the slides for 1 min in increasing 

concentrations of ethanol (50%, 70%, 80%, 95% and 100%). The slides were then very briefly (3-

4 seconds) placed in Eosin. The excess Eosin was rinsed off in tap water (until pink coloration 

stopped coming off of the slides) and subsequently incubated for 1 min in increasing 

concentrations of ethanol (50%, 70% and 95%), followed by 1.5 min in 100% EtOH. Afterwards 
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the slides were incubated in xylene for 5 min prior to mounting with permount (Fisher SP15-100) 

and glass coverslip. H& E were used for lesion number and lesion volume quantifications.   

 

2.10 Fzd4 blocking antibody, pertussis toxin (Ptx), α-CD20, α-Angpt2 and EdU 

administration 

Anti-Fzd4 and anti-KLH control antibodies were generated as described [222], and functionally 

tested in vivo before use. Antibodies were diluted in PBS to 3 mg/ml immediately prior to 

administration, and injected intraperitoneally at a dose of 30 mg/kg. Ptch+/− animals in lesion 

studies were injected once at P7, whereas Ptch+/− animals in the Kaplan-Meier survival study were 

injected at P7 followed by a booster dose at P16, an age when the phenotypic effects of a P7 

injection are still present (Paes et al., 2011).  

 

Ptx was functionally tested in vivo before use. Ptx was diluted in PBS to 5 mg/ml and pups received 

intraperitoneal injections of 120 ng Ptx or PBS vehicle control at P7, P9, P11 and P13.  

 

CD20 and isotype matched control KLH were functionally tested in vivo before use. Anti-CD20 

monoclonal (clone MB20-11) antibodies were obtained from Genentech, Inc. Ndp-/Y;Ptch+/- 

animals were treated IP at Pβ, P7 and P11 with β0ug/animal of α-CDβ0 or isotype matched α-

mIgG2A antibody. 

 

Angpt2 and isotype matched control mIgG2A were functionally tested in vivo before use. Anti-

Angpt2 monoclonal (clone LC06) and isotype match control were obtained from Genentech, Inc. 

Functional stocks of 1-0.5 μg/μl were generated prior to use, Ndp-/Y;Ptch+/- animals were treated 

IP at P7 and P11 with 10mg/kg of an α-Angpt2 or isotype matched control antibody. 
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EDU labelling. Animals were injected intraperitoneally with a dose of 10 mg/kg EdU 4 hr prior to 

sacrifice. 

 

2.11 EGL/lesion measurements and analysis of immunostainings 

For EGL/lesion measurements, sagittal 12 µm serial sections of cerebella were collected and 

examined along the mediolateral axis at intervals 144 µm apart, by hematoxylin and eosin (H and 

E) or cresyl violet staining, and blinded images at 5x magnification were captured. To quantify 

EGL thickness, three images (at identical locations at the cerebellar vermis between lobules VII 

and VIII) from n = 3 animals per genotype were analysed. 

To quantify whole cerebella, EGL/ML and IGL area, a composite image of the entire cerebellum 

was imported into ImageJ, the scale was set based in the scale bar of the image. The desired layers 

were traced out and ImageJ quantified the area (mm2) it occupied. 3 neighboring images from 3 

different animals were quantified per genotype. 

The quantification of the number of PH3+ cells in the EGL, was performed by manually counting 

the number of PH3+ cells within a composite image of the entire cerebellum. At least 3 

neighboring images from 3 different animals were quantified per genotype. 

To quantify lesion number or volume, lesions were carefully followed continuously along the 

entire mediolateral axis, and scored as an individual lesion only if they remained spatially separate 

from all other lesions in every section. Lesion volume (mm3) was calculated by measuring the 2-

D area (mm2) of each lesion section using ImageJ, multiplying it by the thickness separating each 

section from its neighbor (0.144 mm) to obtain the volume of each slice, and adding the individual 

slice volumes to obtain a total volume. 
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To assess the vascularized, leaky vessel or CD45 accumulation status of the lesions, sagittal 

sections between 100 and 250 µm apart were examined along the entire mediolateral axis for Evans 

blue accumulation or stainings (anti-ColIV, Laminin, CD31, PLVAP or CD45) to sample the entire 

lesion.  

To quantify stains in lesions (PH3, cleaved caspase-3, NeuN, CD31, Laminin, PLVAP or 

PDGFRȕ) immunostaining, 3 to 4 blinded sections from each lesion at 10x or 20x magnification 

were analyzed. Using ImageJ, the number of PH3+ cells per unit area or percent area stained for 

caspase-3, NeuN, CD31, Laminin or PLVAP were determined. Quantification involving lesion 

vasculature included all lesion-associated vessels, whether they were 1) on the outer surface of the 

cerebellum, 2) deep in the cerebellar folds but still meningeal, or 3) growing into the 'lesion proper'.  

To quantify the number of PH3+ or Lef1+ cells per endothelial area, 3 sections per lesion were 

first imaged at 20x magnification by epifluorescence to measure endothelial cell area via tracing 

of CD31+ vessels and to identify potential double labelled candidates. Sections were then 

examined by confocal microscopy to confirm double-labelled cells. 

 

2.12 Evans Blue injections and visualization 

A 2% weight/per volume Evans Blue (Sigma) solution in 0.9% saline was administered by 

intraperitoneal injection at 4 µl/ g of body weight and allowed to circulate overnight. Following 

perfusion and fixation in 4% PFA as described above, whole brains were photographed and 12 µm 

cryosections were then visualized under the far red fluorescence filter. The same or immediately 

adjacent section was H& E- or anti-ColIV-stained to provide a matched image. 
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2.13 Assessment of the lymphatic density 

The quantification of lymphatic density was performed by analyzing 3-4 neighboring sections (of 

the indicated area, e.g. normal EGL) from 3-4 animals of the indicated genotype, imaged at 20x 

magnification. Using ImageJ, the pixels were quantified and normalized to the blood vasculature. 

The different vascular density measurement for a specified area from a single animal was averaged 

and used to generate the figure. 

 

2.14 Quantification of proliferation and DNA damage in GNPs 

The quantification of the proliferative index in dissociated GNPs was performed by analyzing 5 

images (20x magnification) per coverslip and 3-4 coverslips per condition. The fluorescent pixels 

of a given channel (e.g. EdU) were quantified and normalized to Hoechst. The images from a 

coverslip were averaged and used to generate the bar graph. 

The quantification of DNA damage in acutely dissociated GNPs of the indicated genotypes was 

performed by analyzing 3-4 images (40x magnification) per coverslip and 3 coverslips per 

genotype. In imageJ the individual channels were separated and the Hoechst channel was used to 

outline the nucleus in an automated fashion, which was superimposed onto the Ȗ-H2AX channel. 

The Ȗ-H2AX was subsequently converted into a binary image and manually quantified.  

 

2.15 Flow cytometry analysis  

Unstained and single stain controls were used to establish the compensation grid and the voltages 

of the forward and side scatter prior to every experiment. Cells were run on a flow cytometer 

(CANTOII (BD biosciences)) and the gates were placed post acquisition on the gather data to 

define and quantify the abundance of the different lymphocyte populations. 
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2.16 Neurosphere primary and secondary using the limited dilution assay LDA  

GNPs were dissociated, as described in section 2.4.3, and cultured in a 96 well plate for 10 days 

[223], with serum supplementation on day 7. The inner 60 wells (B2-G11) were used for 

quantification, which was carried out by scoring each well as positive or negative for the presence 

of neurospheres and the data were analyzed using ELDA online analysis software 

(http://bioinf.wehi.edu.au/software/elda/). The ELDA analysis tool performs the calculation of the 

sphere forming cell frequency and the significance of the result by chi squared test. Secondary 

cultures were performed by dissociating the neurospheres in the first 3 rows with Accutase (sigma 

A6964-100ML) and subsequent re-plating as described in above for a 10 day incubation and 

neurosphere quantification. 

 

2.17 Laser capture microdissection 

Fresh frozen cerebella were sectioned at 10 µm onto Superfrost microscope slides (Fisher 

Scientific) and placed immediately on dry ice before storage at −80°C for no more than 5 days 

before microdissection. Sections were stained and dehydrated by passing through RNase-free 

coplin jars with solutions made in DEPC-treated distilled water, as follows: 30 s in 75% ethanol, 

30 s in distilled water, 2 min in 1% toluidine blue in distilled water, 30 s in distilled water, 30 s in 

75% ethanol, 30 s in 95% ethanol, 1 min in 100% ethanol (2 times), and 5 min in xylene. All 

staining solutions except xylene contained RNase inhibitor (Sigma R7397). Slides were 

immediately microdissected using the ArcturusXT laser capture microdissection system (Life 

Technologies) in infrared mode, according to the manufacturer’s instructions. 6 to 10 sections from 

each lesion were captured onto CapSure macro LCM caps (Life Technologies), transferred 

immediately to RLT plus lysis buffer (Qiagen) with ȕ-mercaptoethanol, briefly vortexed, and 

stored on dry ice until RNA extraction. 
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2.18 RNA purification and quantitative RT-PCR 

For microdissected lesion tissue, total RNA was extracted using the RNeasy Plus Micro kit 

(Qiagen) with genomic DNA eliminator columns, and amplified complementary DNA (cDNA) 

was prepared with the Ovation Pico WTA System Vβ (NuGEN) according to the manufacturer’s 

instructions. RNA integrity was assessed by an Agilent 2100 Bioanalyzer (Agilent Technologies) 

from slide scrapes. For all other samples, total RNA was extracted from freshly isolated/dissected 

GNPs, cerebellar tumor (with careful preservation of clean margins) or retina tissue using the 

RNeasy Mini Kit (Qiagen). First-strand cDNA was synthesized using the QuantiTect Reverse 

Transcription Kit (Qiagen), with and without reverse transcriptase to assess genomic 

contamination during downstream RT-PCR. For all samples, target gene mRNA levels were 

determined by quantitative RT-PCR (qRT-PCR) using iQ SYBR Green Supermix (Bio-Rad) and 

a MyiQ iCycler (Bio-Rad). Primer pairs were designed using PRIMER-blast 

(http://www.ncbi.nlm.nih.gov/). 

Table 2. qRT-PCR primer list 

Gene Primer sequence (5’ to γ’) 
Gapdh Forward GGCCGGTGCTGAGTATGTCG 
Gapdh Reverse TTCAAGTGGGCCCCGGCCTT 
Ndp Forward CCCACTGTACAAATGTAGCTCAA 
Ndp Reverse AGGACACCAAGGGCTCAGA 
Fzd4 Forward GACAACTTTCACGCCGCTCATC 
Fzd4 Reverse  CCAGGCAAACCCAAATTCTCTCAG 
Lrp5 Forward  GAGGAGTTCTCAGCCCATCC 
Lrp5 Reverse GATCAGGGGAGCAGGTAGGA 
Tspan12 Forward  GATTGCTGTCTGCTGCTTCC 
Tspan12 Reverse ACTGTACTGGCACCATAACCTC 
Ptch1 exons2-3 Forward CTCCTCATATTTGGGGCCTT 
Ptch1 exons2-3 Reverse AATTCTCGACTCACTCGTCCA 
Gli1 Forward ACATGCTGGTGGTGCACAT 
Gli1 Reverse AGGCGTGAATAGGACTTCCG 
Mycn Forward GCGGTAACCACTTTCACGAT 
Mycn Reverse AGTTGTGCTGCTGATGGATG 
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Esm1 Forward ACAGGGTGACCGGAAGATGT 
Esm1 Reverse AGTCACGCTCTGTGTGGGAG 
Plvap Forward TGACTACGCGACGTGAGATG 
Plvap Reverse CTCGCTCAGGATGATAGCGG 
Emcn Forward CTCCCGAAGGAACGACCAAAA 
Emcn Reverse GGACCTTCAGTTGTTGTTCCC 
Lyve-1 Forward ACTTGCAGCTATGGATGGGT 
Lyve-1 Reverse GGAGTTAACCCAGGTGTCGG 
VEGFR3 Forward CCGCAAGTGCATTCACAGAG 
VEGFR3 Reverse TCGGACATAGTCGGGGTCTT 
Pecam1 Forward  GGAATACCAGTGCAGAGCGG 
Pecam1 Reverse CCTCGTTACTCGACAGGATGG 
Angpt2 Forward AGAGGAGATCAAGGCCTACTGT 
Angpt2 Reverse GCCATCTTCTCGGTGTTGGA 
Wnt1 Forward ATAGCCTCCTCCACGAACCT 
Wnt1 Reverse GATGAACGCTGTTTCTCGGC 
Wnt2 Forward ACCTGATGTAGACGCAAGGG 
Wnt2 Reverse GGCCAAAGAGGCTGTGATCT 
Wnt2b Forward GTGTAGACACGTCCTGGTGG 
Wnt2b Reverse TGTCTGGGTAGCGTTGACAC 
Wnt3 Forward CACAACACGAGGACGGAGA 
Wnt3 Reverse AATCTACCCCTTCCCAGTGC 
Wnt3a Forward AGTGCCAGCACCAGTTCC 
Wnt3a Reverse CATGGACAAAGGCTGACTCC 
Wnt4 Forward CCGGGCACTCATGAATCT 
Wnt4 Reverse CACGCCAGCACGTCTTTAC 
Wnt5a Forward TGAAGCAGGCCGTAGGAC 
Wnt5a Reverse AGCCAGCACGTCTTGAGG 
Wnt5b Forward GAGAGCGTGAGAAGAACTTTGC 
Wnt5b Reverse GGCGACATCAGCCATCTTAT 
Wnt6 Forward CTGCAGCAGGACATCCGAGA 
Wnt6 Reverse TGTGCTGCGCATCCATAAAG 
Wnt7a Forward GGACTATGACCCGGAAAGC 
Wnt7a Reverse CAGAGCTACCACCGAAGAGAA 
Wnt7b Forward CGTTAGTCACTCTTGGCGGG 
Wnt7b Reverse CAATGCTCTGTAAGATGGCGG 
Wnt8a Forward   CAGTGAACAACTTCCTGATAACCG 
Wnt8a Reverse   GCGGATGGCATGAATGAAGG 
Wnt8b Forward   CCAGCCATGGTGGACTTC 
Wnt8b Reverse   CGAGGCTGCAGTTTCTAGTCA 
Wnt9a Forward   AGACTGCTTTCCTCTACGCC 
Wnt9a Reverse   GTTGTGGAAGTCCACTCGGG 
Wnt9b Forward   GTGCTCACCTGAAGCAGTGT 
Wnt9b Reverse   CTCCTTAAAGCCTCTCTGGAGC 
Wnt10a Forward   TTCAGCCGAGGTTTTCGAGAG 
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Wnt10a Reverse   CTGGGCTGGCAGGAAGTATG 
Wnt10b Forward   TTCACGAGTGTCAGCACCA 
Wnt10b Reverse   AAAGCACTCTCACGGAAACC 
Wnt11 Forward   AGAGCCGAGCACAACTGAC 
Wnt11 Reverse   GGATAGGGAGAGTGCGGAAC 
Wnt16 Forward   ATGTCCAGTACGGCATGTGG 
Wnt16 Reverse   CCAGCAGGTTTTCACAGCAC 

All RT-qPCR samples were run in duplicate or triplicate, with a minimum of 3 biological 

replicates, normalized to Gapdh. The results were expressed relative to a reference tissue or sample 

as indicated in the figure. 

 

Primers were optimized using a 5-point standard curve of 2-fold diluted composite cDNA from 

relevant tissue and deemed acceptable with an R2 > 0.95, a percent efficiency between 90-110%, 

a sharp single point melt curve, positive controls with Ct values > 10 cycle difference compared 

to no RT control samples, and expected amplicon size by agarose gel electrophoresis. All samples 

were run in triplicate, normalized to Gapdh, and quantified relative to the reference tissue 

indicated. For qRT-PCR for microdissected lesions, the expression of genes known to be highly 

expressed in lesions (Gli1, Mycn) were assessed in parallel to Ptch, along with microdissected 

tumor samples known to have Ptch1 loss of heterozygosity (LOH), or microdissected EGL known 

to have high levels of Ptch expression. Ptch LOH status was assigned by quantification relative to 

microdissected tumors with known LOH. 

 

2.19 Microarray analysis of mouse tissue 

Total RNA extracted from MB or GNPs was analyzed with the MouseWG-6 v2.0 Expression 

BeadChip array platform. Illumina BeadStudio outputs were analyzed and annotated with R 

packages limma [224] and illuminaMousev2.db version 1.26.0. Data were processed with neqc 

function [225]. The hierarchical clustering and the principal component analysis plots were 
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prepared from the 1500 most variable probes across all samples in terms of interquartile range, 

after data processing (background correction, normalization, and log-transformation), and filtering 

out probes annotated as Bad and No Match. Significantly altered probes were detected with the 

linear modeling approach and empirical Bayes statistics of limma [226]. Gene Ontology (GO) 

cellular components enrichment was investigated using DAVID [227] for probes with adjusted P 

value below 0.05 and higher fold changes (>1.0) between NdpKO;Ptch+/− and Ptch+/− tumors. The 

tables in Figure 3 display the GO terms with P values<0.05. In an analogous manner we analyzed 

samples from purified P6 GNPs. The principal component analysis plot was prepared from the 

1,500 most variable probes as above. 

 

2.20 Human tumor samples and expression analysis 

NDP expression profiles were determined across three independent cohorts with the R2 database 

analysis tool (http://r2.amc.nl), using publically available datasets from Heidelberg [228], Toronto 

[57] and Boston [229]. The following probes were used for analysis: Toronto (Affymetrix Exon 

1.0 T Probe Accession: 4006280), Heidelberg (Agilent 4 x 44 k Probe Accession: A_23_P73609) 

and Boston (Affymetrix u133a Probe Accession: 206022_at). P values represent ANOVA across 

the four subgroups. Survival analysis in Figure 1 was performed on the MAGIC dataset of 

clinically annotated SHH tumors (Affymetrix Human Gene 1.1 ST, Probe Accession: 8172220) 

[230, 231]. Log2 transformed expression values of NDP were then ranked as the bottom 10th 

percentile of expression versus the top 10th percentile. Survival was calculated using the log-rank 

method in the R-Statistical Environment (v3.1.3) using packages survival (v2.37–7) and ggplot2 

(v1.0.0). 
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2.21 Statistics 

Sample sizes and statistical significance are reported in figures and figure legends. Animals that 

entered survival experiments (Ptx, α-CDβ0 and α-angpt2 treatment) were randomly assigned to 

the treatment or control groups. The significance of all presented survival curves were determined 

with the use of logrank test (GraphPad). Lesion number, vessel or Laminin density, number of 

endothelial PH3+ cells, Stem cells abundance, proliferation index, qRT-PCR, weight and 

cerebellar area were analyzed by one-way ANOVA with Tukey post-hoc comparisons. 

