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Abstract 

Malignant brain tumors such as glioblastoma multiforme (GBM) and medulloblastoma 

are among the most devastating of cancers and their extensive infiltration into normal 

brain tissue leads to recurrence and poor patient prognosis. This thesis focuses on 

negative regulators of malignant brain tumor invasion in three-dimensional collagen gel 

matrices. We observed a chemorepellent effect in co-cultures of gIioma spheroids where 

C6 and U251 glioblastoma cells are repelled by a secreted chemotropic molecule 

produced by the adjacent spheroid. In addition, the inhibitory effect of glioma 

conditioned medium on implanted C6 and U251 spheroids suggests that a chemorepellent 

effect may be accompanied by an inhibitory kinetic effect on individual cells. We used 

this model of conditioned medium inhibition as a functional assay to isolate and identify 

natural inhibitors of glioma invasion using protein purification. Mass spectrometry 

analysis revealed inter alpha trypsin inhibitor heavy chain 2 (ITI H2) as the most 

abundant protein in our purified fractions and validation studies confirmed its role as a 

strong inhibitor of glioma cell invasion and proliferation and a promoter of cell-cel1 

adhesion. Lower levels ofITI H2 in high-grade primary human CNS tumors suggest that 

ITI H2 may play a role in brain tumor progression. In the final chapter, we demonstrated 

a role for the guidance cue, Slit2, in medulloblastoma invasion. Similar to ITI H2, Slit2 

had an inhibitory effect on the velocity of individual cells; however, there was no 

concomitant effect on proliferation or adhesion. In contrast to ITI H2, Slit2 did not affect 

glioma cell invasion in three-dimensions, and RT PCR analysis did not reveal a 

correlation with malignancy. This study introduced sodium alginate bead "bioreactor" 

encapsulation as a method to exogenously supply Slit2 or other negative guidance cues. 
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Mixed beads containing cells overexpressing Slit2 and dominant negative RoboN 

demonstrated that this method can be used to attenuate the continuous inhibition of Slit2, 

and may potentially be utilized to introduce molecules targeting multiple biological 

processes inc1uding invasion, proliferation, and apoptosis. Therefore, Slit2 and ITI H2 

may play potential therapeutic roles in the treatment ofmalignant brain tumor invasion, 

and require further functional characterization. 
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Résumé 

Les tumeurs cérébrales malignes, tels les glioblastomes multiformes (GBM) et les 

médulloblastomes, sont parmis les cancers les plus dévastateurs et leur infiltration 

importante dans le tissu cérébral sain cause leur récurrence et un mauvais prognostic pour 

le patient. Cette thèse se concentre sur les signaux antagonistes à la migration des 

cellules de tumeur cérébrales dans une matrice de collagène en trois dimensions. Nous 

avons observé un effet chimiorépulsif dans des co-cultures de sphéroides, où les cellules 

de glioblastomes C6 et U251 sont repoussées par une molécule chimiotropique secrétée 

par la sphère adjacente. De plus, l'effet inhibiteur du milieu de culture conditionné par 

des cellules de gliome sur les sphère de C6 ou de U251 implantées dans le collagène 

suggère que cet effet chimiorépulsifpeut être accompagné d'un effet inhibitant la 

cinétique des cellules individuelles. Nous avons utilisé ce modèle d'inhibition par le 

milieu de culture conditionné comme essai fonctionnel pour isoler et identifier la ou les 

molécule(s) impliquée(s), par des techniques successives de purification de protéines. 

Une analyse de spectroscopie de masse a révélé que la protéine la plus abondante dans la 

fraction inhibitrice purifiée était inter alpha trypsin inhibitor heavy chain 2 (ITI H2), et 

des études subséquentes ont confirmé l'effet inhibiteur de cette protéine sur l'invasion et 

la prolifération des cellules, ainsi qu'un effet renforçant l'adhésion entre les cellules. De 

plus, les niveaux plus faibles d'expression de ITI H2 dans les gliomes de haut grade 

suggèrent que ITI H2 peut être impliqué dans la progression de ces tumeurs. Dans le 

dernier chapitre, nous démontrons le rôle joué par le signal inducteur Slit2 dans 

l'invasion des médulloblastomes. Comme ITI H2, Slit2 démontre un effet inhibiteur sur 

la vélocité d'invasion des cellules individuelles; par contre, nous n'avons observé aucun 
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effet sur la prolifération ou l'adhésion de ces cellules. Contrairement à ITI H2, Slit2 

n'influence pas l'invasion des cellules de gliome dans la matrice de collagène, et des 

analyses par RT-PCR n'ont révélé aucune corrélation d'expression avec le grade du 

gliome. Lors de cette étude, nous avons utilisé une méthode d'encapsulation de cellules 

dans des perles d'alginate de sodium pour former des 'bioréacteurs' sécrétant Slit2 ou 

d'autres facteurs chimiorépulsifs. Des perles contenant un mélange de cellules sécrétant 

Slit2 et un dominant-négatifRoboN ont pu démontrer que cette méthode peut aussi servir 

à atténuer l'inhibition continue par Slit2, et pourrait potentiellement être utilisée pour 

introduire près de la tumeur différents facteurs actifs dans des événements tels que 

l'invasion, la prolifération et l'apoptose des cellules tumorales. Ainsi, Slit2 et ITI H2 

représentent des cibles thérapeutiques potentielles dans le traitement de l'invasion des 

gliomes malins, tout en nécessitant des études plus approfondies. 
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Introduction: Rationale and Objectives 

Malignant brain tumors 
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Glioblastoma multiforme (GBM) is the most common primary central nervous 

system tumor in adults and is thought to arise from astrocytes or astrocytic precursors 

(Chicoine and Silbergeld, 1997; Lopez et al., 1995). Categorized as World Health 

Organization (WHO) grade IV, GBMs are characterized by endothelial cell proliferation, 

nuclear pleomorphism, extensive necrosis and a high mitotic index (Kleihues et al., 

2000). GBMs can be divided into two subtypes: secondary or progressive, which arises 

from lower-grade tumors, and primary or de novo, which is the major glial malignancy 

more common in older patients (Wechsler-Reya and Scott, 2001). Current therapeutic 

strategies include surgery, radiation and chemotherapy; however GBMs rapidly infiltrate 

the normal brain architecture making complete resection virtually impossible (Kleihues et 

al., 2000). Consequently, tumors typically recur, and prognosis is poor with a mean 

survival of approximately 18 months. 

Medulloblastoma is the most common malignant brain tumor in children and is 

believed to originate from granular precursor cells ofthe cerebellum (Wechsler-Reya and 

Scott, 2001; Raffel, 2004). Common treatment strategies for this neuronal tumor include 

surgery followed by radiation and/or chemotherapy. These approaches are often 

successful at decreasing the size of the primary tumor; however, recurrence and 

metastasis occur, and consequently, only 60-70% of patients survive 5 years after 

diagnosis (Wechsler-Reya and Scott, 2001; Louis et al., 2002). 
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The highly infiltrative nature of malignant central nervous system tumors makes 

the invasive cascade an important therapeutic target. Both GBM and medulloblastoma 

share the ability to infiltrate the normal brain tissue; however, other motility properties 

distinguish the two. GBMs primarily invade along white matter tracts and blood vessels, 

but rarely metastasize outside the CNS (Kleihues et al., 2000). In contrast, 

medulloblastoma cells can detach from the major tumor mass and spread within the 

cerebral spinal fluid (CSF). This results in tumor growth along the cranial and spinal 

nerves and leptomeningeal surfaces ofthe brain and spinal cord (Gianaspero et al., 2000). 

Characteristically, medulloblastoma cells can adhere to and spread over the surface ofthe 

brain and other CNS tissues as a mono layer; however this growth pattern is much less 

commonly seen in GBMs (Gianaspero et al., 2000). In addition, medulloblastomas can 

metastasize outside the nervous system in about 5-10% of patients (Paulino, 2003). 

The different motility characteristics, cells of origin, population distributions and 

clinical outcomes that characterize GBM and medulloblastoma make these tumor 

subtypes attractive targets to study and further characterize the motile properties of 

different brain tumors (Table 1.1). 

In vitro and in vivo models of malignant brain tumor cell motility including 

Boyden chambers, co-culture confrontation assays and xenograft mouse models have aIl 

been used to examine the molecular biology ofbrain tumor progression. There are many 

positive regulators of malignant brain tumor growth and motility; however, little is 

known about negative modulators ofmalignant brain tumor cell invasion (Chicoine and 



Silbergeld, 1997; Mueller et al., 2003; Wechsler-Reya and Scott, 2001; Werbowetski et 

al.,2004). 
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The work presented here examines negative regulators of malignant brain tumor 

cell invasion and their effect on cell velocity, direction, proliferation, and adhesion. This 

thesis characterizes the role oftwo proteins: Inter alpha trypsin inhibitor heavy chain 2 

and Slit2 in glioma and medulloblastoma cell invasion in three-dimensions. Chapter 1 

outlines a breakdown of the biology ofmalignant brain tumors. The topics covered 

include the mutations and amplifications associated with brain tumor progression, the 

facets of the invasive cascade, the variety ofmodels used to recapitulate malignant brain 

tumor growth and invasion, and the cellular and molecular targets, both positive and 

negative, responsible for the highly motile and proliferative phenotype of GBM and 

medulloblastoma. 



Chapter 1: The problem of malignant brain tumors: from the 

etiology to molecular mechanisms of malignant brain tumor 

growth and invasion 

20 



1.1 Etiology of malignant brain tumors: genetic mutations and amplifications in 

GBM and Medulloblastoma 

21 

Malignant brain tumor progression is linked with a variety of genetic aberrations. 

Both GBM and medulloblastoma are associated with several mutations, many ofwhich 

are closely linked with neurodevelopment (Wechsler-Reya and Scott, 2001; Behin et al., 

2003; Ichimura et al., 2004; Pietsch et al., 2004). Over the past 20 years, the knowledge 

ofthe molecular pathogenesis of malignant brain tumors has provided evidence and 

justification for new therapeutic targets. However, we are still far from understanding the 

details ofbrain tumor molecular biology in a way that can be effectively translated in the 

clinic. It is imperative to combine molecular data with histological diagnosis to provide 

the best treatment strategy and accurate patient prognosis (Ichimura et al., 2004). 

Genetic aberrations in GBM 

The mutations associated with GBM are weIl characterized in the literature. 

Accompanying oncogenesis and malignant glioma progression from low-grade to high

grade astrocytoma is the accumulation of genetic aberrations that lead to mutations in 

growth factor-receptor complexes and tumor suppressor genes. Malignant astrocytomas 

evolving in this manner are termed secondary glioblastoma. Those developing de novo 

are called primary glioblastomas and account for a majority ofhigh-grade gliomas 

(Wechsler-Reya and Scott, 2001; Behin et al., 2003). Differences in amplification and 

deletion mutations distinguish the two subtypes (Fig. 1.1). 
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One of the major genetic abnormalities detected in 40-50% of de nova 

glioblastomas is epidermal growth factor receptor (EGFR) amplification (Libermann et 

al., 1985a, 1985b). The EGF receptor is also frequently rearranged, encoding a truncated 

form, lacking part of the extracellular domain (Ekstrand et al., 1992; Sugawa et al., 1990; 

Wong et al., 1992). Consequently, the receptor, called EGFRvIII, can no longer bind 

ligand but is constitutively activated thereby enhancing cell growth both in vitro and in 

vivo (Wechsler-Reya and Scott, 2001; Behin et al., 2003; Ichimura et al., 2004). Along 

with increased cell proliferation, studies have also demonstrated enhanced invasion of 

glioma spheroids into fetal rat brain aggregates using celllines and primary gliomas that 

exhibited high EGFR expression levels or enhanced response to exogenously applied 

EGF (Lund-Johansen et al., 1990; Engebraaten et al., 1993). Weekly intravenous RNAi 

gene therapy directed against hum an EGFR has also been shown to suppress EGFR 

function and increase survival time in SCID mice implanted with U87 glioma cells 

(Zhang et al., 2004). Therefore, EGFR modulation is an important therapeutic goal to 

decrease glioblastoma cell proliferation and invasion. 

Another mutation associated with 80-90% ofboth primary and secondary 

glioblastomas is frequent deletion of regions of chromosome 10q (Li et al., 1997; Li et 

al., 1997; Steck et al., 1997). The gene most identified with this region is phosphatase and 

tensin homology or mutated in multiple advanced cancer (PTEN/MMAC). PTEN is 

mutated in 20-30% of primary and secondary high grade astrocytomas such as 

glioblastoma and is typically associated with the Akt pathway (Wechsler-Reya and Scott, 

2001). Catalyzing conversion ofphosphatidylinositol (3,4,5)-triphosphate (PIP3) to 
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phosphatidylinositol (4,5)-bisphosphate (PIP2), PTEN normally suppresses Akt 

activation, thereby promoting cell cycle arrest and apoptosis (Wechsler-Reya and Scott, 

2001). Cells lacking PTEN are resistant to apoptosis and are more tumorigenic. The 

importance of Akt signaling is evident in mouse models combining Akt and Ras 

activation in neural progenitor cells to induce glioblastoma (Holland et al., 2000). 

Specific inhibitors ofPI3K/Akt signaling such as LY294002 and Wortmannin, have also 

been used to pharmacologically decrease invasion and gelatinase activity of C6 cells in 

vitro (Kubiatowski et al., 2001). 

Mutations more commonly associated with secondary glioblastoma include 

deletions in the TP53 and PI6/CDKN2A genes and amplification ofthe platelet-derived 

growth factor (PDGF) ligand and receptor. Common aberrations in p53 pathway cell 

cycle dysregulation include inactivation ofthe TP53 gene itself and amplification of the 

chromosome 12 locus encoding the gene for the p53 degradation prote in Mdm2 

(Ichimura et al., 2004; Behin et al., 2003; Wechsler-Reya and Scott, 2001). Studies using 

transfected cells lines and adenoviruses to restore wild-type p53 expression have 

demonstrated suppressed cellular growth and tumorigenecity (Asai et al., 1994; Cirielli et 

al., 1999). Homozygous deletions ofthe PI6/CDKN2A gene are also associated with 

glioma tumor progression and occur in up to 30-40% of glioblastoma (Wechsler-Reya et 

al., 2001; Behin et al., 2003). The protein ARP, which is generated by alternative splicing 

of the pI6/CDKN2A transcript, is no longer able to inhibit Mdm2-mediated p53 

degradation. Chintala et al. (1997) demonstrated reduced invasion and MMP2 activity 



using SNB19 pl6-overexpressing glioma cells in Matrigel and spheroid-rat brain 

confrontation co-culture assays. 
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High expression levels of plate let derived growth factor receptor (PDGFR) and 

the PDGF ligand are aiso associated with secondary glioblastoma suggesting the presence 

of autocrine/paracrine loops (Hermanson et al., 1992; Lokker et al., 2002). PDGFR 

signaling has been linked with aIl facets of glioblastoma biology including proliferation, 

survival and migration (Lund-Johansen et al., 1992; Guha et al., 1997). Intracranial 

injections of recombinant PDGFR retrovirus also induce glioblastoma in mice (Uhrbom 

et al., 1998). 

Genetic aberrations in medulloblastoma 

The etiology of medulloblastoma progression is closely linked with 

neurodevelopment and a variety ofhereditary disorders. There are two major variants of 

medulloblastoma. The desmoplastic subtype is believed to be derived from external 

granular layer cells of the cerebeIlum; whereas, the cell of origin ofthe classic variant is 

still under discussion (Pietsch et al., 2004). 

New insights into the developmental biology ofmedulloblastoma have come from 

studies ofthe Sonic-Hedgehog (Shh)-Patched (Ptcl) signaling pathway, which is known 

for its role in controlling proliferation of extemal granule cells of the cerebellum (Fig. 

1.2) (Wechsler-Reya and Scott, 1999). Sonic Hedgehog is a secreted protein that binds to 

its receptor Patched 1. Binding inactivates the Patched receptor thereby relieving 
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inhibition of another transmembrane protein, Smoothened (Fig. 1.2). Smoothened 

transduces downstream signaIs that activate the Gli family oftranscription factors leading 

to target gene induction and enhanced cell proliferation (Fig. 1.2). The first evidence of 

Shh signaling involvement in medulloblastoma came from studies of mutations in nevoid 

basal cell carcinoma (NBCCS) or Gorlin syndrome, a disorder characterized by 

developmental abnormalities and increased incidence of medulloblastoma (Taylor et al., 

2000). Approximately 10-20% ofmedulloblastomas contain mutations at the PTCH 

locus, and these tumors are generally ofthe desmoplastic subtype (Pietsch et al., 1997; 

Raffel et al., 1997; Xie et al., 1997). Mouse heterozygote knockout models ofPTCHl 

develop tumors within 4-6 months and are morphologically similar to medulloblastoma 

(Goodrich et al., 1997; Wetmore et al., 2000). Investigations of other Shh signaling 

family members such as Smoothened, Patched 2 and Human Suppressor ofFused (SuFu) 

have revealed further mutations, and medulloblastoma elimination in Ptc +/- p53-/- mice 

using a small molecular inhibitor of Smoothened has further implicated the importance of 

this pathway to medulloblastoma progression (Reifenberger et al., 1998; Smyth et al., 

1999; Romer et al., 2004). 

Studies of medulloblastoma mRNA expression profiles have been able to 

distinguish the desmoplastic variant based on genetic signature to correctly classify 33 of 

34 tumors (Pomeroy et al., 2002). Genes that were most highly correlated with 

desmoplastic histology include PTCH, GU, and N-MYC, another downstream Shh 

target. The transcriptional profiling provided further evidence that like tumors associated 
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with Gorlin's syndrome, sporadic cases of desmoplastic medulloblastoma are also linked 

with Shh pathway activation (Pomeroy et al., 2002). 

Just as studies of Gorlin's syndrome have implicated Shh signaling in 

medulloblastoma progression, so too have studies of another hereditary disorder, Turcot's 

syndrome, suggested a role for the Wnt signaling pathway in medulloblastoma 

pathogenesis (Fig. 1.3). Patients with Turcot's syndrome have mutations in the 

adenomatous polyposis coli (APC) gene leading to overactivity of the Wnt signaling 

cascade (Hamilton et al., 1995). This renders ~-catenin resistant to degradation and 

increases transcription of genes associated with cell cycle progression such as c-myc and 

cyclin Dl (Fig. 1.3). Although these patients are typically at increased risk for 

medulloblastoma, somatic mutations of APC are rare in sporadic medulloblastoma and 

sorne suggest that they have no functional significance (Huang et al., 2000; Raffel, 2004). 

Other studies have shown that mutations in other components ofthe Wnt pathway such as 

~-catenin and Axin 11 Axin2 are associated with sporadic medulloblastoma (Zurawel et al., 

1998; Dahmen et al., 2001). 

Loss or mutation of a portion of chromosome 17 is also a common genetic 

aberration associated with 30-50% of medulloblastomas and is usually linked with the 

classic variant (Bigner et al., 1997; Bumett et al., 1997; Cogen and McDonald, 1996). 

The most common mutation is the loss of chromosome 17p that is concomitant with the 

formation of isochromosome 17q (Bayani et al., 2000). However, the medulloblastoma 



tumor suppressor gene(s) on chromosome 17 is distinct from p53 and has yet to be 

identified. 
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Finally, a gene associated with a favorable outcome is TRKC, a receptor for the 

neurotrophin NT-3 ligand (Pomeroy et al., 2002; Segal et al., 1994; Kim et al., 1999). 

Along with its role as a positive prognostic marker, TrkC also inhibits intracerebral 

medulloblastoma tumor growth in nude mice by the promotion of apoptosis (Kim et al., 

1999). 

1.2 The invasive cascade 

Genetic abnormalities are linked with brain tumor progression; however, the 

infiltration and destruction of normal brain tissue architecture presents a major obstacle 

for effect treatment of CNS malignancies such as GBM and medulloblastoma. Although 

the terms migration and invasion are often used interchangeably, they are distinct 

concepts. Migration refers to active celllocomotion on a surface or though a three

dimensional matrix without modification ofthe matrix or normal brain. Examples include 

migration of neuronal and glial cell precursors during neurodevelopment, stem cell 

migration in a variety oftissues, lymphocyte migration, and migration of 

medulloblastoma cells as monolayers over the surface of the brain. 

Invasion implies local remodeling and destruction ofthe matrix or normal tissue 

architecture followed by cell movement and is a property of many malignant brain 

tumors (Bolteus et al., 2001). Degraded collagen fragments surrounding individual C6 
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astrocytoma cells in a collagen type 1 matrix using scanning electron microscopy have 

provided evidence for this invasion paradigm (Del Maestro et al., 2001). Invasion of 

malignant brain tumors encompasses a variety of processes including: i) loss of cell-cell 

adhesion at the edge of the main tumor mass, ii) establishment of a polarized morphology 

to initiate cell movement, iii) extracellular matrix degradation and remodeling controlled 

by multiple proteases and their inhibitors, iv) regulation of cytoskeletal dynamics to 

provide the protrusive and contractile forces necessary to facilitate cell migration and v) 

detachment of the cel1. Therefore, cell migration is a component of the invasive cascade. 

The distinction between migration and invasion is based on the local destruction 

and remodeling of the ECM that occurs during the invasive cascade. Therefore, any 

description of medulloblastoma and glioblastoma motility in three-dimensional collagen 

matrices will be referred to as invasion in the forthcoming chapters. The motility of non

invasive cells such as neurons, leukocytes and stem cell precursors will be referred to as 

migration. 

Loss of cell-cell adhesion 

The first stage of the invasion process involves loss of cell-cell adhesion at the 

edge ofthe tumor mass in order to generate new interactions with the extracellular matrix 

(ECM) and host tissue. Cadherins are a family of calcium dependent cell adhesion 

molecules that facilitate homotypic cell-cell interactions. They can be c1assified as tumor 

suppressors and are associated with differentiation and contact inhibition of growth and 

motility (Demuth and Berens, 2004). The E- and N-cadherins are linked with the actin 



29 

cytoskeleton through J)-catenin that binds directly to the cadherin cytoplasmic domain, 

and a-catenin, that binds to J)-catenin and is directly linked to actin and the actin-binding 

prote in, a-actinin (Juliano, 2002). A recent study demonstrated that N-cadherin 

overexpression in C6 glioma cells significantly decreased invasion both in vitro and in 

vivo (Asano et al., 2004). In addition, overexpression of other cell adhesion molecules 

such as neural cell adhesion molecule (NCAM) also decreases glioma cell motility in 

vitro (Prag et al., 2002). Typically, the expression of neural cell adhesion molecule 

(NCAM) is inversely correlated with gIioma malignancy (Maidment et al., 1997; Gratsa 

et al., 1997) 

Establishment of cell polarity 

Loss ofhomotypic cell-cell adhesion is followed by the established of a polarized 

morphology to initiate cell migration. The Rho-like GTPases, Rho, Rac and Cdc 42, 

regulate specifie morphological changes in the cytoskeleton and play a pivotaI role in 

controlling polarity, migration and invasion (Schmitz et al., 2000). These molecuIar 

switches are active when GTP is bound and inactive when GDP is bound. Facilitating the 

exchange of GTP and GDP are two classes of proteins: guanine nucleotide exchange 

factors (GEFs) switch GTPases "on" through GTP binding, and GTPase activating 

proteins (GAPs) increase endogenous Rho-GTPase activity to tum offthe molecuIar 

switch (Luo, 2000). In addition, guanine nucleotide dissociation inhibitors (GDIs) 

interfere with both the hydrolysis ofGTP and the exchange ofGDP for GTP. 



30 

The RhoGTPases are involved with directed cell migration through microtubule 

reorientation to establish cell polarity. In particular, studies have shown that Cdc42 is 

responsible for microtubule organizing centre (MTOC) reorientation towards the leading 

edge (Etienne-Manneville and Hall, 2001; Palazzo et al., 2001). This mechanism has 

been establishedfor migrating astrocytes and involves recruitment of a cytoplasmic 

mPAR6/protein kinase C zeta (PKCÇ) complex to the leading edge in conjunction with 

the motor protein dynein to establish polarity (Etienne-Manneville and Hall, 2001). In 

addition, Etienne-Manneville and Hall (2003) have shown that the Cdc42-PAR6IPKCÇ 

complex interacts directly with and phosphorylates glycogen synthase kinase 3p (GSK 

3P). Inactivation ofGSK 3p leads to p-catenin stabilization and localization to the leading 

edge along with interaction of adenomatous polyposis coli (APC) with the plus end of 

microtubules (Etienne-Manneville et al., 2003). Interestingly, these components of the 

Wnt signaling pathway are typically associated with medulloblastoma progression; 

however, their role in medulloblastoma cell polarity has not been established. (see Fig. 

1.3). Involvement of dynein and dynactin in regulating MTOC reorientation has also been 

shown for 3T3 fibroblasts (Palazzo et al., 2001). Recent evidence, however, has 

suggested that nuclear repositioning, and not active MTOC movement, is the initial 

polarizing event in migrating cells, and is dependent on a regulatory pathway that 

includes Cdc42, MRCK, myosin and actin (Gomes et al., 2005). This pathway is 

independent ofthe Par6-PKCÇ regulation ofMTOC reorientation, and these authors 

suggest that this signaling cascade is only involved in MTOC cell-centroid maintenance 

and not nuclear movement (Gomes et al., 2005). Clearly, the mechanisms associated with 

cell polarization have yet to be fully understood. 



31 

Local tissue remodeling and ECM degradation 

The invasive paradigm that de fines the motility of malignant brain tumor cells and 

distinguishes their movement from the migation seen in their non-neoplastic cell 

counterparts involves proteolytic mechanisms that culminate in ECM degradation and 

tissue destruction. Two broad classes of proteases typically associated with brain tumor 

invasion are the zinc-dependent matrix metalloproteinases (MMPs) and serine proteases. 

The matrix metalloproteinases play an important role in brain tumor cell invasion 

(Nakagawa et al., 1994; Yoshida et al., 2003; Matsumura et al., 2000). Of aIl the MMP 

family members, the 72 k:Da gelatinase A and 92 kDa gelatinase B (MMP-2 and MMP-9 

respectively) promote invasion in high grade glioma although MMP-1 and 3 have also 

been detected in hum an glioblastoma in vivo (Uhm et al., 1997; Nakagawa et al., 1994). 

Furthermore, MMP-9 and membrane-type 1 and 2 MMPs (MT1- and MT2-MMP) were 

expressed in over 75% of classic and desmoplastic medulloblastoma human tumors 

(Ozen et al., 2004). Tissue inhibitors ofmatrix metalloproteinases (TIMPs), including 

TIMP 1-4, control ECM proteolysis by serving as both inhibitors ofMMP activity and 

activators of some pro-MMP molecules (Strongin et al., 1995). TIMP-3 was most often 

associated with classic medulloblastoma; whereas, TIMP-2 expression was seen mostly 

in desmoplastic tumors suggesting a correlation with histological subtype (Ozen et al., 

2004). 

Treatment of glioma spheroids with anti-MMP agents such as SI-27 and 1,10-

phenanthroline significantly reduced invasion into normal brain slices (Y oshida et al., 
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2003; Matsumura et al., 2000). In addition, the major green tea polyphenol, 

epigallocatechin-3-gallate (EGCG) inhibited MTI-MMP dependent activation of pro

MMP2 (Annabi et al., 2002). Taken together, these results suggest that the MMPs play an 

important role in malignant brain tumor invasion; however, clinical trials using MMP 

inhibitors such as Marimastat and Prinomastat have not significantly improved survival 

rates (Tremont-Lukats and Gilbert, 2003). The extensive cross-talk between signaling 

cascades limits the efficacy of a single drug and suggests that new combination therapies 

targeting a variety of molecules and pathways are needed. 

The serine protease system, consisting ofthe urokinase plasminogen activator

plasminogen-plasmin cascade, is responsible for the proteolytic activity of most MMPs 

and the degradation of other ECM components (Uhm et al., 1997). Studies have provided 

contradictory results conceming the role ofthis system in brain tumor invasion. For 

example, serine protease inhibitors did not influence C6 astrocytoma invasion in collagen 

type 1 gels; however, both a metalloprotease inhibitor and TIMP-2 significantly inhibited 

invasion in this model (Tamaki et al., 1997). Mohanam et al. (2001) obtained quite 

different results using an antisense uP A transcript to transfect SNB 19 cells. Invasion into 

fetal rat brain aggregate co-cultures was significantly inhibited, suggesting that the serine 

protease system plays an important role in confrontation-co-culture invasion. Differences 

may be attributed to the variety of model systems and techniques employed to manipulate 

the invasive cascade. 
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Cell invasion and acfin dynamics 

Cell migration combines a series of multiple complex events involving regulation 

of cytoskeletal dynamics. In particular, the process is initiated by a polarized 

morphology, and a redistribution offilamentous actin. Accompanying this process is the 

extension of lamellipodia and filopodia along the cell membrane front gradually leading 

to directional turning. These processes are coupled with development of new adhesions to 

the extracellular matrix and occur in conjunction with actin polymerization, providing the 

protrusive force to extend both the lamellipodia and filopodia at the leading edge 

(reviewed by Schmitz et al., 2000). The contractile force necessary to drive a cell forward 

involves myosin motors, and the microtubule network regulates rear retraction thereby 

facilitating cell migration (reviewed by Schmitz et al., 2000). Many molecules are 

involved in these highly regulated processes, and here, members of the Rho-like GTPase 

family will be highlighted. 

In addition to their role in establishing cell polarity, the RhoGTPases also play an 

important role in regulating actin dynamics. Neurite outgrowth studies have demonstrated 

antagonistic effects of the RhoGTPases where Rho activation typically leads to retraction 

and Rac/Cdc42 activation culminate in outgrowth or extension (Luo et al., 1994; lalink et 

al., 1994). Classic studies using Swiss 3T3 fibroblasts demonstrated that Rac activation 

leads to lamellipodia formation and membrane ruffling, and Cdc42 and Rho induce 

filopodia and stress fiber formation respectively (reviewed by Luo, 2000). The co

ordinated events accompanying actin cytoskeleton rearrangement and RhoGTPase 

activation control movement and polarization for a variety of cell types. 
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The implication ofthe RhoGTPases in fibroblast motility and axon guidance have 

been well-established; however, extensive crosstalk between RhoGTPases signaling 

cascades, as weIl as variation in cell type and model systems employed have often 

resulted in contradictory effects. For example, Banyard et al. (2000) obtained variable 

results by showing that both dominant negative and constitutively active forms of Rac, 

Rho, and Cdc42 inhibited PDGF-BB stimulated Ratl fibroblast invasion in three

dimensional matrices. Rac activation by both a constitutively active V12Racl and Rac

specific activator, Tiaml, induced T-Iymphoma cell invasion (Habets et al., 1994; 

Michiels et al., 1995). Tiaml-mediated Rac activation ofTIMPl and 2 in renal carcinoma 

cells has also provided a link between the RhoGTPases and ECM proteolysis (Engers et 

al., 2001). In contrast, TiamllRac signaling has also been shown to inhibit migration of 

3T3 fibroblasts though fibronectin-coated filters, an effect that is ECM dependent 

(Sander et al., 1998; Sander et al., 1999). Rac activation also promotes E-cadherin 

mediated cell-cell adhesion, and therefore inhibits epithelial cell migration (Braga et al., 

1997; Hordijk et al., 1997; Kuroda et al., 1997; Takaishi et al., 1997). 

Studies have examined the role ofthe RhoGTPases in malignant brain tumors as 

weIl. For example, Senger et al. (2002) have shown that suppression ofRac leads to 

apoptosis in a variety of glioma ceIllines and short term cultures of primary human 

glioblastoma and oligodendroglioma. Depletion ofRacl has also been shown to inhibit 

U87 glioma invasion through both Matrigel and rat brain slice cultures, and these authors 

demonstrated that reduction of either synaptojanin 2 or Rac1 inhibited formation of 
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invadopodia and lamellipodia (Chuang et al., 2004) This study did not address the 

possible concomitant effect ofRacl depletion on other cellular processes such glioma 

cell proliferation or survival. Another study has shown that attachment of malignant 

astrocytoma cells to an osteopontin substrate induced a rapid Rho and slow, prolonged 

Rac activation suggesting that the RhoGTPases are involved in glioma cell adhesion in 

addition to survival and migration/invasion (Ding et al., 2002). Our laboratory has also 

demonstrated a role for Rho in glioma cell invasion in three-dimensional collagen type 1 

matrices using pharmacological inhibitors (unpublished results). 

The formation of new adhesions to the ECM occurs in conjunction with actin 

polymerization and helps facilitate forward movement. Integrins are transmembrane 

glycoproteins that consist oftwo subunits (a and ~), and are responsible for facilitating 

cell adhesion to various ECM substrates. The cytoplasmic domain of the ~-subunit 

directly interacts with cytoskeletal proteins leading to changes in cell shape required to 

initiate motility. Integrin expression is upregulated in glioma cells in comparison with 

normal brain/astrocytes, and a3 f31, av f31, av f33, and av f35 have aIl been shown to 

play a role in astrocytoma migration (Lefranc et al., 2005; Paulus and Tonn, 1994; 

Rooprai et al., 1999). For example, overexpression of the ~1 subunit increases C6 glioma 

cell invasion in nude mice (Paulus et al., 1996). In addition, an av subunit antagonist 

induced apoptosis in U87 glioma cells by preventing adhesion to vitronectin and tenascin, 

further demonstrating the motility-promoting properties ofthe integrin family (Taga et 

al., 2002). Interestingly, Pilorget et al. (2003) have shown that the major green tea 

polyphenol, epigallocatechin-3-gallate (EGCG) decreases the migration ofthe 



medulloblastoma cellline DAOY, by increasing gene and prote in expression ofthe /31 

subunit suggesting that migration is controlled by a regulated equilibrium of adhesion, 

de-adhesion, and integrin expression. 

Detachment of the cell 
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Cell adhesion to the ECM is required to facilitate movement at the leading edge. 

However, when a cell moves forward, the trailing edge remains attached to the 

substratum greatly extending its length under the resulting tension (reviewed by Kassis et 

al., 2001). To complete the movement cycle, the trailing edge must shed adhesive contact 

with the ECM. This is accompli shed by the collapse and backward movement of ruilled 

extensions on the dorsal cell surface, followed by rupture and retraction of the major tail 

into the cell body (reviewed by Kassis et al., 2001). A small portion ofthe tail is left 

behind and remains attached to the ECM. Studies have shown that fibroblasts and 

melanoma cells shed their integrins to facilitate detachment (Friedl et al., 1997; Regen 

and Horwitz, 1992; Palecek et al., 1996). In addition, growth factor receptor signaling 

and calcium influx have been shown to induce M-calpain and J..l-calpain respectively 

mediating cleavage of the integrin /3 subunit and targeting other molecules such as talin 

and focal adhesion kinase (F AK) (reviewed by Kassis et al., 2001). Overall, an 

intermediate adhesiveness is required for optimal cell movement. Low adhesion 

interferes with cell-ECM attachments at the leading edge; whereas, high adhesion 

prevents rear retraction and leaves cells extended. 
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The dynamics of the invasive cascade are not a simple order of events. The 

multitude of growth factors, integrins, proteases, cadherins, and cytoskeletal machinery 

are intertwined in an intricate web more complicated than the sum of individual 

component parts. Consequently, therapeutic intervention successfully targeting multiple 

facets of the invasive cascade remains difficult. 

The "Grow or Go" Hypothesis 

A controversy associated with brain tumor cell invasion is the "grow or go 

hypothesis." This hypothesis states that cells defer proliferation in order to invade and 

supports the idea that the two processes are mutually exclusive. Many studies support this 

concept. For example, in co-cultures ofbiopsy spheroids with fetal rat brain aggregates, 

there was no correlation between invasion measurements and Ki67 labeling suggesting 

that the two processes are unrelated (Khoshyomn et al., 1999). Giese et al. (1996) 

demonstrated that on permissive substrates such as merosin, the most peripheral rapidly 

migrating glioma cells had the lower proliferation index. Similarly, NG2+ cells in biopsy 

spheroids were more proliferative and less invasive than their NG2- counterparts 

(Chekenya et al., 1999). In addition, Roth et al. (2000) have shown that secreted frizzled

related proteins (sFRPs) inhibit motility and promote growth ofhuman malignant glioma 

cells in vitro and in vivo respectively. Although a lot of evidence has accumulated 

supporting the "grow or go" hypothesis in glioblastoma multiforme, experiments 

comparing migration/invasion and proliferation in medulloblastoma cells do not support 

this concept. Corcoran et al. (2003) showed that medulloblastoma celllines do not defer 

proliferation while migrating on uncoated surfaces and invading type 1 collagen gels. 



38 

Furthermore, recent data from our laboratory suggests that ITI H2, a negative regulator of 

glioma invasion concomitantly inhibits proliferation providing further evidence refuting 

the "grow or go" hypothesis (see Chapter 3). Taken together, these results suggest that 

therapeutic strategies targeting the invasive cascade should be approached with caution; 

as inhibiting cell motility may or may not initiate proliferation. This emphasizes the need 

for, tumor specifie, combination therapies that target multiple biological processes. 

1.3 Models ofbrain tumor cell motility: from Boyden chambers to animal models 

To study the complexity ofthe invasive paradigm, many in vitro and in vivo 

models of glioblastoma and medulloblastoma have been developed. Each model has its 

own unique benefits and disadvantages wh en studying malignant brain tumor cell 

invasion and, and these points are addressed below. 

The Boyden chamber is a common two-dimensional assay that examines cellular 

movement from one chamber to another through a porous membrane ofknown ECM 

molecules (Chicoine and Silbergeld, 1997). In this model, the treatment substance or 

factor of interest is added to culture medium and placed in either the lower, or upper 

chamber or both. Glioblastoma or medulloblastoma cells plated into the upper cham ber, 

migrate through the pores and the number of cells counted in the lower chamber is 

compared with controls to assess potential kinetic and chemotropic responses. Although 

this model assesses cell motility, it does not permit translation of data into the three

dimensional cell invasion represented in the brain. Thus, a more accurate depiction of 



brain tumor cell invasion can be demonstrated using spheroid or three-dimensional 

hanging-drop aggregate models. 
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Spheroids are generated by culturing ceUs in agar-coated multi-well dishes, or by 

taking confluent monolayer cultures and seeding them into spinner culture flasks 

containing medium. Spheroids grown in spinner culture are spun at 180 rotations per 

minute for 2-6 weeks, depending on the desired size, and a homogeneous spheroid 

population of specifie diameter can be harvested for implantation (Farrell et al., 1987). 

Glioma celllines such as C6 rat astrocytoma and U251 glioblastoma are amenable to the 

spinner culture flask model; however, other glioma and medulloblastoma celllines do not 

form spheroids in this manner. To alleviate this problem, we use the hanging drop model 

to resuspend fixed ceU solutions from Petri dishes lids for 2-3 days followed by transfer 

to agar-coated plates (Del Duca et al., 2004; Corcoran et al., 2004). 

Spheroids made by either spinner culture or hanging drop methods are eventually 

implanted into type 1 collagen gels. Using this model, it is possible to investigate 

morphological changes in cell shape, invasive rate, and proliferative index in a three

dimensional environment that can be monitored daily (Tamaki et al., 1997). Individual 

cell invasive paradigms can also be examined and imaged using time-lapse 

videomicroscopy over extended periods oftime (Del Maestro et al., 2001; Werbowetski 

et al., 2004; Del Duca et al., 2004; Corcoran and Del Maestro, 2003; Angers-Loustau et 

al., 2004). Spheroids implanted in collagen type 1 gels more cIosely recapitulate the 

tumor microenvironments in vivo. For example, after 10-20 days in culture, an extensive 
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central necrotic region surrounding a rim of actively proliferating cells is evident in 

Haematoxylin and Eosin (H&E) stains of paraffin embedded C6 spheroids implanted in 

collagen gels (Fig. lA). Presumably, these morphological changes are linked with the 

molecular framework ofthe spheroid environment, and as a consequence, the invasive 

paradigm is manipulated. Although this model is excellent for studying the dynamics of 

spheroid invasion in a simple three-dimensional system, there is one limitation: collagen 

type 1 is scarce in the brain, and this model does not reconstitute the molecular 

complexity of the ECM in vivo. Other molecules such as laminin, hyaluronic acid, 

fibronectin can be added to the collagen gels to increase matrix complexity to more 

c10sely recapitulate the ECM in vivo (Tamaki et al., 1997). Nevertheless, this model has 

also been used to examine the dynamics of cell-cell and cell matrix interactions, as weIl 

as the effects ofradiation on malignant brain tumor invasion (Tamaki et al., 1997; 

Bauman et al., 1999a; Bauman et al., 1999b). 

To study malignant brain tumor invasion in a more biologically relevant 

environment, spheroids from both glioma and medulloblastoma celllines or human 

biopsy cultures can be co-cultured with fetal rat brain/fetal human astrocyte aggregates to 

assess invasion into non-neoplastic tissue in three-dimensions (Bjerkvig et al., 1986; 

Werbowetski et al., 2004; Werbowetski-Ogilvie et al., submitted). Evaluation of 

numerous rat glioma celllines has revealed that confrontation co-cultures mimic the 

growth and invasion demonstrated by these cells after intracranial implantation in rats, 

and thus c10sely approximates invasion in vivo (Bjerkvig et al., 1986). Despite the 

advantages ofthis model, confrontation co-cultures can only be assessed using end-point 



values obtained from confocal microscopy. This makes the study of individual cell 

dynamics difficult. 
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The limitations associated with in vitro models of malignant brain tumor invasion 

are evident. Therefore, a variety of glioblastoma and medulloblastoma murine models 

have been developed based on genetic mutations and aberrant signaling cascades. 

Transgenic mice are based on the "gain offunction" approach where expression ofan 

oncogene is driven by a tissue-specific promoter; whereas, knockout mice are based on 

targeted deletion oftumor suppressor genes known to be involved in malignant brain 

tumor progression. 

Glioblastomas are thought to arise from astrocytes or astrocytic precursors; 

however, the morphological heterogeneity ofthese glial tumors makes it often difficult to 

draw conclusions about their ceIl of origin (Lopez et al., 1995). Consequently, the 

histopathological diagnosis of mouse tumor models of GBM can be complicated 

(Hesselager and Holland, 2003). Introduction of activated Ras and Akt into nestin 

progenitor cells, but not differentiated GFP-expressing astrocytes, leads to production of 

primary GBM (Holland et al., 2000). This model produced GBM tumors only when both 

pathways were activated. Another murine model of GBM combined breeding of mice 

having p53 deletions with those having deletions in the neurofibromatosis gene, NFI 

(Reilly et al., 2000). The prote in product ofthe NFI gene, Neurofibromin is known to 

inhibit Ras signaling, and therefore, deletion ofthis gene results in Ras overactivity. 
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In other murine model systems, expression ofH-ras or v-src in GF AP astrocytes 

induced astrocytoma formation (Ding et al., 2001; Weissenberger et al., 1997). These 

tumors exhibit features ofhigh-grade GBM; however, they also fit the histological 

criteria of WHO Grade II-III astrocytoma. Most murine models ofhigh-grade glioma 

target two main intracellular signaling cascades: the mitogenic RaslMEKIMAPK 

pathway and the anti-apoptotic PI3K/Akt pathway. Both targets are downstream of 

various growth factor receptors and are typically activated in human GBMs. 

Medulloblastoma murine models have taken advantage ofthe relationship 

between tumorigenesis and neurodevelopment. A weIl known murine medulloblastoma 

model is the Ptc +/- heterozygote (Goodrich et al., 1997; Hahn et al., 1998). 

Approximately 30% ofthese mice develop cerebellar tumors that histologically resemble 

medulloblastoma and display features of Gorlin syndrome. Patched mutations lead to 

constitutive activation of the Shh pathway and consequent transcription of GU followed 

by extensive cell proliferation. In addition, a combination ofPtc +/- hetergozygotes in a 

p53 nul\ background leads to medulloblastoma in greater than 95% ofmice, and tumors 

develop by 12 weeks (Wetmore et al., 2001). These models have been used to study the 

effects of a small Shh pathway pharmacological inhibitor as weIl as the visualization of 

tumor progression using magnetic resonance imaging (MRI) (Romer et al., 2004; Nelson 

et al., 2003). Typically, Ptc +/- and Ptc +/- p53 -/- medulloblastoma murine models are 

representative ofthe desmoplastic variant, and do not recapitulate the classic subtype. 



43 

Weiner et al. (2002) have also used retroviral infection to introduce the Shh gene 

into early cerebellar precursors of embryonic day 13 mice under ultrasound guidance. 

Medulloblastoma-like lesions developed in over 75% ofmice, and examination at P14 

and P21 showed persistent EGL proliferation suggesting that these cells are indeed the 

medulloblastoma cell of origin. Furthermore, other studies have shown that combined 

activation ofShh and insulin-like growth factor (IGF) enhances medulloblastoma 

formation in mice (Rao et al., 2004). 

Interestingly, sorne murine models have been accidentally developed in an 

attempt to generate astrocytic tumors. For example, Marino et al. (2000) used the 

Cre/LoxP system to conditionally knockout the retinoblastoma gene (RB) in a p53 null 

background. Under the GF AP promoter, it was expected that only astrocytes would form 

tumors; however, surprisingly, within months, cerebellar tumors resembling 

medulloblastoma developed. 

The developmental origin of CNS malignancies can be studied using murine 

models; however, these methods do not always recapitulate the human condition. For 

example, mutations such as p53 and pRB are rarely found in human medulloblastoma. 

Alternative in vivo systems include xenograft models ofboth glioblastoma and 

medulloblastoma in nu de mice and/or rats and the C6 intracerebral implantation model. 

Xenograft models of medulloblastoma and GBM have been used to examine a 

variety ofpotential therapeutic targets and strategies. For example, Vachon et al. (2004) 
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have recently shown that basic fibroblast growth factor (bFGF) inhibits medulloblastoma 

development in nude mice. Tumor volume was reduced approximately 75% in bFGF

treated mice, and this was accompanied by a histological examination suggesting bFGF

induced necrosis and differentiation. Other studies have demonstrated significant 

reduction in spinal and leptomeningeal medulloblastoma metastasis as weIl as prolonged 

survival after repeated injections of reovirus, a replication-competent virus that targets 

the Ras pathway (Yang et al., 2003). Although studies using medulloblastoma xenografts 

have iIIustrated the potential of a variety of therapeutic strategies, many are limited by the 

cell lines utilized. For example, the Daoy ceIlline, although highly invasive and 

proliferative in vitro, has mutations in p53 and the CDKN2 gene (Raffel et al., 1993; 

Raffel et al., 1995; Corcoran and Del Maestro, 2003). These mutations are rare in 

medulloblastoma and the Daoy ceIlline is actually more characteristic of other tumor 

types such as high-grade glioma. 

Another problem encountered with xenograft models of medulloblastoma in nude 

mice has also made it difficult to study the characteristics ofthis tumor in vivo. In 

particular, celllines that invade or migrate on various substrates in vitro do not always 

demonstrate the same motile properties in xenograft models despite extensive growth 

over time (unpublished results). In fact, studies have shown that the addition ofMatrigel 

enhanced subcutaneous engraftment of primary medulloblastoma/primitive 

neuroectodermal tumors in a xenograft mode} where implantation of cell suspensions 

alone yielded no results (White et al., 2001). This has made the study of in vivo 

medulloblastoma invasion difficult. Recent studies demonstrating that only a small 
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percentage ofCD133+ positive cancer stem cells are responsible for brain tumor 

progression will facilitate the development ofbetter in vivo models ofthis neuronal tumor 

in the future (Singh et al., 2003; Singh et al., 2004). Their exclusive ability to drive 

malignant tumor formation and dissemination make these cells an obvious target for ail 

therapeutic strategies. 

Along with medulloblastoma xenograft models, GBM xenograft models are also 

extensively used to complement in vitro data and validate potential therapeutic strategies. 

The number of studies using xenograft GBM models is too vast to discuss in detail here; 

however, a few will be highlighted. 

Neural stem cell gene therapy has also been examined in xenograft models of 

GBM. A study by Aboody et al. (2000) demonstrated that neural stem cells exhibited 

chemotropism towards glioblastoma tumor cells, and could therefore be used as a vector 

to deliver anit-tumoral genes (ie. cytosine deaminase) to the tumor site. ln addition, the 

C6 rat astrocytoma implantation model has also been utilized to examine the potential of 

stem cell gene therapy (Ehtesham et al., 2002; Benedetti et al., 2000). lnterleukin

producing neural stem cells have been used to target intracranial glioblastoma, and 

studies have shown that this strategy prolongs survival in mice (Ehtesham et al., 2002; 

Benedetti et al., 2000). 

Alginate bead microencapsulation 
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Alginate encapsulation is a weIl established technique for immobilization of 

living cells and has been utilized for hormone treatment of diabetes, and for diseases of 

the parathyroid and liver (Darquay and Sun, 1987; Lim and Sun, 1980; Miura et al. 1986; 

Soon-Shiong et al., 1992). For example, dogs treated with alginate encapsulated Islets of 

Langerhans have demonstrated a high reversaI of spontaneous diabetes (Soon-Shiong et 

al., 1999). Alginate is derived from brown seaweed extract and is composed oftwo types 

ofmonosaccarides: L-guluronic (G) and D-mannuronic (M) acid. The content ofL

guluronic (G) acid in alginate determines the porosity and stability ofthe beads, as weIl 

as the mechanical strength and volume, where alginate with higher L-guluronic acid (G) 

has larger pore sizes (Thu, 1996). In the presence of divalent cations such as calcium, the 

alginate forms an extended gel network that immunoisolates cells when implanted in 

vitro or in vivo and provides an environment for continuous delivery of the molecule of 

interest over time as opposed to single injections. The pores allow for simultaneous free 

diffusion of the recombinant protein ofinterest out and other macromolecules in while 

immobilizing ce Us within the alginate. 

Alginate microencapsulation bioreactor technology has been used to assess the 

efficacy of anti-angiogenic compounds such as endostatin on the growth of gliomas both 

in vitro and in vivo (Joki et al., 2001; Read et al., 2001a; 2001b). In xenograft models of 

glioblastoma, injection of endostatin-secreting alginate poly-L-Iysine beads led to a 72% 

reduction in U87 glioma tumor weight over 3 weeks (Joki et al., 2001). Other studies 

have shown a concomitant inhibition of glioblastoma tumor growth and invasion in nude 

mice (Read et al., 2001a). Furthermore, rats that received transplants ofBT4C glioma 
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cells, together with endostatin secreting sodium alginate microencapsulates survived 84% 

longer than controls (Read et al., 2001 b). Alginate bead microencapsulation therapy can 

therefore be effectively used to target malignant brain tumor progression, and sodium 

alginate encapsulation is an important component ofthis thesis (see Chapter 4). 

Recent studies in our laboratory have also utilized the C6 intracerebral 

implantation model to examine the effect of novel molecular probes on brain tumor 

growth and invasion using magnetic resonance imaging. The combination of in vivo 

malignant brain tumor models with molecular imaging will en able scientists to more 

accurately test the efficacy of novel therapeutic strategies targeting a variety of cellular 

processes including angiogenesis, proliferation and invasion. 

1.4 Positive and negative regulators ofbrain tumor invasion: old favorites and new 

perspectives 

Growth factors serving as both mitogens and moto gens are perhaps the most 

frequently studied molecules in malignant brain tumors. Their effects on proliferation, 

migration and invasion, angiogenesis, survival and differentiation make growth factors 

and their receptors attractive therapeutic targets in both GBM and medulloblastoma. 

Since the early 1990s, many studies have examined the role of growth factors in 

malignant brain tumor proliferation and motility. Lund-Johansen et al. (1992) tested a 

variety of growth factors including epidermal growth factor (EGF), fibroblast growth 

factor (FGF) and isoforms ofplatelet-derived growth factor (PDGF AA or BB) on the 
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glioma cellline GaMG. Both EGF and FGF increased cell growth and invasion into fetal 

rat brain aggregates; however, PDGF did not affect tumor cells despite stimulating 

proliferation of oligodendrocyte-like cells in the brain aggregates. Other studies have 

demonstrated quite different results. For example, Chi coi ne et al. (1995) examined the 

effects of growth factors on glioma cells in a modified radial dish assay. Although EGF 

had a persistent chemoattractive effect, PDGF bb, bFGF, and nerve growth factor (NGF) 

maintained a chemorepulsion over the entire 6-10 days. Tumor necrosis factor alpha 

(TNFa) initially had a chemorepulsive effect over the first 24-48 hours followed by a 

strong chemoattractive response (Chicoine et al., 1995). Furthermore, NGF did not 

influence invasion in confrontation co-cultures, and only enhanced spheroid migration in 

1 of 5 glioblastoma celllines (Engebraaten et al., 1993). The discrepancies in the 

literature with regards to growth factor effects can be attributed to the variety of models 

and celllines employed. While confrontation co-cultures directly assess invasion, the 

radial dish assay only examines cell migration, a facet ofthe invasive cascade. 

In addition to the growth factors described above, transforming growth factor beta 

(TGFP) also affects malignant brain tumor invasion. Merzak et al. (1994) showed that 

TGFp exerted a growth inhibitory effect on three glioma celllines derived from primary 

tumors while increasing both glioma cell migration and invasion. These results support 

the "grow or go" hypothesis, and suggest that glioma cell proliferation and 

migration/invasion are indeed mutually exclusive events. 
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Other growth factors known for their roles in malignant brain tumor biology 

include vascular endothelial growth factor (VEGF) and hepatocyte growth factor/scatter 

factor (HGF /SF). VEGF is known for its role as a potent stimulator of angiogenesis, and 

is highly expressed by perinecrotic palisading cells in high-grade gliomas (Hamel and 

Westphal et al., 2000; Mueller et al., 2003). C6 rat astrocytoma cells transfected with an 

antisense VEGF expression vector exhibited decreased growth in vivo, and monoclonal 

anti-VEGF antibodies also reduced both in vivo tumor cell growth and vascular 

permeability (Saleh et al., 1996; Borgstrom et al., 1996; Pham et al., 1998; Yuan et al., 

1996). Interestingly, overexpression of membrane-type 1 MMP increased VEGF 

production and resulted in stimulation of glioma xenograft angiogenesis and growth 

(Deryugina et al., 2002). 

In contrast to VEGF, HGF/SF is primarily known for its role in glioma cell 

motility. Both HGF/SF and its tyrosine kinase receptor MET are expressed by gliomas in 

vivo, and increased expression is associated with transition from low to high-grade 

gliomas (Hamel and Westphal, 2000; Mueller et al., 2003). Koochekpour et al. (1997) 

have shown that HGF /SF induces glioma cell proliferation, migration and invasion in 

vitro. Moreover, HGF/SF induce glioma cell invasion by autocrine induction ofMMP-2 

expression and activation (Hamasuna et al., 1999). 

ln addition to the growth factors described above, the protein kinase Src has been 

shown to play a role in malignant brain tumor biology. A study from our laboratory has 

demonstrated that the Src family kinase inhibitor, PP2, caused the disappearance of 
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membrane ruffles on monolayer cultures ofU251 glioblastoma cells (Angers-Loustau et 

al., 2004). In three-dimensional collagen gels, PP2 indueed loss of actin bursting at the tip 

ofthe invadopodium, suggesting that Sre plays an important role in cytoskeletal 

dynamics for both glioblastoma cell migration and invasion in vitro (Angers-Loustau et 

al., 2004). The pharmacological Sre kinase inhibitors PP2 and SU6656 also decreased 

cell proliferation without a concomitant effect on cell viability, providing further 

evidenee refuting the "grow or go" hypothesis (Angers-Loustau et al., 2004). 

There are many positive regulators of malignant brain tumor cell invasion; 

however, little is known about natural inhibitors of invasion both in vitro and in vivo. 

Hemopexin (PEX) is a non-eatalytic fragment ofmatrix metalloproteinase-2 (MMP-2) 

known to disrupt tumor growth and angiogenesis (Brooks et al., 1998). Bello et al. (2001) 

examined the effeet ofPEX on glioblastoma cell biology, and demonstrated inhibition of 

both glioma and endothelial cell proliferation and migration in Boyden ehamber assays. 

Furthermore, tumor growth was suppressed by 99% in both subeutaneous and intracranial 

in vivo glioma models without any concomitant toxicity. Although these methods 

suecessfully deereased the growth of glioma tumors in vivo, PEX is rapidly cIeared from 

the blood, and prolonged administration of the protein is essential to limit the quantities 

needed to sustain significant biologieal effeets. To address this issue, polymerie 

microspheres composed ofpoly (lactic-co-glycolic acid) (PL GA) were loaded with low 

amounts ofPEX, and were shown to inhibit endothelial cell and tumor cell proliferation 

in vitro and in vivo (Benny et al., 2005). Furthermore, these findings demonstrated that 

polymeric microspheres serve as a potential therapeutic strategy that ean be utilized to 
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locally, and continuously deliver endogenous inhibitors ofbrain tumor growth (Benny et 

al., 2005). The effect ofPEX PLGA microspheres on in vivo glioma cell invasion has yet 

to be examined; however, a similar "bioreactor" approach will be introduced in Chapter 

4, as a method to deliver anti-invasive compounds to malignant brain tumors. 

Secreted proteins that guide neuronal and glial cell precursors in the developing 

central nervous system have also been linked with tumorigenesis. Long-range 

chemotropic factors including netrins, semaphorins, ephrins and the slit family of 

proteins are known for their roles in neuronal and glial cell migration (Tessier-Lavigne 

and Goodman, 1996; Dickson, 2002). These molecules play an important role in 

neurodevelopment and it is reasonable to assume that they will also influence 

glioblastoma and/or medulloblastoma progression. 

The netrins are a family of secreted proteins that are known for their role as tropic 

cues in axon guidance. Netrinl is a bifunctional cue that acts as both an attractant and 

repellent depending on the cell type. The dual role of netrin-l is mediated by two receptor 

classes: the deleted in colorectal cancer (DCC) family is required for the attractive 

response; however, this family is also involved in repulsion (Dickson, 2002). In contrast, 

the UNC-5 receptor family appears to function exclusively in netrin-mediated 

chemorepulsion (Dickson, 2002). Studies have demonstrated that DCC mRNA and 

protein expression levels are reduced in higher grade gliomas, suggesting that the netrin-l 

receptor is a tumor suppressor gene (Nakatani et al,. 1998; Hara et al., 2001). However, 

the functional significance of DCC downregulation to malignant brain tumor cell biology 
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has yet to be determined. It is unclear wh ether netrin-1lDCC or netrin-1lUnc5 signaling is 

important for glioma and/or medulloblastoma cell proliferation, survival or invasion in 

vitro and in vivo. DCC expression promoted netrin-l mediated filopodia formation and 

cell spreading by Cdc42 and Racl activation in neuroblastoma cells, and these results 

suggested that this family of guidance cues and receptors may influence tumor cell 

motility by modulating cytoskeletal organization (Shekarabi and Kennedy, 2002). 

Semaphorins are another family of secreted and cell surface guidance cues linked 

with malignant brain tumor progression. Although they serve as mainly chemorepellents 

and short-range inhibitors in axon guidance, chemoattractive properties have also been 

demonstrated (Raper, 2000; Cheng et al., 2001; Wong et al., 1999; Spassky et al., 2002). 

There are 8 classes of semaphorins; however, class 3 has been associated with brain 

tumors. Class 3 semaphorins bind to the neurpilin/plexin co-receptor complex, where 

neuropilins provide binding sites and specificity, and plexins transduce signaIs 

intracellularly (Raper, 2000). 

Rieger et al. (2003) recently demonstrated neuropilin, plexin and semaphorin 3A 

and 3C mRNA and protein expression in various human malignant glioma cellIines. 

However, co-cultures ofSema3A-HEK 293T cells and U87 glioma cells did not induce a 

chemorepulsive effect in collagen gels. Moreover, conditioned medium from Sema3A 

cells did not affect U87 cell morphology providing further evidence that class 3 

semaphorins do not influence malignant glioma cell direction or kinetics in vitro (Rieger 

et al., 2003). In light ofthis issue, Broholm and Laursen (2004) proposed that neuropilin-
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1 is a receptor for VEGF-induced angiogenesis, based on the high expression levels in 

endothelial cells and neoplastic astrocytes. Furthermore, Sema3B appears to be a target of 

p53 in U373 glioblastoma cells, and ectopie expression decreased the number of colonies 

formed suggesting a role for semaphorins in cell cycle arrest or apoptosis (Ochi et al., 

2002). These studies suggest that class 3 semaphorins may be more important in 

malignant brain tumor cell growth and angiogenesis than in migration and invasion in 

vitro. 

In addition to the netrins and semaphorins, the membrane bound ephrins and their 

Eph tyrosine kinase receptors are also linked to brain tumorigenesis. Ephrins and their 

Eph receptors are divided into two main categories: ephrinAs which are membrane 

anchored by a glycosylphosphatidylinositol (GPI) linkage and are bound to EphA 

receptors, and ephrinBs that are bound to EphB receptors and exhibit a transmembrane 

domain (Wilkinson, 2001). 

Recent studies have shown ephrinlEph upregulation in glioblastoma (Nakada et 

al., 2004; Hoelzinger et al., 2005). Gene expression profiling revealed increased 

expression of ephrinB3 in white matter invading GBM cells compared with patient tumor 

core cells (Hoelzinger et al., 2005). In addition, expression ofEphB2 in U251 cells 

stimulated cell migration and invasion in vitro and in a rat brain slice model (Nakada et 

aI.. 2004). The higher expression ofEphB2 in glioblastoma compared with low-grade 

astrocytomas and normal brain suggests that the ephrin/Eph family plays a role in 

malignant glioma invasion (Nakada et al., 2004). The expression profile and biological 
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medulloblastoma have yet to be determined. 
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The Slit family of secreted proteins has been shown to function in axon guidance 

and neuronal migration (Wong et al., 2002). There are three Slit proteins in mammals, 

and while Siiti expression is mostly restricted to the nervous system, Slit2 and 3 are also 

expressed in other organs (Wong et al., 2002). A typical Slit protein contains an N

terminal signal peptide, four leucine-ri ch repeats (LRRs), seven (in Drosophila) or nine 

(in vertebrates) EGF repeats, a laminin G domain, and aC-terminal cysteine knot (Fig. 

1.5) (Wong et al., 2002). The receptor for Slit is the transmembrane protein Robo 

(Roundabout), and four ROBa genes have been identified (Park et a., 2003; Sabatier et 

al., 2004). Typically, Robo proteins, including RoboI, consist offive extracellular 

immunoglobulin (lg) domains, three fibronectin repeats, and a conserved intracellular 

region of four cytoplasmic motifs (Fig. 1.5). 

Expression ofRobo proteins has traditionally been associated with migrating 

axons in the developing nervous system. Examples include expression in commissural 

axon growth cones after ventral midline crossing and expression in olfactory bulb axons 

on route from the olfactory epithelium to the primary olfactory cortex (reviewed by 

Wong et al., 2002). In the Drosophila spinal cord, Slit functions as a short-range cue to 

prevent ipsilateral projecting commissural fibres from crossing the midline, and 

contralateral projecting commissural fibres from re-crossing the midline. A combinatorial 

code ofRobo receptors on medial, intermediate and lateral axons helps controllateral 
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positioning in response to a Slit gradient in the CNS (Simpson et al., 2000; Rajagopalan 

et al., 2000). These results suggested that in Drosophila, Slit also functions as a long

range cue that controls the longitudinal tract positioning on each side ofthe midline 

(Simpson et al., 2000; Rajagopalan et al., 2000). Other studies have shown that Slit 

proteins act as chemorepellents in axon guidance in the mouse visual system as weIl as in 

neuronal migration and axon guidance in the mammalian forebrain both in vitro and 

using knockout mice deficient in Slitl and/or Slit2 in vivo (Plump et al., 2002; Bagri et 

al., 2002; Shu and Richards, 2001; Hu, 1999). 

Although the function of Slit in axon guidance and neuronal migration is well 

characterized, other developmental roles have been demonstrated. For example, 

homozygous knockout mice for the first Ig domain of the Robo 1 gene frequently die at 

birth due to respiratory failure and inadequate lung maturation (Xian et al., 2001). 