Comparison of lesion volumes, tumor latency and immune cell flow cytometry results were 

analyzed by two tailed student t-test. The proportion of vascularized and tumor incidence were 

analyzed by the hypergeometric test. The number of endothelial Lef1+ nuclei was assessed by a 

one-way ANOVA and Fischer’s LSD post hoc comparison. The significance of the neurosphere 

assay was calculated by the online ELDA website using the chi squared test. The significance of 

the DNA damage analysis was performed by using the Mann-Whitney U test. A Levene’s test for 

homogeneity of variance and normality tests were used to verify parameters for parametric 

analysis. 
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Results 

Chapter 3: Characterization of the role of Ndp signaling in cerebellar development and 

Ndp/Fzd4 signaling in MB initiation and progression.  
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3.1 Ndp is expressed in GNPs, in addition to mouse and human medulloblastoma (MB)   

To assess the potential contributions of an active angiogenic program to PNL formation 

and progression in Ptch+/- cerebellum, we serial sectioned and sampled entire lesions at postnatal 

(P) day 14. The samples were immunostained with the vascular basement membrane marker 

CollagenIV+ and counterstained with Haematoxylin to identify lesions. The age P14 was selected 

as it corresponds to a stage when the external granule layer (EGL) is 2-3 cell layers thick and when 

PNLs are reliably detectable. In Ptch+/- mice at P14 we observed a minority (24%; Figure 6A) of 

the identified lesion were vascularized (Figure 6A). Interestingly, the lesions that activated the 

angiogenic program and recruited novel vasculature were significantly larger in volume (0.18mm3) 

(a measurement which is often used as an indicator of neoplasia progression in Ptch+/- mice) as 

compared to their non-angiogenic counterparts (0.029mm3, Figure 6B). The observation of an 

increased volume size upon vascular recruitment promoted us to explore the lesion-vascular 

interaction further. We took advantage of the well-characterized Norrin/Fzd4 signaling pathway, 

which has been shown to activate the canonical Wnt signaling pathway and mediate neuronal-

endothelial communication in the cerebellum to maintain BBB integrity [84, 85, 96, 232]. We used 

male Ndp-/y mice, a mouse line which has a lacZ gene inserted into the Ndp locus to explore the 

expression pattern of Ndp [85]. We visualized the temporal (P0, P7 and P14) expression pattern 

of Ndp in the developing cerebellum by examining ȕ-galactosidase (ȕ-gal) activity by X-gal 

staining (Figure 6D-E). In the developing cerebellum, ȕ-gal activity was detected in the Purkinje 

cell (PC) layer (Figure 6 D-E), white matter layer (Figure 6D-E) and the external granule layer 

(EGL) (Figure 6D-E), which is consistent with previously reported expression data using an 

Alkaline phosphatase (AP)-knockin to the Ndp locus (Ndp-AP) [97]. In the Purkinje cell layer, the 

ȕ-gal staining pattern is interpreted to indicate the expression in Bergmann glia cells, given the 

small punctate cellular morphology, in addition to the previously reported radial fibers spanning 
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the molecular layer observed in the Ndp-AP reporter mouse line [97]. However, in the white 

matter, ȕ-gal expression overlapped with myelin basic protein (MBP) expression (Figure 6E), 

potentially implicating oligodendrocytes as a source of Norrin expression.  

The expression of Ndp was also detected in the EGL (Figure 6D-E), the cellular layer that 

is composed predominantly of GNPs and the cells of origin of Shh-MB [55, 233]. GNPs have a 

period of peak proliferation between postnatal days P5-P8 [234, 235]. Combined X-gal staining 

and immunohistochemistry (IHC) at P7 revealed that Ndp expression is concentrated in the outer 

layer of the Pax6+ (a marker of granule neurons and their progenitors) EGL (Figure 6E), which is 

the highly proliferative, phosphohistone H3 (PH3)+ portion of the EGL (Figure 6E).  

To further examine the role of Norrin expression in tumorigenesis in Ptch+/- mice, we 

focused our attention on GNPs, the relevant cell type in Shh-MB. We compared Ndp expression 

in Ptch+/- GNPs isolated from the surface of the cerebellum at different temporal stages in MB 

progression. While Ndp expression levels were slightly, but not significantly, reduced in Ptch+/- 

GNPs at pre-lesion (P7) and early lesion (P14) stages (Figure 6F), Ndp expression exhibited a 

downwards trend in GNPs isolated at the lesion progression stage (P30) and reached significance 

in the established MB (Figure 6F). Subsequently, we continued our investigation by comparing 

the expression of Ndp in the different MB subgroups from human samples by micro-array analysis 

(Figure 6G). MB can be subdivided into Shh and Wnt, MBs which develop from the deregulation 

of the respective developmental pathways, in addition to group 3 and group 4 MB, which are not 

as well biologically characterized [59]. We examined Ndp expression in two different sample 

cohorts, Toronto and Boston, and in both cohorts the expression of Ndp was significantly enriched 

in the Shh subgroups as compared to the other MB subgroups (Figure 6G). Interestingly, with a 

limited sample size, we observed a trend towards a reduction in survival in Shh-MB patients with 
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tumors exhibiting the lowest level of Ndp expression (lowest 10th percentile) as compared to the 

patients with the highest expression level (highest 10th percentile) (Figure 6H). 

These results illustrate that Ndp is expressed by mouse GNPs, the precursor cells to Shh-

MB, during a period of peak proliferation and in established human and mouse MB samples. The 

reduction in Ndp expression correlates with tumor progression in mice, a trend that is reminiscent 

of the reduced survival outcome in human patients with a reduced expression in Ndp. These results 

drove us to further our investigation into the role of Norrin in normal cerebellar development and 

tumorigenesis.     
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Figure 6. Ndp expression in Shh-MB, Shh-MB precursors and in human Shh-MB.  

(A) Representative Immunohistochemistry staining for Collagen IV (ColIV), counterstained with 
hematoxylin in Ptch+/- sagittal cerebellum sections, illustrating non-vascularized (red outline) and 
vascularized (green outline) lesions. (B) Quantified volume of identified lesions in (A), 
represented as boxplots, illustrating the statistically larger volume in the vascularized as compared 
to non-vascularized lesions. (C) Simplified schematic diagram of Norrin and associated receptors 
required to activate canonical, ȕ-catenin (ȕ-cat) dependent, Wnt signaling. (D) X-gal stainings 
(blue) examining Ndp expression in sagittal sections from Ndp-/Y mice, which have an Ndp-lacZ 
knock in allele, at the indicated ages. (E) Combined X-gal (blue) and immunohistochemistry 
staining (IHC, brown) for phospho-histone H3 (PH3), Pax6, and myelin basic protein (MBP) in 
P7 Ndp-/Y mice, highlighting the elevated expression of Ndp in the highly proliferative (PH3+) 
external layer of the EGL. (F) Box plot representation of the temporal expression profile of Ndp 
in purified GNPs from Ptch+/- at the indicated ages and Ptch+/- MB lysate (ages ranging from 3 to 
10 months of age), normalized to Ndp expression in WT P7 GNP. (G) Box plot illustration of the 
expression of NDP in two different cohorts (Boston, left; Toronto, right) of human MB samples 
obtained by array profiling and clustered by molecular subgroup (H) Kaplan-Meier survival curve 
illustrating the overall survival of Shh-MB patients with high (top 10th percentile) and low (bottom 
10th percentile) of NDP expression in human MB samples. External granule layer (EGL); granule 
neuron progenitor (GNP); Purkinje cell layer (PCL); molecular layer (ML); white matter (WM); 
internal granule layer (IGL); cerebellum (CB); medulloblastoma (MB). Scales and number of 
biological samples examined (n) are indicated in the figure. The error bars of figures (B and F) 
represent the standard error of the means. Figure adapted from [236] 
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3.2 Loss of Ndp does not alter normal cerebellar development   

To explore the role of Norrin signaling during normal cerebellar development, Ndp+/Y and 

Ndp-/Y mice were used to assess various gross morphological features such as: the weight (of the 

animals, the whole brain and the isolated cerebellum), the area (or different cellular layers) and the 

proliferative index (PH3+ - in the EGL) in the cerebellum. We observed no significant difference 

between the weights of the animals from the two genotypes (Figure 7B). In addition, we observed 

no significant difference in the weight of the brain and cerebellum between P7 Ndp+/Y and Ndp-/Y 

littermates, after normalizing to the whole body weight, (Figure 7C-D), indicating that loss of Ndp 

does not alter gross morphological features such as; whole body, whole brain or cerebellum 

weight.  

To further explore the possible effects of loss of Ndp on normal cerebellum development, 

we quantified the area of the entire cerebellum, the EGL + molecular layer and the IGL of sagittally 

sectioned P14 Ndp+/Y and Ndp-/Y samples. The analysis was performed by measuring 3 adjacent 

sections from the midline of 3 different animals per genotype. We chose to examine the area of 

the specified layers, as we predicted that gross change in cell number would alter the area 

measurement. The aforementioned layers of the cerebellum were selected to explore global 

changes in total cerebellar number (whole cerebellum area), or GNP specific alterations in 

proliferation (EGL + Molecular layer) or differentiation (the IGL). We observed no significant 

difference in the area of the entire cerebellum (Figure 7E), EGL+ molecular layer (Figure 7F) or 

the IGL (Figure 7G) of Ndp-/Y and Ndp+/Y mice. We subsequently performed a cursory exploration 

of the proliferative index in the cerebellum of these animals by quantifying the number of GNPs 

in M-phase (PH3+) found in the EGL. We observed no significant difference between the numbers 

of PH3+ GNPs in the EGL of Ndp-/Y or Ndp+/Y mice (Figure 7H). These results are consistent with 

the literature, where the number of granule neurons within the IGL of Ndp knockout (Ndp-/Y) and 
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NdpWT (Ndp+/Y) animals was compared and revealed no significant difference between the two 

genotypes [237]. This lack of difference in the absence of Norrin could be the result of 

compensation from other Wnt ligands. We explored this possibility by isolating GNPs from WT 

P6 cerebella and, using qRT-PCR, examined the mRNA expression, of all the known Wnt 

molecules normalized to their respective expression in whole P6 WT cerebella. We could readily 

observe several other Wnt ligands for which expression was enriched in GNPs as compared to 

whole cerebellum lysate (Figure 7I). Particularly interesting Wnt ligands include Wnt3a and 

Wnt5a, which have been shown to be able to bind Fzd4 and activate canonical Wnt signaling [238, 

239], potentially being able to compensate for the loss of Ndp. The loss of Ndp in WT animals 

does not adversely affect normal cerebellar development, since we did not observe any signs of 

gross morphological or proliferative alterations upon its loss.  
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Figure 7. Gross morphological analysis of NdpKO and NdpWT cerebella and Wnt 

expression in purified P6 WT GNP.  
(A) Illustration of a P14 WT cerebellum denoting the EGL (outlined in a dotted red line), ML 
(apically delimited by dotted red line and basally by the solid beige line) and IGL (outlined in the 
solid beige line) analyzed in (F) and (G), respectively. (B-D) Analysis of various gross 
morphological features, such as the weight of: (B) the animal, (C) the brain normalized to 
bodyweight and (D) the isolated cerebellum normalized to body weight in P7 WT and NdpKO 
animals. (E-G) Analysis of the area of different cellular layers: (E) the entire sagittal cerebellar 
section, (F) the EGL + ML and (G) the IGL from sagittally sectioned P14 WT and NdpKO 
animals. (H) Quantification of the average number of PH3+ cells identified in the sagittal sections 
of the EGL from P14 WT and NdpKO littermates. (I) qRT-PCR of the expression of all the 
different known Wnt ligands in purified P6 WT GNPs normalized to Gapdh and expressed relative 
to the respective Wnt expression in P7 whole cerebella. Results are representatives of three 
biological replicates. External granule layer (EGL); molecular layer (ML); internal granule layer 
(IGL); granule neuron progenitor (GNP); N.s. = non-significant; * = No information available. 
The error bars of all figures represent the standard error of the means. Number of biological 
samples examined (n) is indicated in the figure. 
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3.3 Disruption of Norrin/Fzd4 signaling significantly enhances Ptch+/- MB formation 

Ndp has an elevated expression in GNPs located in the apical layer of the EGL at P7 (Figure 

6D-E), an area that is closely associated to the meningeal layer, which contains the EGL nourishing 

blood vessels. Interestingly, neuronal Ndp to endothelial Fzd4 signaling has a well-characterized 

role in neural-endothelial communication, which is important for BBB maintenance [84, 240]. 

Remarkably, the expression of Ndp in Ptch+/- mice exhibits a downward trend as a function of 

lesion progression (Figure 6F). In addition, we also showed that lesions that underwent an 

angiogenic recruitment are significantly larger (Figure 6B), suggesting that the activation of the 

angiogenic program is associated with tumor progression, an observation that has been observed 

in other non-CNS multistep tumor models [241-244]. To explore the role of Ndp in tumorigenesis 

further, we compared tumor development and overall survival of Ptch+/- mice on the WT as 

compared to the Ndp knockout background. Germ-line deletion of Ndp on the WT background did 

not generate tumors (Figure 8A), however, the disruption of Ndp on the Ptch+/- background 

drastically accelerated MB formation and significantly reduced overall survival (Figure 8A). Loss 

of Ndp also increased MB incidence and reduced latency (≈β fold – Figure 8B). This observation 

shows that even though other Wnts are expressed in GNPs (Figure 7I) and may be able to partially 

compensate for the loss of Ndp, they are not sufficient.  
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Figure 8. Kaplan-Meier survival curve of Ndp-/Y;Ptch+/- animals. 

(A) Kaplan-Meier survival curve of WT, Ndp-/Y, Ptch+/- and Ndp-/Y;Ptch+/- animals, exploring the 
impact of systemic deletion of Ndp on the Ptch+/- background. Ndp-/Y mice do not develop tumors, 
however 5 of 44 animals were euthanized due to advanced skin conditions. (B) Survival curve 
related information, including sample sizes, incidence and latency of the MB cases. *Died with 
confirmed MB; †Did not develop MB. WT = wild-type; N.s = not significant. Number of 
biological replicates (incidence) used are indicated in the figure. Figure adapted from [236] 
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3.4 Ndp signaling in GNP proliferation   

Norrin, a non-typical Wnt, has been shown to specifically signal through the Fzd4 receptor 

and associated co-receptors Lrp5/6 and Tspan12 [83-85] (Figure 6C), which are expressed by ECs 

[82-85]. Interestingly, we also observed the expression of these essential receptors (Fzd4, Lrp5 

and Tspan12) by qRT-PCR in purified GNP samples (Figure 9B). Furthermore, we also detected 

Fzd4 protein expression on the cell surface of dissociated GNPs (Figure 9A). To further understand 

the cellular mechanism driving tumorigenesis in the absence of Ndp expression, we focused our 

attention on determining the respective contributions of GNPs and/or ECs towards the tumorigenic 

phenotype.  

Wnt signaling has been previously shown to antagonize Shh-mediated proliferation in 

GNPs and Shh-MB [245, 246] and since Norrin is a non-typical Wnt, we began by examining 

potential contributions that Ndp/Fzd4 signaling may have on GNP proliferation (Figure 9D-E). 

For this analysis we used purified GNPs from P7 animals (Figure 9C). This time point was selected 

as it is prior to the establishment of lesions and it corresponds to the stage of maximal GNP 

proliferation in vivo [234, 235]. We modulated Ndp/Fzd4 signaling genetically (Ndp knockout) 

(Figure 9E) or pharmacologically (Dickkopf-related protein 1 (DKK-1) treatment) (Figure 9D) 

and assessed proliferation after 3 days in culture by examining EdU incorporation. Inhibition of 

Ndp/Wnt signaling in Hh-treated GNP cultures resulted in a modest, but significant increase in the 

proportion of EdU+ in Ptch+/- GNPs (Figure 9D-E). Taken together, loss of Ndp/Fzd4 signaling 

marginally increased proliferation in the context of Ptch heterozygosity.  
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Figure 9. Ndp Receptor expression and in vitro GNP proliferation assay.  

(A)Purified P10 GNPs immunostained for anti-FZD4 or anti-keyhole limpet hemocyanin (KLH), 
an isotype matched control antibody, (green) and counterstained for Hoechst (blue), white boxes 
are magnified to the right. (B) Box plot representation of qRT-PCR of essential Norrin receptor 
components (Fzd4, Lrp5 and Tspan12) from isolated mouse P6 GNPs and Ptch+/- MB samples. 
(C) Representative images of cultured GNPs, where we disrupted Ndp/Fzd4 signaling by (D) 
embryonic deletion (E) or pharmaceutically with DKK-1 treatment (C-D) in P7 dissociated GNPs 
from the indicated genotype. The dissociated GNPs were cultured for 3 days in vitro in the 
indicated conditions and on day 3 the cells were pulsed with EDU for 4 hrs. Subsequently, the 
cells were fixed, stained and the abundance of EDU was quantified by measuring the pixel 
fluorescence and normalized to Hoechst pixel fluorescence. The error bars represent the standard 
error of the means. Number of biological replicates (n) used and scales are indicated in the figure. 
Figure (A-B) adapted from [236]. 
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3.5 Disruption of Norrin/Fzd4 signaling in ECs significantly enhances Ptch+/- MB formation 
The in vitro approach used to assess the role of Norrin/Fzd4 autocrine/paracrine signaling 

in GNPs may not recapitulate the in vivo situation. It is artificial and could be masking the 

requirement for additional cell types found in vivo. To determine the specific contributions of the 

two cellular compartments to the observed MB phenotype in vivo, we selectively deleted the Fzd4 

receptor (Fzd4flox/flox) by crossing it with a Cre-recombinase (Cre), which was either expressed in 

endothelial cells (ECs) (Tie2-Cre), or in GNPs (Atoh1-Cre) on the Ptch+/- background (Figure 10A 

and C). Conditionally deleting the Fzd4 receptor alone in either cellular compartment was not 

tumorigenic (Figure 10A and C). However, the deletion of Fzd4 from ECs (Tie2Cre+/-;Fzd4Flox/Flox) 

was associated with a reduction in survival, which could be the result of esophageal-related feeding 

defects and progressive auditory and cerebellar degeneration, which has been previously reported 

in Fzd4 knockout mice [247]. The deletion of Fzd4 from the ECs compartment on the Ptch+/- 

background significantly reduced latency (≈4 fold) and significantly increased the incidence (≈β 

fold) of MB (Figure 10B). However, deletion of the Fzd4 receptor from the GNP cellular 

compartment did not significantly alter survival, latency or incidence of MB (Figure 10D). Taken 

together, these results reveal a novel inhibitory role for Norrin/Fzd4 signaling in Ptch+/- MB, which 

is mediated by a neural-endothelial cell crosstalk within the stroma.  
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Figure 10. Disruption of Norrin/Fzd4 signaling in ECs promotes Ptch+/- MB.  
(A) Kaplan-Meier survival curve of WT, Tie2-cre+/-;Fzd4Flox/Flox; Fzd4Flox/Flox;Ptch+/- and Tie2-
cre+/-;Fzd4Flox/Flox;Ptch+/- animals, exploring the impact of endothelial cell targeted deletion of the 
Fzd4 receptor on the Patch+/- background. Tie2Cre+/-;Fzd4Flox/Flox animals do not develop tumors, 
however they do develop esophageal-related feeding defects and progressive auditory and 
cerebellar degeneration [247]. (B) Survival curve (A) related information, including sample sizes, 
the incidence and latency of the MB cases. (C) Kaplan-Meier survival curve of WT, Atoh1-cre+/-

;Fzd4Flox/Flox, Fzd4Flox/Flox;Ptch+/- and Atoh1-cre+/-;Fzd4Flox/Flox;Ptch+/- animals, exploring the 
impact of GNP targeted Fzd4 deletion on overall survival. (D) Survival curve (C) related 
information, including sample sizes, the incidence and latency of the MB cases. *Died with 
confirmed MB; †Animals that did not develop MB. WT = wild-type; n.s. = not significant. Number 
of biological replicates (incidence) is are indicated in the figure. Figure adapted from [236] 
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3.6 Loss of Ndp alters stromal gene expression in Ptch+/- GNP and MB samples 

 To gain further insight into potential roles for Norrin signaling in driving tumorigenesis, 

we began by examining histological sections from established Ndp-/Y;Ptch+/- and Ptch+/- MB 

samples. Both Ndp-/Y;Ptch+/- and Ptch+/- MB samples displayed a classic MB histology as seen by 

Haematoxylin and Eosin stains (H&E) (Figure 11A). We further examined the expression of 

known Shh-MB neural markers (Athoh1, TUBB3 and GFAP) and Hh target genes (Gli1, Mycn 

and Ccnd1), which appeared comparable between the two genotypes (Figure 11A). 