Survivors demonstrated severe lung hyperplasia and bronchial abnormalities suggestive 

of early lung cancer (Xian et al., 2001). Human patients with horizontal gaze paIsy with 

progressive scoliosis (HGPPS) were reported to have mutations in RigllRobo3, and 

functional studies have shown defects in commissural hindbrain projections and pontine 

nuclei (Jen et al., 2004). Furthermore, Slit2 and 3 and Robol and 2 expression have been 

detected in non-neuronal cells including pulmonary mesenchyme and airway epithelium, 

kidney, heart, spleen, thymus and lymph nodes (Wu et al., 2001; Anselmo et al., 2003; 

Greenberg et al., 2004). Wang et al. (2003) have recently demonstrated a role for Slit

Robo in tumor angiogenesis and implicated PI3K signaling in this process. Other studies 

have identified Slit2 as a potential tumor suppressor gene in gliomas, lung, breast and 
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colorectal cancer, as weIl as in neuroblastoma (Dallol et al., 2002; 2003a; 2003b; Astuti 

et al., 2004). Dallol et al. (2003a) used a colony forming assay as a measure oftumor cell 

growth in response to Slit2 overexpression; however, these results do not indicate 

whether Slit and Robo influence brain tumor celI migration or invasion. The role of Slit2-

Robo 1 in malignant brain tumor invasion will be discussed in detail in Chapter 4 ofthis 

thesis. 

The vast array of molecules that modulate malignant brain tumor proliferation, 

angiogenesis and invasion converge on multiple downstream signaling cascades. 

Intracellular pathways typically associated with glioblastoma and medulloblastoma tumor 

progression include the Ras/MEKIMAPK and the phosphotidylinositol-3' kinase 

PI3K1 Akt cascades (Fig. 1.6). 

Ras is a member of the small GTP-binding prote in family, and similar to the Rho

GTPases, Ras is active when GTP is bound and inactive in a GDP-bound state. 

Regulating the molecular switch are the GDP-exchange factors (GEFs) and the GTPase 

activating proteins (GAPs). Once Ras is activated, Rafis recruited to the membrane 

folIowed by phosphorylation ofMEK and the MAPK proteins respectively (Fig. 1.6). 

The extensive crosstalk between multiple signaling cascades is evident as additional 

frequent Ras targets include the JNK pathway, the RhoGTPases, and PI3K. Overall, the 

Ras pathway is associated with celI proliferation, cell cycle progression and apoptosis. In 

astrocytomas/glioblastoma, oncogenic Ras mutations are not prevalent; however, 

activated GTP-bound Ras is elevated in high-grade astrocytomas compared to normal 
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brain samples (Feldkamp et al., 1999; Guha et al., 1997). Stimulation of the receptor 

tyrosine kinases EGFR and PDGFR increases Ras pathway activation (Guha et al., 1997). 

This effect could be abrogated by a dominant-negative Ras, which decreased EGF 

induced MAPK activation in U373 glioblastoma cells. Furthermore, the oncolytic 

reovirus, that targets activated Ras, leads to U87 tumor regression in immunodeficient 

mice (Coffey et al., 1998). Pharmacological inhibitors ofthe Ras pathway are also of 

therapeutic importance to malignant brain tumors. Currently, Ras inhibitors in clinical 

trials include SCH66336 and RI15777. These compounds inhibit the enzyme famesyl 

transferase that controls famesylation, a post-translationallipid modification involved in 

anchoring Ras to the membrane (Tremont-Lukats and Gilbert, 2003). In vitro studies 

using glioma cell lines result in decreased cell viability and growth in addition to 

increased radiosensitivity (Glass et al., 2000; Delmas et al., 2002). 

The PI3K/ Akt pathway plays and integral role in tumor cell growth and survival. 

Typically, growth factors stimulate PI3K activation followed by an increase in cellular 

phosphatidylinositol (3,4,5)-triphosphate (PIP3) levels and Akt activation. The protein 

PTEN negatively regulates PI3K/ Akt signal transduction by converting PIP3 to PIP2 

making cells more likely to undergo apoptosis. Mutations in PTEN are common in 20-

30% glioblastomas leading to overactivity of the PI3K/Akt pathway, increased cell 

survival and enhanced proliferation (Fig. 1.6) (Wechsler-Reya and Scott, 2001). 

The PI3K signaling cascade is not only involved with malignant brain tumor cell 

proliferation and survival, but also migration/invasion and attachment. Pharmacological 
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inhibitors ofPI3K signaling including LY294002 and Wortmannin, significantly 

inhibited glioblastoma invasion through a Matrigel barrier (Kubiatowski et al., 2001). 

These compounds significantly reduced MMP-2 and MMP-9 activity suggesting a link 

between matrix metalloproteinase activity and PI3K signaling. In addition, the serine 

protease urokinase-type plasminogen activator (uPA) also inhibited glioblastoma cell 

migration through PI3K/Akt signaling (Chandrasekar et al., 2003). Ling et al. (1999) 

demonstrated decreased U251 glioblastoma cell attachment to vitronectin, fibronectin, 

laminin and collagen after addition ofPI3K inhibitors, suggesting a role for PI3K/Akt 

signaling in facilitating cell-matrix adhesion, an important facet of the invasive cascade. 

Similar to Ras, PI3K/ Akt signaling inhibitors are also being tested in clinical 

trials. For example, the rapamycin analog CCI-779 targets mTOR, an enzyme 

downstream of Akt, induced cell cycle arrest in G 1 (Tremont-Lukats and Gilbert, 2003). 

Growth ofDaoy medulloblastoma xenografts was significantly reduced with CI-779 

treatment, and interestingly xenografts derived from U251, a rapamycin resistant 

glioblastoma cellline, were also growth inhibited (Geoerger et al., 2001). In addition, 

combination therapy of the EGFR/VEGFR inhibitor AEE788 and RAD-001, another 

mTOR inhibitor increased cell cycle arrest and apoptosis in vitro and induced growth 

inhibition in glioma tumor xenografts in vivo (Goudar et al., 2005). These results confirm 

PI3K/Akt signaling as a valid therapeutic target for both glioblastoma and 

medulloblastoma tumors. The extensive crosstalk between intracellular signaling 

cascades confirms the need for combination therapies targeting common downstream 

effectors. Pharmacological compounds that inhibit multiple biological processes su ch as 
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impact and improve patient survival. 

1.5 Conclusions 
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Medulloblastoma and glioblastoma are among the most devastating of malignant 

brain tumors. Although surgery, chemotherapy and radiation are common therapeutic 

strategies, the highly infiltrative invasive subpopulation usually remains and tumors 

recur. It is clear that the mechanisms underlying malignant brain tumor invasion are not 

yet fully understood. 

This thesis focuses on negative regulators of malignant brain tumor invasion in 

three-dimensions. Chapter 2 presents evidence for a chemorepellent that directs glioma 

cell invasion. The inhibitory effect of C6 and U251 conditioned medium on glioblastoma 

spheroids in collagen type 1 matrices is the basis for a functional assay outlined in 

Chapter 3. Using this model, inter alpha trypsin inhibitor heavy chain 2 (ITI H2) was 

isolated and identified from purified fractions having the most inhibitory effect on 

spheroid invasion in three-dimensions. ITI H2 has a concomitant effect on other cell 

biological processes such as proliferation and adhesion, and the inverse correlation with 

malignancy in a variety of CNS tumors points to ITI H2 as an important therapeutic 

target. Finally, Chapter 4 examines the role of Slit2/Robo 1 in medulloblastoma and 

glioma cell invasion. Sodium alginate bead microencapsulation is highlighted as a 

potential strategy for future introduction of Slit2 and other negative guidance cues in 

vivo. 
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Table 1.1: A summary of the characteristics ofGBM and medulloblastoma. 

~ 
Glioblastoma Medulloblastoma 

Multiforme (GBM) 

Cell of origin Astrocyte or astrocytic Neuronal external granular 

precursors layer precursors of cerebellum 

Population Adult (predominantly) Children (predominantly) 

distribution 

Invasion/Migration Invasion along white Invasion 

matter tracts and blood Migration as monolayers over 

vessels the surface of the brain 

Metastasis and rare yes 

CSF spread 

Mitotic Index high high 

Survival 12-18 months (5 year 5 year survival rate: 60-70% 

survival- very rare) 

Treatment Surgery, Radiation and Surgery, Radiation and/or 

Chemotherapy Chemotherapy 
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Figure 1.1: Genetic aberrations and histological criteria associated with malignant glioma 

progression. Note the differences between primary "de novo" and secondary GBM. For 

example, p53 is a common mutation characteristic of secondary GBM but not usually 

associated with primary GBM. Accompanying progression from a low-grade to high

grade astrocytoma is the accumulation of a series ofhistopathological features including 

endothelial cell proliferation, necrosis, nuclear atypia, and a high mitotic index. 
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Figure 1.2: The Sonic Hedgehog signaling cascade. Secreted Sonic Hedgehog binds to 

and inactivates the Patched receptor thereby relieving inhibition of another 

transmembrane prote in, Smoothened. Smoothened transduces downstream signais that 

activate the G1i family of transcription factors leading to target gene induction and 

enhanced cell proliferation. 
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Figure 1.3: The Wnt signaling pathway. Secreted Wnt family proteins bind to the 

Frizzled receptors and inactivate GSK3~, reducing phosphorylation and degradation of~

catenin. Accumulation of intracellular ~-catenin leads to its nuclear translocation, where 

it binds to members ofthe Lef/Tcffamily and converts them into transcriptional 

activators. Complexes of ~-catenin and the LefITcffamily induce expression of cyclin Dl 

and c-myc promoting cell cycle progression. In the absence ofWnt, ~-catenin is 

phosphorylation and targeted for degradation by the "destruction complex" composed of 

GSK3~, Axin, and the tumor suppressor, adenomatous polyposis coli (APC). 
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Figure 1.4: Hematoxylin and Eosin staining ofC6 astrocytoma spheroids implanted into 

three-dimensional type 1 collagen gels over 22 days. During the first 3 days, the invasion 

rate is high, and cells reach an average of 800-1 000 ~m from the spheroid. After 6 days in 

culture, a necrotic center begins to develop and is accompanied by the appearance of 

nuclear pleomorphism. After 22 days in culture, the outer proliferating rim surrounds an 

extensive necrotic region, and invasion into the collagen type 1 gel is minimal. Scale Bar: 

200~m. 
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Figure 1.5: Schematic depicting the structure of prototypical Slit and Robo proteins. The 

mammalian Slit protein contains an N-terminal signal peptide, four leucine-rich repeats 

(LRRs), nine (in vertebrates) EOF repeats, and aC-terminal cysteine knot. A typical 

Robo 1 receptor consists of five extracellular immunoglobulin (Ig) domains, three 

fibronectin repeats, and a conserved intracellular region of four cytoplasmic motifs. 

Robo3 (also known as RigI) is missing one ofthe cytoplasmic motifs and Robo4 encodes 

only two Ig domains, two fibronectin repeats and two cytoplasmic motifs. 
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Figure 1.6: The Ras and AktlPKB signaling pathways. Activation of receptor tyrosine 

kinases by growth factor stimulation leads to upregulation ofPI3K and increased cellular 

levels ofPIP3. PIP3 attracts Akt to the plasma membrane, which then becomes 

activated, and phosphorylates and inactivates proteins associated with apoptosis leading 

to increased cell survival . PTEN negatively regulates this pathway by catalyzing PIP3 to 

PIP2 and reducing Akt activation. In this scheme, cells are more likely to undergo 

apoptosis. In the absence ofPTEN, cell survival and proliferation increase, thereby 

promoting tumorigenesis and the likelihood of forming a GBM. Growth factor 

stimulation also leads to Ras activation that is accompanied by Raf recruitment to the 

membrane followed by phosphorylation ofMEK and the MAPK proteins respectively. 
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2.1 ABSTRACT 

Secreted chemotropic cues guide the migration of neuronal and glial cell precursors 

during neural development. It is not known if chemotropism contributes to directing the 

invasion ofbrain tissue by glioma cells. A model system has been developed that allows 

quantification of invasive behavior using gliomas spheroids embedded in collagen gels. 

Here we provide evidence that glioma spheroids secrete a chemorepellent factor(s) that 

directs cells away from the spheroid and into the collagen matrix. The relationship 

between total invasion, cell number, and implantation distance suggests that glioma cells 

respond to a gradient of the chemorepellent cue(s) that is well established at 48 hours. C6 

astrocytoma cells normally invade the collagen at an angle perpendicular to the spheroid 

edge. In contrast, an adjacent spheroid causes cells to tum away [rom their normal 

trajectory and slow their rate of invasion. Astrocytoma cells are repelled by an adjacent 

glioma spheroid but rapidly infiltrate astrocyte aggregates, indicating that astrocytes do 

not express the repellent cue. Uniform concentrations ofrepellent factor(s) in spheroid 

conditioned medium overwhelm endogenous gradients and render glioma cells less able 

to exhibit this chemotropic response. Concentration gradients of spheroid conditioned 

medium in cell migration assays also demonstrate the chemorepellent cue(s) tropic effect. 

Our findings indicate that glioma spheroids produce a secreted diffusible cue(s) that 

promotes glioma cell invasion. Identification ofthis factor(s) may advance current 

therapies that aim to limit tumor cell invasion. 
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2.2 INTRODUCTION 

Cell migration occurs during development, wound healing and also during tumor 

invasion and metastasis. Secreted proteins have been shown to function as chemotropic 

cues that guide neuronal and glial precursors in the developing central nervous system 

(Tessier-Lavigne and Goodman, 1996; Dickson, 2002). Long-range secreted chemotropic 

guidance cues such as the netrins, semaphorins and hepatocyte growth factor/scatter 

factor guide neuronal and glial cell migration (Ebens et al., 1996; Kennedy et al., 1994; 

Sugimoto et al., 2001; Yee et al., 1999). The slit family of extracellular proteins not only 

plays a role in axon guidance (Wang et al., 1999; Brose et al., 1999; Kidd et al., 1999; Li 

et al., 1999) and neuronal migration (Wu et al., 1999), but also leukocyte chemotaxis 

(Wu et al., 2001) and tumor angiogenesis (Wang et al., 2003). Other studies have used 

neural stem cells to track astrocytic tumors in vivo providing evidence for positive 

chemotropism in experimental intracranial glioma models (Aboody et al., 2000). These 

investigations have prompted further analysis of potential mechanisms for glioma 

chemotropism in both two- and three- dimensional in vitro systems. 

Malignant astrocytomas are the most common primary supratentorial cerebral 

neoplasms in adults (Chicoine and Silbergeld, 1997). Thought to arise from astrocytes or 

astrocytic precursors, their morphological heterogeneity often makes conclusions about 

their origin difficult (Lopes et al., 1995). The hallmark of malignant astrocytic tumors lies 

in their ability to rapidly in vade the brain and disrupt the normal tissue architecture (Uhm 

et al., 1997). Despite surgical removal and other available treatment modalities, diffuse 

infiltrative growth of the remaining invasive cells leads to recurrence and death within 1-

2 years of diagnosis (Berens et al., 1990). Studies are presently focused on identification 



ofthe diffusible molecules and ceIl signaling cascades that result in glial tumor ceIl 

migration and invasion. 
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Researchers have developed several methods of producing tumor cell aggregates 

or "spheroids" to study tumor invasion in three-dimensions. Sutherland et al. (1971) were 

the first to produce spheroids from a rotating ceIl suspension of Chinese hamster V79 

lung cells in spinner culture. We have adapted this system for glioma ceIls and utilized 

this model for quantification of invasive behavior using glioma spheroids as weIl as 

human tumor explants in collagen gels (Tamaki et al., 1997; Bauman et al., 1999a; 

Bauman et al., 1999b). This three-dimensional spheroid implantation model has been 

used to elucidate the dynamics ofthe invasive paradigm in collagen type 1 gels (Vitrogen 

100) (Corcoran and Del Maestro, 2003; Corcoran et al., 2003; Del Maestro et al., 2001). 

Using this system, it is possible to evaluate both long-range and contact-mediated tropic 

mechanisms using co-cultures of glioma spheroids and/or normal brain aggregates in a 

three-dimensional environment. 

Studies have suggested that glioma spheroids release a factor(s) that directs ceIls 

away from the spheroid and into the three-dimensional matrix (Tamaki et al., 1997; Del 

Maestro et al., 1997). A direct correlation exists between the development oflarger 

spheroids exhibiting hypoxic and necrotic centers and invasive rate (Tamaki et al., 1997). 

These findings led to the hypothesis that a repellent factor(s) is secreted by glioma 

spheroids and that a gradient ofthis repellent cue(s) directs ceIl invasion away from the 

spheroid. Here, we test this hypothesis using two-spheroid co-cultures, time-Iapse 

videomicroscopy and ceIl migration assays. Our findings provide evidence for an 



autocrine chemorepellent cue produced by glioma cells that promotes tumor cell 

invasion. 
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2.3METHODS 

Spheroid culture and the three-dimensional collagen type 1 implantation model 

C6 (murine astrocytoma) and U251 (human glioblastoma) cells were cultured in 

Dulbecco's modified eagle medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS), 125 U/ml penicillin G, 125 Ilg/ml streptomycin sulfate, and 2.2 Ilg/ml 

amphotericin B (Fungizone). Cultures were maintained at 37 oC in a humidified 

atmosphere of 5% C02. Upon reaching confluency, cells were trypsinized using 0.05% 

trypsin, 0.53 mM EDTA, and 3 X 106 cellsllOOml DMEM were seeded into spinner 

culture flasks and spun at 180 rotations per minute for 3-8 weeks depending on the 

desired spheroid size (Tamaki et al., 1997). All culture reagents were obtained from 

Gibco BRL (Invitrogen, Burlington, ON) unless otherwise stated. Both C6 and U25l cell 

Iines were purchased from American Type Culture Collection (A TCC) (Rockville, MD). 

A collagen solution was prepared consisting of3.2 mg/ml collagen type 1 in 0.012 

M HCI (Vitrogen 100) (COHESION, Palo Alto, CA) and 10-fold concentrated DMEM. 

The pH of the solution was adjusted by the addition of 0.1 M NaOH. From this solution, 

500 III aliquots were added to 24-well culture dishes and spheroids of defined size were 

implanted into each weIl using a Pasteur pipette. After gelling at 37 oC in a humidified 

atmosphere of 5% CO2 for 30-60 minutes, the gel was overlaid with 500 III DMEM + 

10% FBS or 250 III DMEM + 250 Jll of medium conditioned by C6 spheroids, U25l 

spheroids, or fetal human astrocytes. Cell invasion was assessed daily using an inverted 

phase contra st light microscope. Total invasion distance was calculated at the same time 

each day from the centre ofthe spheroid to the population of invasive cens most distant 

from the spheroid. The original radius was subtracted from these values, and 



measurements were taken after 24 hours (time-Iapse videomicroscopy) and 9 days 

(conditioned medium experiments). 

Newborn rat astrocytes and U251 aggregate culture 
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Astrocytes were obtained from the cortex of newbom Sprague Dawley rat cortex 

and maintained as a mixed glial culture for 2-3 weeks in DMEM supplemented with 10% 

FBS. Enriched populations ofastrocytes were obtained as described (Armstrong, 1998) 

and hanging-drop aggregates were prepared as described (Corcoran and Del Maestro, 

2003; Corcoran et al., 2003; Kennedy et al., 1994). Briefly, confluent cultures ofnewbom 

astrocytes and U251 cells were washed in phosphate buffered saline (PBS), trypsinized 

(0.05% trypsin/0.53 mM EDTA) and resuspended in a small volume of media. Twenty 

microliter drops containing an equal amount of cells (25,000 cell/drop for U251 cells and 

45,000 cells/drop for astrocytes) were suspended from the lids of 100 mm Petri dishes for 

2-3 days. Cell aggregates were harvested using a sterilized spatula, and placed on 2% 

agarlPBS base-coated 100 mm Petri dishes for 2-3 days and then individually implanted 

into three-dimensional type 1 collagen gels adjacent to C6 astrocytoma (newbom 

astrocytes) or U251 glioblastoma spinner culture spheroids (U251 drop aggregates). 

Human biopsy spheroids and human fetal astrocytes 

The Haukeland Hospital ethics board in Bergen, Norway approved collection of 

human tumor tissue. Glioblastoma tumor fragments 1 cm or smaller in size were obtained 

at surgery. The specimens were collected from macroscopically viable tumor regions 

corresponding to areas of contrast enhancement on computerized tomography (CT) and 

magnetic resonance (MRI) scans. The specimens were immediately transferred to test 

tubes containing complete growth medium consisting ofDMEM, supplemented with 
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10% heat-inactivated newbom calf serum, 2% L-glutamine, 100 lU/ml penicillin and 100 

lU/ml streptomycin. 

Human biopsy spheroids were prepared as described (Bjerkvig et al., 1990). 

Briefly, glioblastoma tumor tissue was cut into 300-500 Jlm pieces and incubated in 80-

cm2tissue culture flasks base-coated with 10 ml 0.75% agar (Difco, Detroit, MI) in 

complete growth medium. The biopsy spheroids were maintained at 37 oC in a 

humidified atmosphere of 5% C02, and medium was changed once a week. After 3-4 

weeks in culture, spheroids with diameters between 200-400 Jlm were selected for 

implantation as described above. Confocal scanning laser microscopy using Cell Tracker 

dyes was carried out using a BioRad MRC 1000 (BioRad, Hertfordshire) microscope. 

Human fetal astrocytes were prepared from fetal CNS tissue as previously 

described (Ladiwala et al., 1998). Briefly, human fetal CNS tissue was obtained at 12-16 

weeks gestation following Canadian Institutes ofHealth Research (CIHR) guidelines. 

The tissue was mechanically dissociated using a scalpel and then treated with 0.25% 

trypsin and 50 Jlglml DNase for 45 min at 37 oC. Dissociated tissue was passed through a 

130 Jlm mesh, washed twice with PBS and plated onto tissue culture flasks in MEM 

supplemented with 5% FCS. Populations ofproliferating fetal astrocytes were obtained 

after three to four passages and used to prepare hanging drop aggregates for collagen 

implantation as described above. 

Cell Tracker Dye Labeling and spheroid co-culture quantification 

Stock solutions of 10 mM CellTracker Green CMFDA (5-

chloromethylfluorescein diacetate) and Cell Tracker Orange CMTMR (5-(and 6)-«(4-

chloromethyl) benzoyl)amino) tetramethylrhodamine) (Molecular Probes, Eugene, OR) 
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were prepared in DMSO, diluted to 25 !lM in DMEM + 10% FBS and used for cell 

labeling. Spheroids were collected from spinner culture and allowed to settle. 

Conditioned media was removed and replaced with 1 ml 25 !lM Cell Tracker Green or 

Cell Tracker Orange solution. The spheroids were placed on a rocker in a 5% CO2 

incubator for 20 minutes and then washed twice with DMEM + 10% serum. 

Fluorescently labeled spheroids were implanted both alone and adjacent to unlabeled C6 

and U251 spheroids (400-600 !lm) at various distances, and photographed 24 and 48 

hours post-implantation. Co-cultures were imaged using a Retiga 1300 CCD digital 

camera (Q Imaging, Bumaby, BC) mounted on an Axiovert 200M microscope (Carl 

Zeiss, Toronto, ON) and Northem Eclipse 6.0 time-lapse software (Empix Imaging Inc., 

Mississauga, ON). Fluorescently labeled spheroids were divided into four quadrants with 

respect to the position ofthe adjacent spheroid (quadrant A). The total cell number and 

invasive distance per cell in each quadrant were calculated for both single spheroids and 

two-spheroid co-cultures. 

Time-Iapse videomicroscopy 

Spheroids were cultured as described, and individual astrocytoma spheroid 

implants between 450 and 600 !lm were prepared for time-Iapse videomicroscopy. For 

two-spheroid co-cultures, C6 astrocytoma spheroids were implanted approximately 300 

!lm apart. Cultures were maintained at 37°C and 5% C02 using a heating microscope 

stage including a 37-2 digital temperature control unit (Carl Zeiss, Toronto, ON). 

lnvading cells were imaged for 24 hours using a Retiga 1300 CCD digital camera 

mounted on an Axiovert 25 microscope and Northem Eclipse 6.0 time-Iapse software. 

One still image was taken every four minutes compressing 20-24 hours into 



approximately 30 seconds of video (Corcoran and Del Maestro, 2003). For each video, 

invasion rate and deviation from the expected invasive path (angle change from 

perpendicular) were calculated for individual C6 cells. Randomly selected cells were 

followed for single spheroid controls and compared with cell measurements obtained 

from spheroid co-cultures. 

Spheroid/ glass bead con trois 
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Individual C6 spheroids approximately 450-600 ~m in size were prepared and 

implanted as stated in three-dimensional type 1 collagen gels. Glass beads (Sigma-Aldrich 

Co. Canada Ltd., Oakville, ON) 425-600 ~m in size were washed in 95% ethanol 

followed by DMEM + 10% FBS before implanting them adjacent to C6 spheroids. Six 24 

hour videos were recorded, and the angle of deviation measured. 

Confocal scanning laser microscopy 

C6-C6, C6-astrocyte and U251-human fetal astrocyte co-cultures were labeled 

with Cell Tracker Green CMFDA and Cell Tracker Orange CMTMR, implanted into 

collagen and analyzed using a LSM 510 confocal scanning laser microscope (Carl Zeiss, 

Toronto, ON) and a 10X objective. Cell Trackers were detected with argon 2 (488 nm) 

and helium-neon (543 nm) lasers for the green and orange fluorescent probes 

respectively. Samples were optically sectioned from the surface to the spheroid centre 

with 12 ~m between each slice, and images 1024 X 1024 pixels were collected. Human 

biopsy spheroids were similarly labeled and analyzed using a BioRad MRC 1000 

confocal scanning laser microscope (BioRad, Hertfordshire, UK). Co-cultures were 

optically sectioned from the surface to the spheroid centers with 16 /lm between each 

slice. 
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Conditioned medium experiments 

Conditioned medium was collected from C6 and U251 spinner cultures at various 

time points to assess the effect of spheroid size on the quantity ofthe hypothesized 

chemorepellent cue secreted. Conditioned medium was also collected from confluent 

monolayer cultures ofhuman fetal astrocytes. C6 and U251 spheroids were implanted 

into collagen type 1 gels as described above and overlaid with 500 J.d DMEM + 10% FBS 

or 250 J.tl conditioned medium 250111 DMEM + 1 0% FBS. Medium was changed every 

three days, and measurements were taken daily for 9 days. 

Transwell migration assays 

Migration assays were performed using 24-well transwell units with 8 Ilm 

polycarbonated filters (Coming Costar, Cambridge, MA). The lower chamber was filled 

with 500 III DMEM + 10% FBS or 500 III conditioned medium from C6 spinner culture 

spheroids. C6 and U251 glioblastoma cells were harvested, fluorescently labeled using 25 

IlM Cell Tracker Green as described above, and 2.0 X 104 cells in 100 III DMEM + 10% 

FBS or C6 spheroid conditioned medium were placed in the upper chamber. Cells were 

left for 20 hours at 37°C, and unmigrated cells on the upper side were removed with a 

cotton tip applicator. Cells remaining in the lower chamber were counted using an 

Axiovert 200M microscope at 10X magnification. Each value represents the average of 4 

individual wells. 
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Statistical Analysis 

AIl tests were performed using SPSS Graduate Pack 9.0 statistical software (SPSS 

Inc., Chicago IL). Descriptive statistics including mean and standard error of the mean 

along with one-way ANOVA's, independent sample t-tests and Tukey's test for multiple 

comparisons were utilized to determine significant differences between pairs for ail 

experiments. P values less than 0.05 were considered significant. 
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2.4RESULTS 

Glioma cells invade away from spheroids grown in 3-dimensional collagen gels 

When a glioma spheroid is cultured in a 3-dimensional collagen gel, cells leave 

the spheroid and invade at an angle nearly perpendicular to the spheroid surface where 

the cell detaches (Fig. 2.1). Although this behavior has been well described (Tamaki et 

al., 1997; Del Maestro et al., 2001), the factors regulating movement ofthese cells as they 

invade the surrounding matrix are not weIl understood. Here, we provide evidence that a 

spheroid derived repellent cue directs the invasion ofthese cells away from the glioma 

cell mass. 

Inhibition of glioma cell invasion by the spheroid-derived cue is distance and time 

dependent 

We first tested the hypothesis that a spheroid derived repellent cue might direct 

the invasion of glioma cells in a distance and time-dependent manner. Spheroids were co

cultured and the distance and time over which this activity affects glioma cell invasion 

were monitored. Co-cultures were labeled using different cell tracker fluorescent dyes 

before implanting them into the collagen gel. This labeling allows for identification of 

individual cells from each spheroid during glioma cell invasion. Previous studies with 

fluorescent labels or cell markers have demonstrated an adverse effect on glioma cell 

migration in two-dimensions (Goldbrunner et al., 1997; Vince et al., 1997). Data obtained 

in our laboratory show that the cell trackers used in this study do not influence invasion 

distances in the three-dimensional implantation model (data not shown). C6 spheroids 

were dyed with Cell Tracker Green CMFDA and implanted at various distances apart 

from unlabeled spheroids C6 or U251 spheroids. After 24 and 48 hours, cultures were 
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photographed, and cell number and invasion distance quantified for each labeled spheroid 

quadrant (Fig. 2.2a). Figure 2.2 presents the analysis of the distance traveled by 

individual cells in each quadrant after 24 hours. There was no significant difference in the 

total invasion distance for aIl four quadrants in single spheroid controls (N=8) (Fig. 2.2b). 

When the co-cultures were implanted a short distance apart (1-100 J.lm), the invasion into 

quadrant A was significantly less than values obtained for the remaining quadrants (N=5) 

(Fig. 2.2c). With distances greater than 100 J.lm, cell invasion into quadrant A, although 

lower, was not significantly different from the other quadrants for C6-C6 co-cultures 

(Fig. 2.2d). A similar pattern was observed when C6 spheroids were co-cultured with 

U251 glioblastoma spheroids although the effect was significant over greater distances of 

100-400 J.lm (Fig. 2.2 e,t). These findings provide direct evidence for a distance 

dependent effect of a cue secreted by the glioma spheroid. 

If the repellent cue only affected invasion but not detachment, equivalent numbers 

of cells would be se en in each quadrant despite decreases in total invasion. To test this 

hypothesis, total cell number in each quadrant was analyzed for various implantation 

distances. For single spheroid control s, there was no significant difference in cell number 

between the four quadrants (N=8) (Fig. 2.3b). Addition ofthe second C6 or U251 

spheroid resulted in a decrease in the number of cells in the quadrant facing the adjacent 

spheroid (Fig. 2.3c-t). Lower cell numbers were found in quadrant A when the C6 

spheroids were co-cultured 1-100 J.lm apart (N=5) and 100-200 J.lm apart (N=7) (Fig. 2.3-

d). A significant decrease in the cell number in quadrant A was also seen for C6-U251 

co-cultures implanted 1-400 J.lm apart. In C6 co-cultures implanted 100-200 J.lm apart' 

there was a non-significant increase in the number of cells in quadrant Band D; however, 
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this was not the case for aIl remaining co-cultures (Fig 2.3. c,e,f). The general failure of 

cells to egress into the both adjacent Band D quadrants combined with the decrease in 

the cell number in quadrant A suggest that a chemorepeIlent(s) may also decrease cell 

detachment from the glioma spheroid. 

To demonstrate that the effects described above are atiributed to a secreted and 

not a contact-mediated chemorepellent cue(s), single C6 spheroids and C6-C6 co-cultures 

were implanted further apart and analyzed at 48 hours. For single C6 spheroids, there was 

no significant difference between total cell number and individual cell invasion distances 

in each quadrant (Fig. 2.4 a,d). The repulsive effect could be seen for C6-C6 co-cultures 

at increased implantation distances with an average 59% decline in cell number compared 

to the remaining quadrants at 250-400 f.lm and 40% at 400-600 f.lm (Fig. 2.4 b,c). There 

was no significant difference between the number of cells in quadrant B-D (Fig. 2.4b,c). 

Cell invasion into quadrant A was significantly less than invasion into the remaining 

quadrants at 48 hours (Fig. 2.4 e,f). These findings demonstrate that a secreted cue(s) and 

not a contacted-mediated factor directs glioma cells away from the repellent source. 

Glioma ceUs turn away in response to a second spheroid 

The effect on glioma cell invasion could be produced by a kinetic effect of a cue 

that slows cell invasion, or through a tropic effect of a cue that directs cell invasion, or by 

a cue that exerts both kinetic and tropic effects on the invading cells. To investigate the 

mechanism of action of the secreted repellent cue on individual cells, glioma spheroids 

were implanted into collagen type 1 gels and imaged using time-Iapse videomicroscopy. 

For single spheroid control s, C6 astrocytoma cells leave the spheroid at angle nearly 

perpendicular to the spheroid surface where the cell detaches (N=46, Fig. 2.1). In 
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contrast, when two spheroids were co-cultured adjacent to each other in the collagen gel, 

they changed their expected trajectory and tumed away from the second spheroid when 

the cells reached the mid-point between the two spheroids (N=45) (Fig. 2.5 a-c). In 

addition to this evasive tuming response, a subset of C6 astrocytoma cells appeared to 

stall and remained stationary between the two spheroids. These cells maintained a ruffled 

appearance throughout the time period of observation and did not extend invadopodia 

(Figure 2.5 b-c). Quantification ofthe tuming angle observed for individual cells 

invading toward an adjacent spheroid indicated a deviation from perpendicular invasion 

(63.7 ± 4.5°), that was significantly different from invading cells from single spheroids 

(Fig.2.5g). 

To determine if migratory tuming is caused by a physical modification in the 

matrix rather than a chemical factor, we repeated the above experiments replacing one of 

the spheroids with a glass bead. Invading C6 cells from the spheroid followed a 

perpendicular trajectory as did cells from single spheroid controls (N=25) (Fig. 2.5 d-t). 

The mean angle of deviation from the perpendicular was 14.9 ± 2.6°, not significantly 

different from data obtained for single spheroid controls (16.7 ± 0.8°) (Fig. 2.5g). Cells 

continued along this path until they contacted the glass bead. In sorne cases following 

contact, the cells appeared to repeatedly bounce offthe bead surface (data not shown). 

After 48 hours, the invading ceIls proceeded around the bead's surface (data not shown). 

At no point did the glioma ceIls change directions and migrate back toward the spheroid. 

To determine if the spheroid derived cue exerts an influence on the rate of glioma cell 

invasion, ceIl invasion rate was measured in cultures containing either a single spheroid 

or two spheroid co-cultures. Invading ceIls from two spheroid co-cultures infiltrated the 
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gel at rates significantly lower (12.6 ± 0.9 ~m/hr) than cells derived from single spheroid 

controls (16.7 ± 0.8 ~m/hr) (P<O.OI) (Fig. 2.5h). 

These results provide evidence for the presence of a repellent cue secreted by 

glioma spheroids that directs invading glioma cells away from the spheroid mass. They 

indicate that the repellent cue secreted by the spheroid exerts a tropic effect by causing 

glioma cells to tum. The decrease in glioma cell invasion rate may be attributed to the 

presence of a more shallow gradient with increasing distances from the spheroids. These 

findings do not differentiate between the actions of one or more cues. 

The ehemorepellent eue is not expressed by astroeyte aggregates 

To investigate the specificity of expression ofthe glioma spheroid derived 

repellent cue, we replaced one of the spheroids with an aggregate ofprimary newbom rat 

astrocytes. C6 spheroids implanted adjacent to newbom rat astrocyte aggregates invade in 

the direction of the astrocyte aggregates within the first 24-72 hours (Fig. 2.6). The 

absence of an inhibitory effect on invasion was found for both co-cultures in direct 

contact or implanted 100-200 /lm apart (N=12 and N=5 respectively). Newbom 

astrocytes also appeared to invade into C6 spheroids within the first 72 hours (Fig. 2.6). 

Extensive invasion is seen on the side proximal to the C6 spheroid; however, relatively 

little invasion is observed into the type 1 collagen gel around the rest ofthe astrocyte 

aggregates (N=12). These findings provide evidence that astrocytes neither produce the 

repellent factor nor respond to it. To test the possibility that differences in the cell culture 

method might account for the differences observed, the hanging drop method that was 

used to produce the newbom rat astrocyte aggregates was also used to produce 

aggregates ofU251 ceUs. U251 aggregates repelled invasion ofU251 cells and C6 
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similar to the findings described above for U251 spheroids (data not shown). These 

findings provide evidence that the spheroid derived repellent cue is not ubiquitously 

expressed by aIl glial cell types, but might be a characteristic acquired by the glioma cells 

during their transformation process. 

To determine the extent that a glioma derived repellent cue might inhibit the 

infiltrative capacity of astrocytes and glioma ceIls, C6-C6 astrocytoma, hum an 

glioblastoma biopsy spheroids, C6-astrocyte and U251-astrocyte aggregate co-cultures 

were examined using scanning laser confocal microscopy to visualize the co-culture 

centers. When two C6 spheroids were implanted 1-200 J.!m apart, despite spheroid 

growth, overlap was predominantly restricted to the fusion site with very few cells 

infiltrating the adjacent spheroid or invading around it after 72 hours (Fig. 2.7 a-c). 

Similar results were obtained using C6-U251 and U251-U251 glioblastoma co-cultures 

(data not shown). C6 spheroids implanted adjacent to fetal hum an astrocyte aggregates or 

aggregates of newborn rat astrocytes, invaded the aggregates 24-72 hours after 

implantation (Fig. 2.7 d-i). Similar results were obtained for U251 drop aggregate

human fetal astrocyte aggregate co-cultures after 48 hours (Fig. 2.7j). Confocal analysis 

indicated that individual astrocytes did not invade the spheroid after 72 hours (Fig. 2.7 d

j). However, astrocytes invaded both over and around the adjacent spheroid (data not 

shown). Spheroids derived from different human biopsy cultures exhibited long 

invadopodia that extended throughout the collagen and around the adjacent spheroid (Fig. 

2.7 k-l). Individual human tumor cells did not infiltrate the adjacent spheroid 48 hours 

after implantation. These results provide further evidence for a glioma derived repellent 

cue, as inhibition was restricted to glioma spheroid co-cultures and was not found in 



glioma spheroid-astrocyte aggregate co-cultures implanted together or a short distance 

apart. 

Conditioned medium from C6 and U251 spheroid culture significantly inhibits 

glioma invasion 
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If indeed glioma cells secrete and respond to a repellent factor that exerts a 

detachment or inhibitory effect as weIl as a tropic influence, then addition ofthis factor 

throughout the matrix should have a net inhibitory effect on invasion from the spheroid. 

We then determined if medium conditioned by C6 or U251 astrocytoma cells could 

influence glioma cell invasion. Medium was collected from C6 astrocytoma and U251 

glioblastoma spinner culture containing different sized spheroids and applied to spheroids 

implanted in three-dimensional collagen gels (Fig. 2.8). For C6 astrocytoma spheroids, 

both U251 and C6 conditioned media had a significant inhibitory effect on invasion 

(N=4) (Fig. 2.8a). C6 day 33 media had the most significant effect, inhibiting invasion by 

44% compared with DMEM + 10% FBS controls (Fig. 2.8a). Similar results were 

obtained for U251 spheroids, as both U251 and C6 conditioned media had a significant 

inhibitory effect on invasion (Fig. 2.8b). U251 day 27 and C6 day 30 conditioned media 

had the most significant effect on invasion at 63% and 44% inhibition respectively (N=4) 

(Fig. 2.8b ). For both U251 and C6 spheroids, conditioned medium collected from larger 

spheroids, as indicated by higher day number generally had a more significant effect on 

invasion suggesting that the quantity ofthe chemorepellent cue(s) secreted is related to 

the size ofthe spheroid (Fig. 2.8 a,b). Medium collected from confluent monolayer fetal 

astrocyte cultures had no significant effect on C6 and U251 spheroid invasion (Fig. 2.8 c

d). These results provide further evidence that glioma spheroids and not astrocytes 
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secrete a repellent cue(s) that affects glioma cell invasion possibly by inhibiting cell 

motility in addition to directing cells away from a gradient of the repellent cue(s). 

Glioma cells are chemotactically repelled by a gradient of C6 spheroid conditioned 

medium in cell migration assays 

A chemorepllent cue(s) and migration inhibitor are two different phenomena. To 

determine the chemotactic and chemokinetic properties, transwell migration assays were 

performed on U251 and C6 cells using medium conditioned by C6 spinner culture 

spheroids. Because the transwell migration assay does not involve cell detachment from a 

spheroid in a three-dimensional model, the repellent cue(s)'s ability to directly affect 

glioma cell migration can be assessed. The number of C6 and U251 cells was higher 

when C6 conditioned medium was placed in the upper chamber and lower when the 

medium was placed in the lower chamber (Table 2.la-b). Interestingly, the number of C6 

and U251 cells was even lower when conditioned medium was placed in both chambers 

to eliminate the gradient (Table 2.1 a-b). These results suggest that C6 and U251 

astrocytoma cells are chemotactically repelled by a secreted factor(s) from spheroid 

conditioned medium. However, the observation that a uniform concentration of the 

repellent cue(s) decreases migration indicates that it also exerts a kinetic effect on glioma 

cell motility. 
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2.5 DISCUSSION 

This study provides evidence for a tumor-derived chemorepellent cue(s) that 

directs glioma cell invasion. Previous investigations have focused on chemotropism in 

glial cell and neuronal precursors (Armstrong et al., 1990; Sugimoto et al., 2001; 

Kennedy et al., 1994; Jmjour et al., 2003). For example, the directional migration of glial 

precursors along the optic nerve is guided by the chemorepeIlent factors netrinl and 

semaphorin 3a (Sugimoto et al., 2001). These molecules, known for their directional role 

in neuronal and axonal migration, originate near the optic chiasm and guide glial 

precursors along the optic nerve (Sugimoto et al., 2001). Even polypeptide growth factors 

such as PDGF and extraceIlular matrix molecules have been shown to elicit a 

chemoattractive response in glial precursors and type 1 astrocytes respectively 

(Armstrong et al., 1990). 

Glioma chemotropism and growth factors 

Studies have examined growth and motility factors such as EGF, bFGF, autocrine 

motility factor and PDGFbb that act predominantly via chemoattractant mechanisms 

(Chicoine et al., 1995; Liotta et al., 1986; Engebraaten et al., 1993; Lund- Johansen et al., 

1990). Two-dimensional models such as the Boyden chamber chemotaxis and modified 

radial dish assays have often been used to evaluate tropic effects in glioma cells 

(Chicoine et al., 1995; Liotta et al., 1986; von Bulow et al., 2001). Checkerboard 

migration assays have demonstrated potent induction ofboth melanoma and glioblastoma 

ceIl migration towards endothelial cells (von Bulow et al., 2001). However, endothelium

derived chemotactic molecules have yet to be identified (von Bulow et al., 2001). 

Although there is sorne discrepancy in the literature with regards to the effect of 
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growth factors on glioma cell motility, the differences may be attributed to the variety of 

model systems employed in different studies (Chicoine and Silbergeld, 1997). In contrast 

to previous investigations, this study provides evidence for glioma-derived 

chemorepellent cue in a three-dimensional collagen type 1 co-culture model. Although the 

results with the chemotaxis migration assay are also indicative of a secreted repellent(s) 

in conditioned medium, our spheroid model allows quantification of cell-cell and cell

matrix interactions in a three-dimensional collagen type 1 environment where cells 

undergo alterations in morphology and degradative enzyme release (Tamaki et al., 1997; 

Unemori and Werb, 1986). The use oftime-Iapse videomicroscopy and still photographs 

to quantiry cell number and total invasion in ail quadrants as weil as direction changes 

allow for evaluation of chemotropic mechanisms at various implantation distances and 

examination of the effect over time. 

Evidence for a glioma chemorepellent eue 

Using the C6 rat astrocytoma spheroid implantation model, our laboratory first 

proposed the glioma repellent factor gradient hypothesis based on two observations 

(Tamaki et al., 1997). Larger spheroids, having well-established are as ofhypoxia and 

necrosis, had higher invasive rates 1-5 days post-implantation, and after 10-13 days, 

invasion plateaus when cells reach approximately 2000-2500 Jlm from the spheroid 

source. We suggested that physically stressful conditions, such as decreased tissue pH, 

oxygen and metabolic substrate(s) concentrations may lead to generation ofa 

chemotropic repellent factor(s) concentration gradient that resuIts in increased cell 

invasion from the spheroid and cell invasion arrest when the gradient is no longer 

present. Larger spheroids, exhibiting extensive stressful microregions, may secrete more 
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of the factor(s), and consequently further accelerate invasion. A number ofscatter growth 

promoting factors and guidance cues have been tested for their role in the spheroid 

implantation model; however, none appear to exhibit the proposed repellent factor(s) 

properties (unpublished data). Platelet derived growth factor (PDGF) AA, BB, basic 

fibroblast growth factor (bFGF) at concentrations between 10 and 200 ng/ml, as weil as 

conditioned medium from 293T overexpressing secreted slit2 and netrinl have been 

added to medium and applied to spheroids implanted in collagen gels. Analysis of glioma 

spheroids co-cultured with 293T cell aggregates overexpressing slit2 and netrinl has also 

been conducted. Ali experiments have resulted in either an increase in glioma invasion or 

no effect. Although the data presented in this study support the chemorepellent cue(s) 

hypothesis, the relationship ofthe secretion of the factor(s) to the presence of stressful 

microregions is unclear. Co-cultures consisting ofU251 or human biopsy spheroids both 

exhibit invasion inhibition similar to C6 astrocytoma co-cultures, and these spheroids do 

not have established areas ofnecrosis and hypoxia (Corcoran et al., 2003). The apparent 

higher concentrations of chemorepellent cue(s) from larger spheroids may be related to 

total cell number. 

In this study, a two-spheroid co-culture system was employed using the three

dimensional spheroid implantation model. Based on the repellent factor hypothesis, 

invading glioma cells should be repelled by an endogenous gradient of a secreted 

repellent cue derived from the adjacent spheroid. Monitoring cell number and invasion in 

glioma co-cultures confirmed this hypothesis. Fluorescently labeled glioma cells facing 

the adjacent spheroid invade the gel and infiltrate the other spheroid less when 

implantation distances are below 200-400 J.lm. At implantation distances exceeding 400 
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~m, the chemorepellent cue(s) does not have a statistically significant effect on cell 

number and invasion at 24 hours. The effect over this distance is consistent with studies 

of chemotropic molecules in other systems. Localized sources of floor plate derived 

chemoattractant re-oriented dorsal spinal cord axons over a mean distance of243 ~m 

after 40 hours in culture (Placzek et al., 1990). When the co-cultures are examined at 48 

hours, there is a significant effect between 250 and 600 ~m. These results suggest that the 

gradient is well established at 48 hours and the chemorepellent cue(s) is secreted. There 

is a direct correlation between tumor cell number/invasion and implantation distance on 

the side facing an opposing spheroid. The effect on cell number may reflect a 

chemorepellent cue(s)' negative influence on proliferation or the ability to detach from 

the spheroid and invade the gel. Videomicroscopy studies showed cell division between 

glioma co-cultures, and therefore confirmed that the chemorepellent cue(s) does not 

influence cell proliferation (data not shown). Data obtained from quadrant cell number 

analysis suggests a detachment problem. Invading glioma cells in quadrant A did not 

move into the adjacent Band D quadrants, as cell numbers here were not significantly 

different from those in the distal C quadrant. The transwell migration assay does not 

directly assess cell detachment, and can be used to differentiate between chemorepellent 

cue(s) and glioma cell migration inhibitors. Because both a gradient and a uniform 

concentration ofthe repellent cue(s) significantly inhibited glioma cell migration, it 

seems that the factor exerts both a tropic and a kinetic influence. The inhibitory effects 

seen with a uniform concentration of gIioma conditioned medium on C6 and U251 

spheroids also supports a role for the repellent cue(s) in inhibiting glioma cell migration. 
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Lumsden and Davies (1983;1986) conducted similar quadrant experiments to 

demonstrate that secreted chemoattractants guide earliest sensory nerve fibers to their 

peripheral targets. Co-cultures oftrigeminal ganglion and peripheral maxillary epithelial 

target tissue explants were used to demonstrate the presence of a chemotactic molecule(s) 

guiding trigeminal sensory neurons to their targets (Lumsden and Davies, 1983; 1986). 

Secreted chemotropic cues such as the netrin and semaphorin families were later 

identified and shown to play a major role in the neuronal guidance mechanisms seen in 

previous studies (Tessier-Lavigne and Goodman, 1996). 

To further investigate the specific mechanism of action of the chemorepellent 

cue(s), we imaged C6 rat astrocytoma co-cultures using time-Iapse videomicroscopy. Our 

results are consistent with the concept of a secreted repellent factor since glioma cells 

changed their expected invasive path in the presence of an adjacent spheroid. A 

significant deviation from the expected perpendicular angle was found, and this was not 

related to the presence of a physical object in the glioma ceIls' path. The decrease in cell 

velocity seen in co-culture experiments may be related to a change in cell trajectory that 

renders cells less able to commit their metabolic and cytoskeletal machinery to invade the 

matrix at rates similar to controls. This effect may be secondary to an alteration in the 

concentration of the chemorepellent gradient in the microenvironment between the two 

spheroids. Highly concentrated chemorepellent gradients may also explain why sorne 

cells do not invade following detachment when they are in the immediate 

microenvironment between two adjacent spheroids. Conditioned medium placed in both 

chambers of the transwell migration assay prevented glioma cell migration in a similar 

manner. 



Astrocyte invasion and migration 

The direct relationship between cell number/invasion and implantation distance 

does not hold true for spheroid-astrocyte aggregate co-cultures. The results obtained 

using fetal human and newborn rat astrocytes aggregates are consistent with data 

obtained for confrontation cultures of spheroid/fetal rat brain aggregates on agar 

(Bjerkvig et al., 1986). Invading glioma cells are not hindered by the presence ofthe 

newborn rat astrocyte aggregates and are able to infiltrate the normal fetal rat brain as 

demonstrated by scanning and confocallaser microscopy (Bjerkvig et al., 1986; 

Steinsvag, 1985; Nygaard et al., 1995; Engebraaten et al., 1990). 
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In the light microscopy images, newborn rat astrocytes appear to invade adjacent 

C6 spheroids. This was clearly seen in both touching co-cultures, and cultures implanted 

1 00-200 ~m apart. Confocal microscopy studies revealed that astrocytes are moving over 

the tumor surface and around the spheroid. These results suggest either the presence of a 

glioma spheroid secreted or contact-mediated chemoatlractant molecule or perhaps a 

more permissive substrate provided by the spheroid surface. Similar studies using fetal 

astrocytes demonstrate variable results depending on the substrate employed. Bernstein et 

al. (1991) showed that C6 glioma ceIls, but not fetal astrocytes rapidly invade artificial 

basement membrane substrates. However, when experiments were conducted with 

hydrated collagen 1 wafers, both cell types migrated through the entire thickness ofthe 

substrate (Goldberg et al., 1992). The invasion displayed in our co-culture assays may 

reflect not only the substrate difference but also the three-dimensional nature of the 

model. The use of confocal microscopy is important to distinguish between cells invading 

a glioma tumor spheroid and cells migrating along its surface. 
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Although confrontation cultures are commonly used to study glioma invasion, 

most models utilize aggregates on plastic or agar, and thus do not reconstruct the brain's 

more complex three-dimensional architecture. A drawback to standard confrontation co

cultures is the use of fetal/newbom rat brain instead of adult brain aggregates. 

Glioblastomas are primarily adult supratentorial cerebral neopIasms, and so adult brain 

aggregates would most accurately represent brain tumor invasion in three-dimensional 

models (Chicoine and SilbergeId, 1997). Studies with human glioma expIant co-cultures 

and multiple patient white matter tissue samples may further substantiate the chemotropic 

responses demonstrated here. 

A glioma derived chemorepellent cue(s) 

The inhibition of glioma invasion by C6 and U251 conditioned medium supports 

the chemorepellent factor(s) hypothesis. A uniform concentration offactor(s) may have 

less discemible effect on tumor invasion ifthe glioma cells respond to an established 

chemorepellent eue concentration gradient. The data obtained for both quadrant 

quantification and angle deviation suggest that the glioma cells are responsive to 

localized higher concentrations of the factor(s). However, a uniform concentration may 

overwhelm existing endogenous gradients, thus eliminating signaling mechanisms that 

deter cells away from the spheroid mass. Less able to exhibit a chemotropic response, the 

glioma cells decrease their overall invasive rate while others may arrest cell movement or 

exhibit decreased cell detachment. Previous studies using conditioned medium containing 

secreted chemoattractant molecules also provide evidence for uniform concentration 

effects (Placzek et al., 1990). When conditioned medium was collected from E13 floor 

plate and applied to E Il dorsal spinal cord explants, there was extensive axon outgrowth 



from the expIant edges. This floor-plate derived chemoattractant, later identified as 

netrinl, appeared to exhibit both directional and possibly outgrowth-promoting 
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properties, as commissural axons respond to both uniform concentrations and gradients of 

the floor plate factor (Placzek et al., 1990; Kennedy et al., 1994). 

Identification of chemotropic secretion products using the spheroid implantation 

model may shed light on the issue of glial cell movement in the central nervous system. 

The highly infiltrative nature of sorne human gliomas such as glioblastoma multiforme 

and gliomatosis cerebri may be attributed to yet unidentified chemorepellent cues that are 

secreted by the main tumor mass. These chemorepellent cues may help tumor cells detach 

and guide them from their source into normal brain architecture (DeAngelis et al., 2002). 

Similar chemorepellent cues may also play a role in normal brain growth. Knowledge of 

chemorepellent factors may enable introduction of novel therapies that force cells to 

change their invasive path, stop or even retum to the original resection site thus 

diminishing the risk of recurrence. Altematively, chemoattractants may stimulate cells to 

invade towards and potentially infiltrate gliomas thereby creating the potential to treat 

brain tumors from the inside out using specific drug biodelivery approaches. Although 

one must proceed with caution when extrapolating in vitro results to the clinical situation, 

a thorough understanding of chemotropic cues and their influence on glioma invasion is 

essential, as more advanced therapies may target a combination of chemotropic factors 

and their downstream effectors. 
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Conclusions 

Our study supports the chemorepellent cue(s) hypothesis. We have provided 

evidence for a secreted repellent factor that not only exerts a tropic influence by directing 

glioma cell invasion in the direction of less inhibition but also a kinetic influence by 

decreasing glioma cell motility. The combined effects on tumor cell invasion make the 

chemorepellent cue(s) an attractive target for future studies. 



Figure 2.1: Single C6 astrocytoma spheroid implanted into three-dimensional type 1 

coIIagen gel. (a-c) Images extracted from time-lapse videomicroscopy over 24 hours. 

Objective: 20X. Scale bar = 100 /lm. 
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Figure 2.2: Quantification of glioma cell invasion after 24 hr in culture by counting the 

number of cells invading certain invasion distances from the initial edge of the spheroid 

in each quadrant. lndividual cells were counted 0-75, 75-150, 150-225, 225-300, 300-

375, 375-450 and 450+ /lm trom the spheroid edge. (a) Spheroid quadrant quantification 

model. Dashed circle represents unlabeled spheroid. (b) Single C6 astrocytoma spheroids 

(N=5). (c) C6 co-cultures 1-100 /lm apart (N=5). (d) C6-co-cultures 100-200 /lm apart 

(N=6). (e) C6-U251 co-cultures 100-200 /lm apart (N=5). (f) C6-U251 co-cultures 200-

400 /lm apart (N=4). Asterisks indicate significant difference at P<0.05*, P<O.OI ** and 

P<O.OOI *** when comparing quadrant A to other quadrants. 
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Figure 2.3: Quantification of glioma cell number after 24 in culture. The number of cells 

in each quadrant was counted for single spheroids and two-spheroid cultures at various 

implantation distances. (a) Spheroid quadrant quantification model. (b) Single C6 

astrocytoma spheroids (N=5). (c) C6 co-cultures 1-100 /lm apart (N=5). (d) C6-co

cultures 100-200 /lm apart (N=7). (e) C6-U251 co-cultures 100-200 /lm apart (N=5). (f) 

C6-U251 co-cultures 200-400 /lm apart (N=4). Asterisks indicate significant difference at 

P<0.05*, P<O.Ol ** and P<O.OOI *** when comparing quadrant A to the other quadrants. 
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Figure 2.4: Quantification of glioma cell number and invasion distance after 48 hr in 

culture. (a) Quadrant cell number for single C6 astrocytoma spheroids. (b) Cell number 

for C6 co-cultures 250-400 /-!m apart (N=6). (c) C6 co-cultures 400-600 /-!m apart (N=4). 

(d) Individual cell invasion distances for single C6 spheroids. (e) Invasion distances for 

C6 co-cultures 250-400 /-!m apart (N=6) f) Invasion distances for C6 co-cultures 400-600 

/-!m apart (N=4). Asterisks indicate significant difference at P<0.05*, P<O.Ol ** and 

P<O.OOI *** when comparing quadrant A to the other quadrants. 
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Figure 2.5: Two C6 spheroids and spheroid-bead cultures in a type 1 collagen gel. (a-c) 

Images extracted from time-Iapse videomicroscopy over 24 hours. Circles follow the path 

of an individual cell. When challenged with a second spheroid, cells deviate from their 

perpendicular trajectory. Arrows denote stationary ruffling cells in the microenvironment 

between spheroids. Objective: 20X. Scale bar = 100 ~m. (d-±) Single C6 spheroid 

adjacent to a glass bead. Images extracted over 24 hours. In both cases, invading cells 

move perpendicularly away from the spheroid. Objective: 10X. Scale bar = 150 ~m. (g) 

Mean single cell angle deviation from a trajectory perpendicular to the spheroid surface 

for individual spheroids (N=45), spheroid-glass bead cultures (N=25) and two-spheroid 

co-cultures (N=46). Error bars: Standard error of the mean (SEM). Asterisks indicate a 

significant difference at P<O.OOI ***. (h) Mean invasion rates for individual C6 cells 

when cultured alone (N=45) and with another C6 astrocytoma spheroid (N=46). Error 

bars: Standard error of the mean (SEM). Asterisk indicates significant difference at 

P<0.05*. 
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Figure 2.6: Co-cultures of a C6 astrocytoma spheroid with an aggregate of astrocytes 

derived from newbom rat brain. Cells were labeled with Cell Tracker™ dyes. (a-b) Co

cultures placed in contact with one another after 24 and 72 hours respectively. (c-d) Co

cultures implanted 150 J-lm apart after 24 and 72 hours respectively. Objective: lOX. 

Scale bar = 250 J-lm. 
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Figure 2.7: Confocal scanning laser microscopy images ofC6 astrocytoma, C6-

astrocyte, U251-astrocyte and human biopsy spheroid co-cultures fluorescently labeled 

with Cell Trackers™ after 24 -72 hours. (a-c) Split images (a-b) and overlay (c) through 

the centre oftwo C6 spheroids demonstrating the lack of invasion into and migration 

around the adjacent spheroid after 72 hours. (d-i) C6 astrocytoma spheroid co-cultured 

with fetal human (d-f) and newborn rat (g-i) astrocyte aggregates at 24,48, and 72 hours 

respectively. After 48-72 hours, extensive invasion of C6 glioma cells into the fetal 

human and newborn rat astrocyte aggregate is observed. (g-i) Co-culture of C6 

astrocytoma spheroid and newborn rat astrocyte aggregate after 24, 48 and 72 hours 

respectively. U) Co-culture ofU251 glioblastoma drop aggregate spheroid with fetai 

hum an astrocyte aggregate at 48 hours. Invasion into the astrocyte aggregate is similar to 

results obtained using C6 rat astrocytoma spheroids. (k-l) Two human biopsy spheroids 

implanted in contact with one another and 150 /lm apart at 24 and 48 hours respectively 

demonstrating no invasion into adjacent spheroids but migration of sorne cells around the 

spheroid mass. Objective: 10X. ScaJe bar=250 Ilm. 
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Figure 2.8: The effect ofC6, U251 and fetal astrocyte conditioned medium on the 

invasion of C6 and U251 glioma spheroids. (a) C6 spheroid invasion after 9 days 

application ofC6 and U251 conditioned medium from various-sized spheroids (N=4). (b) 

U251 spheroid invasion after days application of C6 and U251 conditioned medium from 

various-sized spheroids (N=4). (c) C6 spheroid invasion after 9 days application of 

conditioned medium from confluent mono layer fetal astrocyte cultures (N=5 for DMEM 

control and N=7 for astrocyte medium). (d) U251 spheroid invasion after 9 days 

application of conditioned medium from confluent mono layer fetal astrocyte cultures 

(N=8). Error Bars: Standard error ofthe mean. Asterisks indicate a significant difference 

at P<O.05*, P<O.OI ** and P<O.OOI ***. 
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Table 2.1: Transwell chamber analysis ofC6 (a) and U251 (b) cell migration in response 

to medium conditioned by C6 astrocytoma spinner culture spheroids. Conditioned 

medium was added to either the upper or lower chamber or both. Note that migration is 

maximal when C6 conditioned medium is added to the upper chamber and is reduced 

when medium is added to the lower chamber or both, indicating that C6 and U251 cells 

are inhibited by a secreted cue from the conditioned medium in a chemotropic and 

chemokinetic manner. The data represents the mean of four replicates P<O.05 * P<O.OOI 

*** 
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2.6 Preface Chapter 3 

We have provided evidence for a chemorepellent that directs glioma cell invasion 

while having an inhibitory effect on invasion as weIl. This does not rule out the 

possibility that multiple proteins are involved in this process or that different proteins are 

responsible for the directional and kinetic effects. Hence, there is a need to design an 

efficient and reproducible strategy to identify these factors and validate their function. 

The genes and proteins associated with malignant brain tumor progression have been 

extensively examined using techniques such as microarray and proteomic analysis. For 

example, a study has compared the gene expression profiles of medulloblastoma subtypes 

and has provided further evidence for SHH signaling dysregulation in sporadic 

medulloblastoma in addition to medulloblastoma linked with Gorlin's syndrome 

(Pomeroy et al., 2002). Nevertheless, these methods involve rationally selecting a key 

player for further investigation, and do not guarantee a true association with cell 

proliferation, angiogenesis or invasion. In particular, gene expression profiling using 

microarray analysis does not necessarily correlate with prote in expression and the 

functional importance to the malignant phenotype is poorly understood. 

To isolate genes involved in specific cellular processes, large sc ale analysis of 

gene expression using microarrays of cDNA sequences has been particularly important in 

examining the phenotype ofhighly motile subpopulations in malignant brain tumors in 

vitro and in vivo (Mariani et al., 2001; Tatenhorst et al., 2005). Recently, Tatenhorst et al. 

(2005) have compared the expression profiles of genes associated with hypermotility 
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using an in vitro mono layer migration assay and an in vivo C6 implantation model in 

nude mice. As expected, there were many differences in motility-associated genes 

between in vivo and in vitro models, suggesting that caution should be taken when 

considering the therapeutic potential of genes obtained from in vitro analysis. 

Furthermore, proteomic analysis offetal hum an astrocytes (FRA), U87 malignant glioma 

cells, and U87 cells expressing EGFR receptor mutations identified differentially 

expressed proteins falling into a variety of categories (Zhang et al., 2003). Although this 

study compares the prote in expression profiles ofhighly malignant celllines to normal 

cells, it did not utilize functional assays to investigate the significance of different 

proteins to malignant brain tumor motility or invasion. 

We have utilized our three-dimensional collagen type 1 invasion model as a 

functional assay to isolate and identify a natural inhibitor of glioma cell invasion from C6 

spheroid conditioned medium. Our biochemical approach utilizes traditional protein 

purification technology, and is based on the premise that we only select fractions that 

have the most inhibitory effect on C6 spheroid invasion for further analysis. In this way, 

we aim to isolate and identifY factors having the most potent inhibitory effect, and follow 

this analysis with validation using molecular biology approaches. This method allows for 

isolation ofboth potential inhibitors and repellents, and the precise role in glioma 

invasion can be pursued after identification. The following chapter examines the 

identification and validation of inter alpha trypsin inhibitor heavy chain II as a natural 

and potent inhibitor of glioma invasion and proliferation in a three-dimensional collagen 

matrix. 