Immunohistochemistry of MB samples from both genotypes for CD31 (PECAM1; 

platelet/endothelial cell adhesion molecule 1), co-stained with extracellular matrix (ECM) protein 

Laminin, highlighted the abundance of vasculature within the stroma (Figure 11B). With the rare 

exception, the vast majority of established cancers are very heterogeneous, which can confound 

and complicate classic histological-based analysis and classification of tumor samples [248]. We 

therefore isolated whole tumor samples from both genotypes and with the addition of P6 WT GNPs 

we performed whole genome expression profiling in order to get a better understanding of potential 

transcriptional alteration between genotypes. Using principal component clustering analysis, we 

observed that established Ndp-/Y;Ptch+/- MB, Ptch+/- MB and P6 WT GNPs samples all had very 

different gene expression signatures (Figure 11C). We further examined these transcriptional 

differences by performing hierarchical clustering and cellular component gene ontology analysis, 

which revealed that several alterations in the Ndp-/Y;Ptch+/- MB as compared to Ptch+/- MB samples 

were composed of stromal genes, particularly ECM components (Figure 11E). Several up-

regulated genes in the Ndp-/Y;Ptch+/- as compared to Ptch+/- MB samples were endothelial-specific 

components, such as Endothelial cell-specific molecule 1 (Esm1), Plasmalemmal vesicle 

associated protein (Plvap), Ephrin type-B receptor 4 (EphB4) and Endomucin (Emcn) (Appendix 

A Figure 1C-D). The up-regulation of Esm1, Plvap and Emcn was further validated by qRT-PCR 
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analysis of Ndp-/Y;Ptch+/- and Ptch+/- MB samples (Figure 11F). Interestingly, within the up-

regulated endothelial genes, EphB4 and Emcn are well-characterized vein specific endothelial cell 

markers [99, 249, 250], potentially indicating a bias towards vein specific endothelial cell fate. In 

addition we observed an up-regulation of Plvap, a marker of endothelial transcytosis and 

fenestration, which could provide an explanation for the observed increase in vascular permeability 

in Ndp-/Y;Ptch+/- as compared to Ptch+/- MB samples, as seen by the increased extravasation of 

serum protein binding dye Evans blue (Figure 11G). Some additional genes that were up-regulated 

in the qRT-PCR analysis of Ndp-/Y;Ptch+/- as compared to Ptch+/- MB samples were Pecam1 and 

Angiopoietin-2 (Angpt2), potentially suggestive of increased vascularity and an activated 

angiogenic program, respectively (Figure 11F). Taken together these results suggest that instead 

of affecting Shh signaling to drive tumorigenesis in Ptch+/- mice, loss of Ndp could be altering the 

stromal landscape to create a pro-tumor environment to drive tumorigenesis.  

 

 

 

 

 

 

 

 



67 
 

 

 

 

 



68 
 

Figure 11. Ptch+/− and Ndp-/Y;Ptch+/− MBs samples have different expression profiles. 
(A) Sections of Ptch+/− and Ndp-/Y;Ptch+/− established MB samples were stained by Haematoxylin 
and Eosin (H&E), by In Situ Hybridization for various genes including: Atoh1, Gli1, Mycn and 
Ccnd1 (purple), or stained by immunohistochemistry for class III ȕ-tubulin (TUBB3) and glial 
fibrillary acidic protein (GFAP; green) counterstained with Hoechst (blue). For each stain 3 
different tumor samples (n = 3) from each genotype were examined. (B) Sections of Ptch+/− and 
Ndp-/Y;Ptch+/− established MBs co-immunostained for CD31 (green) and pan-Laminin (red), 
counterstained with Hoechst (blue). 3 different tumor samples (n = 3) from each genotype were 
examined. (C) Whole genome expression profiles of Ptch+/− MBs, Ndp-/Y;Ptch+/− MBs and P6 WT  
GNPs were used for principal component analysis. The analysis was performed by using the 1500 
most variable probes across all samples. (D-E) Cellular component gene ontology (GO) analysis 
of differentially expressed genes between the Ptch+/− and Ndp-/Y;Ptch+/− MB samples. (F) qRT-
PCR analysis of vascular related genes expressed in Ndp-/Y;Ptch+/- MB samples, normalized to 
Gapdh expression and expressed relative to Ptch+/- MB samples. (G) Wholemount images of 
Ptch+/− and Ndp-/Y;Ptch+/− MBs from animals injected with Evans Blue dye prior to sacrifice. Scale 
and number of number of biological replicates (n) used are indicated in the figure. Figure adapted 
from [236] 
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3.7 Disruption of stromal Norrin/Fzd4 signaling drives lesion formation  

In the Ptch+/- mouse model MB progression is a function of the lesion number and the rate 

at which lesions transform [251-254]. To explore the potential contributions of loss of Ndp to 

lesion initiation we serial sectioned cerebella from Ndp-/y;Ptch+/-, Tie2Cre-/+;Fzd4Flox/Flox;Ptch+/- 

and their respective control Ptch+/- littermates at P14, the earliest stage at which lesions are reliably 

and consistently detected in Ptch+/- mice [255]. In Ndp-/y;Ptch+/- and Tie2Cre-/+;Fzd4Flox/Flox;Ptch+/- 

we observed a 3.9 fold and 2.4 fold increase in the number of lesions (Figure 12A and C), 

respectively, as compared to their Ptch+/- littermate control samples. Interestingly, there was no 

difference in the volume of the established lesions (Figure 12B and D), a measure which is often 

used as an indicator of lesion progression in Ptch+/- mice [236]. This increase in lesion number was 

not associated with any other changes at an earlier age, as seen by the similar EGL thickness of 

Ndp-/Y;Ptch+/- and Ptch+/- at P6 (Appendix A Figure 2) and the fact that we could not detect 

separable GNP expression profiles. These results emphasize an essential role for Ndp/Fzd4 stromal 

signaling in promoting a tumor suppressive environment and its disruption enhances lesion 

formation. 
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Figure 12. Disruption of Norrin/Fzd4 signaling increases lesion formation in P14 Ptch+/- 

cerebella.  

(A) Quantification of the number of lesions from serial sections cresyl violet stained P14 cerebella 
from 3 genotypes: Ndp-/Y (NdpKO), Ptch+/- and Ndp-/Y;Ptch+/- mice. Left: representative cresyl 
violet stained section of the specified genotype illustrating identified lesions (outlined in red). (B) 
Volume quantification of the identified lesion in (A). Quantification of the number of lesions from 
serial sections Haematoxylin and Eosin (H&E) stained P14 cerebella from 3 genotypes 
Fzd4Flox/Flox; Ptch+/- (Ptch+/-), Tie2Cre-/+;Fzd4Flox/Flox and Tie2Cre-/+;Fzd4Flox/Flox; Ptch+/-. Left: 
Representative H&E stained section of the specified genotype illustrating identified lesions 
(outlined in red). (D) Volume quantification of the identified lesion in (C). Means are denoted by 
black horizontal lines on graphs. Scale bars for cresyl violet and H&E stains are indicated (200μm). 
Number of individual biological replicates (n) is indicated in the figure. Figure adapted from [236] 
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3.8 Disruption of Norrin/Fzd4 signaling effect on the resident stem cell population  

The loss of Ndp could alter or affect closely associated and sensitive cell populations [256], 

such as tissue-resident stem cells (SC). An important feature of many stem cell niches, including 

neural stem cell (NSC), mesenchymal stem cells, and many tumor stem cells, is their relative 

proximity to the vasculature [257]. Interestingly, the vasculature and associated ECM has been 

shown to play an active role in various stem cell processes, such as quiescence, activation and fate 

determination [257-261]. We decided to explore the effects of loss of Ndp on the stem cell 

population, which is a highly relevant component of MB [230]. SRY (sex determining region Y)-

box 2 (Sox2+) is a reliable NSC marker, and SC in the cerebellum. SC are rare within the EGL, 

however, they can be readily detected within the GNP population (Figure 13E) as well as in Ptch+/- 

MB [230]. To investigate the potential effects of Ndp loss of signaling on the cerebellar SC 

population, we purified GNPs from P14 Ptch+/- and Ndp-/Y;Ptch+/- animals, and performd primary 

and secondary neurosphere culture assays. This enabled the assessment of the proliferative 

capability and self-renewal [262] of the stem cell pool within this GNP population (Figure 13A). 

In primary and secondary neurosphere assays, we observed a non-significant trend towards a 

reduction in stem cell frequency in Ndp-/Y;Ptch+/- as compared to Ptch+/- littermate samples (Figure 

13B-C). We further corroborated these findings by quantifying the number of Sox2+ cells [230] in 

acutely dissociated GNPs from Ndp-/Y;Ptch+/- and Ptch+/- littermates (Figure 13E). Ndp-/Y;Ptch+/- 

animals exhibited a slight, but non-significant decrease in the number of Sox2+ stem cells as 

compared to their Ptch+/- littermates (Figure 13D-E). Taken all together, these results suggest that 

altered stem cell activity upon disruption of Ndp signaling does not actively contribute to the 

observed MB phenotypes in our Ndp-/Y;Ptch+/- mouse model.  
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Figure 13. Disruption of Ndp/Fzd4 signaling does not significantly alter the GNP resident 

stem cell population.  
(A) Phase microscope images illustrating the strict criteria used for neurosphere quantifications 
(e.g. size and sphericity). (B-C) GNP from P16 Ptch+/- and Ndp-/Y;Ptch+/- animals were  dissociated 
and used for (B) primary and (C) secondary neurosphere assays, revealing no significant difference 
between the genotypes. (D-E) GNP from P16 Ptch+/- and Ndp-/Y;Ptch+/- littermates were acutely 
dissociated and stained (E) for Sox2 expression (red) and (D) quantified, revealing no significant 
difference. Number of biological replicates (n) used and the scales are indicated in the figure. 
Boxplot figure (B-D) whiskers are representative of minimal and maximum values. 
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3.9 Loss of Norrin signaling increases DNA damage and accelerates Ptch LOH  

Tumor incidence is a function of lesion formation, which is dependent on both genomic 

instability [31, 263] and proliferation [254, 264, 265] . An important driver of DNA damage in the 

context of carcinogenesis is excessive replication, which can increase genomic DNA fragility and 

DNA damage. This damage manifests in the form of double strand DNA breaks through various 

mechanisms, such as fork stalling or excessive origin firing [214, 215, 266]. Our initial in vitro 

investigation revealed a modest increase in proliferation (Figure 9C-E), however, our results 

showed that Ndp is predominantly signaling through the vasculature to prevent tumorigenesis 

(Figure 10A and C). These results illustrated the need to perform this investigation in an in vivo 

context. As such, we decided to investigate whether loss of Ndp enhances GNP proliferation in 

the early P14 lesion. In Ndp-/Y;Ptch+/- as compared to Ptch+/- samples, there was a moderate but 

significant increase in the number of GNPs/surface (mm2) that were positive for the M-phase 

marker Phospho-Histone H3 (PH3+)(Figure 14A). This result was reminiscent of the in vitro P7 

dissociated GNP result (Figure 9 C-E). In addition, we observed a modest but significant decrease 

in the percentage of lesion area that was positive for cleaved caspase 3+ (Casp3+), an apoptosis 

marker, in the Ndp-/Y;Ptch+/-, as compared to Ptch+/- lesions (Figure 15A). This increase in 

proliferation and decrease in cell death was not counterbalanced by an increase in the area that was 

positive for the neuronal differentiation marker NeuN, as we observed comparable expression 

between the two genotypes (Figure 14A). The increase in the replicative index could be promoting 

genomic instability by driving double strand DNA breaks. To further investigate this, we acutely 

dissociated P14 Ptch+/- and Ndp-/Y;Ptch+/- GNPs and stained for phospho-gammaH2AX (p- 

ȖHβAX), an early marker of double strand break repair pathway activation [267, 268] (Figure 

15B). We focused our attention on double strand breaks as their repair can promote loss of 

heterozygosity (LOH) [269, 270], resulting in ligand-independent pathway activation and 
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malignancy by affecting essential genes such as Ptch1 in Ptch+/- animals [252, 253, 271]. We 

observed a non-significant increase in the percentage of GNPs containing p-ȖHβAX foci (Figure 

14C) between Ndp-/Y;Ptch+/- as compared to Ptch+/- littermates. However, when we examined the 

number of p-ȖHβAX foci per cell in GNPs with ≥ 1 p-ȖHβAX foci, we observed a highly 

significant increase in the number of p-ȖHβAX foci/cell in the Ndp-/Y;Ptch+/- samples as compared 

to their Ptch+/- littermates (Figure 14D). These results indicate that while the number of cells 

affected by DNA damage is not significantly different between genotypes, Ndp-/Y;Ptch+/- GNPs, 

on average, exhibit more evidence of DNA damage as compared to their Ptch+/- littermates. This 

may indicate enhanced intrinsic or extrinsic sensitivity in Ndp-/Y;Ptch+/- GNPs to DNA damage as 

compared to their Ptch+/- littermates, or conversely, could be related to the increase in replication 

and could be a consequence of an enhanced replication stress in Ndp-/Y;Ptch+/- lesions. To 

determine whether the observed increase in DNA damage was associated with genetic changes 

required for malignant transformation [252, 253, 271], we performed qRT-qPCR of laser captured 

lesions to assess the rate at which lesions from P14 Ndp-/Y;Ptch+/- and Ptch+/- littermates, that were 

converted to LOH for Ptch1. We observed an increase in the frequency of lesions that were LOH 

in Ndp-/Y;Ptch+/- (9/17) as compared to Ptch+/- (3/14) samples (Figure 15E). Taken together, these 

results suggest that the disruption of Ndp/Fzd4 signaling in ECs alters the stroma to increase the 

sensitivity of GNPs to DNA damage, which accelerates the rate of Ptch1 LOH and drives tumor 

progression in Ndp-/Y;Ptch+/- animals.  
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Figure 14. Loss of Norrin signaling increases DNA damage and accelerates transition to 

LOH in Ptch+/− lesions. 
(A) Representative immunostaining and quantification of the proliferative index (PH3), apoptosis 
(cleaved caspase 3) and differentiation (neuronal nuclear protein - NeuN) in P14 Ptch+/- and Ndp-

/Y;Ptch+/- cerebellar lesions (outlined in white) and counterstained with Hoechst (blue). Areas in 
red boxes are magnified on the right. Black horizontal lines in the graphs denote the mean. (B) 
Acutely dissociated Ptch+/- and Ndp-/Y;Ptch+/- GNPs were plated for 2 hrs and stained for DNA 
damage repair pathway marker pȖ-H2AX (green) and counterstained with nuclear marker Hoechst 
(blue). Images were used to quantify (C) the average number of cells with ≥ 1 Ȗ-H2AX foci and 
(D) the average number of Ȗ-HβAX foci in cells with ≥ 1 Ȗ-H2AX foci. (E) Frequency of Ptch loss 
of heterozygosity (LOH) in lesions from P14 Ptch+/− and Ndp-/Y;Ptch+/− mice. Lesions were laser 
capture microdissected and used to determine the rate of LOH by qRT-PCR for wild-type allele-
specific detection of Ptch1 transcripts. Representative images depict a toluidine blue-stained 
cerebellar lesion pre- and post-laser capture (lesion outlined in red). Number of biological 
replicates (n) used and the scales are indicated in the figure, which is adapted from [236] and 
modified. Box plot in (C) whiskers represent the min and Max value, while the bar graph figure in 
(D) illustrated the standard error of the mean.  
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3.10 Disruption of Ndp signaling in the context of constitutive Hh pathway activation drives 

lesion progression. 
In Ptch+/- animals, we can model both the incidence and latency of lesion development, 

metrics of lesion number and progression, respectively. Progression is affected by the rate of loss 

of heterozygosity (LOH) and senescence evasion [217, 272, 273]. To acquire a better 

understanding of the role that Ndp plays in lesion progression following LOH acquisition, we took 

advantage of the Neurod2-SmoA1 mouse model, which is a mouse model wherein Patched1 LOH 

is not required for constitutive Hh pathway activation. Neurod2-SmoA1 (SmoA1) mice express an 

oncogenic form of human Smo (point mutation at W535L) in GNPs [274], which renders Smo 

unresponsive to Ptch inhibition [220], effectively driving constitutive Hh pathway activation. We 

crossed the SmoA1+/+ mice with Ndp+/- females to generate SmoA1+/-;Ndp+/Y and SmoA1+/-;Ndp-

/Y littermates. These animals were aged out and continuously monitored for signs of tumor 

development (Figure 15C). SmoA1+/-;Ndp-/Y  as compared to SmoA1+/-;Ndp+/Y mice exhibited a 

highly significant (≈ 5 fold) reduction in latency (Figure 15D). Interestingly, there was no 

difference in lesion incidence (Figure 15D), as all animals (30 animals), except for one SmoA1+/-

;Ndp+/Y mouse, developed MBs (Figure 15D). To better detail the events surrounding lesion 

initiation and progression in this model, we turned our attention to the early lesion stage (P14). We 

observed that all SmoA1+/- mice with or without Ndp expression have a hyperplastic EGL (Figure 

15D), rendering lesion quantification impossible [236] and providing an explanation for the similar 

tumor incidence between genotypes (Figure 15D). Interestingly, however, there was a significant 

increase in the volume of the hyperplastic EGL of SmoA1+/-;Ndp-/Y mice compared to control 

littermates (Figure 15B), a measurement which is often used as an indicator of lesion progression 

in Ptch+/- mice [236]. Taken together, these results indicate that the loss of Ndp on the SmoA1+/- 
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background promotes hyperplastic EGL progression towards established MB in the context of a 

constitutively active Hh pathway.    

In summary, neuronal Ndp to endothelial Fzd4 signaling in the presence of aberrant Hh 

signaling (Ptch+/- mice) promotes the creation of a tumor suppressive environment. The disruption 

of this signaling pathway induces the creation of a pro-tumor microenvironment, which drives 

tumorigenesis by promoting lesion formation and lesion progression to established MB. The loss 

of Ndp signaling enhances the intrinsic or extrinsic susceptibility of GNPs to genomic instability, 

increasing the rate of Ptch1 LOH, thus driving Hh ligand-independent pathway activation. To 

better understand the mechanism of action of loss of Ndp on MB initiation and progression we 

decided to take a closer look at the lesion microenvironment. Knowing that Ndp is acting through 

the vasculature located in the surrounding microenvironment, and that several  vascular associated 

genes were altered in Ndp-/Y;Ptch+/- MB microarrays as compared to Ptch+/- MB samples.  

 

 

 

 

 



79 
 

 

Figure 15. Disruption of Norrin signaling drives MB progression in NeuroD2SmoA1+/- mice.  

(A) Haematoxylin and eosin (H&E) stained section from Ndp+/Y;SmoA1+/- and Ndp-/Y;SmoA1+/- 
animals illustrating the hyperplastic EGL. (B) Volume quantification of the hyperplastic EGL (A) 
of the indicated genotype. (C) Kaplan-Meier survival curve of Ndp+/Y;SmoA1+/-, Ndp-/Y;SmoA1+/-

, Ptch+/- and Ndp-/Y;Ptch+/- animals, illustrating the impact of systemic Ndp deletion on the 
SmoA1+/- background. All SmoA1+/- animals in the study developed MB except for 1 
Ndp+/Y;SmoA1+/- mouse. (D) Survival curve (C) related information, including sample sizes, 
incidence and latency of the observed MB cases. Number of individual biological replicates (n) 
and scales are indicated in the figure. Figure adapted and modified from [236]. 
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Chapter 4.  Characterization of stromal alterations as a function of inactivation of 

endothelial Ndp/Fzd4 signaling 
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Ndp signals through the vascular Fzd4 receptor to establish a tumor suppressive micro-

environment, which when disrupted, increases incidence and reduces latency of MB by increasing 

lesion formation, and promoting their progression, respectively. The idea of an early stromal 

contribution to the formation and progression of lesion is consistent with the observation that 

stromal genes were among the most altered in Ndp-/Y;Ptch+/- MB samples as compared to control. 