122 

Chapter 3: Isolation of a natural inhibitor of hum an malignant 
glial cell invasion: Inter Alpha Trypsin Inhibitor 

Heavy Chain 2 
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3.1 ABSTRACT 

Malignant central nervous system tumors such as glioblastoma multiforme invade 

the brain and disrupt normal tissue architecture making complete surgical removal 

virtually impossible. Here, we have developed and optimized a purification strategy to 

isolate and identifY natural inhibitors of glioma cell invasion in a three-dimensional 

collagen type 1 matrix. Inter alpha trypsin inhibitor heavy chain-2 (ITI-H2) was identified 

from the most inhibitory fractions, and its presence confirmed as both a single protein 

and a bikunin-bound form. Stable overexpression in U251 glioma cells validated ITI 

H2's strong inhibition ofhuman glioma cell invasion together with significant inhibition 

of cell proliferation, and promotion of ceIl-ceIl adhesion. Analysis of primary human 

brain tumors showed significantly higher levels ofITI H2 in normal brain and low-grade 

tumors compared to high-grade gliomas, indicating an inverse correlation with 

malignancy. These findings suggest that reduction ofITI H2 expression correlates with 

brain tumor progression, and that targeting factors responsibJe for its Joss or restoring the 

ITI suppJy exogenousJy may serve as potentiaJ therapeutic strategies for a variety of CNS 

tumors. 
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3.2 INTRODUCTION 

Glioblastoma multiforme (GBM) is the most common malignant central nervous 

system (CNS) tumor in adults (Chicoine and Silbergeld, 1997).11 is characterized by 

extensive necrosis, a high mitotic index, endothelial cell proliferation and nuc1ear 

pleomorphism. Invading glioblastoma cells rapidly infiltrate and disrupt normal tissue 

architecture making complete surgical removal virtually impossible (Kleihues et al., 

2000; Giangaspero et al., 2000). This diffuse infiltrative growth leads to early recurrence 

and poor patient prognosis. Consequently, the invasive cascade is an important 

therapeutic target for GBM. 

There are many known positive regulators of malignant brain tumor cell 

proliferation and invasion; however, little is known about negative modulators of 

malignant glial cell invasion (Chicoine and Silbergeld, 1997; Mueller et al., 2003; 

Wechsler-Reya and Scott, 2001; Werbowetski et al., 2004). Our laboratory has provided 

evidence for a secreted chemorepellent that directs glioma cell invasion (Werbowetski et 

al., 2004). Conditioned medium from both U251 and C6 spheroids significantly inhibited 

invasion ofboth spheroid types when implanted into three-dimensional collagen type 1 

gels providing evidence for a potential inhibitory or kinetic effect as weil (Werbowetski 

et al., 2004). Since this model can be used as a functional assay to identifY endogenous 

and/or serum-derived inhibitors/repellents of glioma invasion, a purification strategy was 

designed and optimized to isolate these inhibitors/repellents from the conditioned 

medium of glioma spheroids. 



125 

This study presents the isolation and identification of inter alpha trypsin inhibitor 

heavy chain 2 (ITI H2) as a strong natural inhibitor ofbrain tumor invasion. 

Overexpression ofITI H2 in the U251 glioma ceIlline confirmed its inhibitory role in 

malignant glioma invasion and revealed an inhibitory effect on proliferation with a 

concomitant increase in cell adhesion. Moreover, expression levels ofITI H2 in primary 

human tumors and cultured human glioma celllines were inversely correlated with 

malignancy, indicating a possible role for the ITI family members in CNS tumor 

progression. Our results present ITI H2 as both a potential indicator oftumor malignancy 

and a novel target for therapeutic intervention that merits further functional 

characterizati on. 
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3.3METHODS 

Cell culture and activity assay 

C6 (murine astrocytoma) cells were cultured in Dulbecco's modified eagle medium 

(DMEM) supplemented with 10% fetal bovine serum (FBS), 125 U/ml penicillin G, 125 

~g/ml streptomycin sulfate, and 2.2 ~g/ml amphotericin B (Fungizone) and seeded into 

spinner culture flasks as described (Werbowetski et al., 2004; Tamaki et al., 1997). 

Tumor spheroids were implanted into 48-well culture dishes containing 500 f.11 aliquots of 

a collagen type 1 solution (Vitrogen 100) (COHESION, Palo Alto, CA) and cell invasion 

was assessed daily as previously described (Werbowetski et al., 2004; Tamaki et al., 

1997). Ali culture reagents were obtained from Gibco BRL (Invitrogen, Burlington, ON) 

unless otherwise stated. Celllines were purchased from the American Type Culture 

Collection (ATCC) (Rockville, MD). 

Protein Purification 

Conditioned medium was collected from C6 spheroids in spinner culture between 2 and 5 

weeks, and cell debris was removed by ultracentrifugation for 60 min at 45 000 rpm. 

Conditioned medium was then concentrated 30X by ultrafiltration using a stirred cell 

equipped with a YM-1 0 membrane (Millipore, Etobicoke, ON). A wash buffer containing 

20 mM MOPS pH 7.2, and an elution buffer containing 20 mM MOPS pH 7.2 and 1.5 M 

NaCI were prepared. The concentrated C6 conditioned medium was reconstituted in 100 

ml 2 mM MOPS wash buffer, passed through a 0.2 f.1m filter, and loaded onto a Resource 

Q anion-exchange column (Amersham Biosciences, Baie d'Urfe, QC) equilibrated with 

20 mM MOPS wash buffer. Chromatography was performed on an AKTA FPLC 

(Amersham Biosciences). The column was operated at a flow-rate of2.5 ml/minute. 



127 

Bound proteins were eluted with a linear gradient ofNaCI from 0-1.5M over 30 column 

volumes, re-equilibrated in DMEM without serum and applied over C6 spheroids in 

triplicate. Fractions having an inhibitory effect on invasion were pooled, collected and 

reconstituted in 10 mM sodium phosphate buffer pH 7 and loaded onto a 5 ml HiTrap 

Heparin HP column (Amersham Biosciences) equilibrated with the same buffer. 

Fractions were eluted with a linear gradient of 10 mM sodium phosphate + 2M NaCI pH 

7 over 45 column volumes, and then re-equilibrated in DMEM without serum. 

Chromatographs for each column were obtained. Fractions were then applied over C6 

spheroids in triplicate and those that had an inhibitory effect on invasion were collected, 

pooled, and stored at -80°C until further analysis. Inhibitory fractions from both 

Resource Q and HiTrap Heparin HP columns were resolved using SDS polyacrylamide 

gel electrophoresis on a 10% gel. Gels were silver stained according to established 

procedures (Amersham Biosciences). Protein concentrations were determined using the 

BioRad Protein assay dye reagent concentrate (BioRad, Mississauga, ON). 

Mass spectrometry analysis of purified fractions 

Tryptic digest and MS-MS analysis were conducted on pooled fractions with the most 

inhibitory activity from the HiTrap Heparin HP column (McGill University and Genome 

Quebec Innovation Centre, Montreal, QC). Mascot scores were obtained, and 

significance was determined as the minimum threshold required to be considered a non

random assignment (Perkins et al., 1999). 

Cloning and stable cellline production 

pCMV Sport6 vectors containing the ITI H2 and bikunin full-Iength cDNAs were 

obtained from ATCC. The BglII and EcoRI restriction sites were used to subclone the ITI 
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H2 and hikunin fuIllength constructs into the pLPCX retroviral expression vector 

(Clontech, Palo Alto, CA). The new constructs were introduced into the U251 human 

glioblastoma ceIlline following manufacturer guidelines (Retroviral Gene Transfer and 

Expression User Manual, BD Biosciences, Palo Alto, CA). Cells were cultured in 

selection medium containing 1 Jlg/ml Puromycin (Sigma-Aldrich Co. Canada Ltd., 

Oakville, ON) for 3 weeks. Confirmation of stable ITI H2 and bikunin overexpression 

was assessed using RT PCR (see below). See Table 3.2 (1-3) for primer details. 

Hanging-drop aggregates and time-Iapse videomicroscopy 

Confluent cultures of wild-type U251 ceIls, U251 pLPCX ceIls, and U251 cells stahly 

overexpressing ITI H2 and bikunin were trypsinized (0.05% trypsin/0.53 mM EDTA) 

and hanging-drop aggregates were prepared (Werbowetski et al., 2004; Corcoran and Del 

Maestro, 2003; Corcoran et al., 2003; Del Duca et al., 2004). Aggregates were implanted 

into collagen type 1 gels and invasion was assessed (Werhowetski et al., 2004; Tamaki et 

al., 1997). Implanted aggregates were imaged for 20 hours using time-Iapse equipment 

and software as previously described (Angers-Loustau et al., 2004; Del Maestro et al., 

2001). For each video, individual cell invasion rate, the number of cells detached from 

the spheroid after 8 hours and the number of individual cell divisions were calculated. 

Proliferation Assay and Live-Dead Cytotoxicity Assay 

To evaluate the effect ofITI H2 and bikunin overexpression on U251 glioma cell 

proliferation, monolayers ofU251 wild-type, U251 pLPCX, U251 ITI H2, and U251 

bikunin cells were plated on 6-well culture dishes (40,000 celIs/welI and three replicates 

for eaeh time point). Cells were eounted on days 2 and 4 using a Coulter Z ™ Series 

eounter (Beekman-Coulter Ine., Miami FA) and doubling time for eaeh cell line was 
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calculated. Cell viability was determined using the LivelDead Viability/Cytotoxicity kit 

(Molecular Probes, Invitrogen Detection Technologies, Eugene, OR). Briefly, 2 /lI of a 

50 /lM calce in AM (detects live ceIls) working solution and 4 /lI of a 2 mM ethidium 

homodimer-1 stock (detects dead ceIls) were added to 1 ml U251 pLPCX and ITI H2 ceIl 

suspension in PBS. As a control for possible induction of cell death, both infected ceIl 

lines were also pre-treated with 0.1 % saponin for 10 minutes. Samples were mixed, and 

incubated at room temperature for 20 minutes in the dark. CeIls were rinsed 2X for 5 min 

in PBS and then visualized using the imaging equipment and software previously 

described (Angers-Loustau et al., 2004; Del Maestro et al., 2001). 

Cell Attachment Assay 

U251 pLPCX and ITI H2 overexpressing eeIls were seeded at 40 000 celIs/weIl in 6-well 

dishes in triplicate. After 1,2,3 and 4 hours at 3TC, the wells were imaged and the 

number of attached cells was ealculated for both empty vector and ITI H2 cells using the 

time-lapse videomicroscopy imaging system and software described. 

Antibody production and Western Blot analysis 

An anti-ITI H2 polyclonal antibody was generated against the C-terminal region ofthe 

protein by injecting rabbits with the synthetie peptide PGKDPEKPEASMEVK coupled 

to KLH (Sheldon Biotechnology Centre, McGill University, Montreal, Canada). To 

verify that ITI-H2 was enriched in purified fractions, l/lg protein from each fraction was 

subjected to SDS-PAGE on a 10% polyacrylamide gel. The lTI H2 specifie polyclonal 

antibody was used at a concentration of 1 :500. The anti-rabbit bikunin antibody (1 :2000) 

has been generously donated by Dr. Bo Akerstrom (Lund University, Lund, Sweden) and 

a commercial antibody against ail inter alpha trypsin inhibitor heavy and the light chain 



(1 :2000) was also used to validate ITI H2 enrichment (Dako Cytomation Inc., 

Mississauga, ON). The HRP-conjugated goat anti-rabbit IgG secondary antibody 
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(1 :5000) was used and visualized by enhanced chemiluminescence (Perkin-Elmer Life 

Sciences Inc., Markham, ON). 

Immunocytochemistry 

To examine intracellular localization ofITI H2 in the U251 ITI H2 stable cellline, 

immunocytochemistry was performed. Briefly, U251 ITI H2 cells were plated on 

collagen-coated coverslips for 48 hours (BIOCOAT, BD Biosciences, Discovery 

Labware, Mississauga ON). The ITI H2 specifie polyclonal antibody was used at a 

concentration of 1 :50 in 0.5% BSA 0.02% TritonX-1 OO/PBS. Pre-immune serum and 

staining without primary antibody were used as negative controls. Donkey anti-rabbit 

Alexa 555 secondary antibody in 0.5% BSA 0.02% TritonX-100/PBS was used. Cells 

were co-Iabeled for actin by adding Phalloidin Alexa Fluor 488 (1 :400) (Molecular 

Probes, Eugene, OR) to the secondary antibody mixture. Coverslips were mounted and 

imaged using a LSM 510 confocal scanning laser microscope at 63X magnification using 

the helium-neon (543 nm) and argon (488 nm) lasers (Carl Zeiss, Toronto, ON) 

Human brain tumor samples 

Twenty-seven human brain tumor samples were obtained from the Department of 

Molecular Pathology and Neurology, University of Lodz tissue bank, Simmelweiss 

University tissue bank in Hungary, Centre de Neuro-pathologie, Clermont-Ferrand tissue 

bank in France, the Brain Tumor Tissue Bank London Health Sciences Centre in London, 

Ontario and the Brain Tumour Research Centre Tissue Bank at the Montreal 

Neurological Institute in Montreal, Quebec. Among the samples were 5 pilocytic 
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astroeytoma, Il glioblastoma multiforme (GBM), 5 meningioma, 4 low grade 

oligodendroglioma and 2 anaplastie oligodendroglioma. Samples of hum an fetal 

astrocytes obtained at 12-16 weeks gestation following Canadian Institutes ofHealth 

Research (CIHR) guidelines were acquired from the Albert Einstein College of Medicine 

Human Fetal Tissue Repository. A sample of normal brain was also analyzed, and aIl 

relevant clinical information for the tumors was available. 

RT PCR of malignant glioma celllines and primary human brain tumors 

The endogenous expression ofIT! H2 and j3-actin mRNA in U251, U87, U343 and U373 

glioma cells lines and primary human brain tumors was examined by RT-PCR. Total 

RNA was extracted from malignant glioma celllines using RNeasy kit (QIAGEN) 

according to manufacturer's guidelines. For primary human brain tumors, total RNA was 

extracted from frozen samples using the TRIzol Reagent (Gibco BRL) according to 

manufacturers' guidelines. First strand eDNA was synthesized using the First-Strand 

cDNA Synthesis Kit (Amersham Biosciences). See Table 3.2 (l,4) for primer details. For 

ail RT-PCR reactions, PCR using a template generated without reverse transcriptase or 

PCR in the absence oftemplates was used as a negative control.l3-aetin was used as an 

internaI control. The following PCR conditions were used: 95 oC for 2 min, 80 oC for 2-4 

min (during whieh Taq is added), and 30 cycles of95 oC for 60s, 55°C (60°C for j3-actin) 

for 30 s, and noc for 60s followed by 10 min at n°c. PCR products were separated by 

agarose gel electrophoresis. 

Immunohistochemistry 

Normal brain and brain tumor sampI es embedded in paraffin were sectioned in 7 flm 

intervals, deparaffinized in xylene, and processed through a graded series of a1cohol 
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concentrations. Samples were subjected to antigen retrieval and placed in a Dako 

Autostainer (Dako Diagnostics Canada Inc., Mississauga, ON) using standard protocols. 

The ITI H2 antibody and pre-immune serum (1; 1 00 dilution) were used for 

immunohistochemical staining. Samples were counterstained in Hematoxylin for 1 

minute, mounted using a water soluble mountant and imaged using a standard light 

microscope at 40X magnification. 

Statistical Analysis 

AlI tests were performed using SPSS Graduate Pack 9.0 statistical software (SPSS Inc., 

Chicago IL). Descriptive statistics inc1uding mean and standard error ofthe mean along 

with one-way ANOVA's, independent sample two-tailed t-tests, and Tukey's test for 

multiple comparisons were utilized to determine significant differences. P values less 

than 0.05 were considered significant. 
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3.4RESULTS 

Inhibitory fractions contain enriched protein bands involved in invasion 

To isolate potential inhibitors of glioma cell invasion, we concentrated C6 

conditioned medium and applied it to a Resource Q anion exchange column. Fractions 

were collected, and applied to C6 astrocytoma spheroids implanted in collagen gels to 

assay for inhibition of cell invasion. Under control conditions, the average invasive rate 

was 10.2 ~m/hour (Fig. 3.1a). Fractions 16-21 had an inhibitory effect on invasion (Fig. 

3.1a). Fractions 18-19 yielded the highest inhibitory effect on cell invasion, and induced a 

significant decrease ofthe average invasive rate for C6 spheroids from 10.2 to 6.2 

~mlhour (Tukey's test, p<O.OOI) (Fig. 3.1a). Fractions 16-21 were pooled and applied to 

a HiTrap Heparin HP column. Fractions were then collected, and applied to C6 spheroids 

implanted in collagen gels. Fractions 1-8, and 17-22 displayed the highest inhibitory 

effect on invasion with an average invasive rate of6.85 ~m/hour (Fig. 3.1b). Silver 

staining ofinhibitory fractions revealed the presence oftwo enriched bands at 

approximately 90 and 140 kDa (Fig. 3.1c). Mass spectrometry identified ITI H2 as the 

most abundant protein in the pooled purified fractions from the HiTrap Heparin column 

(Table 3.1). Mascot scores over 38 were considered significant at p<0.05. 

Western Blot analysis confirms the presence ofITI H2 and ITI H2-bikunin 

complexes in purified fractions 

To confirm the presence ofITI H2 in the purified fractions, we designed an 

antibody against ITI H2 and used Western blot analysis to compare bands obtained with 

those using a commercial antibody against ail ITI chains and a bikunin-specific antibody. 

Western blot analysis confirmed the presence of an ITI H2 band around 90 kDa, and an 
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ITI H2-bikunin band around 140 kDa (Fig. 3.2a). Another band running at approximately 

260 kDa suggested a combination of multiple heavy chains and bikunin (Fig. 3.2a). This 

is consistent with previous reports showing that the ITI heavy chain (ITI) family 

members are characterized by a unique covalent bond between the heavy chains and the 

chondroitin sulfate chain ofbikunin (Zhuo et al., 2004). Therefore, ITI heavy chain

bikunin complexes will be present on reducing PAGE gels. Taken together, these results 

confirm that the enriched proteins in our purified inhibitory fractions were ITI H2 and 

combinations ofITI H2 and/or other heavy chains and bikunin. These results do not 

indicate whether ITI H2 alone is inhibiting C6 cell invasion or whether the serine 

protease inhibitory activity ofbikunin is having a concomitant effect on the cells. 

Stable overexpression ofITI H2 in U251 cells is localized to perinuclear regions and 

lamellipodia 

After confirming the presence ofITI H2 and ITI H2-bikunin in our purified 

fractions, we wanted to validate the role ofITI H2 as an inhibitor of glioma cell motility 

by stably overexpressing both ITI H2 and the light chain bikunin in U251 cells. Infection 

ofU251 cells with individual ITI H2 and bikunin chains should allow for the distinction 

between the effect ofITI H2 alone and/or the serine protease inhibitory activity of 

bikunin. RT PCR analysis of stable celllines showed that U251 ITI H2 and bikunin cell 

lines expressed only the respective ITI H2 and bikunin mRNAs; whereas U251 cells 

infected with the control empty vector pLPCX did not have any ITI mRNA expression 

(Fig. 3.2b). Further characterization ofU251 ITI H2 was performed using 

immunocytochemistry to examine intracellular localization (Fig. 3.2c). U251 cells 

expressing ITI H2 cells showed increased ITI H2 localization in the perinuclear regions 
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as weIl as in thin, extensive lamellipodia and membrane ruffles (Fig. 3.2c left panel). 

Membrane ruffle and lamellipodia ITI H2 expression appeared to co-Iocalize with actin 

(Fig. 3.2c right panel). 

ITI H2 inhibits U251 invasion in three-dimensional collagen gels 

Since ITI H2 was originally identified from our functional screen for inhibitors of 

glioma cell invasion in vitro, it is important to confirm its role as an invasion inhibitor in 

our stable U251 ITI H2 cellline. To demonstrate this, we implanted spheroids from U251 

cells infected with the empty vector pLPCX, ITI H2 and bikunin in collagen type 1 gels, 

and monitored invasion for 3 days. Within the first 24 hours, cell invasion ofU251 ITI 

H2 spheroids was inhibited by approximately 55% compared with pLPCX control 

spheroids and bikunin spheroids (Fig. 3.3a,c). The inhibitory effect was maintained after 

three days in culture (Fig. 3.3b,d). These results suggest that ITI H2 inhibits cell invasion 

in three-dimensions. However, they do not differentiate between an effect ofITI H2 on 

individual cell invasive rate, adhesion or proliferation. 

ITI H2 inhibits U251 cell proliferation without causing cell death 

To examine the effect ofITI H2 and bikunin overexpression on cell proliferation 

in our U251 glioma model, we cultured U251 wild-type, and U251 cells infected with 

control pLPCX, ITI H2 and bikunin in 6-well dishes for 4 days. Cell number and 

doubling time were calculated at day 2 and day 4. There was no significant difference 

between U251 wild-type, pLPCX and bikunin ceIllines; however, the number ofU251 

ITI H2 cells was significantly lower after 4 days in culture (Fig. 3.4a). The calculated in 

vitro doubling time for ITI H2 cells was 32.8 hours, and this was significantly different 
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from the 25.3 and 26.7 hours doubling times for U251 wild-type and pLPCX respectively 

(Tukey's test, p<0.05) (Fig. 3.4b). 

To validate the role ofITI H2 as an inhibitor of glioma celI proliferation and not a 

promoter of cell cytotoxicity or death, a live-dead assay was performed on control U251 

celIs infected with pLPCX and ITI H2 celIs in monolayer culture over 4 days. As a 

control for possible induction of celI death, both infected celIlines were pre-treated with 

0.1% saponin for 10 minutes. U251 pLPCX and U251 ITI H2 celIs that received no 

detergent treatment showed no evidence of celI death or cytotoxicity after 4 days in 

monolayer culture (upper panels) (Fig. 3.4c). AlI cells pre-treated with 0.1 % saponin died 

(lower panels) (Fig. 3.4c). Taken together, these results suggest that in addition to its role 

in glioma celI invasion, ITI H2 significantly inhibits glioma ceIl proliferation without 

increasing celI death or cytotoxicity. 

ITI H2 increases cell attachment in monolayers 

In order to test the hypothesis that the inhibitory effect on cell proliferation may 

be accompanied by an increase in cell attachment, we cultured U251 pLPCX and ITI H2 

cells on monolayer culture and counted the number of attached cells as a percentage of 

the total number of celIs at 1, 2, 4 and 6 hours. After 4-6 hours, ITI H2 ceUs maintained a 

slightly more "spread out" appearance on the plate and exhibited a smalI increase in the 

number offan-like lameUipodia (Fig. 3.5a). One and 2 hours after plating, there was a 

small increase in the number of attached cells for ITI H2 cultures; however, the effect 

was only significant at 4 hours (68% and 80% attached for U251 pLPCX and U251 ITI 

H2 cens respectively) and 6 hours (83% and 88% attached for U251 pLPCX and U251 

ITI H2 cells respectively) (t-test, p<O.OI at 4 hours and p<0.05 at 6 hours) (Fig. 3.5b). 
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These results suggest that the inhibitory effect on cell proliferation may be accompanied 

by an increase in cell attachment. 

ITI H2 inhibits individual glioma cell velocity while increasing cell-cell adhesion 

Previous results using U251 !TI H2 spheroids only examined average invasion of 

the entire cell population. To directly characterize the effect ofITI H2 on individual cell 

velocity and spheroid detachment, U251 pLPCX and U251 ITI H2 spheroids were 

implanted into collagen gels, allowed to invade for 6 hours and then imaged using time

lapse videomicroscopy for the following 20 hours. This time period was chosen based on 

previous results obtained for doubling time. Since the doubling time for the pLPCX and 

!TI H2 cells is approximately 26.7 and 32.8 hours respectively, significant differences in 

cell proliferation are not expected during the 20 hour video. The average invasion of 

U251 !TI H2 spheroids compared with U251 pLPCX spheroids over 20 hours is shown in 

Figure 3.6a. Quantification of individual cell invasive rates demonstrated an average cell 

velocity of 15.5 I1m/hour and 8.8 Ilffi/hour for pLPCX and ITI H2 cells respectively 

(N=30 cells for each cellline tested) (Fig. 3.6b). The inhibitory effect on cell velocity 

was also seen for detached U251 ITI H2 cells imaged 24-44 hours post-implantation 

(data not shown). In addition to the effect on individual cell velocity, 60% ofU251 

pLPCX cells had detached from the spheroids within 8 hours; however, only 17% ofITI 

H2 cells had detached suggesting a role for lTI H2 in cell-cell adhesion (N=30 cells for 

each cellline) (Fig. 3.6c). There was a small inhibitory effect on !TI H2 cell proliferation, 

but the effect was not statistically significant (Fig. 3.6c). These results further validate ITI 

H2 as an inhibitor of glioma cell invasion and demonstrate an additional potential role for 

lTI H2 in cell-cell adhesion. 
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ITI H2 expression is downregulated in high-grade brain turnors 

To explore the significance of our findings to primary brain tumors, we assessed 

the expression ofITI H2 in pilocytic astrocytoma, GBM, low and high-grade 

oligodendroglioma, meningioma, normal brain and human fetal astrocyte cultures using 

RT-PCR. Representative samples are shown in Figure 3.7. ITI H2 mRNA was detected 

for both cultures ofprimary human fetal astrocytes and normal adult brain (Fig. 3.7a). ITI 

H2 was present in 4 of 5 (80%) pilocytic astrocytoma but in only 2 of Il (22%) GBM 

samples (Fig. 3.7a). A similar trend was observed for oligodendroglioma tumors with 3 

of 4 (75%) low grade oligodendroglioma expressing ITI H2 mRNA and only 1 of2 

anaplastic oligodendroglioma exhibiting faint bands (Fig. 3.7a). Similarly, 4 of5 (80%) 

non-metastatic, low grade meningioma expressed ITI H2. RT PCR analysis was also 

conducted for glioma celllines, and faint levels ofITI H2 were detected for both U251 

and U87 (Fig. 3.7b). No expression was detected in U373 (Fig. 3.7b). ITI H2 mRNA 

levels were higher in U343 (Fig. 3.7b). Interestingly, invasion rates ofU343 spheroids in 

col1agen type 1 gels are lower than those for U87, U251 and U373 spheroids (unpublished 

results). 

To examine ITI H2 protein expression patterns in primary hum an brain tumors 

and normal brain, we performed immunohistochemical analysis. Normal brain samples 

stained with the ITI H2 antibody showed a strong perinuclear/cytoplasmic signal and a 

homogenous staining ofthe extracel1ular matrix (Fig. 3.7c, upper panels). In contrast, 

highly cellular GBM samples showed practically no cellular localization and the 

observed ITI H2 signal was typical1y a weak and sporadic staining of the extracel1ular 

matrix (Fig. 3.7c, lower panels). In two GBM samples, we observed isolated clonai cel1 



139 

populations expressing ITI H2, but this pattern was very distinct from the homogeneous 

staining seen in normal brain and other lower grade tumor samples (data not shown). 

Taken together, these results suggest that ITI H2 is expressed in normal brain and 

in low grade CNS tumors inc1uding pilocytic astrocytoma and meningioma. This 

expression seems to be lost in higher grade tumors inc1uding GBM suggesting that its 

loss is associated with an increased malignant potential. 
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3.5 DISCUSSION 

Over the last 20 years, there have been very few new developments in therapeutic 

strategies targeting malignant brain tumors. In this era of time-efficient production of 

cumulative lists of protein and gene players associated with a disease or cellular process 

of interest, one is still confronted with having to rationally choose a key player for further 

investigation. To avoid this dilemma, we opted to design and optimize a purification 

strategy to isolate natural inhibitors of glioma celI invasion from conditioned medium of 

C6 spheroids. In the present study, we have purified, identified, and validated ITI H2, as 

a natural inhibitor of glioma cell velocity and proliferation with a concomitant positive 

effect on cell-celI adhesion to produce an overall strong inhibition ofhuman glioma cell 

invasion in vitro. The quantity and purity of our sample enabled us to identify ITI H2 by 

mass spectrometry analysis oftryptic digest products as the most abundant prote in in our 

purified fractions from conditioned medium. The inter alpha trypsin inhibitor (ITI) 

proteoglycan family is an example of a protein-glycosaminoglycan-protein (PGP) 

complex derived from alternative combinations of multiple heavy chains (ITI HI-H4) 

and one common light chain, bikunin encoded by 4 genes on 3 different chromosomes 

(Zhuo et al., 2004). Interestingly, the ITI H2 gene resides on the human chromosome 

1 Op 15, and deletions of portions of chromosome 10 are typically associated with 

malignant glioma progression (Wechsler-Reya and Scott, 2001; Diarra-Mehrpour et al., 

1989). Recently, a fifth heavy chain, ITI H5 has been identified, and structural analysis 

has revealed early divergence from a common ITI ancestor (Himmelfarb et al., 2004). 

The ITI heavy chain (ITI) family members are characterized by a unique covalent 

bond between the heavy chains and the chondroitin sulfate chain ofbikunin (Zhuo et al., 
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2004). In our study, silver staining ofpurified fractions revealed the presence oftwo 

enriched prote in bands at 140 kDa and 90 kDa. These bands correspond with those 

obtained from Western blot analysis using our antibody raised against the heavy chain 2, 

a bikunin antibody and a commercial antibody that recognizes the various ITI chain s, and 

confirm the presence of individual ITI H2 and a bikunin-bound form in the conditioned 

medium. Although ITI is principally produced by the liver and secreted into serum, 

individual heavy chain and bikunin expression have been detected in other tissues and are 

produced as components ofITI-related proteins in these tissues (Mizushima et al., 1998; 

Chan et al., 1995). In particular, high levels of individual ITI H2 mRNA have also been 

detected in brain, adrenal gland, kidney and lung (Mizushima et al., 1998; Chan et al., 

1995). 

ITI H2 was identified in our functional selection for inhibitors of glioma cell 

invasion in type 1 collagen gels; however, this does not rule out the possibility that other 

heavy chain family members (Hl, H3, H4 and H5) may also play a role in glioma cell 

motility and proliferation. For example, overexpression ofITI Hl and H3 induced a 

significant decrease in lung tumor metastasis number; whereas, ITI H2 had no effect 

(Paris et al., 2002). Recently, a c1eavage fragment ofITI H4 has been identified as a 

marker for early stage ovarian cancer and plasma bikunin levels are indicative of a 

favorable prognosis for ovarian cancer (Zhang et al., 2004; Matsuzaki et al., 2005). In 

addition, ITI H5 is downregulated in breast cancer, thus further implicating the ITI heavy 

chains as tumor suppressor genes (Himmelfarb et al., 2004). 

Using immunocytochemistry analysis of stable U251 ITI H2 cells, we 

demonstrated that ITI H2 localizes to perinuc1ear regions as weIl as to thin extensive 
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lamellipodia and membrane ruffles. This intracellular expression does not rule out the 

possibility that ITI H2 is secreted or is secreted in a modified form. We have not detected 

ITI H2 in the serum-free medium from our U251 stable cellline (unpublished data). It 

has been shown that proteolytic processing ofITI heavy chains during biosynthesis varies 

greatly with cell type, suggesting that cleavage is not autocatalytic and further reiterating 

the structural complexity of the ITI family (Thogersen et al., 1995). Co-localization of 

ITI H2 with actin in U251 membrane ruffles and lamellipodia suggests a relationship 

with cytoskeletal dynamics and a role in the control of invasion. 

Our results show that overexpression of the individual ITI H2 chain decreases 

invasion ofU251 glioma cells in collagen type l matrices, while stable bikunin 

overexpression does not affect U251 cell proliferation or invasion. This indicates an 

exclusive role for ITI H2 in the control of cell invasion that is independent from bikunin. 

In addition to the invasion assays utilized here, bikunin has also been previously 

examined in glioma cell migration models where transient overexpression of placental 

bikunin al one did not significantly affect migration, despite an inverse correlation of 

primary tumor mRNA levels with malignancy (Hamasuna et al., 2001). Therefore, it is 

reasonable to assume that ITI H2 isolated and identified in our purified fractions is 

individually responsible for the inhibitory effects on glioma cell invasion, rather than 

covalently bound bikunin. However, these results do not completely rule out the 

possibility that bikunin levels may contribute to the invasion process in vivo. 

An interesting finding in the presented study was the concomitant effect ofITI H2 

on glioma cell proliferation and cell adhesion both in three-dimensional collagen gels and 

on monolayer cultures. Previous studies assessing the role of other molecules in glioma 
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proliferation and motility have also demonstrated an increase in cell attachment on a 

variety ofbrain ECMs with a delay in tumor cell growth corresponding to the log phase 

of the growth curve (Rempel et al., 2001). Overexpression ofmolecules that promote 

cell-cell adhesion (i.e. neural cell adhesion molecule (NCAM)) decreases glioma cell 

motility in vitro (Prag et al., 2002). Cadherins, as another example, can be classified as 

tumor suppressors and are associated with differentiation and contact inhibition of growth 

and motility (Demuth and Berens, 2004). In our study, glioma cells overexpressing ITI 

H2 were less able to detach from the spheroid, and consequently, invasion was inhibited 

within the first 24 hours post-implantation. However, even individual cells that had 

already detached from the spheroid exhibited slower invasive rates. The additional 

inhibitory effect oflTI H2 on U251 cell doubling time suggests that ITI H2 targets 

multiple biological processes making it an interesting therapeutic target. 

An important finding in our study was the higher ITI mRNA and prote in levels in 

lower grade tumors and normal brain. Studies have also implicated other ITI chains such 

as bikunin and an ITI H4 cleavage fragment as biomarkers for early stage ovarian cancer 

and are thus positive prognostic factors for this disease (Zhang et al., 2004; Matsuzaki et 

al., 2005). Our results demonstrate higher ITI H2 levels not only in normal brain and low

grade gliomas such as pilocytic astrocytoma and oligodendroglioma, but also in other 

CNS tumors such as meningioma. Meningiomas are slow-growing, typically benign 

tumors that usually present themselves as World Health Organization (WHO) grade 1 

(Perry et al., 2004). Interestingly, ITI H2 mRNA levels also seemed higher in cultures of 

human fetal astrocytes compared with samples of adult normal brain suggesting a 

potential role for ITI H2 in neural development. The relationship of ITI H2 levels with 
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tumor progression combined with the effects on proliferation, invasion and adhesion in 

vitro suggest that ITI H2 may potentiaIly serve as a biomarker for a variety of low-grade 

CNS tumors. 

The results presented here are the first to demonstrate an inhibitory role for ITI 

H2 in glioma ceIl invasion and proliferation while increasing cell attachment and 

adhesion. The positive correlation of invasion with proliferation indicates that in our 

model, the two events are not mutuaIly exclusive, and that ITI H2 can be used to 

clinically target both processes. The higher ITI H2 levels in normal brain, fetal astrocytes, 

low-grade gliomas and meningiomas suggest that ITI H2 may function as a tumor 

suppressor and potential biomarker for low-grade tumors. In our opinion, the classical 

biochemical approach presented here to identify a key player in the development of CNS 

tumor malignancy is quintessential to the significance of the study's outcome. Targeting 

factors responsible for ITI H2 loss or restoring the supply exogenously may serve as 

potential therapeutic strategies for a variety ofhigh grade invasive CNS tumors. 
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Figure 3.1: Purified fractions from Resource Q and HiTrap Heparin HP columns contain 

enriched proteins involved in invasion. (a) Quantification ofinhibitory effect of fractions 

obtained from a Resource Q anion exchange column. Note the maximum inhibition of C6 

spheroid invasion rate with fractions 16-17, 18-19 and 20-21. Error bars represent SEM. 

Asterisks indicate significance at P<O.OI ** and P<O.OOI ***. (b) Quantification of 

inhibitory effect of fractions obtained from a HiTrap Heparin HP column. Note the 

maximum inhibition ofC6 spheroid invasion rate with fractions 1-8, 17-19 and 20-22. 

Error bars represent SEM. Asterisks indicate significance at P<0.05*, P<O.OI **, 

P<O.OOI ***. (c) Silver stained PAGE gel ofC6 conditioned medium, DMEM + 10% 

FBS, and inhibitory fractions from the Resource Q anionic exchange and HiTrap Heparin 

HP column. Note enrichment of two bands running at approximately 140 kDa and 90 

kDa. 
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Figure 3.2: Western Blot analysis confirms presence ofITI H2 in inhibitory fractions and 

ITI H2 localizes to perinuclear regions, membrane ruffles and lamellipodia in U251 cells 

overexpressing ITI H2. (a) Western blot analysis ofpurified inhibitory fractions from 

Resource Q and HiTrap Heparin columns. For the commercial ITI antibody, enriched 

bands at 260, 140 and 90 kDa were detected. The bikunin antibody detected a 260 and a 

140 kDa band, and the ITI H2 anti-serum detected a 140 and 90 kDa band. Note that all 

bands correspond to the same molecular weights using aIl three antibodies and represent 

various combinations ofiTI heavy chains and bikunin. (b) RT peR analysis ofITI H2, 

bikunin, and p-actin expression in U251 stable celllines. (c) Immunocytochemistry of 

U251 ITI H2 cells labeled with ITI H2 antibody (left panel), phalloidin Alexa-488 for 

actin (middle panel) and image overlay (right panel). Note the localization ofITI H2 in 

perinuc1ear regions, membrane ruffles and thin, extensive lamellipodia. Actin co

localizes with ITI H2 in membrane ruffles and lamellipodia. Scale Bar: 10 J.lm. 
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Figure 3.3: Overexpression ofITI H2 inhibits U251 cell invasion in type 1 collagen gels. 

(a) Still photographs ofU251 pLPCX, ITI H2 and bikunin spheroids 24 hours after 

implantation in collagen type 1 gels. Scale Bar: 250 /lm. (b) Still photographs of U251 

pLPCX, ITI H2 and bikunin spheroids 72 hours after implantation. Scale Bar: 250 /lm. 

(c-d) Quantification of invasion distances for pLPCX, ITI H2 and bikunin spheroids after 

24 hours (c) and 72 hours (d) in collagen type 1 gels. Note that invasion distances for ITI 

H2 spheroids are significantly lower than both pLPCX and bikunin spheroids. N=21, 

N=20 and N=19 for U251 pLPCX, ITI H2 and bikunin spheroids respectively at both 24 

and 72 hours. Error bars represent SEM. Asterisks indicate significance at P<O.OOl ***. 
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Figure 3.4: Overexpression ofITI H2 in U251 cells inhibits proliferation without causing 

cell death. (a) Total cell number calculated for U251 wild-type, pLPCX, ITI H2 and 

bikunin stable ceIllines after 2 and 4 days in mono layer culture. (b) Quantification of 

doubling time for U251 wild-type, pLPCX, ITI H2 and bikunin stable celllines after 4 

days in monolayer culture. Data represents 4 independent trials. Error bars represent 

SEM. Asterisks indicate significance at P<0.05*. (c) Live-dead cell death/cytotoxicity 

assay for U251 pLPCX and ITI H2 cells in mono layer culture for 4 days. Upper 2 panels 

represent pLPCX and ITI H2 cells under normal culture conditions. Lower 2 panels 

represent pLPCX and ITI H2 cells pre-treated with 0.1 % saponin as a control for cell 

death/cytotoxicity. Scale Bar: 200 f..tm. 
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Figure 3.5: Cell attachment assay for pLPCX and ITI H2 cells in monolayer culture. (a) 

Still photographs of attached pLPCX and ITI H2 cells in mono layer culture after 4 hours 

(upper panels) and 6 hours (lower panels). Note the similar morphology between both 

cell types with a slight increase in the number of attached ITI H2 cells with more 

extensive fan-like lamellipodia. Scale Bar: 200 f..I1ll. Insets: higher magnification of 

pLPCX and ITI H2 cells after 6 hours in mono layer culture. Scale Bar: 50 !lm. (c) 

Quantification of the number ofattached cells as a percentage of total cell number for 

U251 pLPCX and ITI H2 cells. There is a significant increase in the number of attached 

cells at both 4 and 6 hours for ITI H2 cells. Error bars represent SEM. Asterisks indicate 

significance at P<0.05* and P<O.O 1 **. 
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Figure 3.6: Time-Iapse videomicroscopy confirms ITI H2 as an inhibitor ofindividual 

celI velocity and promoter of celI-celI adhesion. (a) Still photographs depicting celI 

invasion for U251 pLPCX (upper panels) and U251 ITI H2 (lower panels) over 20 hours. 

Note that the representative U251 pLPCX spheroid (upper panels) invades approximately 

twice the distance of the representative U251 ITI H2 spheroid (lower panels). Scale Bar: 

250 J1m. (b) Quantification of individual celI invasive rates for U251 pLPCX and U251 

ITI H2 after 20 hours. N=30 celIs for each celIline. Error bars represent SEM. Asterisks 

indicate significance at P<O.OOI ***. (c) Quantification ofthe number of individual celI 

divisions and the percentage of celIs detached from the spheroid after 8 hours for pLPCX 

and ITI H2 cells. N=30 cells for each cellline. Asterisks indicate significance at 

P<O.OOI ***. 
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Figure 3.7: Expression oflTI H2 is downregulated in high-grade brain tumors. (a) RT 

PCR analysis oflTI H2 and ~-actin mRNA levels in human fetal astrocyte cultures 
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(HF A), normal brain (NB), pilocytic astrocytoma (PA), glioblastoma multiforme (GBM), 

meningioma (MG), low-grade oligodendroglioma (LO), and anaplastie 

oligodendroglioma (AO). (b) RT PCR analysis oflTI H2 and ~-actin mRNA levels in 

U251, U87, U343 and U373 glioma celllines. Note the higher ITI H2 mRNA levels in 

low-grade tumors and normal brain samples. (c) Immunohistochemical analysis oflTI H2 

protein expression in normal brain (upper panels) and GBM (lower panels) representative 

paraffin sections. Samples were stained with anti-ITI H2 antibody and pre-immune serum 

as a negative control. 
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Table 3.1: Mass spectrometry results ofproteins present in pooled purified fractions from 

HiTrap Heparin HP column. Note that Mascot scores above 38 were considered 

significant at P<O.05*. 
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Table 3.1: Mass spectrometry results of proteins present in pooled purified 

fractions from HiTrap Heparin HP column 

Name of Protein Hit 

Inter alpha trypsin inhibitor heavy chain 2 

Vasodilator-stimulated phosphoprotein (VASP) 

Nuclear autoantigen 

Similar to expressed sequence AU041783 

Unnamed protein product 

Ribonucleotide reductase M2 polypeptide 

RIKEN cDNA 0710001824 

KlAA1914 protein 

Unnamed protein product 

Score 

66 

9 

8 

7 

6 

6 

5 

5 

5 
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Table 3.2: Primers used for ail RT PCR reactions. Note that primers 1-3 were used for RT 

PCR analysis ofU251 stable celllines, and prim ers 1 and 4 were used for RT PCR 

analysis of primary human tumors, normal brain, human fetal astrocytes, and glioma cell 

lines. 



162 

Table 3.2: Primer details for ail RT PCR reactions 

Primer name Sense Antisense Expected 

product size 

(bp) 
1. [3-actin 5' -TCC CCC AAC TTG 5' -AAC TGG TCT CAA 67 

AGA TGT ATG AAG-3' GTC AGT GTA CAG G-3' 

2.ITI H2 5' -GAC TGT CCT GGT 5'-TCC GGA ATT CTT 473 

CCG ACA CAG-3' AAG GCC GCT TG-3' 

3. bikunin 5' -CAA GAG AGG TAT 5' -CCC GGA ATT CTC 323 

TAC TAC AAC GGC G-3' AAC TGC GTA TTA G-3' 

4.ITI H2 5'-CGA ATC AGA GGG 5' -GGC CGT TTG AGA 437 

TGC AGA TCT C-3' AAG CTG T AG-3' 
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3.6 Conclusions to Chapter 3 and Preface Chapter 4 

We have demonstrated that ITI H2 inhibits glioma cell invasion and proliferation 

while increasing cell adhesion; however, the intracellular mechanisms remain to be 

established. Early ITI studies focused on the serine protease inhibitory activity ofthe 

light chain bikunin (Zhuo et al., 2004; Bost et al., 1998). Since the early 1990s, it has also 

been known that ITI heavy chains interact with hyaluronic acid to generate the serum

derived-hyaluronan-associated protein (SHAP)-HA complex (Zhuo et al., 2004; Bost et 

al., 1998). The transesterification reaction that releases covalently bound bikunin and 

couples ITI heavy chains to hyaluronic acid results in extracellular matrix stabilization 

(Fig. 3.8) (Zhuo et al., 2004; Bost et al., 1998). The mechanism is dependent on a 

currently unidentified esterase produced by ceIls, and therefore, requires conditioned 

medium for the reaction to take place. In addition, it has also been shown that TSG-6, the 

protein product ofthe Tumor Necrosis Factor stimulated gene-6 is a cofactor and catalyst 

in the production ofHC-HA complexes (Rugg et al., 2005). TSG-6-HC complexes serve 

as intermediates in the formation ofHC-HA (Rugg et al., 2005). The HA coupling 

activity has been detected in follicular fluid and in conditioned medium from follicular 

granulosa cells (Chen et al., 1996; ODum et al., 2002).1t remains to be determined 

whether the combined effect ofITI H2 on proliferation, invasion and adhesion in our 

study can be attributed or partially attributed to HA coupling. The role played by the 

modulation ofboth extracellular ITI H2 and levels of intracellular TTI H2 in brain tumor 

invasion is presently unclear. 
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We identified ITI H2 in purified fractions from C6 conditioned medium; however, 

the mechanism of action for ITI H2 inhibition of invasion and proliferation in our stable 

overexpressing ceIllines may not be the same. Martin-Vandelet et al. (1999) 

demonstrated that in COS-7 cells, only co-transfection ofITI H2 with bikunin, and not 

ITI H2 alone, lead to the processing ofITI H2 into the mature, proteolytically cleaved ITI 

HC2. Processing ofITI Hl did not require the presence ofbikunin (Martin-Vandelet et 

al., 1999). Thus, it is cIear that the mechanism(s) responsible for the effects of the ITI 

family are poorly understood. 

There are many families of molecules involved in malignant brain tumor invasion. 

Integrins, cadherins, matrix metalloproteinases, serine proteases, and growth factors aIl 

play important roI es in multiple facets of the invasive cascade. Other cIues about the 

malignant brain tumor phenotype have come from molecules associated axon guidance 

and neuronal precursor cell migration. We have focused on negative regulators of 

malignant brain tumor invasion, and in neurodevelopment, the Slit family ofaxon 

guidance cues are known to have both a chemorepellent and inhibitory role (Wong et al., 

2002). We have provided evidence for a chemorepellent that directs glioma cell invasion; 

however, the identity ofthis molecule(s) is currently unknown (Werbowetski et al., 

2004). Inter alpha trypsin inhibitor has been shown to have an inhibitory effect on 

individual glioma cell velocity, but did not influence direction (data not shown), and is 

therefore, not responsible for the chemorepellent effect seen in glioma co-cultures. We 

did not find a prospective chemorepellent in our purified fractions, and our mass 

spectrometry analysis demonstrated only one significant prote in in the most inhibitory 
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fractions from the HiTrap Heparin HP column. Increasing the quantity of starting 

material should increase the number of significantly abundant proteins in our fractions, 

one or more which may be the chemorepellent(s) ofinterest. 

We have used our three-dimensional collagen gel spheroid implantation model to 

examine the role of Slit2, a known chemorepellent, in malignant brain tumor invasion. 

The following chapter focuses on the effect of Slit2 on both medulloblastoma and glioma 

cell invasion with an emphasis on the use of sodium alginate bead microencapsulation 

therapy as a potential strategy to introduce negative regulators of malignant brain tumor 

invasion in a clinical setting. 
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Figure 3.8: Schematic depicting the transesterification reaction that releases covalently 

bound bikunin and couples ITI heavy chains to hyaluronic acid resulting in extracellular 

matrix stabilization. ITI heavy chains are typically coupled to the bikunin light chain in 

the trans-Golgi network of the hepatocytes, and are secreted into the bloodstream. ITI 

proteins enter hyaluronic acid (HA)-rich tissue, where the transesterification reaction 

takes place, and free-bikunin is released. 
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Chapter 4: Inhibition of medulloblastoma cell invasion by Slit 
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4.1 ABSTRACT 

Invasion ofbrain tumor cells has made primary malignant brain neoplasms among 

the most recalcitrant to currently available therapeutic strategies. Here, we have tested 

wh ether the secreted protein Slit2, previously known to be important for guiding the 

projection of normal axons and developing neurons, can control brain tumor cell 

invasion. We found that Slit2 inhibited the invasion ofmedulloblastoma cells in vitro and 

the invasion ofthese cells into human fetal astrocyte aggregates. The effect ofSlit2 was 

inhibited by either an anti-Robol antibody or the Robo ectodomain. Time-Iapse 

videomicroscopy indicated that Slit2 reduced the invasive velocity of medulloblastoma 

cells without affecting direction or proliferation. Both medulloblastoma and glioma 

tumors express Robol and Slit2, but only medulloblastoma invasion is inhibited by 

recombinant Slit2 protein. Our findings reinforce the concept that selective 

neurodevelopmental cues may provide significant insights into tumor invasion and 

suggest a new therapeutic approach using bioreactor technology for controlling brain 

tumor invasion by applying Slit2 and other negative guidance cues. 
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4.2 INTRODUCTION 

Medulloblastoma is the most common malignant brain tumor in children, and is 

believed to originate from granule precursor cells of the cerebellum(Wechsler-Reya and 

Scott, 2001). Glioblastoma multiforme (GBM) is the most common malignant central 

nervous system tumor in adults, and is thought to arise from astrocytes or astrocytic 

precursors (Chicoine and Silbergeld, 1997; Lopez et al., 1995). Both tumors rapidly 

invade the brain and disrupt normal tissue architecture often leading to early recurrence 

and poor patient prognosis (Kleihues et al., 2000; Giangaspero et al., 2000). Recent 

studies placing brain tumors in the context of neurodevelopment have led to the 

recognition of new tumor suppressors and oncogenes involved in brain tumor progression 

(Pomeroy et al., 2002; Oliver et al., 2003). 

The Slit family of secreted proteins is known to be important for gui ding the 

projection of normal axons and developing neurons (Wang et al., 1999; Brose et al., 

1999; Kidd et al., 1999; Li et al., 1999; Wu et al., 1999). There are three Slit proteins in 

mammals, and aIl are expressed at the ventral midline ofthe neural tube. While Slitl 

expression is mostly restricted to the nervous system, Slit2 and 3 are also expressed in 

other organs (Wong et al., 2002). The receptor for Slit is the transmembrane protein Robo 

(Roundabout), and four ROBO genes have been identified to date (Wong et al., 2002; 

Park et al., 2003; Sabatier et al., 2004). Typically Robo proteins consist offive 

extracellular immunoglobulin (Ig) domains, three fibronectin repeats, and a conserved 

intracellular region of four cytoplasmic motifs (Wong et al., 2002). Rob03 (also known as 

RigI) is missing one ofthe cytoplasmic motifs and Rob04 encodes only two Ig domains, 
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two fibronectin repeats and two cytoplasmic motifs (Wong et al., 2002; Park et al., 2003; 

Sabatier et al., 2004). 

Recent studies have demonstrated a role for Slit-Robo signaling in leukocyte 

chemotaxis and tumor angiogenesis (Wu et al., 2001; Wang et al., 2003). Findings of 

SUT gene inactivation suggest SUT2 as a potential tumor suppressor gene in gliomas, 

lung, breast and colorectal cancer, as weIl as in neuroblastoma (DaBol et al., 2003a; 

2003b; Dallol et al., 2002; Astuti et al., 2004). Our study focuses on the expression and 

functional significance ofSlit2 and Robol in medulloblastoma and glioblastoma cell 

invasion. Our results demonstrate a role for Slit2 as an inhibitor of medulloblastoma but 

not glioma invasion and suggest a novel approach for treating brain tumor invasion by 

applying Slit2 and other negative guidance cues. 
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4.3METHODS 

Spheroid/hanging drop preparation and three-dirnensional collagen gels 

C6 (murine astrocytoma) cells were cultured in Dulbecco's modified eagle 

medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 125 U/ml penicillin 

G, 125 l1g/ml streptomycin sulfate, and 2.2 l1g/ml amphotericin B (Fungizone) and 

seeded into spinner culture flasks as described (Werbowetski et al., 2004). 

Confluent cultures ofU251 (human glioblastoma) UW228-3 (UW3), and DAOY 

(human medulloblastoma), HEK 293 and HEK 293 cells stably overexpressing full

length human Slit2 with a c-Myc tag at the carboxy terminus were trypsinized (0.05% 

trypsin/0.53 mM EDTA) and hanging drops were prepared (Werbowetski et al., 2004; 

Corcoran et al., 2003; Kennedy et al., 1994; Del Duca et al., 2004). Aggregates consisting 

of25,000 cells/drop (U251) and 40,000 cells/drop (UW3, DAOY, HEK 293, and Slit2) 

were utilized. 

Spheroids and hanging drop aggregates were implanted into 24-well culture 

dishes containing 500 111 aliquots of a collagen type l solution (Vitrogen 100) 

(COHESION, Palo Alto, CA) and cell invasion was assessed daily as previously 

described (Werbowetski et al., 2004). Ali culture reagents were obtained from Gibco 

BRL (Invitrogen, Burlington, ON) unless otherwise stated. AlI celllines were purchased 

from the American Type Culture Collection (A TCC) (Rockville, MD) except the UW3 

cellline which was a gift from Dr. John R. Silber (University of Washington, Seattle, 

WA). 

Cell Tracker Dye Labeling and spheroid co-culture quantification 
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Spheroids and hanging drop aggregates were collected and placed in a 1 ml 25 

/lM Cell Tracker Green solution prepared as described previously (Werbowetski et al., 

2004). Fluorescently labeled spheroids were co-cultured with HEK 293 or Slit2 drop 

aggregates at various distances, and photographed 24 and 72 hours post-implantation. 

Co-cultures were imaged using the time-Iapse imaging system and Northem Eclipse 6.0 

software (Werbowetski et al., 2004). Fluorescently labeled spheroids were divided into 

four quadrants with respect to the position of the adjacent spheroid. The total cell 

number in the proximal and distal quadrants was calculated for both wild type HEK 293 

control and Slit2 co-cultures. 

Time-delayed co-culture and conditioned medium assays 

UW3 medulloblastoma spheroids were prepared and implanted into collagen type 

1 gels. After 48 hours, medium was removed from the collagen gel, and an aggregate of 

Slit2 secreting cells or HEK control cells was placed next to the tumor spheroid. 

Additional collagen was added to the top of the co-culture and allowed to harden, 

followed by the application of250 /lI DMEM + 10% FBS. Co-cultures were 

photographed immediately before and both 24 and 72 hours after implantation ofHEK or 

Slit2 secreting aggregates as described above. Images were divided into 6 regions 

according to the position ofthe implanted aggregate, and the number of cells in each area 

counted for both HEK control and Slit2 co-cultures. 

Conditioned medium was collected from HEK and Slit2 confluent mono layer 

cultures to assess the effect of a uniform concentration of Slit2 on UW3 spheroids 

implanted in collagen type 1 gels. Five-hundred microliters ofDMEM + 10% FBS, HEK 
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or Slit2 conditioned medium was placed on top of the collagen gel, and measurements of 

total invasion were obtained over 5 days with a medium change on day 3. 

Time-Iapse video microscopy 

UW3 medulloblastoma spheroids and HEK or Slit2 hanging drop aggregates were 

co-cultured as described, and after 24 hours incubation, the cultures were imaged for 20 

hours using the imaging system and Northem Eclipse 6.0 software described 

(Werbowetski et al., 2004). For each video, invasion rate, deviation from the expected 

invasive path (angle change from perpendicular) and number of divisions were calculated 

for individual UW3 cells in regions proximal to the Slit2 or HEK aggregate source. Only 

cells that had detached from the spheroid and could be followed during the entire 20 

hours were analyzed. 

Patients and samples 

A total of 15 human brain tumor samples were obtained from the Department of 

Molecular Pathology and Neurology, University ofLodz tissue bank, Simmelweiss 

University tissue bank in Hungary, Centre de Neuro-pathologie, Clermont-Ferrand tissue 

bank in France and the Brain Tumor Tissue Bank London Health Sciences Centre 

(London, ON). Among the samples, 7 were classified as medulloblastoma, 2 were 

pilocytic astrocytoma (low grade glioma), 4 were childhood glioblastoma multiforme 

(GBM) and 2 were meningioma. A sample of normal brain was also analyzed, and all 

relevant clinical information for the tumors and normal brain was available. 

RT PCR in tumor cell lines and primary human brain tumors 

Total RNA was extracted using RNeasy kit (Qiagen) according to manufacturer's 

guidelines. First strand cDNA was synthesized using the First-Strand cDNA Synthesis 
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Kit (Amersham Biosciences, Baie D'Urfe, QC). For ail RT-PCR reactions, PCR using a 

template generated without reverse transcriptase was used as a negative control. The 

following PCR conditions were used: 40 cycles at 95 oC for 60 s, 55°C for 30 s, and 72°C 

for 60s. See Table 4.1 (1-4) for primer details. PCR products were separated by agarose 

gel electrophoresis. 

For primary human brain tumors, total RNA was extracted from frozen samples 

using the TRIzol Reagent (Gibco BRL) according to manufacturers' guidelines. RNA 

from the medulloblastoma, pilocytic astrocytoma and meningioma tumors was used 

directly for RT PCR. See Table 1 (5-7) for primer details. Glioblastoma multiforme 

(GBM) and normal brain samples were obtained after preparation for microarray analysis 

in other laboratories and were therefore processed separately. The RiboAmp ™ RNA 

Amplification Kit (Arcturus, Mountain View, CA) was used for linear amplification of 

mRNA from total RNA by two rounds of amplification. The aRNA obtained was used for 

further RT PCR analysis. First strand cDNA was synthesized using the First-Strand 

cDNA Synthe sis Kit (Amersham Biosciences) for both total RNA and aRNA according 

to manufacturers' guidelines. The GAPDH was used as an internaI control for RT PCR 

on total RNA samples (medulloblastoma, pilocytic astrocytoma, and meningioma). RT 

PCR ofaRNA requires primers designed within 200-300 bp of the polyA tail for each 

gene, and therefore, new Slit2 and Robo primers were designed for this analysis and also 

used for RT PCR on total RNA. See Table 4.1 (4,6,7) for primer details. f3-actin was used 

as an internai control, and standard primer sequences were obtained from Arcturus. For 

ail RT-PCR reactions, PCR in the absence oftemplates and PCR using templates 

generated without reverse transcriptase were used as negative controls. The following 



PCR conditions were used: 95°C for 2 minutes. SO°C for 3 minutes 30 seconds (during 

which Taq is added). 40 cycles at 95 oC for 60 s. 55°C (60°C for p-actin) for 30 s. and 

noc for 60s. PCR products were separated by agarose gel electrophoresis. 

Encapsulation of 293T ceUs in sodium alginate 
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Sodium alginate bead cell encapsulation for treatment of brain tumors has been 

described (Read et al.. 1999; Read et al.. 2001). Briefly. a stock solution of 0.137 M 

NaCI. 5.5 mM D-glucose. 5.45 mM HEPES was prepared at a final pH of7.3. Confluent 

cultures ofHEK 293 cells and cells overexpressing Slit2 and Netrinl were trypsinized 

and resuspended in alginate solution at a cell density of 1.6 X 106 cells/ml. From these 

solutions. droplets ofcells dispersed in 1.5% sodium alginate were released into a 0.1 M 

CaCb solution prepared from the stock. After polymerization. the alginate beads were 

washed two times in PBS and once in DMEM + 10% FBS. The encapsulated cells were 

cultured in 10 cm Petri dishes containing 20 ml medium that was replaced every three 

days. 

C6. U251. UW3 and Daoy spheroids were prepared and implanted into type 1 

collagen gels. Four empty beads. control HEK beads. or beads encapsulating Slit2 and 

Netrinl overexpressing cells were implanted 1 cm trom the tumor spheroids at ail four 

corners of the wells. Total invasion was measured for 6 days. and the medium was 

replaced on day 3. For functional blocking antibody or dominant negative experiments. 

R5 (an IgG2bmonoclonal antibody to the first immunoglobulin domain ofRobol) and 

RoboN (an extracellular fragment ofRobol that is a known inhibitor ofSlit2-Robol 

interaction) (Wong et al.. 2002; Wu et al.. 2001; Wang et al.. 2003); were used to block 

the effect of secreted Slit2 from microencapsulated cells. R5 was added to the medium at 
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a concentration of 15 )..tg/ml. RoboN-293 cens with an HA tag at the carboxy terminus 

were cultured, conditioned medium was collected upon reaching confluency and diluted 

1:10 before application. For mixed bead cultures, Slit2 and RoboN or Slit2 and HEK cens 

were encapsulated in sodium alginate at a cen density of 1.2 X 106 cells/ml. Mixed beads 

and HEK beads were implanted along with UW3 spheroids into collagen gels, and total 

invasion was measured for 5 days with a medium change on day 3. 

Western-Blot analysis 

To verify that Slit2 and RoboN were secreted from the beads, conditioned 

medium from encapsulated HEK Slit2-c-myc cens, encapsulated mixed Slit2 and HEK 

cells or Slit2 and RoboN-HA cens was collecte d, concentrated 10X and 20)..tg protein was 

subjected to SDS-PAGE on a 7.5% polyacrylamide gel. Myc expression was detected 

using an anti-Myc antibody (1:1000) that recognizes aC-terminal myc epitope tag on 

Slit2 and HA expression was detected using an anti-HA antibody (1 :500) (COVANCE, 

Berkeley, CA). The HRP-conjugated goat anti-mouse and anti-rabbit IgG secondary 

antibodies (1 :5000) were used and visualized by enhanced chemiluminescence (Perkin

Elmer Life Sciences Inc., Markham, ON). Conditioned medium was also collected [rom 

HEK encapsulated cells and from Slit2 and RoboN mono layer cultures. 

Proliferation Assay 

Monolayers ofUW3, Daoy, U251 and C6 cells were plated on 6-well culture 

dishes (40,000 cens/weIl for UW3, Daoy and U251; 20,000 cells/well for C6, two 

replicates for each time point). Cells were allowed to adhere before being exposed to 

either HEK or Slit2 encapsulated beads. UW3 and Daoy medulloblastoma and U251 

glioma cells were counted on days 2, 4 and 6 using a Coulter Z ™ Series eounter 



(Beckman-Coulter Inc., Miami FA). C6 were counted on days 2 and 4 only because of 

the high proliferation rate ofthis cellline. 

Confocal Microscopy and Human Fetal Astrocyte Aggregate Infiltration 
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Human fetal astrocytes were obtained from the Albert Einstein College of 

Medicine Human Fetal Tissue Repository and prepared from fetal CNS tissue as 

previously described (Ladiwala et al., 1998). Briefly, human fetal CNS tissue was 

obtained at 12-16 weeks gestation following Canadian Institutes of Health Research 

(CIHR) guidelines. The tissue was mechanically dissociated and treated with 0.25% 

trypsin and 50 flg/ml DNase for 45 min at 37 oC. Dissociated tissue was passed through a 

130 flm mesh, washed twice with PBS and plated onto tissue culture flasks in MEM 

supplemented with 5% FCS. Populations of proliferating fetal astrocytes were obtained 

after three to four passages and used to prepare hanging drop aggregates at a 

concentration of 45,000 cells/drop as previously described (Werbowetski et al., 2004). 

UW3-human fetal astrocyte co-cultures were labeled with DiI and DiO 

respectively (Molecular Probes, Eugene OR). DiI (2.5 mg) was dissolved in Iml 100% 

ethanol, and DiO (2.5 mg) was dissolved in Imll0% DMSO in 100% ethanol. Both were 

diluted in DMEM to give a final concentration of 0.075 mg/ml. Co-cultures were 

implanted in collagen gels with either four sodium alginate beads encapsulating HEK or 

Slit2 secreting cells placed around them. Cultures were analyzed using a LSM 510 

confocal scanning laser microscope (Carl Zeiss, Toronto, ON) and a 10X objective 5 

days after implantation. DiI and DiO were detected with helium-neon (543 nm) and argon 

2 (488 nm) lasers respectively. Samples were optically sectioned from the surface to the 

spheroid centre with 12 flm between each slice, and 10-12 seriai images of 512X512 



pixels were collected for each sample. Slices were then combined into one image of 

approximately 1 00 ~m through the centre of the co-cultures. The number of ce Ils 

infiltrating the astrocyte aggregates, and the total invasion distances for each were 

calculated using Northern Eclipse 6.0 time-Iapse video software. Results are 

representative of three independent trials. 