This suggests that loss of Ndp/Fzd4 signaling may induce early stromal alterations, promoting 

lesion formation that drives progression towards an established MB. To better understand these 

early stromal alterations, we compared the stromal perturbations upon the loss of Ndp/Fzd4 

signaling in the lesion of Ndp-/Y;Ptch+/-, Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- and their respective Ptch+/- 

control littermates. 
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4.1 Early activation of the angiogenic switch and aberrant ECM deposition 

Several of the up-regulated genes detected in micro-array (Esm1, Plvap, EphB4 and Emcn) 

and qRT-PCR (Pecam and Angpt2) in the Ndp-/Y;Ptch+/- as compared to Ptch+/- MB samples were 

vascular-associated genes. This observation of an increase in vascular gene expression in the 

established tumor may suggest that vascular alterations are taking place in the early lesion. To 

investigate this, we examined the vasculature of lesions from serial sections of P14 Ndp-/Y;Ptch+/- 

and Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- and Ptch+/- littermates. Lesions from Ndp-/Y;Ptch+/- (78%) and 

Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- (95%) mice were highly vascularized, which was in contrast to the 

Ptch+/- (24%) samples, where the majority of the lesions were poorly vascularized and only the 

meningeal-associated vessels could be observed (Figure 16A and D). Upon further investigation, 

we observed aberrant deposition of ECM components (Laminin) in the lesions of Ndp-/Y;Ptch+/- 

and Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- animals, as compared to their respective Ptch+/- control 

littermates (Figure 16A). Furthermore, we observed a significant increase in the vascular density 

(CD31+) and ECM (Laminin) density (Figure 16 C) in lesions from Ndp-/Y;Ptch+/- and Tie2-Cre+/-

;Fzd4flox/flox;Ptch+/- animals as compared to their respective Ptch+/- control littermates. Collectively, 

these observations are evidence of an early active angiogenic program in the Ndp-/Y;Ptch+/- and 

Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- animals, as compared to their respective Ptch+/- control littermates. 

We further corroborated these results by directly assessing the angiogenic program in Ndp-

/Y;Ptch+/- as compared to Ptch+/- control littermates, by quantifying the number of proliferating 

(PH3+) ECs (CD31+) within lesions (normalized to lesion area). We observed a significant increase 

in the mitotic index of ECs (PH3+;CD31+) in Ndp-/Y;Ptch+/- lesions as compared to Ptch+/- 

littermates control lesions (Figure 16B), further supporting the observation of an early activation 

of the angiogenic program following the loss of Ndp/Fzd4 signaling. A particularly interesting 

observation was the fact that the angiogenic remodeling was restricted to the lesion, with only rare 
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examples of angiogenic activation, and invasion identified in the normal EGL (Appendix A Figure 

3). The observed increase in lesion vascular invasion could be seen in even very small lesions 

(<0.02mm3) (Appendix A Figure 3) and was not associated with an increase in lesion volume 

(Figure 12B and D), as we could not previously detect an increase in lesion volume between Ndp-

/Y;Ptch+/-or Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- animals and their respective Ptch+/- control littermates 

(Figure 12B and D). These results illustrate that early vascular recruitment within the lesions of 

Ndp-/Y;Ptch+/-and Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- is independent of lesion size, and may even 

precede the transformation of the pre-cancerous lesion to established MB. 
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Figure 16. Disruption of Norrin/Fzd4 signaling in ECs drives angiogenic remodeling.  

(A) Co-immunostaining in the cerebellum from P14 animals of the indicated genotypes for CD31 
(green) and pan-Laminin (red), counterstained with Hoechst (blue). Lesions are outlined in white 
and the white arrow in the Ptch+/- lesion indicates the meningeal blood vessels. (B) Quantification 
of mitotic index in ECs from Ptch+/- and Ndp-/Y;Ptch+/- lesions. Top images show a co-
immunostaining for CD31 (green) and PH3 (red), counterstained with Hoechst (blue), in 
vascularized P14 lesions of the indicated genotype. Red squares denote areas shown by confocal 
scans below, the left image depicts the composite maximum intensity projection, the middle and 
right images are individual z-stack optical sections of the indicated staining. Blue arrows denote a 
PH3+ cell scored as negative for co-localization, whereas the red arrows denote a positive co-
localization. On the far right: a graph summarizing the quantification of double labelled 
PH3+/CD31+ cells normalized to endothelial area within the lesion of the indicated genotype. (C) 
Quantification of (left) CD31+ vessel and (right) Laminin density (percentage of area) in the 
lesions of the indicated genotypes. (D) Summary information on the proportion of vascularized 
lesions from each genotype. Number of lesions (n) examined is indicated in each graph, means are 
represented by the black horizontal lines and the scale is indicated in the different figures. 
****p<0.0001. Figure adapted from [236]  
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4.2 Loss of Ndp signaling compromises the BBB 

Plvap, a marker of fenestration, trans-endothelial pores and caveolae, and all endothelial 

structures which increase microvascular permeability [275], was upregulated in the micro-array 

analysis in the Ndp-/Y;Ptch+/-, as compared to Ptch+/- MB samples (Appendix A Figure 1C-D). 

Plvap is repressed in brain ECs by canonical Wnt signaling [94], the pathway that Norrin signaling 

activates in the cerebellum [84]. Loss of Ndp/Fzd4 signaling increases BBB permeability, as seen 

by the extravasation of the serum albumin binding dye, Evans blue, into the cerebellum following 

intraperitoneal injection (IP) in P14 cerebellum and MB samples (Figure 17C and 11G). A closer 

examination of lesions from Ndp-/Y;Ptch+/- and Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- animals, as 

compared to their respective Ptch+/- control littermates, revealed a drastic loss of vascular integrity, 

as indicated by the increased expression of PLVAP (Figure 17A-B) and the variable loss of the 

endothelial tight junction protein Claudin-5 (Figure 17A). This loss of vascular integrity is 

associated with an enhanced Evans blue extravasation in the lesions of Ndp-/Y;Ptch+/- and Tie2-

Cre+/-;Fzd4flox/flox;Ptch+/- animals, as compared to their respective Ptch+/- control littermates (Figure 

17C). The compromised BBB phenotype of Ndp-/Y;Ptch+/- and Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- 

lesions is in contrast to what was observed in the lesions from Ptch+/- animals, which failed to 

exhibit leaky vessels, as indicated by the absence of Evans Blue extravasation (Figure 17C). To 

determine whether the increased vascular permeability in Ndp-/Y;Ptch+/- and Tie2-Cre+/-

;Fzd4flox/flox;Ptch+/- was due to vascular development or differentiation defects, we assessed 

pericyte coverage by immunohistochemistry staining for Platelet-derived growth factor receptor ȕ 

(PDGFRȕ). We observed no noticeable differences in pericyte coverage from any of the genotypes 

in the lesions or normal EGL area, indicating that vascular development or maturation was not 

affected upon loss of Ndp/Fzd4 signaling (Figure 17D-E). 
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Figure 17. Loss of Norrin/Fzd4 signaling in ECs compromises the BBB in Ptch+/− lesions. 

 (A) Co-immunostaining for PLVAP and Claudin-5 (Cld5) counterstained with Hoechst (blue), in 
lesions of P14 cerebella from the indicated genotypes with the vessels outlined in cyan. Top images 
show Cld5 channel only to illustrate variable reduction in Cld5 expression (arrowheads). (B) 
Quantification of PLVAP+ vessel density in lesions of Ptch+/−, Ndp-/Y;Ptch+/− and Tie2Cre+/-

;Fzd4Flox/Flox;Ptch+/−. (C) P14 Ptch+/−, Ndp-/Y;Ptch+/− and Tie2Cre+/-;Fzd4Flox/Flox;Ptch+/− mice 
injected with Evans Blue dye prior to sacrifice. Right bottom, whole brain Evans Blue 
extravasation in the cerebellum (outlined in red), right, in the lesion (outlined in blue – Evans Blue 
fluorescence) and left top, the H&E illustrates that the extravasation is enhanced in the lesion as 
compared to neighboring normal tissue. (D) Co-immunostaining for CD31 and the pericyte marker 
PDGFRȕ on P14 cerebellar lesion sections (lesions outlined in white) from Ptch+/−, Ndp-/Y;Ptch+/− 
and Tie2Cre+/-;Fzd4Flox/Flox;Ptch+/−.(E) Co-immunostaining for CDγ1 and PDGFRȕ in P14 sections 
from the indicated genotypes.  We examined 3 normal EGL areas from at least 3 different cerebella 
per genotype. External granule layer (EGL); Number of lesions (n) examined is indicated in each 
figure. Means are represented by the black horizontal lines and the scale is indicated in the different 
figures. Figure adapted and modified from [236].  
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4.3 Aberrant immune cell recruitment 

Upon a closer examination of the micro-array data we noticed another interesting 

differentially expressed gene, the chemokine (C-X-C motif) ligand 1 (Cxcl) (Supplemental Figure 

1B). Chemokines are cytokines that are important in immune cell trafficking and activation [44]. 

To explore the potential contributions of the immune cells to the lesion microenvironment, we 

examined lesions from Ndp-/Y;Ptch+/- and Ptch+/- mice by immunohistochemistry for CD45, a pan 

leukocyte marker (Figure 18A-B). We observed a dramatic enrichment in CD45+ cells in lesions 

from Ndp-/Y;Ptch+/-. Leukocytes are a broad class of immune cells, which encompass lymphocytes, 

a particularly interesting sub-class of immune cells which can actively modulate tumor progression 

in various tissues [32, 276] through their inflammatory function [34, 41] and their ability to 

stimulate angiogenesis [277]. The initial characterization of the infiltrating immune cells by 

immunohistochemistry revealed that the recruited leukocytes (CD45+) within the lesions of Ndp-

/Y;Ptch+/- were predominantly localized within the perivascular space (Robin Virchow space), 

delimited by the vascular basal lamina (Figure 18B), with the rare exception of a few immune cells 

that extravasated out into the surrounding parenchyma (Figure 18B – red arrow). Interestingly, the 

recruited leukocytes appeared to be recruited preferentially into the lesions found within the folds 

of the cerebellum as opposed to the lesions found on the surface. This may be due to the fact that 

Ndp-/Y;Ptch+/- have more lesions located within the fold of the cerebellum (Appendix A Figure 3). 

Further characterization of the recruited immune cell population by IHC and flow cytometry 

revealed that the population was very heterogeneous. We could readily identify T-cells (CD3ɛ+), 

helper T-cells (CD4+), cytotoxic T-cells (CD8+), macrophages/dendritic cells (CD11c+) and B-

cells (IGM+/CD45R+). Interestingly, only the B-cell (CD45R+/B220+) subpopulation was 

significantly enriched in Ndp-/Y;Ptch+/-, as seen in flow cytometry analysis of whole cerebella 

dissociates (Figure 18D), and by immunohistochemistry (Figure 18B). This aberrantly recruited 
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B-cell population is interesting, as B-cells have been shown to be important in immune suppression 

and tumor progression [276, 278], with a particular focus in recent years on the B10 cells 

(CD1d+/CD5+), a B-cell subtype that has been shown to be a key regulator of this process [276, 

278]. Further characterization of the lesion associated B-cell subpopulation revealed that it was 

comprised nearly exclusively of immature B-cells (IGM+) (Figure 18C). 

The aberrantly recruited B-cell population at the P14 lesion stage could cause alterations 

in the kinetics of the normal immune response taking place during tumorigenesis in Ndp-/Y;Ptch+/- 

mice. To further explore this possibility, we characterized the recruited lymphocyte population 

within established MB of Ndp-/Y;Ptch+/- and Ptch+/- littermates by IHC and flow cytometry. In Ndp-

/Y;Ptch+/- tumors, we observed a significant reduction in the total number of lymphocytes (CD45+, 

≈ 1.5 fold) (Figure 19E-G), T-cells (CD3+, ≈ 1.5 fold) (Figure 19F and H) and 

macrophages/dendritic cells (CD45+/CD11c+, ≈ 1.5 fold) (Figure 18E and I) compared with Ptch+/- 

littermates. Interestingly, the recruited T-cell population in the Ndp-/Y;Ptch+/- samples also had a 

significant reduction in the expression of Programmed cell death protein-1 (CD3+/PD-1+, ≈ β fold), 

a known marker of lymphocyte activation/exhaustion [279] (Figure 18J). The observed reduction 

in infiltrating lymphocytes, in addition to the observed down-regulation of the Major 

histocompatibility complex (MHC) class2 molecules in Ndp-/Y;Ptch+/- (Figure 11D), are suggestive 

of an immune-suppressive environment. The observed down-regulation of PD-1 in Ndp-/Y;Ptch+/- 

is somewhat counterintuitive, as this signaling pathway has been shown to be often up-regulated 

and exploited by many malignancies to suppress the anti-tumor immune response [280]. This 

tumor immune-suppressive environment could be initiated or promoted by the early recruited B-

cell population [276, 278, 281], rendering them an attractive target for further investigation.  
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Figure 18. Characterization of the immune cell landscape in Ndp-/Y;Ptch+/- early lesion and 

established MB.  
(A) Immunohistochemistry of a P16 Ptch+/- lesion. Left: a composite low-resolution image stained 
for vasculature (isolectin+) and lymphocytes (CD45+) and counterstained with Hoechst, the lesion 
outlined (white) with the red box denoting the area zoomed in on the right. Right: lymphocytes 
(CD45+ - green) which are confined within the meningeal vasculature (isolectin+ - white outline). 
(B) Immunohistochemistry of P16 Ndp-/Y;Ptch+/- lesion illustrating lymphocyte (CD45+ – green) 
accumulation within the vasculature (Isolectin+ - red) and the perivascular space (CollagenIV+ -
white) and counterstained with Hoechst (blue). Most of the recruited immune cells are confined 
within the perivascular space except for the occasional lymphocyte which extravasates out into the 
surrounding parenchyma (red arrow). (C) Immunohistochemistry of P16 Ndp-/Y;Ptch+/- lesion 
illustrating the elevated abundance of the immature B-cells (IGM+ - green) within the lesions. Left: 
composite image of the staining on the right including the vasculature (Isolectin+ - red) and 
counterstained with Hoechst (blue). (D) Box-plot representation of flow cytometry quantification 
of B-cells (CD45R+/CD45+) normalized to the number of lymphocytes (CD45+) from whole 
cerebella dissociation preparations from the indicated genotype. (E-F) Immunohistochemistry of 
established tumor samples illustrating the recruitment of lymphocytes (CD45+ – red) and (E) 
macrophages/dendritic cells (CD11b+ – green) or (F) T-cells (CDγε – Green) within the tumors of 
the indicated genotypes. The images on the left are composite images of the staining on the right 
including CollagenIV (white) and counterstained with Hoechst (blue). (G-I) Box-plot of flow 
cytometry quantifications of the abundance of (G) lymphocytes (CD45+) normalized to all cells of 
the indicated genotype. Box-plot of flow cytometry quantifications of the percentage of (I) 
macrophages/dendritic cells (CD11c+) and (H) T-cells (CDγε+) normalized to the number of 
lymphocytes (CD45+) from whole cerebella dissociation preparations from the indicated genotype. 
(J) Box-plot of the flow cytometry quantification of the percentage of T-cells that are PD-1+ (PD-
1+/CDγε+) normalized to the total number of T-cells (CDγε+) from whole cerebella dissociation 
preparations from the indicated genotypes. Asterisk denotes some background in the stain. Scale 
and number of biological replicates used (n) are indicated in the figure. 
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4.4 Reduction in Wnt signaling is associated with lesion progression 

Ndp/Fzd4 signaling in the endothelium mediates its actions through the activation of the 

canonical Wnt-signaling pathway [84, 232]. Upon the loss of Ndp/Fzd4 signaling, we observed an 

increase in the lesions that activated the angiogenic program (Figure 16A-D). We therefore 

questioned whether the vascularized lesions in Ptch+/- mice are associated with altered Wnt 

signaling. To address this question, we examined the expression of Lef1, a canonical Wnt target 

gene [282], in the vasculature of Ndp-/Y;Ptch+/- and Ptch+/- littermates. Lef1 expression in P14 Ndp-

/Y;Ptch+/- was significantly reduced as compared to P14 Ptch+/- lesions and EGL, validating the 

requirement for Ndp signaling in the endothelium for this marker. While Lef1 expression in Ptch+/- 

normal EGL and non-vascularized lesions was similar, we observed a stepwise reduction in Lef1 

expression as a function of Ptch+/- lesion vascularization (Figure 19A-B). This reduction in Lef1 

expression positively correlated with the decrease in Ndp expression in Ptch+/- GNPs during tumor 

progression (Figure 6F) and the decrease in Fzd4 expression in Ptch+/- MB samples compared to 

purified P7 GNPs (Figure 9B). These results suggest that angiogenic activation in Ptch+/- lesions 

may be associated with a local reduction in Ndp/Fzd4 activation in ECs. 
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Figure 19. Reduction in Wnt signaling is associated with angiogenic invasion in Ptch+/- 

lesions.  

(A) Co-immunostaining for CD31 (Pecam – red) and Lef1 (green), counterstained with Hoechst 
(blue), in sections from P14 Ptch+/− and Ndp-/Y;Ptch+/− lesion. Red squares denote the area 
magnified on the right, which is a confocal single plane optical slice of the indicated staining. (B) 
Quantification of the number of double labelled Lef1+/CD31+ cells per endothelial area in Ptch+/− 
normal EGL lesions (vascularized and non-vascularized) and vascularized Ndp-/Y;Ptch+/− lesions. 
Number of lesions (n) examined is indicated in the figure, means are represented by the black 
horizontal lines and the scale is indicated in the different figures. Figure adapted from [236] 
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4.5 Stromal alterations upon loss of Ndp are independent of Ptch1 status  

Ptch1 is a well characterized dependence receptor which has the ability to activate several 

downstream pathways such as the apoptotic pathway [283], independent of Smoothened activity. 

To assess any potential contribution of the haploinsufficiency of the Ptch1 receptor in the 

vasculature to the observed stromal alterations, we took advantage of the SmoA1 mice and 

examined all the aforementioned phenotypes. We observed all the same phenotypes in the SmoA1 

mice as seen in the Ptch+/- mice upon loss of Ndp. The cerebellum of SmoA1+/-;Ndp-/Y mice had 

a compromised BBB compared to SmoA1+/-;Ndp+/Y littermates, as visualized by whole brain Evans 

Blue extravasation (Figure 20A). Interestingly, the SmoA1 mice appeared to have a more severely 

compromised BBB phenotype as compared to their Ptch+/- counterparts (Figure 20A). The 

hyperplastic EGL of every animal from both genotypes (SmoA1+/-;Ndp+/Y and SmoA1+/-;Ndp-/Y) 

exhibited signs of angiogenesis, as seen by vascular (Isolectin+) invasion (Figure 20B) and the 

aberrant deposition of ECM (CollagenIV+) (Figure 20B white arrows). In addition, we observed 

an aberrant recruitment of lymphocytes (CD45+) in the hyperplastic EGL of SmoA1+/-;Ndp-/Y mice 

(Figure 20C). Taken together, the loss of Ndp in SmoA1+/- mice recapitulates all the same stromal 

phenotypes observed in the Ptch-/+ mice. 
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Figure 20. Characterization of the NeuroD2;SmoA1+/- mice upon loss of Ndp signaling.  

(A) Representative whole brain preparation following Evans blue intraperitoneal injection, 
exemplifying the open BBB phenotype amongst the different genotypes. (B) 
Immunohistochemistry staining of sections from the indicated genotypes stained for Isolectin (red) 
and collagenIV (green), demonstrating the vascular invasion phenotype in the hyperplastic EGL 
of both genotypes, and the aberrant deposition of basement membrane protein (CollagenIV - 
deposition highlighted by white arrows). The ratio and percentage of examined whole cerebella 
that presented signs of angiogenic invasion are indicated in the bottom right corner of the image 
in white. (C) Immunohistochemistry illustrating the aberrantly recruited lymphocytes (CD45+ – 
green) and B-cells (CD45R+ - red) from the indicated genotype. For the immune staining we 
examined 3 normal EGL areas from at least 3 different cerebella per genotype. Scales indicated in 
the figures. 
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Collectively, these results highlight the role of Ndp/Fzd4 signaling in creating a tumor 

suppressive micro-environment. Upon the loss of Ndp/Fzd4 signaling in ECs, a pro-tumor stroma 

is generated, which is characterized by an open BBB, an active angiogenic program, aberrant ECM 

deposition, and the enhanced recruitment of B-cells. These stromal alterations are reminiscent of 

the angiogenic switch, which have been shown to promote  lesion progression in some tumors 

[277]. 
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Chapter 5.  Dissecting the requirement for stroma in MB development   
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 Ndp/Fzd4 signaling in ECs modulates MB development by creating a pro-tumor 

environment which is characterized by 1) an early activation of the angiogenic program, 2) 

aberrant ECM deposition, 3) BBB disruption and 4) lymphocyte recruitment. Recently, we 

uncovered an additional stromal alteration, the reduction in meningeal lymphatic coverage, which 

may contribute to the MB development. With the exception of the reduction in lymphatic 

vasculature, all  of these stromal modifications have previously been shown to be associated with, 

or actively participate in, tumor progression inside or outside the CNS [203, 284-288]. To better 

understand the cellular mechanism driving the observed increase in DNA damage and conversion 

of the resulting lesions into an established MB, it was necessary to determine the relative 

contributions of these stromal alterations, and to determine whether there is a predominant stromal 

alteration that is responsible for driving the MB phenotypes. This assessment was performed by 

the individual manipulation of the different components of the stroma, and the assessment of their 

relative contribution to MB initiation and progression. 
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5.1 Blocking Angpt2 mediated angiogenesis does not affect DKO tumorigenesis 

To explore the potential role of active angiogenic remodeling in Ndp-/Y;Ptch+/- mice, we 

pharmacologically targeted angiopoietin-2 (Angpt2) signaling with a functional blocking anti-

Angpt2 monoclonal antibody. Angpt2 was selected, as its expression was upregulated in Ndp-

/Y;Ptch+/- as compared to Ptch+/- MB samples (Figure 11F). Furthermore, Angpt2 is an important 

angiogenic activato involved in promoting quiescent vascular activation by destabilizing 

endothelial association with the surrounding mural cells and basement membrane [289]. Ndp-

/Y;Ptch+/- animals were treated by intraperitoneal (IP) injections at P7 and P11 with 10mg/kg of α-

Angptβ or isotype matched monoclonal control antibody (α-mIgGβA). α-Angpt2 treatment in Ndp-

/Y;Ptch+/- mice significantly reduced vascular development on the vitreal surface of the retina, as 

compared to littermates treated with the isotype matched control (α-mIgG2A) antibody, 

demonstrating the biological effectiveness of α-Angpt2 at blocking in vivo angiogenesis (Figure 

21A-B). Furthermore, α-Angpt2 treatment resulted in a significant 2-fold reduction in the vascular 

density of lesions in Ndp-/Y;Ptch+/- mice, as compared to control treated animals (Figure 21C-E) 

and vascular regression (Figure 21D – white arrows). Interestingly, α-Angpt2 treatment 

significantly reduced overall survival as compared to mIgG2A treated mice and was non-

significantly reduced as compared to untreated Ndp-/Y;Ptch+/- animals (Figure 21F). This reduction 

in survival is attributed to a reduction in the latency as both α-Angpt2 and mIgG2A-treated animals 

had identical incidence (Figure 21F). Furthermore, we observed an apparent reduction in the 

aberrant deposition of ECM components within established lesions of α-Angpt2 treated animals 

as compared to control treated samples (Appendix A Figure 4).  

In summary, systemic treatment of Ndp-/Y;Ptch+/- animals with α-Angpt2 reduced vascular 

density and overall survival, suggesting that activation of the angiogenic program may not promote 

tumor progression in the context of Ndp inactivation.   
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Figure 21. Blocking angiogenesis in Ndp-/Y;Ptch+/- with α-Angpt2 treatment does affect 

survival.  
(A) Ndp-/Y;Ptch+/- were treated at P7 and P11 with α-Angpt2 functional blocking antibodies or the 
α-mIgG2A isotype control antibody. Whole mounts of P14 the retinas were used to examine the 
vasculature (Isolectin+ - red), far left: an adult WT untreated retina. (B) Quantification of the 
vitreous vasculature, from the optic nerve to the vascular forefront (red line), normalized to the 
length of the vitreous (outlined in white – white line). (C-D) Immunohistochemistry of 
representative lesion from (C) control treated α-mIgG2A and (D) α-Angpt2 treated Ndp-/Y;Ptch+/- 
animals stained with CollagenIV (green), CD31 (Pecam – red) and counterstained with Hoechst 
(blue). Example of vascular regression in the α-Angpt2 treated groups is shown by the white arrow. 
(E) Quantification of the lesion vascular density normalized to the area of the lesion in Ndp-

/Y;Ptch+/- animals from the indicated treatment group. (F) Kaplan-Meier survival curve of Ndp-

/Y;Ptch+/- animals, treated with α-Angptβ or α-mIgG2A, exploring the impact of systemically 
blocking angiogenesis in Ndp-/Y;Ptch+/-. Right: Survival curve (F) related information, including 
samples sizes, the incidence and latency of the MB cases. Scale and sample size (n) is indicated in 
the figure. **p<0.01, ***p<0.001 
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5.2 Ptx-Induced BBB disruption does not affect Ptch+/- tumorigenesis 

The disruption of Ndp/Fzd4 signaling destabilized the BBB [84], as visualized by the 

parenchymal extravasation of Evans Blue in the cerebellum and in lesions (Figure 18C and 21A). 

We showed that this disruption of the BBB is due to the increased expression of Plasmalemma 

vesicle-associated protein (Plvap) and the variable loss of the inter-endothelial cell tight junction 

proteins (claudin-5) (Figure 17A). This opening of the BBB is not believed to be due to vascular 

maturation defects, as we observed no difference in pericyte coverage upon the disruption of 

Ndp/Fzd4 signaling (Figure 17D-E).  

To assess the contributions that an open BBB may have in promoting lesion formation and 

progression, we pharmacologically opened the BBB by treating Ptch+/- mice with 120ng/injection 

of pertussis toxin (Ptx), a mediator of mouse BBB disruption [290], IP at P7, P9, P11 and P13. Ptx 

treatment in Ptch+/- animals successfully opened the BBB, as seen by whole brain Evans Blue 

extravasation (Figure 22C). The disruption of the BBB in Ptx-treated mice was mediated by a 

paracellular mechanism, as seen by the disruption of tight junction complexes (Zo-1 and Claudin-

5 – Figure 22 A and B) between ECs. This paracellular opening following Ptx treatment is in 

contrast to what has been observed upon Ndp/Fzd4 signaling disruption, which opened the BBB 

in a paracellular (disruption of tight junctions) and transcellular (expression of Plvap) manner 

[291] (Figure 17A-B and 22D). Interestingly, the disruption of the BBB following Ptx treatment 

did not significantly alter overall survival or tumor latency as compared to PBS treated control 

Ptch+/- littermates (Figure 22E). Further investigation at the lesion stage revealed a slight, but not 

significant (≈ 1.5 fold), increase in the number of established lesions (Figure 22F) and a slight, but 

not significant reduction in lesion volume in Ptx treated animals as compared to PBS control mice 

(Figure 22G). Furthermore, we did not observe any alterations in the angiogenic activation, as 

assessed by the proportion of vascularized lesions (Figure 22H). Taken together these results 
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indicate that Ptx-mediated BBB disruption does not phenocopy the MB phenotype in Ndp-/Y;Ptch+/- 

mice, which suggests that opening the BBB through the paracellular route is not sufficient to drive 

tumor progression. 
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Figure 22. Opening the BBB with Ptx in Ptch+/- animals does not alter survival or lesion 

formation.  
(A-B) Immunohistochemistry of representative EGL from PBS and Ptx treated P14 Ptch+/- animals 
examining (A) Claudin-5 (red) and (B) Zo-1 (red) expression. Images on the left are composite 
images of the staining (right) with the addition of CD31 (Pecam – green) and counterstained with 
Hoechst (blue). (C) Whole brain preparation following Evans blue intraperitoneal injection, 
illustrating the open BBB phenotype following Ptx treatment in Ptch+/- animals. (D) 
Immunohistochemistry of representative EGL from P14 Ndp-/Y, PBS and Ptx treated P14 Ptch+/- 
animals illustrating Plvap (meca32 – green) expression, images on the left are composite images 
of the staining on the right, including CD31 (Pecam – green) and counterstained with Hoechst 
(blue). (E) Bottom: Kaplan-Meier survival curve of Ptch+/- treated with PBS or Ptx. The sudden 
drop in the Ptx-treated survival is due to four animals dying from brain hemorrhages or seizures, 
in addition three other Ptx-treated animals were euthanized due to malocclusion or unknown 
causes. All other mice died with confirmed MB. Top: Survival curve (bottom) related information, 
including samples sizes, the incidence and latency of the fatalities. (F-G) Quantification of (F) 
number of lesion and (G) their volumes in P14 Ptch+/- mice treated with Ptx (n = 8 mice, 43 lesions 
total) or PBS (n = 7 mice, 26 lesions total). (H) Representative lesion images from PBS or Ptx 
treated Ptch+/− mice. 13 lesions from each treatment group were stained for CollagenIV (red) and 
counterstained for Hoechst (blue), to quantify the ratio of non-vascularized (outlined in brown) 
and vascularized (outlined in green) lesions in the respective treatment groups (ratios and 
percentages indicated in white). Black bars in (F-G) represent the mean value and the scales are 
indicated in the figures. 
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5.3 B-cell depletion in Ndp-/Y;Ptch+/- mice does not affect tumorigenesis 
To explore the potential contribution of the early recruited B-cell population to 

tumorigenesis in Ndp-/Y;Ptch+/- animals, we pharmacologically depleted the B-cell population from 

Ndp-/Y;Ptch+/- animals with α-CD20 depleting antibodies. Based on flow cytometry of dissociated 

cerebellum (≈4-fold reduction – Figure 23A-B) and IHC analysis of lesion (Figure 23C), α-CD20 

treatment significantly reduced the number of B-cells within the whole cerebellum compared to α-

mIgG2A treated control animals. Interestingly, the systemic depletion of B-cells induced a 

reciprocal increase in the number of T-cells (CD5+) in whole cerebellum dissociates (≈ 1.5-fold 

increase – Figure 23D), an observation which is consistent with the notion that the early recruited 

B-cells may play a role in establishing an immune suppressive environment in Ndp-/Y;Ptch+/- 

animals. However, the depletion of the B-cell population did not alter overall survival, incidence, 

or latency, as compared to control α-mIgG2a treated animals or untreated Ndp-/Y;Ptch+/- animals 

(Figure 23E). Taken together these results indicate that the early recruited B-cell population may 

play a role in establishing an immune suppressive environment, however, they are not driving the 

observed increase in tumorigenesis in the Ndp-/Y;Ptch+/- animals. 

 

 

 

 

 

 

 

 

 



106 
 

 



107 
 

Figure 23. B-cell depletion in Ndp-/Y;Ptch+/- animals does not alter survival.  

(A) Flow dot plot illustrating the B-cell and T-cell population in dissociated cerebella from Ndp-

/Y;Ptch+/- animals treated with either α-CD20 depleting antibody (right) or isotype control α-KLH 
antibody (left). (B) Box plot of flow cytometry quantification of B-cells (CD19+/CD45+) 
normalized to all cells from whole cerebella dissociation preps from Ndp-/Y;Ptch+/- that received 
the indicated treatment. (C) Immunohistochemistry of P14 Ndp-/Y;Ptch+/- lesion treated with α-
KLH (left) or α-CD20 (right), illustrating the recruited B-cells (CD45R+ - green) and  lymphocytes 
(CD45+ – red). The Top image is a composite image of the staining beneath which includes the 
perivascular space (CollagenIV+ - white), and is counterstained with Hoechst (blue). (D) Box plot 
of flow cytometry quantification of T-cells (CD5+;CD45+) normalized to all cells from whole 
cerebella dissociation preparations from Ndp-/Y;Ptch+/- that received the indicated treatment. (E) 
Kaplan-Meier survival curve of Ndp-/Y;Ptch+/- treated with α-KLH, α-CD20 or untreated Ndp-

/Y;Ptch+/- animals. Right: Survival curve (E) related information, including sample sizes, the 
incidence and latency of the MB cases. *p<0.05, **p<0.01. Scale bars and number of biological 
replicates used (n) are indicated in the figures. 
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5.4 Loss of postnatal lymphatic vasculature following disruption of Ndp/Fzd4 signaling 

The aberrant recruitment of lymphocytes in early Ndp-/Y;Ptch+/- lesions could be due to 

active recruitment or alternatively, it could be indicative of a defect in lymphocyte trafficking, a 

function which is mediated by the lymphatic vasculature [292]. Lymphatic vasculature has recently 

been discovered within the dura meninges along the sinus vein [181, 182]. To characterize the 

lymphatic vasculature within the cerebellum, we stained serial sections of P14 Ptch+/- cerebella, 

containing intact pia meninges, with antibodies specific for Lymphatic Vessel Endothelial 

hyaluronan receptor 1 (Lyve-1+ - a known marker of functional lymphatic vessels) [293, 294], 

Isolectin (a pan vascular marker) and pan-Laminin (a basement membrane protein). We selected 

Laminin, as it is a component of every vascular basal membrane (endothelial, mural and the 

parenchymal basement membrane) [132]. We could readily detect lymphatic (Lyve-1+) 

vasculature confined within the pia layer, on the apical surface (Figure 25B), and deep within the 

folds of the cerebellum in Ptch+/- animals (Figure 24B-C). We could also detect occasional 

examples of lymphatic vasculature found within the molecular layer of the cerebellum (Figure 24B 

– white arrows). We further corroborated this observation of lymphatic vasculature in the pia layer 

by co-staining Lyve-1 with an additional lymphatic vasculature specific marker Podoplanin (Pdpn) 

(Figure 24E).Blood vessels within the pia mater were surrounded by a thick basement membrane, 

which is a composite basement membrane composed of the blood vessel basement membrane and 

the basement membrane secreted from associated pericytes (Figure 24C white arrows) 

[143].Lymphatic vasculature was closely associated with blood vessels (Isolectin+), similar to what 

has been observed in the dura mater [181, 182]. In the meninges, we could readily observe the 

lymphatic vasculature, which was surrounded by the parenchymal basement membrane. This 

basement membrane also surrounded blood vessels and delineated the outer layer of the 

perivascular space (Figure 24C blue arrow and Appendix A Figure 5). The current identity of 
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lymphatic vessels remains to be determined in our model, however, as we could not readily identify 

any intraluminal valves [181, 182], we speculate that the lymphatic vessels within the meninges 

are of the collector subtype [149]. In addition, we could identify meningeal lymphatic vessels 

expressing low levels of the vascular marker isolectin (Figure 25 C-D red arrows Figure 26C white 

arrow and white box), an observation which has been previously reported in brain lymphatic 

vessels with the vascular marker PECAM [182].  
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Figure 24. Lymphatic vasculature in the meningeal layer of the EGL in Ptch+/- cerebellum.  

(A) Schematic diagram of a sagittal sectioned mouse P14 brain, blue box illustrating the zoomed 
in section in (B). (B) Immunohistochemistry of P14 Ptch+/- EGL illustrating lymphatic 
vasculature (Lyve1+ - green), blood vasculature (isolectin – red), and basement membrane 
(CollagenIV – white) and counterstained with Hoechst (blue) White arrow denotes an example of 
lymphatic vasculature found within the molecular layer. Red box denotes location zoomed in (C) 
and (D). (C) Maximum intensity projection images of confocal z-stack illustrating lymphatic 
vasculature in the meningeal layer of the EGL. Red arrow denotes composite basement membrane 
which surrounds the blood vasculature, Blue arrow denotes the parenchymal basement membrane. 
Red arrow denotes lymphatic vasculature which also expresses blood vasculature marker isolectin. 
(D) Confocal single optical section images further illustrating the lymphatic which expresses a 
blood vessel marker isolectin – red arrow. (E) Immunohistochemistry of P14 Ptch+/- EGL 
corroborating lymphatic vasculature stain with two lymphatic markers Lyve-1 (green) and 
Podoplanin (red), top left is a composite image which also includes the counterstaining Hoechst 
(blue). We examined several neighboring sections from at least 3 different cerebella per genotype. 
Scale bars indicated in the figures. 
 
 

 

 

  



112 
 

To characterize the presence of the pia lymphatic vasculature within our different models, 

we performed sagittal serial sectioning of brains from all our mouse models (WT, Ndp-/Y, Ptch+/-, 

Ptch+/-;Ndp-/Y, Tie2-Cre-/-;Fzd4Flox/Flox, Tie2-Cre+/-;Fzd4Flox/Flox, SmoA1+/-;Ndp+/Y and SmoA1+/-

;Ndp-/Y) and stained them for the lymphatic marker Lyve-1. In the WT and Ptch+/- sections, we 

observed lymphatic vessels on the surface of the cerebellum and within the folds of the cerebellum 

(Figure 25B). Upon the loss of Ndp/Fzd4 signaling we could readily observe a loss of pia 

lymphatic vessels, which appeared exacerbated within the folds of the cerebellum as compared to 

the apical surface of the cerebellum (Figure 26B). Interestingly, the loss of lymphatic vessels 

appeared exacerbated when the Fzd4 receptor was removed from the vasculature (Tie2-cre+/-

;Fzd4Flox/Flox) as compared to when the ligand was removed (Ndp-/Y and Ptch+/-;Ndp-/Y), 

highlighting partial compensation from other Wnts, which is lost upon the removal of the receptor 

Fzd4 (Figure 25B). This observation highlights the role for Ndp/Fzd4 signaling in cerebellar 

lymphatic vessel development. Furthermore, the loss of pia lymphatic vessels appeared to be 

exacerbated in the mouse model which has an enhanced gain-of-function for the Hh pathway as 

seen in the SmoA1+/-;Ndp-/Y compared to the Ndp-/Y;Ptch+/- mice (Figure 25B), implicating Hh 

signaling in pia lymphatic disruption. Collectively, these observations implicate both the 

Ndp/Fzd4 and Hh signaling in cerebellar lymphatic maintenance or development.  

Given the observation that pia lymphatic vasculature appears to impact both Ndp/Fzd4 and 

Hh signaling, we focused our attention on characterizing the effect of Ndp signaling on lymphatic 

development within the context of aberrant Hh signaling (the Ptch+/- animal model). We focused 

on Ndp as its lymphatic modulatory function has never been described before, although Wnt 

signaling has previously been shown to be important in lymphatic development outside of the CNS 

[195]. In P14 Ptch+/- animals, the pia lymphatic vasculature is condensed, streamlined, and closely 
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associated to the blood vasculature (Figure 25C). This is in striking contrast to what was seen in 

the P14 Ndp-/Y;Ptch+/- animals, where the pia lymphatic vasculature appeared to have a reduced 

and disorganized expression (Figure 25D). The observed Ndp-/Y;Ptch+/- lymphatic vasculature 

exhibited an inconsistent staining pattern with several irregular protrusions or segments (Figure 

25D – Blue arrows). The blood vessels (Isolectin+) in Ptch+/- animals exhibited a normal 

morphology, where the vasculature was completely encapsulated by a thick basement membrane 

(Figure 24C – white arrows and Figure 25C). Interestingly, Ndp-/Y;Ptch+/- animals exhibited 

several examples of blood vessels (Isolectin+) that were not surrounded by a basement membrane 

(Figure 25D – red arrow), some of which also expressed low levels of the lymphatic marker (Lyve-

1+) (Figure 25D - white box). This might be an example of lymphatic vessels that are trans-

differentiating or switching fate back into blood vessels [99, 139, 189-191].  
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Figure 25. Lymphatic defect is enhanced by aberrant Hh and the disruption of Ndp signaling.  