Robot transfection and Biotinylation 
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A pCEP4 (Invitrogen) plasmid expressing full-Iength rat Robo1 tagged with HA 

was constructed as described (Li et al., 1999). To obtain stable transfections ofU251 

cells overexpressing Robo1, Robo1-HA vectors were transfected into U251 cells. 

Antibiotics were added 48 hours after transfection, and selection was carried out for 5 

weeks with a medium change every 3 days. Hygromycin B (Sigma) was used to select for 

stable U251-Robo1-HA celllines at a concentration of500 J.!g/ml. Stable celllines were 

obtained after isolating clones and testing for prote in expression by Western Blot analysis 

using an anti-HA antibody. 

Subconfluent U251 wild-type and U251-Robo-HA cells were washed 3X in ice 

cold PBS, and a fresh 0.5 mg/ml EZ-Link Sulfo-NHS-LC-Biotin solution (Pierce, MJS 

BioLynx, Brockville, ON) was placed on monolayer cultures for 30 min at 4 oC to prevent 

endocytosis. Excess biotin was quenched 3X with ice-cold quenching solution followed 

by 3X washing with ice-cold PBS. Cells were lysed with 1 ml RIPA buffer and scraped. 

One hundred microliters ofImmunoPure Immobilized Streptavidin (Pierce) was added to 

total celllysates, and then rocked ovemight at 4 oc. Streptavidin beads were pelleted by 

centrifugation at 13 000 rpm (4 oC), supernatant was discarded, and pelleted beads were 

washed with 1ml RIPA buffer. This step was repeated three times. After the third wash in 
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RIPA buffer, the supernatant was removed and sample buffer was added to dissociate 

biotin-streptavidin interactions. Samples were then prepared for SDS PAGE and Western 

Blot analysis as described above. Anti-HA antibody was used to detect recombinant 

Robol and anti p42/44 was used as a cell surface biotinylation control. 

Cdc42 and Rac1 GTPase Activity Assays 

Racl and Cdc42 assays were performed using nonradioactive Activity Assay kits 

according to manufacturers' instructions (Upstate Biotechnology, Lake Placid, NY). 

Briefly, monolayer cultures ofUW3 and C6 cells were treated with concentrated 

conditioned medium diluted in serum-free DMEM either from Slit2 expressing HEK 

cells or control HEK cells for 24 hours, and lysed. Celllysates were affinity-precipitated 

with a GST fusion-protein corresponding to the p21-binding domain ofhuman PAKI 

bound to glutathione-agarose and run on 15% SDS-PAGE. Western Blot analysis was 

used to probe blots for activated Rac1 and Cdc42-GTP proteins pulled down by 

glutathione-agarose beads. Cdc42 and Rac1 levels were determined by Western Blot 

analysis and used as loading controls. Cdc42 and Rac1 antibodies were obtained from 

Santa Cruz Biotechnology Inc. (Santa Cruz, CA) and BD Transduction Laboratories (BD 

Biosciences, Pharmingen, Mississauga, ON) respectively. Results are representative of 

three independent experiments. 

Statistical Analysis 

AlI tests were performed using SPSS Graduate Pack 9.0 statistical software (SPSS 

Inc., Chicago IL). Descriptive statistics including mean and standard error of the mean 

along with 
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one-way ANOVA's, independent sample two-tailed t-tests, paired t-tests and Tukey's test 

for multiple comparisons were utilized to determine significant differences. P values less 

than 0.05 were considered significant. 
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4.4RESULTS 

Medulloblastoma spheroids respond to a local concentration of SIit2 

To test the hypothesis that malignant brain tumor cells are affected by Slit2, 

medulloblastoma and glioma spheroids were co-cultured with HEK 293T or HEK 

aggregates overexpressing Slit2 in collagen type 1 matrices (Fig. 4.la). After 48 and 72 

hours, cultures were photographed, and the total cell number in the proximal and distal 

quadrants was calculated (Fig. 4.1b). When wild type HEK aggregates were co-cultured 

with both glioma (C6 and U251) and medulloblastoma (UW3 and Daoy) spheroids, there 

was no significant difference in the number of cells in the proximal versus distal quadrant 

for UW3, Daoy and C6 (Fig. 4.lc,e, g). There was a significant increase in the number of 

cells in the proximal quadrant for U251 co-cultures (t-test: p<0.05; n=5 co-cultures) (Fig. 

4.1 i). In the presence of Slit2 aggregates, fewer UW3 and Daoy medulloblastoma cells 

were found in the quadrant proximal to the Slit2 source (t-test: p<O.OI; n=5 co-cultures 

for UW3; p<0.05; n=7 co-cultures for Daoy) (Fig. 4.ld,f). There was no significant 

difference between quadrant cell numbers for C6 glioma but the number of cells in the 

proximal quadrant ofU251 co-cultures was significantly higher (t-test: p<0.05; n=5 co

cultures) (Fig. 4.1hj respectively). These results suggest that medulloblastoma cells 

respond to the guidance cue Slit2, but glioma cells do not. They do not differentiate 

between a repulsive or inhibitory action of Slit2. 

Slit2 inhibits medulloblastoma cell invasion 

To investigate whether Slit2 functions as a repellent or inhibitor of 

medulloblastoma cell invasion, we used a time-delayed co-culture assay previously 

described (Fig. 4.2a) (Ward et al., 2003). After placement of control HEK 293 
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aggregates, the number of medulloblastoma cells should increase uniformly around the 

spheroid circumference. IfSlit2 acts solely as an inhibitor, the number of 

medulloblastoma cells on the proximal side of the Slit aggregate should remain the same 

or increase. Any increase should be less than the increase seen on the distal side of the 

expIant. A chemorepellent effect of Slit2 should result in a decrease in the number of 

cells on the proximal side, as the cells move away from the Slit2 source and back toward 

the medulloblastoma spheroid. 

Twenty-four hours after the placement of control aggregates, a statisticaIly 

significant increase in the number of medulloblastoma ceIls was observed for aIl 

sampling areas (paired t-test: p<O.Ol for Areas l, V, and VI; p<O.OOl for Areas II, III and 

IV; n=8 co-cultures) (Fig. 4.2b). When a Slit2 aggregate was placed adjacent to the 

spheroid and its invading cells, there was no significant change in the number of cells 24 

hours after placement in the proximal areas 1 and II (Fig. 4.2b). There was a significant 

increase in the number of meduIloblastoma ceIls for aIl other sampling areas counted 

(paired t-test: p<O.OI for Areas III, V and VI, p<O.OOI for Area IV; n=8 co-cultures) 

(Fig. 4.2b). At 72 hours, there was a significant increase in the number of cells in regions 

1 and II; however, this increase is less than that seen in the other regions more distal to 

the Slit2 source as weIl as corresponding areas in HEK control co-cultures (paired t-test: 

p<O.OI for Areas l, III and V in HEK control co-cultures, p<O.OOI for aIl Areas in Slit-2 

co-cultures and Areas II, IV and VI in HEK control co-cultures; n=14 Slit-2 co-cultures, 

and n=6 for HEK control co-cultures) (Fig. 4.2c). These results are consistent with the 

idea that Slit2 functions as an inhibitor, and not a chemorepellent, of medulloblastoma 

cells. 



To further support Slit2 as an inhibitor ofmedulloblastoma cell invasion, 

conditioned medium from confluent monolayer cultures ofHEK or Slit2 cells was 

applied over single UW3 spheroids in collagen. Uniform concentrations of Slit2 

conditioned medium significantly inhibited invasion ofUW3 cells compared with 

DMEM and HEK controls (Fig. 4.2d). 

SIit2 does not affect medulloblastoma cell proliferation or turning 
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To further characterize the response of invading medulloblastoma cells to Slit2, 

we performed time-Iapse videomicroscopy on individual UW3 spheroids from 24-44 

hours after implantation adjacent to either an HEK or Slit2 aggregate (Fig. 4.3). During 

the 20 hour observation period, there was a significant inhibition of medulloblastoma cell 

velocity (54%) for Slit2 co-cultures compared with HEK co-cultures (t-test; p<O.OOI) 

(Fig. 4.3a-c). In addition to the kinetic effect, a subset of cells (7 of 32 or 22%) in Slit2 

co-cultures appeared to staIl and remained stationary (Fig. 4.3b). They maintained a 

"ruffled" appearance and failed to invade the gel during the observation period. There 

was no significant difference in cell direction for Slit2 and HEK co-cultures (data not 

shown). Proliferation was not significantly different between the two co-cultures with 

14% ofthe cells dividing in HEK cultures and 16% of cells dividing for Slit2 cultures. 

Taken together, these results suggest that Slit2 inhibits invading medulloblastoma cell 

velocity without affecting direction or proliferation, and further support the role for Slit2 

as an inhibitor, and not a repellent, of medulloblastoma cells. 

Medulloblastoma and glioma celllines as weil as primary human brain tumors 

express Robol and Slit2 
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Using RT-PCR, we found that aIl medulloblastoma ceIllines tested (UW3, Daoy 

and UW1) and aIl glioma ceIllines (C6, U251, U87 and U373) expressed Rob01 and 

Slit2 mRNA; however, U87 glioma cells expressed negligible levels ofSlit2 (Fig. 4.4a). 

Ruman fetal astrocytes and mou se cerebellum from P4 and P8 were also both positive for 

both Slit2 and Rob01 (Fig. 4.4a). Slit1 was not detected in any medulloblastoma or 

glioma ceIllines (data not shown). Taken together, these results demonstrate mRNA 

expression ofSlit2 and Rob01 by both medulloblastoma and glioma celllines and 

suggest that the lack of glioma cell responsiveness to exogenous Slit2 may be regulated 

by other mechanisms. 

To explore the significance of our findings to primary human brain tumors, we 

used RT-PCR to assess Rob01 and Slit2 expression. Representative samples are shown in 

Fig 4.4b,c. In total, 57% (4 of7) and 86% (6 of7) ofmedulloblastomas express Rob01 

and Slit2 respectively; 100% (2 of2) ofmeningiomas and pilocytic astrocytomas express 

both Rob01 and Slit2; 100% (4 of 4) GBM's express Rob01 and 75% (3 of 4) express 

Slit2, and the normal brain sample expresses both Rob01 and Slit2. Ruman fetal 

astrocytes cultures were also positive for Rob01 expression (data not shown). These 

results demonstrate that the expression ofRob01 and Slit2 in tumor ceIllines is also 

applicable to primary human tumor samples and are consistent with recent reports of 

expression in other types ofhuman cancers (Dalloi et al., 2003a; 2003b; Dallol et al., 

2002; Astuti et al., 2004; Latil et al., 2003). 

Slit2 secreted from sodium alginate bead microcapsules inhibits medulloblastoma 

cell invasion in collagen gels 
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The sodium alginate secreting bioreactor approach provides prolonged sustained 

delivery of recombinant proteins from producer cells and high levels of the secreted 

molecule that can be maintained for weeks to months (Read et al., 1999; Read et al., 

2001; Joki et al., 2001). To assess the effect of continuous Slit2 release from cells without 

the concomitant invasion of producer cells, four beads encapsulating Slit2 cells were 

placed around individual spheroids, and invasion was monitored over 6 days (Fig. 4.5a). 

Empty beads were used to assess the effect of sodium alginate incorporation in the matrix 

on implanted spheroids, and wild-type HEK beads were used as a negative control. Beads 

encapsulating HEK cells overexpressing Netrinl were also used to assess the influence of 

another overexpressed guidance cue on spheroids in collagen. 

Western blot analysis was used to confirm the presence ofSlit2 in the conditioned 

medium of encapsulated Slit2 cells (Fig. 4.5b). Conditioned medium from Slit2 

mono layer cultures was used as a positive control, and conditioned medium from HEK 

mono layer cultures was used as a negative control (upper panel lanes 1 and 2; lower 

panellane 1) (Fig. 4.5b). Western blots ofconditioned medium from encapsulated Slit2 

cells showed a band around ~200 kD corresponding to Slit2 protein for the six days of in 

vitro experiments in collagen 1 (upper panel), and this band was still present after 18 days 

in culture (lower panel). 

Compared to empty and HEK 293 control sodium alginate beads, encapsulated 

Slit2 secreting cells had a significant inhibitory effect on UW3 medulloblastoma cell 

invasion (Fig. 4.5c-t). A small 15% inhibition was seen for Daoy medulloblastoma cell 

invasion (Fig. 4.5g). Microencapsulated Slit2 secreting cells had no effect on C6 and 

U251 glioma cell invasion (Fig. 4.5h,i). SIit2 secreting bioreactors implanted around 



187 

UW3 and Daoy spheroids also had a significant inhibitory effect on invasion compared to 

Netrinl secreting microencapsulated cells (Fig. 4.5f-g). The effect ofNetrinl beads on 

medulloblastoma invasion was not different from that se en for empty and HEK 293 

controls (Fig. 4.5f-i). These results demonstrate that medulloblastoma cells are also 

inhibited by continuous, sustained exogenous levels of the guidance cue Slit2. 

To confirm the specificity of the effect to Slit2-Robol signaling, R5 (an IgG2b 

monoclonal antibody to the first immunoglobulin domain ofRobol) and RoboN (an 

extracellular fragment ofRobol that is a known inhibitor ofSlit2-Robol interaction) 

were used to block the effect of secreted Slit2 from microencapsulated cells (Wu et al., 

1999; Wang et al., 2003). At the concentrations tested, both R5 and RoboN rescued the 

inhibitory effect of Slit2 on UW3 medulloblastoma invasion by 50%. The values 

obtained using R5 and RoboN were not significantly different from UW3 invasion 

distances using empty and HEK bead controls (Fig. 4.6a). 

The addition ofR5 and RoboN conditioned medium just on day 0 and day 3 may 

not be able to completely block the continuous sustained delivery of Slit2 into the 

collagen matrix over 5 days. To address this issue, mixed sodium alginate beads 

containing Slit2 and RoboN secreting cells were implanted with UW3 spheroids into the 

collagen matrix and compared with the effect of mixed beads containing Slit2 and HEK 

293 cells or HEK 293 beads alone. Western blot analysis was used to confirm the 

presence of Slit2 and RoboN in the conditioned medium of microencapsulated Slit2-

RoboN cells (Fig. 4.6b). After 5 days in culture, mixed Slit2-HEK beads had a significant 

inhibitory effect on invasion; however, mixed Slit2-RoboN beads had the same effect as 

HEK 293 beads alone (Fig. 4.6c). The invasion inhibition for Slit2-HEK beads was 28% 



compared with Slit2-RoboN mixed beads and 26% compared with HEK beads. Taken 

together, these results demonstrate that the inhibitory effect of continuous, sustained 

delivery of Slit2 can be partially blocked by the functional blocking R5 antibody and 

RoboN conditioned medium but is completely blocked by encapsulating RoboN cells 

with Slit2 secreting cells. 

Slit2 inhibits UW3 medulloblastoma cell invasion into aggregates of fetal human 

astrocytes 
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To demonstrate an inhibitory effect on invasion in a more biologically relevant 

model, UW3 spheroids and human fetal astrocyte aggregates were labeled with DiI and 

DiO respectively, and co-cultured in collagen gels. Four sodium alginate beads 

encapsulating either HEK or Slit2 cells were implanted around the UW3-astrocyte co

culture. Invasion was monitored over 5 days, and confocal images were obtained through 

the center ofthe co-culture to determine medulloblastoma cell infiltration into the 

astrocyte aggregate (Fig. 4.7a-b). Compared with HEK sodium alginate beads, beads 

encapsulating Slit2 secreting cells significantly inhibited both the number of cells 

infiltrating the astrocyte aggregates as well as the total invasion distance for individual 

cells (Fig. 4.7c-d respectively). These findings demonstrate that Slit2 inhibits 

medulloblastoma invasion on multiple substrates, and that confrontation co-cultures using 

human fetal astrocytes can also be used to assess the effect of a secreted molecule on 

medulloblastoma invasion. 

SIit2 does not affect mednlloblastoma and glioma cell proliferation 

To confirm that the effects in our previous in vitro microencapsulation studies are 

attributed to tumor cell invasion and not proliferation or cytotoxic effects, mono layer 
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cultures of medulloblastoma and glioma cells were exposed to sodium alginate 

encapsulated HEK cells or cells overexpressing Slit2 for 6 days (4 days for C6). In aIl 

celllines tested, conditioned medium from Slit2 encapsulated sodium alginate beads did 

not significantly affect tumor cell proliferation or doubling time compared to controls 

(data not shown). 

Slit2 downregulates activated Cdc42 in medulloblastoma cells 

In our study, medulloblastoma cells respond to exogenous Slit2 but glioma cells 

do not. To understand the mechanism responsible for this difference, we biotinylated cell 

surface proteins to examine expression levels of Robo 1 at the surface ofU251 cells stably 

transfected with Robo l-HA. Similar to wild-type glioma, U251 cells overexpressing 

Robol-HA did not respond to Slit2 using both co-culture and sodium alginate bead 

assays (data not shown). Biotinylation showed that Robol protein was highly expressed 

at the cell surface ofboth stably transfected HEK and U251 cells (Fig. 4.8). These 

findings demonstrate that the lack of glioma responsiveness to Slit2 cannot be explained 

by aberrant receptor shuttling or expression and suggest that differences are intracellular. 

Studies have shown that Cdc42 and Rac1 play a role in Slit-mediated repulsive 

effects (Wong et al., 2001; Fan et al., 2003; Lundstrom et al., 2004). To assess Cdc42 and 

Rac1 activation by Slit2 in medulloblastoma and glioma ceIls, we cultured both UW3 

medulloblastoma and C6 glioma cells in mono layer cultures with medium conditioned by 

HEK cells or HEK cells overexpressing Slit2. Pull-down assays of activated Cdc42 and 

Rac1 demonstrated a decrease in Cdc42-GTP and a slight decrease in Rac1-GTP 

activities, for UW3 cells cultured with Slit2 conditioned medium (Fig. 4.9). In contrast, 

C6 cells did not display any differences in Racl- or Cdc42-GTP activity when cultured in 
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SIit2 conditioned medium (Fig. 4.9). Similar results were also obtained for the other 

glioma cellline U251 (data not shown). These results suggest that Cdc42-GTP levels, 

and to a lesser extent Rac I-GTP levels, may play a role in the inhibitory effect of SIit2 on 

medulloblastoma cells. The inability ofSlit2 to modulate activated Cdc42 and Racl in 

glioma cells may contribute to the functional differences seen in our invasion assays. 
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4.5 DISCUSSION 

Current treatment strategies for medulloblastoma include surgery, radiation 

therapy and/or chemotherapy (Wechsler-Reya and Scott, 2001). These approaches, 

although successful in decreasing tumor volume, do not consistently control invading 

tumor cells. Local recurrence along with cerebral spinal fluid (CSF) and systemic 

metastasis develop, and account for the fact that only 60-70% of patients survive 5 years 

after diagnosis (Louis et al., 2002). 

Here we provide evidence for Slit2 inhibition of invading medulloblastoma cells 

in several experimental models used in this study. There was no similar inhibitory effect 

ofthis molecule on the invasion of malignant glioma cells as shown by the lack of 

response to Slit2. Other Robo homologues were not tested in these models and their 

influence on brain tumor invasion is not known. Both glial and neuronal tumor cell lines 

express Slit2 and Robol; however, medulloblastomas respond to exogenous Slit2 but 

glioma cells do not. The lack ofresponsiveness ofhighly invasive glioma cells to Slit2 

may be attributed to a variety of mechanisms. Dallol et al. (2003a) have analyzed SLIT2 

expression and the hypermethylation status of the promoter region CpG islands ofthis 

gene in gliomas. They found by quantitative real-time RT-PCR that SLIT2 expression 

was downregulated in gliomas with methylated SLIT2 promoter compared to gliomas 

and normal brain samples showing no methylation ofthis promoter. These authors 

suggested that SLIT2 may function as a tumor suppressor gene but this study did not 

address the functional significance ofSlit2/Robol interaction on the invasion oftumor 

cells (Dallol et al., 2003a; 2003b; Dallol et al., 2002; Astuti et al., 2004). Our results in 
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primary glioblastoma multiforme (GBM) tumors suggest a decrease in Stit2 expression 

when we compared levels in GBM samples to the normal brain sample; however, these 

results were not quantitative. 

Keleman et al. (2005) have addressed the role of Commissureless (Comm) in 

regulating surface levels ofRobo in D. Melanogaster and have provided evidence for the 

"sorting" model ofComm control ofRobo expression. This model supports the 

hypothesis that Comm prevents Robo from reaching the ceIl surface by regulation at the 

level of the trans-Golgi network (Keleman et al., 2002). In contrast, the "clearance" (or 

intemalization) model proposes that Comm assists in rapidly removing surface Robo by 

endocytosis (Myat et al., 2002). We have assessed Robol surface expression levels by 

biotinylation of ceIl surface proteins and our results confirm that differential responses to 

Slit2 are attributed to mechanisms downstream of the ceIl membrane. Robol surface 

levels in U251-Robo I-HA were quite high however the Slit2-Robo 1 interaction may be 

insufficient to inhibit the extensive invasion seen in glioblastoma ceIls Hnes such as U251 

and C6 but effective in modulating the velocity of less invasive meduIloblastoma ceIl 

lines. 

An interesting finding in the U251 glioma cell line was the increase in the number 

of cells in proximal versus the distal quadrant for both HEK and Slit2 co-cultures. These 

results suggest the presence of a strong chemoattractant or inducer of motility secreted by 

HEK cells. Many ceIls produce growth factors and their receptors in an autocrine or 

paracrine manner that influences glioma cell motility but very few endogenous secreted 

factors are known to inhibit or repel glioma ceIls (MueIler et al., 2003; Werbowetski et 

al.,2004). 
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Expression ofRobo proteins has traditionally been associated with migrating 

axons and neurons in the developing nervous system (Wong et al., 2002). Marillat et al. 

(2004) have recently demonstrated a role for Rigl/Rob03 in controlling midline crossing 

ofhindbrain precerebellar neurons and axons. Human patients with horizontal gaze paIsy 

with progressive scoliosis (HGPPS) were reported to have mutations in Rigl/Rob03, and 

functionai studies have shown defects in commissural hindbrain projections and pontine 

nuclei (Jen et al., 2004). Astuti et al. (2004) have demonstrated hypermethylation of the 

SLIT2 promoter in a series ofneuroblastoma tumors. Investigation ofSlit2-Robol 

interactions in neuroblastoma and other neuronal cell tumors may help clarify their role 

in invasion. 

Although Slit proteins have usually been associated with a chemorepellent role in 

axon guidance, an inhibitory effect of Slit on neurons and other migratory systems has 

been described. Studies have shown that cells migrating from neurospheres generated 

from SVZ ofPO-P3 Slitl -/- mice were found to migrate further than cells from Slitl +/

neurospheres suggesting that Slitl plays an inhibitory role in addition to its function as a 

repellent (Nguyen-Ba-Charvet et al., 2004). Moreover, there was also a difference in the 

pattern of migration between neurospheres derived from both mice where Slitl -/- cells 

displayed a more dispersed pattern of migration as opposed to classic chain migration 

(Nguyen-Ba-Charvet et al., 2004). Our time-Iapse videomicroscopy studies also showed a 

change in cell morphology, as the presence ofSlit2 aggregates increased the number of 

non-invading ruffiing cells in addition to inhibiting medulloblastoma cell velocity. Other 

studies have suggested that Slit alone inhibits migration from subventricular zone 

explants; however, when combined with an astrocyte-derived migration inducing activity 
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(MIA), Slit acts as a repellent (Mason et al., 2001). Furthermore, Slit2 has been shown to 

inhibit leukocyte chemotaxis induced by chemokines (Wu et al., 2001). These studies are 

consistent with our finding that Slit2 is an inhibitor of medulloblastoma invasion. 

Microencapsulation bioreactor technology has been used previously to assess the 

efficacy of anti-angiogenic compounds on the growth of gliomas both in vitro and in vivo 

(Read et al., 1999; Read et al., 2001; Joki et al., 2001). Our results show that this 

technology can be expanded to target invasive or metastatic brain tumor cells such as 

medulloblastoma. Sodium alginate bioreactors provide an isolated and efficient 

environment for continuous Slit2 delivery over time as opposed to single application in 

the medium, and we have shown sustained bioreactor Slit2 secretion for several weeks. 

Using this model, we have confirmed that Slit2 inhibits medulloblastoma cell invasion 

without affecting doubling time or proliferation in vitro. This model also demonstrates 

that the inhibition of medulloblastoma cell invasion by continuous Slit2 delivery can be 

partially rescued by both a Robol functional blocking antibody and conditioned medium 

from RoboN cells. Furthermore, the effect can be completely rescued by mixed alginate 

beads encapsulating both Slit2 and RoboN cells. The effects of alginate bead bioreactors 

could therefore be regulated and controlled as needed. Bioreactor technology can 

potentially be used for combination therapy with encapsulated cells overexpressing anti

invasive, anti-proliferative and pro-apoptotic molecules. Bioreactor implantation 

targeting CSF pathways with anti-adhesive molecules may help control medulloblastoma 

cells in this environment. 

The problems encountered with xenograft models of medulloblastoma in nude 

mice have made it difficult to study the characteristics of this tumor in vivo (Raffel, 
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2004). In particular, celllines that invade or migrate on various substrates in vitro do not 

always demonstrate the same motile properties in xenograft models despite extensive 

growth over time (unpublished results). This has made the study of in vivo 

medulloblastoma invasion difficult. To model the inhibitory effect ofSlit2 in a more 

biologically relevant environment, we used confrontation co-cultures of spheroids and 

astrocyte aggregates. Using this model, we have assessed the dynamics of 

medulloblastoma cell invasion into normal brain aggregates that more closely recapitulate 

the normal tissue architecture and extracellular environment. Although we have shown 

that Slit2 does not affect medulloblastoma cell proliferation using sodium alginate bead 

microencapsulation with monolayer cultures and time-Iapse videomicroscopy in vitro, the 

effect on medulloblastoma tumor growth in our confrontation co-culture model was not 

addressed. Recent studies demonstrating that only a small percentage ofCD133+ positive 

cancer stem cells are responsible for brain tumor progression will facilitate the 

development ofbetter xenograft in vivo models ofthis neuronal tumor in the future 

(Singh et al., 2003; Singh et al., 2004). Their exclusive ability to drive malignant tumor 

formation and dissemination make these cells an obvious target for Slit-Robo inhibition. 

In addition, the recent isolation of postnatal cerebellar stem cells may provide more 

insight into medulloblastoma development and progression as weIl as the invasive 

potential of this tumor in vivo (Lee et al., 2005). 

Wong et al. (2001) have demonstrated a role for a new family ofGAP's (Slit

Robo GAPs or srGAPs) in Slit-Robo signaling. Interaction ofsrGAP's with the 

RhoGTPase, Cdc42 is essential for the repulsive activity ofthis guidance cue (Wong et 

al., 2001). Other studies support a role for Phosphatidyl inositol3 kinase, Dock and Pak, 
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and the Abelson (Abl) kinase and Enabled (Ena) proteins further implicating actin and 

microtubule re-organization in Slit-Robo signaling (Wang et al., 2003; Fan et al., 2003; 

Bashaw et al., 2000). In our study, we have demonstrated decreased Cdc42 activation for 

medulloblastoma cells in response to Slit2. This agrees with previous results obtained by 

Wong et al. (2001) where Slit increased srGAP1-Robo1 interaction with and inactivation 

ofCdc42. Therefore, there may be a conserved mechanism regulating both the repellent 

and inhibitory response to Slit2. 

In addition, Cdc42 has been shown to play an important role in establishment of 

cell polarity (Etienne-Manneville and Hall, 2001; Palazzo et al., 2001; Gomes et al., 

2005). Etienne-Manneville and Hall (2003) have shown that a Cdc42-PAR6IPKCÇ 

complex interacts directly with and phosphorylates glycogen synthase kinase 3~ (GSK 

3~) leading to ~-catenin stabilization and localization to the leading edge along with 

interaction of adenomatous polyposis coli (APC) with the plus end of microtubules to 

establish cell polarity in primary rat astrocytes. Interestingly, these components ofthe 

Wnt signaling pathway have been linked with medulloblastoma progression (Raffel, 

2004). Although studies have demonstrated that microtubule organizing center (MTOC) 

reorientation initiates cell polarity, recent evidence has shown that nuclear repositioning 

is actually the initial polarization event leading to cell migration and is regulated in a 

Cdc42 dependent manner (Etienne-Manneville and Hall, 2001; Palazzo et al., 2001; 

Gomes et al., 2005). The inhibitory effect of Slit2 on medulloblastoma may be mediated 

by a Cdc42-regulated effect on cell polarity. 

We have demonstrated a slight decrease in Rac1 activity in response to Slit2. 

Contradictory results for Rac activation in Slit-mediated repulsion have been observed. 
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For example, Slit stimulation leads to recruitment of a Dock and Pak complex to the 

Robo receptor and increases Rac activation (Fan et al., 2003). In contrast, recent evidence 

suggests that Vilse, a conserved family of RhoGAPs, regulate the repellent response to 

Slit by binding to the intracellular domain ofRobo receptors and promoting Rac 

inactivation (Lundstrom et al., 2004). These authors reconcile the contradictory evidence 

by suggesting that these molecules sequentially affect the Robo receptor leading to 

regulation of cytoskeletal dynamics and a sustained tuming response to Slit (Lundstrom 

et al., 2004). Our results are indicative of an inhibitory, and not a directional, effect of 

Slit2 on medulloblastoma cells. It is c1ear that the effect of RhoGTPases on cell migration 

is variable and dependent on cell type, and our results do not rule out the possibility that 

other signaling pathways are also involved in Slit2 inhibition of medulloblastoma 

invasion. 