(A) Schematic diagram of a sagittal sectioned mouse P14 brain, blue box illustrating the zoomed 
section in (B-D). Immunohistochemistry of lymphatic vasculature (Lyve-1+ - green) from all 
mouse lines, illustrating the enhanced lymphatic defect by aberrant Hh, and the disruption of Ndp 
signaling. The red square denotes the area of the immunohistochemistry staining that is focused in 
on the below lymphatic only image (Lyve-1+ - green). The reduction in lymphatic vasculature 
within the fold of the cerebellum correlates with an increase in Evans Blue extravasation (Figure 
21A). (C) Representative image of the maximum intensity projection images of P14 Ptch+/- EGL 
illustrating lymphatic vasculature (Lyve-1+ - green), which is tightly associated with the blood 
vasculature (Isolectin+ – red) and confined within the basal membrane (Laminin+ – white). The 
lymphatic vasculature expresses low levels of Isolectin, highlighted by the white arrow, and further 
exemplified by the white box, which is a confocal single optical section image. (D) Maximum 
intensity projection images of P14 Ndp-/Y;Ptch+/- EGL illustrating lymphatic vasculature (Lyve-1+ 
- green), which is highly disorganized (blue arrows). The red arrows denote several examples of 
blood vessels that are not surrounded by a basement membrane (Laminin+ - white). Some of these 
blood vessels also express low levels of the lymphatic marker (red arrows), further highlighted by 
the white box, which is a confocal single optical section image. We examined several neighboring 
sections from at least 3 different cerebella per genotype. Scale bars indicated in the figures. 
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The lymphatic defect observed in Ndp-/Y;Ptch+/- animals at P14 could result from two 

sources. First, lymphatic vasculature could fail to develop, or alternatively, they could regress, 

which could be a function of selective lymphatic death or re-specification to veins. To further 

explore these two possibilities, we serial sectioned P0, P7 and P14 Ptch+/- and Ndp-/Y;Ptch+/- 

cerebellum and stained selected sections for lymphatic vessels (Lyve-1+) and blood vessels 

(Isolectin+). Using a confocal microscope, we imaged the entire cerebellum (confocal Z-stack tile 

scans) and by using the rendered maximum intensity projection images, we performed a temporal 

quantitative analysis of the lymphatic and blood vasculature within the EGL/meningeal layer 

(Figure 26B) by quantifying the pixel density of the Lyve-1 and Isolectin stain. Using this data we 

could subsequently plot the lymphatic vascular density, which was normalized to the blood 

vascular density (Lyve-1+ pixels/Isolectin+ pixels) over time. In addition, we plotted the individual 

vessel pixel abundances (Lyve-1+ pixels and Isolectin+ pixels) separately in order to examine the 

respective increase in abundance or potential alterations over time. During early postnatal 

development (P0), the lymphatic vessels were confined to the apical surface of the developing 

cerebellum in both Ptch+/- and Ndp-/Y;Ptch+/- animals (Figure 26A). P0 Ptch+/- and P0 Ndp-/Y;Ptch+/- 

littermates had nearly identical lymphatic (Lyve-1+ pixels – Figure 26D) and blood (Isolectin+ 

pixels – Figure 26D) vessel abundances. Futhermore, lymphatic densities (Lyve-1+ 

pixels/Isolectin+ pixels) were also comparable between genotypes (Figure 26C). In P7 Ptch+/- mice, 

we detected a slight, but not significant reduction in the lymphatic density (Lyve-1+/Isolectin+) as 

compared to P0 Ptch+/- samples (Figure 26C). This reduction in lymphatic vessel density (Lyve-

1+/Isolectin+) was attributed to a delay in the increase in blood vessel abundance (Isolectin+ Pixels) 

(Figure 26D) as compared to relative paucity in lymphatic vessel abundance (Lyve-1+ Pixels) 

(Figure 26D). In P7 Ndp+/-;Ptch+/- samples there was also a slight, non-significant, reduction in 
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lymphatic density (Lyve-1+/Isolectin+) as compared to P0 Ndp-/Y;Ptch+/- samples, and a reduction 

in lymphatic density that was slightly more pronounced, although non-significant, as compared to 

the P7 Ptch+/- samples (Figure 26C). Again, this observed reduction in lymphatic vessel density 

was attributed to a delay in increased blood vessel abundance (Isolectin+ pixels) (Figure 26D) as 

compared to lymphatic vessel abundance (Lyve-1+ pixels) (Figure 26D). In the P14 Ptch+/- 

samples, the lymphatic vascular density (Lyve-1+/Isolectin+) was similar to what was seen in the 

P0 Ptch+/- samples. This was attributed to the proportionate increase in lymphatic vasculature 

(Lyve-1+ pixels) and blood vasculature (Isolectin+ pixels) abundance (Figure 26D). This is in 

contrast to what was seen in the P14 Ndp-/Y;Ptch+/- samples, in which the lymphatic vascular 

density (Lyve-1+/Isolectin+) was lower than in all other ages and genotypes (Figure 26C). This 

reduction in lymphatic vascular density (Lyve-1+/Isolectin+) was attributed to a reduction in 

lymphatic vasculature abundance (Lyve-1+ pixels) (Figure 26D), which was further exacerbated 

by a slight, non-significant, increase in blood vessel abundance (Isolectin+ pixels) (Figure 26D). 

The observed reciprocal increase in blood vessel abundance (Isolectin+ pixels) and decrease in 

lymphatic vessel abundance (Lyve-1+ pixels) suggests that lymphatic vessels are trans-

differentiating back into blood vascular ECs, an observation which is reminiscent of previously 

described blood vessels that express low levels of the lymphatic marker Lyve-1 (Figure 25D).  
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Figure 26. Temporal loss of lymphatic vessels in the cerebellum of Ndp-/Y;Ptch+/- as 

compared to Ptch+/- animals.  
(A) Confocal maximum intensity projection images of Ndp-/Y;Ptch+/- and Ptch+/- sagittal cerebella 
sections at P0, P7 and P14 stained for lymphatic vessels (Lyve-1+ - green) and counterstained with 
Hoechst (blue). (B) Representative image illustrating the method of quantification that was used, 
quantifying the lymphatic (Lyve-1+ - green) and blood vessel (Isolectin+ - red) density strictly in 
the EGL (white dotted line). (C) Quantification of the area ratio of lymphatic (Lyve-1+ - green) 
density normalised to the blood vessel (Isolectin+ - red) density in P0, P7 and P14 Ptch+/- and 
Ndp-/Y;Ptch+/- littermates, with 3 to 4 biological replicates, composed of 2-3 images per replicate. 
(D) Plot of the quantified arbitrary fluorescent units for isolectin (red lines) and lyve-1 (green lines) 
for each genotype at the specified ages, illustrating the progressive loss of lymphatic vasculature 
between P7 and P14, and the reciprocal slight increase in blood vessel vasculature. White asterisk 
denotes background in the image, scales are indicated in the figures. * = P<0.05, ** = P<0.01, *** 
= P<0.001   
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The observed lymphatic defect in P14 Ndp-/Y;Ptch+/- animals as compared to P14 Ptch+/- 

animals shows a temporal loss of lymphatic vasculature during early postnatal development 

(Figure 26A-C), an observation which is reminiscent of dermal lymphatic loss during early 

postnatal development following  embryonic deletion of Wnt5a [197]. We further corroborated 

these results by performing qRT-PCR on P14 whole cerebellar and P14 dissected pia meninges 

from Ptch+/- and Ndp-/Y;Ptch+/- littermates. In whole cerebella qRT-PCR, we observed a significant 

reduction in the expression of the lymphatic vessel marker Lyve-1 in Ndp-/Y;Ptch+/-, as compared 

to Ptch+/- samples (Figure 27G). Furthermore, in pia meninges-specific qRT-PCR, we observed a 

significant reduction in the expression of the lymphatic vessel marker Lyve-1 and VEGFR3 in 

Ndp-/Y;Ptch+/- as compared to Ptch+/- samples. Interestingly, the qRT-PCR results from the 

meninges samples showed a slight, but not significant up-regulation in the vein specific marker 

EMCN in Ndp-/Y;Ptch+/- as compared to Ptch+/- samples (Figure 27H). These results further 

support the observation of a lymphatic vessel defect in P14 Ndp-/Y;Ptch+/- as compared to Ptch+/- 

animals, which is temporally acquired during early postnatal life. Our current data indicates that 

the loss of lymphatic vasculature may be due to lymphatic vessel fate-switching towards a venous 

fate. 

Previously, we correlated a reduction in both Ndp (Figure 6F) and Fzd4 expression (Figure 

9B) with Ptch+/- tumor progression. We also correlated a reduction in vascular canonical Wnt 

signaling (Figure 19A) with the vascularization of Ptch+/- lesion (Figure 19A-B). Both of these 

observations highlight a potential role for loss of vascular Wnt signaling in MB progression. As 

Wnt signaling has been shown to be involved in the expression of the lymphatic master regulator 

Prox-1 [189], we investigated whether the reduction in lymphatic density also correlates with 

lesion progression. This investigation was performed by quantifying the lymphatic/vascular 
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density in P14 Ndp-/Y;Ptch+/- as compared to Ptch+/- littermates, within the meningeal layer (Figure 

27A-E) of normal untransformed EGL, non-vascularized, and vascularized lesions. In Ndp-

/Y;Ptch+/- animals, we observed a reduced lymphatic density that was independent of the area 

examined (normal EGL, non-vascularized and vascularized lesions), as compared to Ptch+/- normal 

EGL samples (Figure 27B-E). Interestingly, we observed a stepwise decrease in lymphatic density 

as a function of Ptch+/- lesion vascularization, an expression pattern that appears to positively 

correlates with previously reported reduction in canonical Wnt signaling (Lef1) (Figure 19A-B). 

These results highlight a potentially novel role for Norrin signaling in cerebellar lymphatic 

maintenance, and a novel role for lymphatic vasculature in promoting the establishment of a tumor 

suppressive micro-environment. 
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Figure 27. Vascularization of Ptch+/- lesions are associated with a reduction in lymphatic 

vascular density.  
(A) Schematic diagram of a sagittal sectioned mouse P14 brain, green box illustrating the 
cerebellar folds which were utilized in subsequent analysis in (B-E). (B-D) Immunohistochemistry 
of P14 Ptch+/- and Ndp-/Y;Ptch+/- (B) normal EGL, (C) non-vascularized lesion and (D) 
vascularized lesion illustrating the lymphatic vasculature (Lyve-1+ - green), blood vasculature 
(Isolectin+ – red) and counterstained with Hoechst (blue). (E) Quantification of the area ratio of 
lymphatic (Lyve-1+ - green) density normalized to the blood vessel (Isolectin+ - red) density in the 
cerebella fold of P14 Ptch+/- and Ndp-/Y;Ptch+/- littermates, within the normal EGL, non-
vascularized lesion and vascularized lesion. The presented quantification represents 3 biological 
replicates per sample, composed of 3 analyzed and averaged images per replicate. (F) Whole 
cerebella were removed from P14 Ptch+/- and Ndp-/Y;Ptch+/- animals and (G) the whole cerebella 
were used for qRT-PCR or the (H) dissected pia meninges were used for qRT-PCR. (G) Box plots 
of qRT-PCR analysis of Lyve-1 expression in whole cerebellar samples isolated from P14 Ndp-

/Y;Ptch+/- animals and normalized to P14 Ptch+/- littermate expression. (H) Box plots of qRT-PCR 
analysis of Lyve-1, VEGFR3 and EMCN expression in whole cerebellar samples isolated from 
Ndp-/Y;Ptch+/- animals and normalized to P14 Ptch+/- littermate expression. Scales are indicated in 
the figures. * = P<0.05, ** = P<0.01, *** = P<0.001   
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Collectively, these results highlight a novel role for Ndp/Fzd4 signaling in cerebellar 

postnatal lymphatic vessel development and maintenance. The disruption of Ndp/Fzd4 signaling 

drives the progressive loss in pia meninges, in what is currently believed to be an example of 

lymphatic ECs fate switching back towards a blood vessel endothelial cell fate.    
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Chapter 6. Discussion 
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6.1 Ndp is a novel link between stromal signaling and MB initiation 

In tumors with multi-stage progression, such as pancreatic, breast and medulloblastoma 

(MB), the interactions of the tumor with its surrounding stroma have gained widespread 

acceptance as an essential process for tumor progression [242, 243, 295]. However, very little is 

known about the stromal contributions to MB initiation and progression. By taking advantage of 

the well characterized multistage progression of MB in the Ptch+/- mouse model, we uncovered a 

novel and previously undescribed angiogenic contribution from the microenvironment to CNS 

tumorigenesis. Our investigation into the cellular mechanism responsible for this revealed that ECs 

are the source of potent tumor inhibitory signal(s) which acts during both early preneoplasia 

formation, and oncogenic progression. We have also shown that the tumor suppressive signal(s) is 

regulated by the endogenous neuronal to endothelial Norrin/Fzd4 signaling pathway. The 

importance of Wnt signaling in modulating vasculature in brain malignancies has been previously 

illustrated in human glioma samples, where conditionally-activated Wnt signaling normalized the 

vasculature, and reduced tumor growth [157]. An additional example is seen in Wnt-MB samples, 

which secrete Wnt inhibitors to effectively disrupt the BBB, leading to excessive brain 

hemorrhaging [296]. The aforementioned studies highlight the importance of tumor-endothelial 

Wnt signaling in the established carcinoma. In the work presented here, we elaborate the 

understanding of this concept, and illustrate the importance of stromal Wnt signaling during the 

earliest events of tumorigenesis in Shh-driven MB.   

 

6.2 Norrin/Fzd4 signaling in human MB and its involvement in progression 

The results from human MB micro-array showed a trend towards a reduction in survival in 

patients with Shh-MB with the lowest (10th percentile) expression of NDP, as compared to the 

highest (10th percentile). This result would argue for a protective role for Ndp/Fzd4 signaling in 
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human Shh-MB. Despite this result, we observed Shh-MB as the subgroup with the highest 

expression of NDP as compared to all other MB subgroups. This apparent contradictory result can 

be rationalised by several potential explanations. Firstly, the abundance of mRNA is not always a 

reliable indicator of pathway activation, as NDP might not be heavily regulated at the mRNA level. 

Rather, this could occur at the translational level or at the level of post-translational stability, as 

seen for Myc [297] and HIFα [298], respectively. Secondly, NDP, a protein which has been shown 

to associate with the ECM [83], could be regulated at the level of its bioavailability, such as VEGF 

and FGF [299]. Thirdly, knowing that human and mouse MB tumors are very heterogeneous, 

typically arising from multifocal competing clones that evolve over time [300, 301], the expression 

profile observed in the established MB may not be reflective of early initiating events. Finally, the 

expression of Ndp in established MB may be slightly protective, since a reduction in Ndp 

signaling, as seen in our mouse model (Ndp-/Y;Ptch+/-), may disrupt the BBB, allowing pro-tumor 

mitogens [302] to exit the circulation and drive tumor progression [157], effectively reducing 

patient survival. Given the known role for Wnt signaling in CNS vascular development [137] and 

the role of Ndp/Fzd4 signaling in mediating neuronal-endothelial crosstalk in the cerebellum [97, 

240], our presented work exemplifies the need to further investigate the role of Ndp/Fzd4 signaling 

in mouse and human MB progression.    

 

6.3 The stromal compartment involvement in Ptch+/- MB initiation and progression 

In Ptch+/- mice, MB tumorigenesis is governed by two defining features, the incidence, 

which is the prevalence of the disease within a population, and the latency, which is the rate at 

which the disease progresses. Several factors which increase DNA damage [253, 254, 303] and 

proliferation [254, 264, 265] have been shown to alter incidence and latency [26, 304-306]. 

However, much less is known about factors or events which influence the formation of 
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preneoplastic lesions and their subsequent transformation. It has been shown that lesion formation 

in Ptch+/- animals can be modulated by known growth or differentiation regulators (e.g. Igf1, 

Ccnd1 and Tis21) [254, 264, 265] in addition to events which enhance DNA damage (e.g. 

radiation) or prevent their subsequent resolution [252, 253, 303]. However, lesion progression to 

carcinogenesis is enhanced by pro-proliferative factors (e.g. Igf2, Mycn, Boc) and by factors that 

promote evasion of p53-induced senescence [217, 251, 271, 307, 308]. The present study adds 

another factor to the aforementioned list, the pro-tumor microenvironment. We showed that 

disruption of Ndp/Fzd4 signaling in ECs generates a tumor promoting effect(s) which is associated 

with the acquisition of a pro-tumor stroma. Furthermore, we showed that the disruption of 

Ndp/Fzd4 signaling promotes increased GNP proliferation and DNA damage, events which have 

been shown to increase the incidence and reduce the latency of MB in Ptch+/- mice [252, 253, 271, 

304, 305]. Interestingly, the conversion to LOH and ligand-independent pathway activation is an 

important step for tumorigenesis [218, 307], although it is not sufficient for complete 

transformation and progression, as shown by Ptch1 null GNPs which can properly differentiate 

and integrate into the IGL [218], illustrating the requirement for additional signals or events. The 

presented data add to the growing body of literature which highlights the contributions of a pro-

tumor microenvironment towards lesion initiation and subsequent transformation [212].  

At this point it is worth highlighting some of the observed differences between the survival 

curves of the different mouse lines. We observed a greater reduction in survival in animals where 

we deleted the receptor (Tie2-Cre+/-;Fzd4Flox/Flox;Ptch+/-) as compared to the ligand (Ndp-/Y;Ptch+/-

). We can rationalize that this difference in survival is due to partial compensation in Ndp-/Y;Ptch+/- 

from other Wnt ligands (such as Wnt3a and Wnt5a [238, 239]), which are expressed in GNPs and 

which have been shown in the literature to bind to Fzd4. However, this compensation is lost upon 
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the deletion of the receptor (Tie2-Cre+/-;Fzd4Flox/Flox;Ptch+/-), potentially explaining the observed 

reduction in survival. This compensation from other Wnts upon the loss of Ndp has been 

previously reported with the exacerbated BBB defect upon the deletion of the Fzd4 receptor from 

the vasculature as compared to the embryonic deletion of Ndp [84].  

 

6.4 Lesion progression is associated with a reduction in vascular Wnt signaling 

In the presented study we examined the stromal influence on the activation of the 

angiogenic program in early lesions. This was performed by examining the effects of a known 

neuronal secreted Wnt ligand, Norrin, on canonical Wnt signaling in vascular endothelium and the 

resulting impact on BBB maintenance and vascular quiescence [84, 137]. Ourresults suggest that 

the local reduction in Wnt signaling in vascular ECs and vascular invasion are endogenous events, 

which regulate lesion progression in Ptch+/- animals. This result is consistent with the observation 

of a step-wise reduction in Norrin expression as a function of tumor progression. By using a mouse 

line which can expresses a Wnt inhibitors (DKK-1 or SFRPs) specifically in ECs (Tie2-cre+) on 

the Ptch+/- background, we could further dissect the role of canonical Wnt signaling in the 

endothelium in Ptch+/- lesion initiation and progression. 

 

6.5 Characterization of the tumor promoting preneoplastic niche 

In multi-stage tumors, progression will typically begin with a preneoplastic cell acquiring 

the ability to maintain its proliferative ability, negating the normal inhibitory cues through the 

sustained activation of a mitogenic pathway (in Ptch mice it is the Hh pathway), and inactivation 

of tumor suppressor genes. Nevertheless, for a lesion to progress to a tumor with invasive 

properties and sustained growth, it requires the recruit and conversion of the normal neighboring 

stroma cells (e.g. ECs, fibroblast, leukocytes, etc.) to create a tumor promoting microenvironment 
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[309]. The different cell types that compose the stroma have been shown to possess the ability to 

modify the tumor microenvironment through various mechanisms, rendering the bidirectional 

communication between the stroma and preneoplastic cells very important, as it can inhibit and 

modulate the evolution of the lesion [242, 243, 295, 309]. In the present study we explored the 

microenvironment of the early preneoplastic lesion at the earliest time during which we could 

consistently detect lesions in the cerebellum of Ptch+/- animals, which was P14. In the P14 Ndp-

/Y;Ptch+/- as compared to Ptch+/- littermates, we could readily observe 5 predominant stromal 

alterations: 1) activated angiogenic program, 2) ECM remodeling and deposition, 3) immune cell 

infiltration, 4) open BBB and 5) meningeal lymphatic defect. Except for the lymphatic defect, 

these are all stromal alterations which have been shown to have tumor promoting effects in various 

tissues [33, 41, 157, 277, 288, 310-312]. To dissect the molecular mechanism promoting 

tumorigenesis upon Ndp/Fzd4 disruption, we modulated the different stromal phenotypes 

independently, and assessed their impact on tumorigenesis. 

 

6.6 Activated Angiogenic Switch 

In several mouse models of tumors with multistage progression, such as pancreatic and 

breast cancer, the recruitment of the blood vessels has been shown to happen prior to the 

progression of the neoplasia, highlighting the importance of the angiogenic switch as a potential 

rate-limiting step in malignant progression [241, 243, 244, 313]. Disruption of Ndp/Fzd4 signaling 

activated the angiogenic program in the early lesion, as seen by 1) the increase in the proportion 

of angiogenic lesions, 2) the increase in the vascular density of lesions, 3) the increase in the 

number of proliferating ECs and 4) the increase in Ang2 expression. Initially we targeted VEGF-

A, a molecule which is normally responsible for initiating the angiogenic cascade [107, 118, 119] 

and which has a known role in suppressing the anti-tumor immune response [314]. We initially 



131 
 

treated Ndp-/Y;Ptch+/- systemically with a monoclonal α-VEGF-A blocking antibody, however, our 

investigations revealed no difference in the proportion of lesions that underwent an angiogenic 

switch in Ndp-/Y;Ptch+/- animals treated with anti-VEGF-A compared with controls littermates 

(Bassett and Tokarew, unpublished data). One explanation for the lack of effect of the VEGF-A 

blockade on lesion vascularity is compensation from other cell types. VEGF-A is secreted by a 

whole host of cell types, including tumor cells [315], bone derived monocytes [308], fibroblast 

[316] and other immune cells [317]. It is conceivable that the dose of functional blocking 

antibodies was not sufficient to neutralize all VEGF-A activity within the lesions. An alternative 

possibility is that VEGF-A blockade was compensated by the upregulation or activation of VEGF-

A-independent angiogenic pathways [41]. To circumvent this issue, we targeted Angiopoietin-2 

(Angpt2) with a monoclonal blocking antibody. Angpt2 is an potent angiogenic activator, which 

is predominantly secreted by ECs and some cancer cell subtypes [318], and the corresponding gene 

is up-regulated in Ndp-/Y;Ptch+/- tumors. Treating Ndp-/Y;Ptch+/- mice with α-angpt2 effectively 

impaired angiogenesis in vivo, as seen in whole retina flat mounts. Furthermore, α-angpt2 

treatment significantly reduced the vascular density in the lesions, presumably by preventing 

angiogenic activation and by promoting vascular regression or “pruning” of novel immature blood 

vessels [319]. In addition, this treatment reduced the ECM deposition in Ndp-/Y;Ptch+/- lesions. α-

Angpt2 treatment also significantly reduced overall survival of the Angpt2 as compared to 

mIgG2A treated mice. Meanwhile, the latency was reduced and incidence was comparable in 

Angpt2 as compared to mIgG2A treated animals. Furthermore, SmoA1+/-;Ndp+/Y and SmoA1+/-

;Ndp-/Y mice had a highly vascularized hyperplastic EGL but their respective survival curves were 

significantly different, further arguing against the activation of the angiogenic program as the 

stromal alteration which is responsible for the observed increase in tumorigenesis.  
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The significant reduction in latency and the non-significant decrease in latency in the α-

Angpt2 treated Ndp-/Y;Ptch+/- as compared to control animals could represent the selective pressure 

on lesions to utilize alternative angiogenic programs [277]. In the presence of Angpt2 inhibition, 

the lesions could be utilizing alternative angiogenic programs to activate the angiogenic switch 

[243, 320], essentially selecting for pro-angiogenic lesions, and accelerating subsequent tumor 

progression. This event has been observed with the prolonged use of an anti-angiogenic drug in 

pre-clinical models [321]. Taken together, these results argue that the activation of the angiogenic 

program upon Ndp/Fzd4 disruption is not the predominant driving force behind the observed 

increase in MB. To further determine any potential role of angiogenesis in MB, we will drive 

angiogenesis by expressing pro-angiogenic factor (VEGF-A) in GNPs (Atoh1-Cre+) on the Ptch+/- 

background. In addition, we could corroborate this approach by driving the expression of VEG-A 

in GNPs by intracranial injections of retroviruses encoding the VEGF-A transcript. Finally, we 

could perform a combinatorial α-VEGF and α-Angpt2 treatment to further reduce angiogenic 

activation in Ndp-/Y;Ptch+/- in order to assess the potential effects of a more substantial angiogenic 

blockade on lesion initiation and progression.     

 

6.7 Stem cells 

A particular cell population which is closely associated to the vasculature and which is 

particularly sensitive to secreted components from the vasculature and its associated ECM is the 

stem cell population [257, 322]. Stem cells are particularly interesting as the Sox2+ cancer stem 

cell (CSC) population in Ptch+/- mice has been shown to provide chemotherapy resistance and to 

drive tumor regrowth following treatment [230]. Furthermore, there is a known population of 

Nestin+ (a neuronal stem cell marker [323]) progenitor cells located  within the GNP layer of the 

cerebellum that is particularly sensitive to genomic instability [256]. Given their proximity to the 
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vasculature, and their known involvement in Ptch+/- MB, we investigated the stem cell 

compartment. We analyzed the stem cell pool and their self-renewal capacity by performing 

neurosphere assays on P16 Ndp-/Y;Ptch+/- and Ptch+/- littermates [324]. The primary neurosphere 

assay revealed a non-significant trend towards a reduction in the frequency of stem cells in the 

Ndp-/Y;Ptch+/- cerebellum. The secondary neurosphere assay revealed a non-significant trend 

towards a reduction in the self-renewal capacity of the established neurospheres. Although we 

cannot completely rule out the stem cell population as a potential driver for tumorigenesis in Ndp-

/Y;Ptch+/- mice, it is important to point out that the role of cancer stem cells is predominantly studied 

in the context of established tumors [322, 325, 326] and very little is known about its role in lesion 

initiation and progression [326, 327]. Since DNA damage has been associated with stem cell 

dysfunction and carcinogenesis [328] and we showed an increase in the amount of DNA in affected 

GNP cells, a particularly interesting cell population to investigate further would be the Nestin+ 

population, which is a cell population particularly sensitive to DNA damage. To explore any 

potential contribution from the Nestin+ stem cell population towards MB in Ndp-/Y;Ptch+/- mice we 

could generate a new line to selectively eliminate the Nestin+ population (Nestin-CreERT2+) by 

the conditional expression of a suicide gene (thymidine kinase or cytosine deaminase) and explore 

its effects on lesion initiation and progression. 

6.8 Lymphocyte recruitment 

The establishment of an immune- suppressive environment has been shown to be important 

for the progression of Shh-MB progression in several mouse models [329, 330]. In the current 

study, we observed a significant increase in the B-cell population in whole cerebellum dissociates 

and within the perivascular space of lesions by IHC in Ndp-/Y;Ptch+/- samples as compared to 

controls. This is particularly interesting as B-cells have been shown to be potent antigen presenting 

cells (APC) for different T-cell subtypes [173, 331, 332], motivating us to investigate whether this 
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early recruited B-cell population is establishing an immune suppressive environment to promote 

tumorigenesis. 

Initially, we further characterized the B-cell population, predominantly identifying 

immature (IGM+) B-cells. The observation of immature B-cells could be highlighting the specific 

recruitment of specific subtypes such as transitional 2-marginal zone precursors (T2-MZP), which 

have also been shown to be potent immune-suppressors due to their ability to secret interleukin10 

(Il-10) [333]. In addition, some studies have shown that during chronic CNS inflammation, B-cells 

could be readily observed in aggregates in the meningeal space [334]. These reported aggregates 

in the meninges are similar to what we observed in the cerebellum, potentially indicating that these 

B-cells are promoting the production of a pro-tumor pro-inflammatory microenvironment. To 

investigate the role of the early recruited B-cell population in Ndp-/Y;Ptch+/-, we depleted the B-

cell population with an α-CD20 treatment. We confirmed the successful depletion of B-cells by 

whole cerebellum flow cytometry and IHC of established lesions. Interestingly, the depletion of 

the B-cell population in Ndp-/Y;Ptch+/- animals had no effect on overall survival, incidence or 

latency. In fact the survival curve of Ndp-/Y;Ptch+/- animals was almost identical between B-cell 

depleted, control treated (α-KLH) and the untreated Ndp-/Y;Ptch+/- animals, indicating that the 

early recruited B-cell population may not be contributing at all to the MB phenotype. In this study, 

we depleted all B-cells and not just the IgM+ B-cells, which can have negative effects on innate 

immune response [335, 336], autoimmunity [337] and T-cell polarization [338]. Furthermore, the 

observed recruitment of B-cells could be the result of an inflammatory response to the tumor as 

seen in cases of chronic CNS inflammation [334]. To explore this possibility, we could examine 

the potential inflammatory response in Ndp-/Y;Ptch+/- as compared to Ptch+/- animals by purifying 

the B-cells from the surface of the cerebellum and analyzing their cytokine production. 
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Interestingly, upon depletion of the B-cell population we observed (by flow cytometry) a 

reciprocal increase in the recruitment of CD3+ T-cells in whole cerebellum dissociates. This 

observation is consistent with the interpretation that the early recruited B-cell population is 

promoting the establishment of an immune suppressive environment. This immune suppressive 

environment is also readily observed in the established MB samples, as seen by the reduced 

representation of lymphocytes and dendritic cells (DCs)/microglia in Ndp-/Y;Ptch+/- animals as 

compared to controls. At this point it is worth mentioning, that this immune-suppressive 

environment observed in Ndp-/Y;Ptch+/- animals could also be the result of the significant difference 

in ages of the animals. As the average latency of established tumors in Ndp-/Y;Ptch+/- is ≈ 6γ days 

as compared to the ≈ 150 days in Ptch+/- animals, it is possible that there was not enough time to 

mount an effective immune response in Ndp-/Y;Ptch+/- animals. This interpretation would be 

consistent with the observed decrease in CD3+PD-1+ cell population in the Ndp-/Y;Ptch+/- MB 

samples. At this point it is worth mentioning that Ndp is expressed in lymphocytes (Tokarew and 

Baglaenko unpublished data) and the Tie2-Cre recombinase is also active in the hematopoietic 

lineage [339, 340], as such we cannot negate potential contributions from other immune cell types 

(T-cells, Mononuclear cells, DC, etc.). To investigate their potential contributions to the MB 

phenotype in our Ndp-/Y;Ptch+/- mouse model, animals could be treated with Fingolimod 

(FTY720). Fingolimod is an immunomodulating drug which causes sphingosine-1-phosphate 

receptor (S1PR) internalization, preventing S1P signaling in lymphocytes, effectively preventing 

lymphocyte entry into the circulatory system, and sequestering them into secondary lymphoid 

organs. This treatment would effectively deplete the entire adaptive arm of the immune response 

in an organism by preventing their mobilization [341, 342]. 
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Ptch+/- animals are haploinsufficient for Ptch1, causing a gain of function for the Hh 

pathway, which could be affecting the recruitment of lymphocytes into the CNS. Shh signaling in 

ECs can promote CNS immune quiescence by down-regulating the expression of pro-

inflammatory cytokine/mediators and by reducing the expression of adhesion molecules on the 

surface of ECs [12]. However, it is noteworthy that we only observed a significant difference in 

B-cell recruitment in Ndp-/Y;Ptch+/- animals as compared to control animals, and saw no differences 

in any of the other leukocyte subtypes (such as T-cells or DC). Furthermore, a large proportion of 

the recruited B-cells were found in the perivascular space, indicating that they have extravagated 

out of the vasculature, which is a multi-stage, sequential process that requires the coordinated 

interactions between leukocytes and the vascular ECs [39]. Taken all together, in the context of 

disrupted Ndp/Fzd4 signaling, B-cells are selectively recruited and potentially contribute to 

creating an immune suppressive environment. Upon depletion of B-cells, we observed no effect 

on tumorigenesis, indicating that these early recruited B-cells do not contribute to the observed 

MB phenotype. Further investigations into the potential contributions from other lymphocytes is 

required to elucidate their potential contributions to the MB phenotype.  

 

6.9 Endothelial derived factors in MB development 

One of the most significantly enriched sets of genes in the gene ontology analysis between 

Ndp-/Y;Ptch+/- animals and Patch+/- littermates was components of the ECM. Although GNP 

proliferation is predominantly mediated by Shh, other factors have also been shown to influence 

GNP proliferation, such as Insulin-like Growth Factor Receptor 1 (Igfr1) [343], Notch2 [344] and 

Transforming Growth Factor- ȕβ (TGF- ȕβ) [345] signaling, as well as several components of the 

ECM, such as Vitronectin (VN), Fibronectin (FN) and Laminin. VN is a glycoprotein, which has 

a known role in promoting cell adhesion/motility, and  is highly expressed in the inner layer of the 
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EGL [346]. In GNPs, VN has been shown to promote the phosphorylation of CREB and drive the 

differentiation program by down-regulation of Math1 expression [347, 348]. Similarly, FN has 

been shown to have a role in promoting differentiation of GNP, although its function has 

predominantly been studied in the context of promoting GNP parallel fiber extension [346]. 

Laminin on the other hand, is highly expressed in the external layer of the EGL and has been 

shown to synergize with Shh signaling through a ȕ1 integrin-dependent manner to drive GNP 

proliferation and to orientate the centrosome and drive the asymmetrical division of proliferating 

GNPs [49, 349, 350]. In MB, ȕ1 integrin signaling has been shown to have a controversial role in 

promoting MB cell survival, proliferation and migration [312, 351] to prevent tumor growth by 

the activation of the ERK pathway following matrix metalloproteinase-9 (MMP-9) blockade [352], 

and it might even be dispensable in proliferation [353, 354].  

In Ndp-/Y;Ptch+/- lesion sections we observed a significant increase in the aberrant 

deposition of Laminin as compared to Ptch+/- samples. This observation lead us to the idea that the 

increased Laminin deposition could be promoting ȕ1 signaling, which could be responsible for the 

observed increase in proliferation and reduction in cell death in the lesion of Ndp-/Y;Ptch+/- as 

compared to Ptch+/- littermates. Alternatively, the aberrant deposition of ECM in Ndp-/Y;Ptch+/- 

and Tie-2Cre+/-;Fzd4Flox/Flox;Ptch+/- mice may not have a role in tumorigenesis and might just be a 

consequence of the activated angiogenic program. This notion originates from the observation that 

the increased deposition of Laminin and CollagenIV positively correlates with the angiogenic 

activation in these animals. Upon α-Angpt2 treatment in Ndp-/Y;Ptch+/-, we observed a reduction 

in ECM deposition, which appeared to positively correlate with the observed reduction in 

angiogenesis and could argue in favor of ECM deposition being a consequence of the activated 

angiogenic program. 
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Since we did not quantify Laminin expression in Angpt2-treated animals as compared to 

control, it is still possible that there is an increase in the ratio of Laminin/vascular endothelial area 

in the Angpt2 treated mice. Currently, we cannot refute any potential contribution from the 

aberrantly deposited ECM components (Laminin) to the observed increased MB phenotype in any 

of our mouse models. The potential contributions of Laminin to tumorigenesis could be studied by 

analyzing the expression and activity of known downstream components of Laminin-integrin 

signaling (FAK, JNK, ERK, AKT or MAPK) [312, 355] in Ndp-/Y;Ptch+/- as compared to Ptch+/- 

animals. Subsequently, we could address the potential contributions of integrin signaling in 

tumorigenesis in Ndp-/Y;Ptch+/- mice by treating them with α-ȕ1 function blocking antibodies and 

examine its impact on overall survival and lesion formation.  

Alternatively, the disruption of Ndp/Fzd4 signaling may be altering or deregulating the 

expression of an endothelial-specific signaling molecule that could affect GNP proliferation. An 

interesting candidate is Igf-1, which was up-regulated at the mRNA level in Fzd4KO versus 

Fzd4WT ECs isolated from P16 cerebellum [95]. Igf-1 is predominantly secreted by Purkinje cells 

and is essential for Shh mediated GNP proliferation. It promotes the stabilization of N-Myc in a 

PI3K-AKT dependent manner [343], and N-Myc is essential for GNP proliferation and 

tumorigenesis [356]. Embryonic deletion of Igf-1 is lethal postnatally [357], making systemic 

depletions or deletion a non-viable option for interrogating tumorigenesis in the Ptch model. 

However, by using the Igf-1Flox/Flox mouse [357], we could selectively delete IGF-1 from the 

vasculature by crossing it onto our Tie2-cre mouse line in order to explore the effect of vascular 

secreted Igf-1 in Ndp-/Y;Ptch+/- tumor progression.      
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6.10 Disrupted BBB 

To assess the role of the open BBB in promoting MB, we pharmacologically opened the 

BBB in Ptch+/- mice by treating them with Ptx [308]. Ptx opened the BBB, as seen by whole brain 

and lesion-specific Evans blue extravasation through a peracellular, PLVAP-independent, 

mechanism by disrupting the inter-endothelial cell expression of Claudin-5 and ZO-1. Opening the 

BBB in Ptch+/- mice did not alter overall survival, incidence, or latency as compared to the Ptch+/- 

PBS treated control littermates. This result  is consistent with previous reports, which have 

demonstrated that partially opening the BBB in orthotopic transplants of established mouse MB 

did not alter survival [296]. Interestingly, we did observe a slight, but non-significant increase in 

the average number of lesions detected in the Ptx-treated animals as compared to PBS control 

treated animals, potentially indicating a role for blood serum components in lesion initiation. At 

this point it is worth noting that the mechanism of action of Ptx is mediated by inhibiting 

heterotrimeric G coupled proteins, proteins such as Smo [358]. It is possible that Ptx may have 

dampened Hh signaling, which could explain the observed non-significant reduction in established 

lesion volumes. However, due to the fact that we could readily detect lesions and that we observed 

no significant difference in the overall survival of Ptx treated as compared to PBS treated animals, 

it is possible that Ptx treatment did not significantly alter Shh signaling. Further investigations 

using Ptx-independent methods are required to better understand the contributions of an open BBB 

to tumorgenesis in Ndp-/Y;Ptch+/- mice. We could selectively open the BBB by deleting 

sphingosine 1–phosphate receptor 1 (S1PR1) from ECs as previously described [359]. Deletion of 

SIPR1 will prevent cadherin-2 surface expression, promoting perycite dissociation and BBB 

disruption. A caveat with this approach is that many endothelial-specific Cre recombinases (Tie2-

Cre) are also active in the immune system [339] and the deletion of S1PR1 in immune cells [360] 

may have some off-target effects. Alternatively, we could  systemically treat (or by means of intra-



140 
 

cerebellar injections) Ptch+/- animals with VE-cadherin blocking antibodies which would, through 

a previously described pathway, disrupt endothelial tight junctions by down regulation of Claudin-

5 expression [361]. This approach also has its own caveat, as systemic treatment could alter 

adherent and tight junction expression in various organs and can lead to severe hemorrhages [362]. 

Furthermore, Ptx opens the BBB by a peracellular mechanism, which is different from the Ndp-

mediated, PLVAP-dependent, transcellular mechanism [291]. This difference in BBB opening 

could also be important for mediating the MB phenotypes. To address the specific effect of the 

transcellular BBB opening we would need to use an endothelial-specific inducible Cre (Tie2-

CreERT2+) to selectively target and control Plvap expression in ECs and cross that on to the Ptch+/- 

background, enabling us to explore transcellular BBB opening on lesion formation and 

progression. 

A particularly interesting observation which would argue in favor of contributions from 

the disrupted BBB to the MB phenotypes is the observation of a positive correlation between the 

degree of BBB disruption, as seen by whole brain Evans Blue extravasation, and a trend towards 

a reduction in overall survival in our various mouse models.  

 

6.11 Lymphatic vasculature development 

Lymphatic vasculature has been predominantly studied in the context of tumorigenesis for 

its role in promoting established tumor progression and metastasis. In fact, metastasis to regional 

lymph nodes is a major criteria in cancer staging and prognosis [363, 364]. Interestingly, several 

lymphatic vessel-specific mitogens, such as VEGF-C and VEGF-D, are actively secreted by cancer 

cells to drive lymphangiogenesis and metastasis [365, 366]. Furthermore, lymphatic vascular 

density in various human tumors (including prostate, gastric, thyroid, colorectal, esophageal, and 

lung carcinoma) [367-369] has been demonstrated to be a powerful prognostic factor which is 
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associated with poor disease-free  and overall patient survival [370]. However, very little is known 

about the role of lymphatic vasculature in promoting lesion formation and progression. This is 

especially true in brain malignancies, where the lymphatic vasculature has only recently been 

discovered, and the local and regional signaling molecules regulating lymphatic development and 

establishment have not been fully characterized. 

With the recent discovery of lymphatic vasculature within the dura mater of the meninges 

[181, 182] and the observed recruitment of immune cells in the lesions of our Ndp-/Y;Ptch+/- 

animals, we wanted to investigate whether the lymphatic vasculature was affected upon Ndp/Fzd4 

disruption. Our investigation revealed the presence of lymphatic vasculature predominantly 

confined within the pia meninges on the apical surface of the cerebellum and deep within the 

cerebellar folds in Ptch+/- animals, with the rare example of a lymphatic vessel being found within 

the molecular layer of the cerebellum. The identity of the lymphatic vessels is believed to be 

capillary lymphatic vessels, given their small size and geographical positioning. The lymphatic 

vasculature could be readily identified within the perivascular space and in close association with 

the blood vessels. Given the role for Ndp in promoting endothelial canonical Wnt signaling and 

the known role of canonical and non-canonical Wnt signaling in lymphatic vascular development 

outside the CNS [189-191, 195], we decided to characterize the lymphatic vasculature in our 

various mouse models. Upon Ndp/Fzd4 disruption, we could readily observe a significant 

reduction in lymphatic vascular density, demonstrating a role for canonical Wnt signaling in 

cerebellar CNS lymphatic development. Interestingly, the lymphatic defect appeared exacerbated 

within the deep folds of the cerebellum, the location where we observed the majority of the 

established lesions in the Ndp-/Y;Ptch+/- animals. The observed lymphatic defect could also be a 

potential explanation for the observed aberrant accumulation of lymphocytes, as they are 
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selectively recruited and due to the lack of lymphatic vasculature, have no means of returning to 

the circulation. A closer examination of the lymphatic defect in Ndp-/Y;Ptch+/- cerebella revealed 

that the lymphatic vessels appear disorganized as compared to the highly organized and stream-

lined lymphatic vasculature observed in Ptch+/- animals. Interestingly, in the Ndp-/Y;Ptch+/- animals 

we observed several examples of blood vessels which were devoid of the composite 

endothelial/Mural cell basement membrane, and only loosely surrounded by a thin parenchymal 

basement membrane, which is normally seen encapsulating the lymphatic vasculature. 

Furthermore, several of these blood vessels expressed low levels of the lymphatic marker Lyve-1. 

These aberrant blood vessels could be examples of previous lymphatic vessels which may have 

trans-differentiated back into blood vessel ECs, an event which has been shown to take place 

following the loss of function of Prox-1 in lymphatic ECs [191]. The observed postnatal 

developmental loss in lymphatic density upon Ndp/Fzd4 disruption is suggestive of a cerebellar-

specific role for Ndp signaling in lymphatic vessel identity maintenance. 

To better understand the lymphatic defect, we temporally analyzed (P0, P7 and P14) the 

lymphatic vascular density within the meningeal and EGL layer of Ptch+/- and Ndp-/Y;Ptch+/-. The 

lymphatic density in Ptch+/- mice throughout postnatal development remained relatively constant, 

with the exception of a minor, non-significant reduction in vascular density at P7. This reduction 

in lymphatic density is associated to a delay in increasing blood vasculature and lymphatic 

vasculature abundances. The lymphatic density was identical between the Ndp-/Y;Ptch+/- 

littermates as compared to Ptch+/- samples at P0. However, as development ensued, we observed 

a significant temporal decrease in lymphatic density, with the lowest lymphatic density observed 

at P14. This significant reduction in lymphatic density was associated with a reduction in 

lymphatic vascular abundance at P14 as compared to P14 Patch+/- samples, and a moderate non-
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significant increase in blood vessel abundance in P14 Ndp-Y;Ptch+/- as compared to P14 Ptch+/- 

samples. This result is consistent with our observed increase in vascular density in the lesions of 

Ndp-/Y;Ptch+/- as compared to Ptch+/- animals.  

We subsequently explored whether alteration in lymphatic vasculature density could be 

associated with lesion progression. In Ndp-/Y;Ptch+/- animals, we observed a consistent reduction 

in lymphatic vascular density in the EGL, non-vascularized and vascularized lesions. In the Ptch+/- 

animals, however, we observed a stepwise decrease in lymphatic vascular density as a function of 

lesion vascularity. This trend was reminiscent of the stepwise decrease in Ndp expression as a 

function of tumor progression and positively correlated with the observed reduction in Wnt 

signaling (Lef1+ expression) as a function of lesion vascularity. We further corroborated these 

results by whole cerebellum and meningeal-specific qRT-PCR, in which we observed a significant 

decrease in the expression of Lyve-1 and VEGFR3, respectively, in P14 Ndp-/y;Ptch+/- samples as 

compared to P14 Ptch+/- samples. These results suggest that the observed reduction in lymphatic 

vascular density positively correlated with a local reduction in Wnt signaling in ECs, which is also 

associated with increased vascular invasion and lesion progression in Ptch+/- animals.  

Interestingly, in the meningeal specific qRT-PCR, we also observed a slight but not 

significant increase in Endomucin (EMCN - a vein specific marker) in Ndp-/y;Ptch+/- as compared 

to Ptch+/- samples. This result is particularly interesting given the fact that we have previously 

reported an increase in EMCN and Ephb4 (both vein markers) expression in Ndp-/y;Ptch+/- MB as 

compared to Ptch+/- MB samples by micro-array analysis, and we further corroborated the EMCN 

results by MB specific qRT-PCR [236]. These results highlight the increased expression of vein-

specific markers in the early lesion, which is significant in the established MB. Taken together, 

these results support a model within which Norrin is an endogenous, cerebellum-specific ligand 
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that is involved in the post-natal maintenance of lymphatic fate. Upon the loss of Norrin/Fzd4 

signaling, LEC are trans-differentiating back into vein ECs, a process that would require the 

modulation of Prox-1, either at the protein or mRNA level [189, 191, 371].  

These results are also very interesting as the majority of the research surrounding lymphatic 

vasculature in cancer revolve around its role in promoting metastasis and immune suppression 

[183, 364, 369, 370, 372]. In the presented study we highlight a potential role for lymphatic vessels 

in preventing lesion formation and progression. To explore the effect of the meningeal lymphatic 

defect in tumorigenesis, we could attempt to rescue the lymphatic defect in Ndp-/Y;Ptch+/- mice by 

crossing on an endothelial specific Cre-inducible (Tie2-CreERT2+) crossed with a Prox-1-driven 

constitutively active ȕ-catenin. This complicated mouse line would allow us to control the timing 

of the induction of the constitutively active ȕ-catenin in Prox-1 expressing lymphatic cells. 

Alternatively, we could use the VEGF-C/D trap protein expressing mouse line (K14-VEGFR3-Ig) 

[182, 373], a line which expresses a VEGFR3 binding domain fused to the FC domain of 

immunoglobulin, effectively producing a soluble form of the VEGFR3 receptor. We could cross 

this mouse line on to the Ptch+/- mice to investigate the role of lymphatic loss in lesion initiation 

and progression. 

 

 

 

 

 

 



145 
 

6.12 Summary 

The disruption of neuronal-endothelial Norrin/Fzd4 signaling in Ptch+/- mice increases 

GNP proliferation and DNA damage, culminating in a faster conversion to LOH and 

tumorigenesis. Loss of Ndp/Fzd4 signaling alters the early microenvironment into a pro-tumor 

microenvironment, which is characterized by 5 essential stromal alterations. To uncover the 

molecular underpinning which is responsible for the observed increase in tumorigenesis, we 

modulated the different stromal phenotypes to determine their relative contributions. Our 

investigation enabled us to stratify the different cellular compartments (stem cells) and stromal 

alterations as potential driving factors on a probability spectrum from high to low. Our 

investigation of the potential contributions from the stem cell compartment placed it on the lower 

end of the probability spectrum as we observed no difference in the abundance, proliferative ability 

or potential for renewal in the stem cell pool between Ndp-/Y;Ptch+/- and Ptch+/- littermates. Our 

investigations also placed the aberrantly recruited B-cells on the lower end of the probability 

spectrum, as their depletion had no effect on overall survival. However, knowing that Ndp is 

expressed in lymphocytes and the Tie2-Cre recombinase is also active in the hematopoietic lineage 

[339, 340], we cannot negate potential contributions from other lymphocytes, which still remain 

to be determined. In addition, we placed the activation of the angiogenic program on the lower end 

of the probability spectrum as inhibiting angiogenic remodeling and decreasing the vascular 

density in Ndp-/Y;Ptch+/- lesion, presumably by halting de novo vessel formation and promoting 

vascular regression significantly, reduced overall survival. We also acknowledge that the 

disruption of Ndp/Fzd4 signaling could be promoting the secretion of an endothelium-specific 

factor (factor X, such as Igf1), which could be altering GNP proliferation. However, following 

Angpt2 treatment in Ndp-/Y;Ptch+/- ,we observed a significant reduction in vascular density, which 

would presumably also reduce the secretion of the endothelial paracrine factor. Given the fact that 
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the overall survival of Ndp-/Y;Ptch+/- animals was significantly reduced following Angpt2 

treatment, we would argue against the role of a secreted paracrine factor (Factor X) as a strong 

driving force in tumorigenesis. As such, we would place it as a medium section of the probability 

spectrum until additional investigations can more precisely determine its contributions. 

Furthermore, we also observed a reduction in the aberrant deposition of ECM components 

(collagenIV) in the Ndp-/Y;Ptch+/- animals treated with α-Angpt2, which would argue against the 

ECM as being the predominant driver in our MB mouse model. Currently, these observations were 

only qualitative and still require quantification, effectively placing the ECM in the medium section 

of the probability spectrum until additional investigations can more precisely determine its 

contributions. The remaining stromal alterations are: the open BBB and the reduction in lymphatic 

vascular density, which we both placed on the medium to high end of the probability spectrum. 

This assignment was the result of a positive correlation between an exacerbated opening of the 

BBB and a reduced survival between the different animal models. The assignment for the reduction 

in meningeal lymphatic vessels was also due to the observed positive correlation between the 

apparent reduction in lymphatic vasculature in the folds of the cerebellum, and a reduction in 

survival between the different animal models. Furthermore, the reduction in lymphatic vasculature 

in Ptch+/- mice also positively correlated with the observed reduction in lesion vascularization and 

progression. Both of these phenotypes can contribute individually or synergistically to the 

observed increase in tumorigenesis in Ndp-/Y;Ptch+/- animals.  

 

6.13 Working model 

(Figure 28) Currently, we conceptualize both the open BBB and loss of meningeal 

lymphatic vessels are co-operating together. The open BBB enables the extravasation of pro-

proliferative (e.g. Insulin) [302, 374] signaling molecules from the blood serum into the 
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cerebellum parenchyma. This increase in serum components could drive ectopic activation of 

various pathways associated with proliferation, increase the replicative stress or alternatively 

activate metabolic pathways which could produce potentially detrimental metabolites and/or 

reactive oxygen species  (ROS) and reactive nitrogen species (RNI), resulting in increased DNA 

damage [214, 375]. In addition, the lack of lymphatic vasculature could be cooperating with the 

open BBB by increasing ISF stagnation, which would limit oxygen and nutrient diffusion, 

increasing hypoxia, and further exacerbating ROS and RNI production and DNA damage [219, 

376]. To assess the relative contributions from the open BBB and the loss of meningeal lymphatic 

vasculature towards tumorigenesis in Ndp-/Y;Ptch+/- animals, we would have to individually 

modulate these two stromal alterations.  
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Figure 28. Working model. 
Disruption of Ndp/Fzd4 signaling promotes several stromal alterations such as an open BBB, 
activation of the angiogenic program, ECM deposition, aberrant lymphocyte recruitment and a 
loss of meningeal lymphatic vessels. We believe that the open BBB and the loss of lymphatic 
vasculature are cooperating to promote tumorigenesis. The open BBB enables the extravasation of 
pro-proliferative (e.g. Insulin) [302, 374] signaling molecules from the blood serum. This could 
ectopically activate various pathways associated with proliferation, or metabolic pathways which 
could potentially produce detrimental metabolites and/or reactive oxygen species (ROS) and 
reactive nitrogen species (RNI) [214, 375]. In addition, the lack of lymphatic vasculature could be 
cooperating with the open BBB by increasing ISF stagnation, which would limit oxygen and 
nutrient diffusion, increasing hypoxia and further exacerbate ROS and RNI production. Together 
they would increase replicative stress and DNA damage through ROS and RNI [219, 376], 
promoting LOH conversion of the lesions, effectively driving tumorigenesis.   
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6.14 Significance of the study 

This work highlights several important notions. First, the Ndp/Fzd4 signaling axis has 

never before been shown to be involved in brain tumorigenesis. Second, we showed a novel 

mechanism by which Hh-driven tumors can interact with the surrounding stroma. Third, we are 

the first group to describe a novel role for Ndp/Fzd4 signaling in lymphatic vasculature 

development and maintenance in the pia meninges of the cerebellum.  

These results are clinically relevant and particularly interesting in the context of future 

patient management, especially in the context of Shh-MB. Wnt-MB is regarded as a MB with a 

good prognosis and an excellent responsiveness to classical treatments (such as chemotherapy), a 

trait that has been attributed to an open BBB [296]. In the presented work we describe an 

endogenous signaling network (Ndp/Fzd4), which is enriched in Shh-MB, and which can be 

targeted  in vivo [236], effectively opening the BBB in Shh-MB and potentially enhancing the 

responsiveness of human Shh-MB to classical treatment and reducing the need for invasive 

surgical resection.  

Furthermore, given the known role of Ndp signaling in the regulation of cerebellar BBB 

integrity, and the observed correlation of a reduced survival in human patients with lower levels 

of Ndp expression; it would be interesting to see if these human patients do in fact have a more 

compromised BBB due to the reduced expression of Ndp. Furthermore, if the lower levels of Ndp 

expression translates to an exacerbation of the BBB phenotype in the established MB, it would be 

interesting to determine whether these patients are better responders to classic treatments, such as 

chemotherapy.  
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Supplemental Figure 1. Loss of Ndp causes alterations in stromal associated gene 

expression in Ptch+/− MB samples. 

(A) Hierarchical clustering calculated from the 1500 probes with the largest midspread ranges 
across all biological replicates from Ptch+/- MB, Ndp-/Y;Ptch+/- MB and P6 WT GNP samples 
following whole genome expression analyses. (B-C) A total of 1586 mRNA transcripts were 
detected as differentially expressed in Ptch+/− as compared to Ndp-/Y;Ptch+/− MB samples by using 
limma[226], with a P value threshold of 0.05. The presented heatmap figures display the top 50 
most up- and down-regulated genes between Ptch-/+ and Ndp-/Y;Ptch+/- MB samples. Genes marked 
by a green rectangle (on the left of the heatmaps) fall into the extracellular region of the Gene 
Ontology (GO) classification. (D) Immunostainings of PLVAP and Endomucin (green) on Ndp-

/Y;Ptch+/− and Ptch+/− MBs (top) and lesions (bottom) demonstrate validation of up-regulated genes 
at the protein level. The black box denotes particularly interesting blood vessel specific genes 
(Plvap and Esm1) and more specifically vein associated genes (Ephb4 and EMCN). Wild Type = 
WT; Scale bars indicated in the figures. Figure adapted from [236] 
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Supplemental Figure 2. Loss of Norrin signaling in Ptch+/− mice does not enhance EGL 

overgrowth or significantly alter GNP gene expression profile. 

(A) Principal component analysis following genome-wide expression array profiling of acutely 
isolated WT (wild-type), Ptch+/−, Ndp-/Y and Ndp-/Y;Ptch+/- GNPs (n = 4 animals per group) does 
not reveal clear separation of the different GNP genotypes. (B) Representative Haematoxylin 
stainings of the EGL from equivalent cerebellar regions from the 4 different genotypes (WT, 
Ptch+/−, Ndp-/Y and Ndp-/Y;Ptch+/-), red bar denotes EGL thickness. (C) Scatterplot quantification 
of the EGL thickness in (B), which shows that loss of Ndp does not increase EGL thickness on the 
WT background or on the Ptch+/− background. Means are denoted by black horizontal lines on the 
graph. Scale bar indicated in the figure. Figure adapted from [236] 
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Supplemental Figure 3. EGL-associated morphology in WT, Ptch+/-, Ndp-/Y;Ptch+/-, Cre+/-

;Fzd4flox/flox and Tie2-Cre+/-;Fzd4flox/flox;Ptch+/- cerebella. 

(A) Cerebellar sections from P14 animals of the indicated genotypes where stained with CD31 
(ECs marker), pan-Laminin (vascular basement membrane marker) and counterstained with 
Hoechst (nuclear marker). Although Tie2Cre+/-;Fzd4Flox/Flox cerebella do not develop preneoplastic 
lesions we can find the rare foci of a disrupted EGL morphology. 3 lesion-free regions from at 
least 3 cerebella per genotype were examined. (B) Co-immunostaining for CD31 and pan-Laminin 
on cerebellar lesion sections from P14 Cerebellar sections from P14 animals of the indicated 
genotypes where stained with CD31 (ECs marker), pan-Laminin (vascular basement membrane 
marker) and counterstained with Hoechst (nuclear marker) with the lesions outlined in white 
dashed line. Figure is to illustrate the vascular remodeling in small (<0.02 mm3) compound mutant 
lesions. External granule layer = EGL. Scale bar indicated in the figure. 
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Supplemental Figure 4. Lesion distribution in Ndp-/Y;Ptch+/- and Ptch+/- animals.  

Whole cerebella were serial sectioned and lesions were followed throughout the cerebellum and 
scored depending on their location as within the deep cerebellar fold, tip of folia or both the tip 
and deep in the fold. In Ndp-/Y;Ptch+/- animals we see an increase in lesions found within the fold. 
Although Ptch+/- animals have a large portion of lesions found in both the fold and the tip, this type 
of lesion does not allow for a proper determination of its origin (the lesion could have originated 
in the tip and spread inwards or vice versa). Number of lesions investigated per genotype are 
indicated in the figure (Bassett and Allemano unpublished data).  
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Supplemental Figure 5. Reduction in ECM deposition following α-Angpt2 in Ndp-/Y;Ptch+/- 

animals. 
(A) Aberrant deposition of ECM (CollagenIV+) in the Ndp-/Y;Ptch+/- animals treated with α-
mIgG2a, highlighted by the white arrows. (B)  The aberrant deposition of ECM (CollagenIV+) is 
significantly reduced in the Ndp-/Y;Ptch+/- animals treated with α-Angpt2. For the 
immunohistochemical stainings we examined 3 neighboring sections from at least 3 different 
cerebella per genotype. Scale bars indicated in the figures. 
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Supplemental Figure 6. Meningeal lymphatic are confined within the perivascular space. 

(A) Orthogonal confocal cross section image of a meningeal vessel, with the dotted line illustrating 
the lymphatic vessel. The vasculature (Isolectin – red) and lymphatic (Lyve-1 – green) are found 
confined within the Laminin (white) basement membrane. The red box is the sliced image found 
in (B). (B) Confocal cut section illustrating the lymphatic vasculature (white arrow) is found within 
the perivascular space and closely associated to the endothelial nucleus. Scale bars indicated in the 
figures. 
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