This study suggests a nov el strategy to control tumor invasion, and provides a 

proof of principle that this strategy may work for different types of tumors if the 

appropriate inhibitory cues can be identified. Our results reinforce the concept that 

selective neurodevelopmental cues may provide significant insights into tumor growth 

and invasion and outline the need for detailed assessments ofhow to implement this 

strategy for other tumor types. A new role for Slit2 as an inhibitor of medulloblastoma 

invasion has been identified. Although there are many known positive regulators of 

malignant tumor cell motility further assessment ofthe role of developmental inhibitors 

of cell movement is needed to implement this bioreactor strategy. This article suggests 

the possibility of using sodium alginate bead "bioreactors" as a new therapeutic approach 
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for eontrolling brain tumor invasion by eontinuously applying developmental eues sueh 

as Slit2. 
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Figure 4.1: Quantification ofthe effect of Slit on invading medulloblastoma and glioma 

cells. (a) Model ofthe tumor spheroid co-cultured with HEK or Slit2 aggregate in a three

dimensional collagen gel. Arrow denotes placement ofHEK or Slit2 aggregate. (b) Still 

photograph ofUW3 medulloblastoma spheroid labeled with Cell Tracker TMGreen and 

implanted 550 /lm from a Slit2 aggregate after 72 hours. Scale bar = 250 /lm. (c,e,g,i) 

Proximal and distal quadrant distribution ofUW3 (c), Daoy (e) medulloblastoma cells 

and C6 (g), U251 (i) glioma cells co-cultured with aggregates of control HEK cens over 

(c,e) 72 hours and (g,i) 48 hours. (d,f,h,j) Proximal and distal quadrant distribution of 

UW3 (d), Daoy (t) medulloblastoma cens and C6 (h), U251 (j) glioma cens co-cultured 

with cells expressing Slit2 over (d,t) 72 hours and (h,j) 48 hours. Error bars represent 

SEM. Asterisks denote significance at p<0.05(*) and p<O.Ol(**). 
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Figure 4.2: Quantification oftime-delayed co-culture and conditioned medium assays. (a) 

Still photograph of time-delayed co-culture assay. UW3 medulloblastoma spheroids were 

first cultured in the absence of cell aggregates for 48 hours. Control HEK or Slit2 

aggregates were placed next to the spheroids, and explants were cultured for an additional 

24 and 72 hours. Scale bar = 250 J..lm. Individual cens were counted at Oh and both 24 (b) 

and 72h (c) after aggregate implantation and assigned to sampling regions I-VI. Error 

bars represent SEM. (b) For the 24 hour time-delay group, n=8 spheroid co-cultures. Note 

that there is no statistical difference in the number ofUW3 cells in Areas 1 and II 24 

hours after Slit2 aggregate placement, but there is a difference for aIl other sampling 

regions counted (paired t-test: p<O.Ol for areas III, V and VI; p<O.OOl for Area IV). A 

significant increase in the number of medulloblastoma cel1s was observed for al1 regions 

in HEK co-cultures (paired t-test: p<O.Ol for Areas l,V, and VI; p<O.OOl for Areas II, III 

and IV). (c) For the 72 hour time-delay group, n=14 for Slit2 co-cultures and n=6 for 

HEK 293 control co-cultures (paired t-test: p<O.Ol for Areas l, III and V in HEK co

cultures; p<O.OOl for aIl Areas in Slit-2 co-cultures and Areas II, IV and VI in HEK co

cultures). (d) The effect ofHEK and Slit2 conditioned medium on the invasion ofUW3 

spheroids after 5 days implantation in collagen gels. N=4 for DMEM + 10% FBS cultures, 

n=3 for Slit2 cultures, and n=5 for HEK cultures. Figure is representative of multiple 

independent trials. Error bars: standard error of the mean. Asterisks indicate a significant 

difference at p<O.OI (**) and p<O.OOl (***). 



a 

b Il Control HEK Oh 
120 

24 hours • Control HEK 24h 
100 

L- ~ SIit2 Oh 
a> 80 .0 D E 

.. Slit224h 
::J 60 c 

a> 40 0 

20 

0 
Il III IV V VI 

C Sampling region Il Control HEK Oh 

120 • Control HEK 72h 

100 72 hours ~ Slit2 Oh 
L-

a> D .0 .. SIit272h 
E 80 
::J 
C 

a> 60 

0 
40 

20 

0 
Il III IV V VI 

Sampling region 

d 1000 
Ê ~ 

::::L ~ .... i " " '--' 800 Q) 

" 0 " c " (Il 600 -.~ 
; "0 t c 400 

0 
"iii ,j 
(Il 
> 200 
c 

w 
0 " 

DMEM SIit2 HEK 



203 

Figure 4.3: Time-lapse videomicroscopy analysis ofindividual cells in UW3-HEK and 

UW3-S1it2 co-cultures. (a) Still photographs depicting individual cell invasion when 

UW3 spheroids were co-cultured with HEK aggregates (upper panels) and Slit2 

aggregates (lower panels) over 20 hours. Note that the representative cell in the HEK co

culture (upper panels) invades approximately twice as fast as the representative cell in the 

Slit2 co-culture (lower panels). Arrows denote individual cell tracking. Scale bar = 50 )lm 

(b) Image of stationary "ruffling" cell that fails to invade in UW3-S1it2 co-cultures over 

20 hours. Arrows denote individual cell tracking. Scale bar = 50 )lm. (c) Mean invasion 

velocity of individu al UW3 cells in the presence ofHEK aggregates (n=35) or Slit2 

aggregates (n=32). Note the 54% inhibition ofmedulloblastoma cell speed in the 

presence of Slit2 aggregates. Error bars: standard error of the mean. Asterisks indicate a 

significant difference at p<O.OOl (***). 
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Figure 4.4: Expression of Robol and SIit2 in brain tumor celllines, human fetal 

astrocytes, mouse cerebeIlum, primary human tumors, and normal brain. (a) RT-PCR 

expression of Robo 1 , Stit2 and GAPDH mRNA in medulloblastoma and gtioma cell 

tines. Human fetal astrocytes (HF A) and mouse neonatal cerebellum (C P4 and C P8) 

were screened as positive controls. (b) RT-PCR expression ofRobol, SIit2 and GAPDH 

in medulloblastoma (MD), meningioma (MN) and pilocytic astrocytoma (PA) primary 

human tumors. (c) RT-PCR expression ofRobol, Stit2 and j3-actin in gtioblastoma 

multiforme (GBM) tumors and normal brain (NB). 
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Figure 4.5: Sodium alginate bead microencapsulation and the effect ofSlit2. (a) Diagram 

of the experimental design showing the position of the sodium alginate beads relative to 

the glioma or medulloblastoma spheroid. Arrow represents placement of sodium alginate 

bead. (b) Western Blot analysis ofSlit2 expression (~200 kD) in conditioned medium of 

encapsulated cells over 6 days (upper panel) and 18 days (lower panel) respectively. 

Lanes 1 and 2 in the upper panel represent conditioned medium from HEK and Slit2 

monolayer cultures as negative and positive controls respectively. Lanes 3-5 represent 

conditioned medium from Slit2 beads on days 1,3 and 6 in culture. Lanes 6-7 represent 

conditioned medium from HEK beads on day 3 and 6. The lower panel demonstrates 

Slit2 secretion from the encapsulated cells over 18 days in culture. Lane 1 represents 

conditioned medium from Slit2 monolayer cultures as a positive control. (c-e) 

Photographs ofUW3 medulloblastoma spheroids surrounded by four empty beads (c), 

four beads encapsulating HEK 293 control cells (d) and four beads encapsulating Slit2 

cells (e). Scale bar= 250 !lm. (f-i) Quantification oftotal invasion by UW3 and Daoy 

spheroids (f-g) and C6 and U251 glioma spheroids (h-i) implanted with empty, HEK 293, 

Slit2 or Netrinl beads. Error bars represent SEM. Asterisks indicate significance at 

p<0.05, p<O.OI ** and p<O.OOI ***. 
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Figure 4.6: The effect of RoboN and R5 on Slit2 inhibition ofUW3 medulloblastoma 

spheroids. (a) Quantification ofUW3 total invasion with R5 antibody and RoboN 

conditioned medium. Note that the inhibitory effect of Slit2 was rescued by about 50%, 

and invasion distances for UW3 spheraids with the addition ofR5 and RoboN are not 

statistically different from contraIs. (b) Western Blot analysis ofSlit2 and RoboN 

expression (~200 kDa and ~ 100 kDa respectively) in conditioned medium of 

encapsulated mixed Slit2-HEK and Slit2-RoboN cells at days 3 and 6. Conditioned 

medium from Slit2 (Jane 1) and RoboN (lane 2) monolayer cultures were used as positive 

contraIs for Slit2 and RoboN respectively. (c) Quantification ofUW3 total invasion when 

co-cultured with HEK, Slit2-HEK or Slit2-RoboN beads. Note that the inhibitory effect 

of Slit2 is eliminated by encapsulation of RoboN cells together with Slit2 cells. Error bars 

represent SEM. Asterisks indicate significance at p<0.05*, and p<O.OI **. 
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Figure 4.7: Confocal microscope images ofUW3 spheroids (DiI labeled-red) confronted 

with human fetal astrocyte aggregates (DiO labeled-green) in the presence of (a) HEK 

sodium alginate beads or (b) SIit2 sodium alginate beads after 5 days. Scale bar 250 /lm. 

(c) Quantification of the number ofmedulloblastoma cells infiltrating astrocyte 

aggregates after 5 days culture. (d) Quantification ofthe number ofUW3 cells infiltrating 

various distances into the astrocyte aggregates after 5 days. Asterisks indicate 

significance at p<0.05*. 
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Figure 4.8: Cell surface biotinylation ofU251 celllines. The surface proteins ofU251 

wild-type and U251-HA Robol (overexpressing Robol) celllines were biotinylated. 

Input total celllysates (1) and enriched ceIl surface proteins (S) were resolved and 

subjected to Western Blot analysis. Anti-HA antibody was used (upper panel) to detect 

recombinant Roboi. Anti p42/44 was used (lower panel) as a cell surface biotinylation 

control. 
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Figure 4.9: Slit2 decreases activated Cdc42-GTP in medulloblastoma cells. Cells were 

pre-treated with either wild-type HEK or Slit2 conditioned medium for 24 ho urs and 

Cdc42/Rac-GTP activity was measured. Cdc42 and Rac loading controls levels were 

estimated by Western blot analysis. Note that Slit2 conditioned medium decreases 

Cdc42-GTP activity in UW3 medulloblastoma cells. 
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Table 4.1: Primer details for ail RT PCR reactions 

Primer Sense Antisense Expected 

na me product size (bp) 

1. human 5' -GCA TCG CTG GM 5' -GTG TAT GM CCC 514 

Robo1 GTA GCC ATA C-3' ATG TCA CCA GC-3' 

2. human 5' -GGT GTC CTC TGT 5' -GTG TTT AGG AGA 387 

SIit2 GAT GM GAG-3' CAC ACC TCG-3' 

3. human 5' -AGG TGC TGA CCC 5' -GCA TTC AGG AGC 618 

SIit1 TGA ACA AC-3' AGG AGC TG-3' 

4. GAPDH 5' -GCC TCC TGC ACC 5' -CCG ACG CCT GCT 545 

ACC MC TG-3' TCA CCA CCT TCT -3' 

5. j3-actin 5' -TCC CCC MC TTG 5' -MC TGG TCT CM GTC 67 

AGA TGT ATG MG-3' AGT GTA CAG G-3' 

6. human 5' -GCC CTC TGA CT A 5' -GTT CCC TT A GT A 245 

Robo1 GTA GAT TTC -3' CTG CAC GCC-3' 

7. human 5' -GM GGT GTC CCG 5' -CM AGA CAG AGC 191 

SIit2 ATT AGA GTG C-3' TGC CGG GAG TG-3' 
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4.6 Conclusions to Chapter 4 

In the present study, we have tested whether the secreted prote in Slit2, known to 

be important for guiding the projection of normal axons and migration of developing 

neurons, can regulate brain tumor cell movement. As stated previously, Slit has also been 

shown to play an important role in non-neuronal cells, as an inhibitor of leukocyte 

chemotaxis and promoter oftumor-induced angiogenesis and endothelial cell attraction 

(Wu et al., 2001; Wang et al., 2003). We have shown an inhibitory role for Slit2 in 

medulloblastoma, but not glioma, cell invasion in three dimensions. Initial studies 

suggest a role for the RhoGTPases in Slit2 inhibition of medulloblastoma invasion, the 

mechanism responsible for this effect requires further characterization. 

The intracellular pathways downstream of Slit-Robo signaling are just beginning 

to be identified. In order to fully understand Slit-mediated repellent and inhibitory 

responses, it will be imperative to identify the downstream effectors. Studies examining 

Slit-Robo signaling can be divided into three basic categories. The first paradigm 

involves the RhoGTPases and the regulation ofthe actin cytoskeleton to generate a 

turning response. 

Recent evidence has accumulated suggesting an important role for regulation of 

the actin cytoskeleton machinery in Slit-mediated repulsion. For example, Wong et al. 

(2001) have identified a new family ofGTPase activating proteins, srGAPs that facilitate 

hydrolysis ofCdc42 that ultimately leads to actin depolymerization. Furthermore, 
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addition of a constitutively active Cdc42 virus, and a dominant negative srGAPI 

inhibited the repuisive effect of Slit in neurons migrating from subventricular zone (SVZ) 

explants and promoted cell migration (Wong et al., 2001). These authors suggested a role 

for Cdc42 in the migration ofSVZ neurons, but the roles ofboth RhoA and Rac 1 were 

not clear. 

Studies have demonstrated opposing roles for Rac in the regulation ofaxon 

repulsion in Drosophila. Fan et al. (2003) have shown that Slit stimulation leads to 

recruitment of the SH3-SH2 adaptor protein Dreadiocks (Dock) and the p21-activated 

serine-threonine kinase (Pak) to the Robo receptor CC2 and CC3 cytoplasmic motifs. 

Recruitment ofthis complex increases Rac activity to regulate axon repulsion at the CNS 

midline (Fan et al., 2003). In contrast, Vilse, a conserved family ofRhoGAPs has been 

shown to promote hydrolysis ofRacGTP, and less efficiently, Cdc42GTP to mediate 

Robo repulsion in Drosophila tracheal cells and axons (Lundstrom et al., 2004). These 

authors suggested that the contradictory models can be explained in terms of a temporal 

model of Slit effectors where sequential interaction with the Robo receptors leads to a 

sustained tuming response (Lundstrom et al., 2004). 

It is clear that the effect ofRhoGTPases on cell migration is variable and 

dependent on cell type. For example, Cdc42 is often associated with filopodia formation 

and increased cell migration; however, studies have established a role for Cdc42 in 

suppressing cell motility as weIl. For exampIe, Yamauchi et al. (2002) demonstrated that 

endothelin suppresses cell migration by activating Rac and Cdc42 via the JNK signaling 
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pathway. Cells use the adaptor protein Nck1 to transduce the Cdc42-mediated inhibition 

ofHEK cell migration (Miyamoto et al., 2004). Another study has demonstrated an 

inhibitory role for Cdc42 in macrophage chemotaxis stimulated by CSF1 (Allen et al., 

1998). Therefore, caution must be taken when interpreting mechanistic RhoGTPase data, 

as the cell type and models employed will often yield variable results. 

In addition to the involvement of the RhoGTPases, another study has shown a role 

for the Abelson kinase (Abl) and its substrate Enabled (Ena) in Slit-mediated repulsion 

(Bashaw et al., 2000). Abl binds to CC3 and phosphorylates a tyrosine in CC 1; whereas, 

Ena associates with CC2 to regulate the repulsive effect of Slit. Genetic and biochemical 

evidence suggests that Abl and Ena play opposing roles in Robo mediated repulsion 

where Abl antagonizes Slit-Robo signaling and Ena promotes the repulsive effect. 

Furthermore, the authors suggested that other signaling pathways are also involved in 

Slit-Robo signaling, as Robo-mediated repulsion still functions fairly well in the absence 

of Ena (Bashaw et al., 2000). Therefore, these components are not exclusive to the Slit

Robo pathway. In addition, Abl has also been linked with a supramolecular complex 

consisting ofRobo and N-cadherin that facilitates inactivation ofN-cadherin mediated 

adhesion in response to Slit (Rhee et al., 2002). This mechanism uncouples the 

association ofN-cadherin with the actin cytoskeleton and is accompanied by a loss of 

growth cone traction and axon extension (Rhee et al., 2002). 

Another mechanism associated with Slit-Robo signaling is the "silencing" of the 

Netrin receptor DCC (Stein and Tessier-Lavigne, 2001). Activation ofthe Robo receptor 
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leads to the silencing of Netrin1 's attractive effect through direct binding of Robo's 

cytoplasmic domain to that of the DCC receptor without a concomitant affect on the 

stimulation of growth cone extension rate in embryonic Xenopus spinal axons (Stein and 

Tessier-Lavigne, 2001). This hierarchical organization contributes to the finely-tuned 

controlled mechanisms guiding growth cones to their final targets. 

The majority of studies examining the signaling cascades responsible for Slit 

effects have focused on the repulsive response. In light ofthe recent evidence 

demonstrating a role for Slit in leukocyte chemotaxis, angiogenesis, and now, 

medulloblastoma invasion, it will be necessary to further functionally characterize the 

intracellular mechanisms mediating non-neuronal Slit effects. Wong et al. (2003) have 

demonstrated a role for PI3K signaling in Slit2-induced migration and tubulogenesis of 

endothelial cells. The PI3K inhibitors, L Y294002 and Wortmannin, attenuated the Slit2 

induced migration ofhuman umbilical cord endothelial cells (HUVECs) and therefore, 

contributed to the attractant effect ofSlit2. The role ofPI3K signaling in the repellent 

effect of Slit on growth cones andneurons, as weIl as the inhibitory effect on leukocytes 

and medulloblastoma tumor cells has yet to be determined. The variability in the cell 

types and models employed will inevitably lead to differences in the intracellular 

mechanisms responsible for Slit-mediated effects. 
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4.7 Conclusions and Future Perspectives 

Invasion of malignant brain tumor cells into the normal tissue architecture makes 

GBM and medulloblastoma among the most devastating of cancers and are very difficult 

to resect. Therefore, the invasive cascade is an important therapeutic target. This thesis 

has focused on negative regulators of malignant brain tumor invasion in three

dimensional collagen gels. From the review in Chapter 1, it is clear that there are many 

promoters of malignant brain tumor invasion; however, very few naturally occurring 

negative regulators ofthe invasive cascade have been identified. Within the literature, 

there is a vast array of cell types and models systems employed. This often makes the 

true biological and clinical relevance ofthe data difficult to interpret. Consequently, few 

new therapeutic strategies targeting brain tumor invasion have been developed over the 

past few decades. 

A recent surge of studies examining the developmental origin of cancer and the 

relationship between tumor cells and stem cells have shed light on this issue. For 

example, "brain tumor stem ceIls" comprising a fraction ofthe entire tumor population 

are responsible for driving malignant brain tumor formation and dissemination (Singh et 

al., 2003; Singh et al., 2004). These cells stain positive for the cell surface neural stem 

cell marker CD 133+, and are capable of self-renewal, proliferation and differentiation. In 

addition, the self renewal capacity was highest in the most aggressive medulloblastoma 

tumors in comparison with low-grade pilocytic astrocytoma suggesting that these brain 

tumor stem cells are a novel cellular target for more effective therapeutic strategies less 
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directed towards the global population oftumor cells (Singh et al., 2003). Further 

characterization ofthese "brain tumor stem cells" will hopefully enable the development 

ofbetter in vivo model systems where the true clinical relevance ofmolecular targets can 

be tested. 

Chapter 2 provided evidence for a secreted chemorepellent that directs glioma cell 

invasion. This observational study led to the development of a reproducible functional 

assay that was utilized to isolate natural inhibitors of malignant glioma celI invasion from 

serum-containing C6 astrocytoma conditioned medium. Further analysis identified ITI 

H2 as the most abundant prote in in our purified fractions, and subsequent validation 

studies confirmed its role as a potent inhibitor ofproliferation and promoter of cell-cell 

adhesion in addition to its inhibitory effect on invasion. The higher levels in normal brain 

and lower-grade tumors suggest that ITI H2 may have a potential role in malignant 

glioma progression. The structural complexity and proteolytic processing of the In 

family members not only make In H2 an interesting molecular target for future 

mechanistic studies, but also the other In heavy chain family members that have yet to 

be investigated. Very few studies have examined the mechanism(s) responsible for the 

transesterification reaction and extracellular matrix stabilization resulting from HA 

coupling. In fact, there are no studies linking this mechanism with any of the effects seen 

on tumor cells. Only the serine protease inhibitory activity ofbikunin has been addressed. 

The intracellular mechanisms mediating the effects of the In heavy chains are currently 

unknown. 
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The technology utilized in Chapters 2 and 3 can also be used to evaluate the role 

of other known molecules in malignant brain tumor invasion. We have tested whether 

Slit2, a known chemorepellent, can control brain tumor invasion using co-culture and 

conditioned medium assays in collagen type 1 gels as weIl as time-Iapse videomicroscopy 

to investigate the dynamics of individual cell movement. Both medulloblastoma and 

glioma tumors express Robol and Slit2, but only medulloblastoma invasion is inhibited 

by recombinant Slit2 protein. The highly invasive glioma celllines C6 and U251 did not 

respond to Slit2. Therefore, the glioma-derived chemorepellent(s) introduced in Chapter 

2 have yet to be identified. Chapter 4 also established sodium alginate bead 

microencapsulation as a method to apply negative guidance cues. In addition, this 

bioreactor strategy can also be used to continuously supply any inhibitor or repellent of 

malignant brain tumor invasion. Future experiments will not only target the molecular 

mechanisms responsible for Slit2 inhibition of medulloblastoma invasion, but also the in 

vivo applicability of our bioreactor strategy. Xenograft models utilizing sodium alginate 

bead microencapsulation will confirm this technique as a potential therapeutic strategy 

targeting highly invasive malignant brain tumors cells. Our results suggest that 

neurodevelopmental cues may play an important role in malignant brain tumor invasion, 

and that application of negative guidance cuesmay be potentially used to target a variety 

ofCNS tumor types. 

In conclusion, we have used a variety of techniques to identifY two molecules 

with previously unknown functions in malignant brain tumor invasion. ITI H2 and Slit2 

inhibit glioblastoma and medulloblastoma cell invasion respectively, and ITI H2 also has 
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an additional role in glioblastoma cell proliferation and cell-cell adhesion. Therefore, 

successful treatment strategies in the future will involve implementation of combination 

therapies that target multiple biological processes such as invasion, proliferation, 

apoptosis and adhesion. The c1inical potential ofthese molecules is still unclear and 

needs to be pursued; however, our results are promising and warrant further functional 

characterization. 
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ABSTRACT: Secreted chemotropic cues guide the 
migration of neuronal and glial cell precursors during 
neural development. It is not known if chemotropism 
contributes to directing the invasion of brain tissue by 
glioma cells. A model system has been developed that 
allows quantification of invasive behavior using gliomas 
spheroids embedded in collagen gels. Here we provide 
evidence that glioma spheroids secrete a chemorepeUent 
factor(s) that directs ceUs away from the spheroid and 
into the collagen matrix. The relationship between total 
invasion, cell number, and implantation distance sug
gests that glioma ceUs respond to a gradient of the 
chemorepellent cue(s) that is weil established at 48 h. C6 
astrocytoma cells normally in vade the collagen at an 
angle perpendicular to the spheroid edge. In contras t, an 
adjacent spheroid causes cells to turu away from their 
normal trajectory and slow their rate of invasion. As-

INTRODUCTION 

Cell migration occurs during development, wound 
healing, and also during tumor invasion and metasta
sis. Secreted proteins have been shown to function as 
chemotropic eues that guide neuronal and glial pre-
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trocytoma cclls are repelled by an adjacent glioma 
spheroid but rapidly infiltrate astrocyte aggregates, in
dicating that astrocytes do not express the repeUent cue. 
Uniform concentrations of repeUent factor(s) in spher
oid conditioned medium overwhelm endogenous gradi
ents and render glioma ceUs less able to exhibit this 
chemotropic response. Concentration gradients of 
spheroid conditioned medium in cell migration assays 
also demonstrate the chemorepellent cue(s)'s tropic ef
fect. Our findings indicate that glioma spheroids pro
duce a secreted diffusible cue(s) that promotes glioma 
cell invasion. Identification of this factor(s) may advance 
current therapies that aim to Iimit tumor cell invasion. 
© 2004 Wiley Pcriodicals, Ine. J Neurobiol60: 71-88, 2004 

Keywords: chemotropism; glioblastoma; invasion; 
spheroid; video microscopy 

cursors in the developing central nervous system (re
viewed by Tessier-Lavigne and Goodman, 1996; 
Dickson, 2002). Long-range secreted chemotropic 
guidance eues such as the netrins, semaphorins, and 
hepatocyte growth factor/scatter factor guide neuronal 
and glial cell migration (Ebens et al., 1996; Kennedy 
et al., 1994; Sugimoto et al., 2001; Yee et al., 1999). 
The slit family of extracellular proteins not only plays 
a role in axon guidance (Wang et al., 1999; Brose et 
al., 1999; Kidd et al., 1999; Li et al., 1999) and 
neuronal migration (Wu et al., 1999), but also leuko
cyte chemotaxis (Wu et al., 2001) and tumor angio
genesis (Wang et al., 2003). Other studies have used 
neural stem cells to track astrocytic tumors in vivo, 
providing evidence for positive chemotropism in ex
perimental intracranial glioma models (Aboody et al., 
2000). These investigations have prompted further 
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analysis of potential mechanisms for glioma chemot
ropism in both two- and three- dimensional in vitro 
systems. 

Malignant astrocytomas are the most corn mon pri
mary supratentorial cerebral neoplasms in adults (Chi
coine and Silbergeld, 1997). Thought to arise from 
astrocytes or astrocytic precursors, their morphologi
cal heterogeneity often makes conclusions about their 
origin difficult (Lopes et al., 1995). The hallmark of 
malignant astrocytic tumors lies in their ability to 
rapidly invade the brain and disrupt the normal tissue 
architecture (Uhm et al., 1996). Despite surgical re
moval and other available treatment modalities, dif
fuse infiltrative growth of the remaining invasive cells 
leads to recurrence and death within 1-2 years of 
diagnosis (Berens et al., 1990). Studies are presently 
focused on identification of the diffusible molecules 
and cell signaling cascades that result in glial tumor 
cell migration and invasion. 

Researchers have developed several methods of 
producing tumor cell aggregates or "spheroids" to 
study tumor invasion in three-dimensions. Sutherland 
et al. (1971) were the first to produce spheroids from 
a rotating cell suspension of Chinese hamster V79 
lung cells in spinner culture. We have adapted this 
system for glioma cells and utilized this model for 
quantification of invasive behavior using glioma sphe
roids as weIl as human tumor explants in collagen gels 
(Tamaki et al., 1997; Bauman et al., 1999a,b). This 
three-dimensional spheroid implantation model has 
been used to elucidate the dynamics of the invasive 
paradigm in collagen type 1 gels (Vitrogen 100) (Cor
coran and Del Maestro, 2003; Corcoran et al., 2003; 
Del Maestro et al., 2001). Using this system, it is 
possible to evaluate both long-range and contact-me
diated tropic mechanisms using cocultures of glioma 
spheroids and/or normal brain aggregates in a three
dimensional environment. 

Studies have suggested that glioma spheroids re
lease a factor(s) that directs cells away from the 
spheroid and into the three-dimensionaI matrix (Ta
maki et al., 1997; Del Maestro et al., 1997). A direct 
correlation exists between the development of larger 
spheroids exhibiting hypoxic and necrotic centers and 
invasive rate (Tamaki et al., 1997). These findings led 
10 the hypothesis that a repellent factor(s) is secreted 
by glioma spheroids and that a gradient of this repel
lent cue(s) directs cell invasion away from the spher
oid. Here, we test this hypothesis using two-spheroid 
cocultures, time-Iapse video microscopy, and cell mi
gration assays. Our findings provide evidence for an 
autocrine chemorepellent cue produced by glioma 
cells that promotes tumor cell invasion. 

MATERIALS AND METHODS 

Spheroid Culture and the Three
Dimensional Collagen Type 1 
Implantation Model 

C6 (murine astrocytoma) and U251 (hum an glioblastoma) 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM) supplemented with 10% fetal bovine serum 
(FBS), 125 U/mL penicillin G, 125 Mg/mL streptomycin 
sulfate, and 2.2 Mg/mL amphotericin B (Fungizone). Cul
tures were maintained al 37°C in a humidified atmosphere 
of 5% CO2 • Upon reaching confluency, cells were 
trypsinized using 0.05% trypsin, 0.53 mM EDT A, and 3 
X 106 cells/lOO mL DMEM were seeded into spinner 
culture flasks and spun at 180 rotations per minute for 3- 8 
weeks depending on the desired spheroid size (Tamaki et 
al.. 1997). All culture reagents were obtained from Gibco 
BRL (Invitrogen, Burlington, ON) unless otherwise stated. 
Both C6 and U251 ceIllines were purchased from American 
Type Culture Collection (ATCC) (Rockville, MD). 

A collagen solution was prepared consisting of 3.2 
mg/mL collagen type 1 in 0.012 M HCI (Vitrogen 100) 
(COHESION, Palo Alto, CA) and JO-fold concentrated 
DMEM. The pH of the solution was adjusted by the addition 
of 0.1 M NaOH. From this solution, 500 !J-L aliquots were 
added to 24-well culture dishes and spheroids of defined 
size werc implanted into each weIl using a Pasteur pipette. 
After gelling at 37°C in a humidified atmosphere of 5% CO2 

for 30-60 min, the gel was overlaid with 500 !J-L DMEM 
+ 10% FBS or 250 !J-L DMEM + 250 ML of medium 
conditioned by C6 spheroids, U251 spheroids, or fetal hu
man astrocytes. Cell invasion was assessed daily using an 
inverted phase contra st light microscope. Total invasion 
distance was calculated at the same time each day from the 
center of the spheroid to the population of invasive cells 
most distant from the spheroid. The original radius was 
subtracted from these values, and measurements were taken 
after 24 h (time lapse video microscopy) and 9 days (con
ditioned medium experiments). 

Newborn Rat Astrocytes and U251 
Aggregate Culture 

Astrocytes were obtained from the cortex of newborn 
Sprague Dawley rat cortex and maintained as a mixed glial 
culture for 2-3 weeks in DMEM supplemented with 10% 
FBS. Enriched populations of astrocytes were obtained as 
described (Armstrong, 1998) and hanging-drop aggregates 
were prepared as described (Corcoran and Del Maestro, 
2003; Corcoran et al., 2003; Kennedy et al., 1994). Briefly, 
confluent cultures of newborn astrocytes and U251 cells 
were washed in phosphate buffered saline (PBS), 
trypsinized (0.05% trypsinlO.53 mM EDT A), and resus
pended in a smaIl volume of media. Twenty microliter drops 
containing an equal amount of cells (25,000 cells/drop for 
U251 cells and 45,000 ceUs/drop for astrocytes) were sus
pended from the lids of 100 mm Petri dishes for 2-3 days. 
Cell aggregates were harvested using a sterilized spatula, 



and placed on 2% agarlPBS base-coated 100 mm Petri 
dishes for 2-3 days and then individually implanted into 
three-dimensional type l collagen gels adjacent to C6 astro
cytoma (newborn astrocytes) or U251 glioblastoma spinner 
culture spheroids (U251 drop aggregates). 

Human Biopsy Spheroids and Human 
Fetal Astrocytes 

The Haukeland Hospital ethics board in Bergen, Norway 
approved collection of human tumor tissue. Glioblastoma 
tumor fragments 1 cm or smaller in size were obtained at 
surgery. The specimens were collected from macroscopi
cally viable tumor regions corresponding to areas of con
trast enhancement on computerized tomography (CT) and 
magnetic resonance (MRI) scans. The specimens were im
mediately transferred to test tubes containing complete 
growth medium consisting of DMEM, supplemented with 
10% heat-inactivated newborn calf serum, 2% L-glutamine, 
100 IV/mL penicillin, and 100 IV/mL streptomycin. 

Human biopsy spheroids were prepared as described 
(Bjerkvig et al., 1990). Briefty, glioblastoma tumor tissue 
was cut into 300-500 f..tm pieces and incubated in 80 cm2 

tissue culture ftasks base-coated with 10 mL 0.75% agar 
(Difco, Detroit, MI) in complete growth medium. The bi
opsy spheroids were maintained at 37°C in a humidified 
atmosphere of 5% CO2 , and medium was changed once a 
week. Al' ter 3-4 weeks in culture, spheroids with diameters 
between 200-400 f..tm were selected for implantation as 
described above. Confocal scanning laser microscopy using 
Cell Tracker dyes was carried out using a Bio-Rad MRC 
1000 (Bio-Rad, Hertfordshire, UK) microscope. 

Human fetal astrocytes were prepared from tetal CNS 
tissue as previously described (Ladiwala et al., 1998). 
Briefty, human fetal CNS tissue was obtained at 12-16 
weeks gestation following Canadian Institutes of Health 
Research (CIHR) guidelines. The tissue was mechanically 
dissociated using a scalpel and then treated with 0.25% 
trypsin and 50 f..tg/mL DNase for 45 min at 37°C. Dissoci
ated tissue was passed through a 130 f..tm mesh, washed 
twice with PBS, and plated onto tissue culture ftasks in 
MEM supplemented with 5% FCS. Populations of prolifer
ating fetal astrocytes were obtained after three to four pas
sages and used to prepare hanging drop aggregates for 
collagen implantation as described above. 

Cell Tracker Dye Labeling and Spheroid 
Coculture Quantification 

Stock solutions of 10 mM Cell Tracker Green CMFDA 
(5-chloromethylftuorescein diacetate) and Cell Tracker Or
ange CMTMR (5-(and 6)-«(4-chloromethyl) benzo
yl)amino) tetramethylrhodamine) (Molecular Probes, Eu
gene, OR) were prepated in DMSO, diluted to 25 f..tM in 
DMEM + 10% FBS, and used for celliabeling. Spheroids 
were collected from spinner culture and allowed to settle. 
Conditioned media were removed and replaced with 1 mL 
25 f..tM Cell Tracker Green or Cell Tracker Orange solution. 
The spheroids were placed on a rocker in a 5% CO2 incu-
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bator for 20 min and then washed twice with DMEM 
+ 10% serum. Fluorescently labeled spheroids were im
planted both alone and adjacent to unlabeled C6 and U251 
spheroids (400-600 f..tm) at various distances, and photo
graphed 24 and 48 h postimplantation. Cocultures were 
imaged using a Retiga 1300 CCD digital camera (Q Imag
ing, Burnaby, BC) mounted on an Axiovert 200M micro
scope (Carl Zeiss, Toronto, ON) and Northern Eclipse 6.0 
time-Iapse software (Empix Imaging Inc., Mississauga, 
ON). Fluorescently labeled spheroids were divided into four 
quadrants with respect to the position of the adjacent spher
oid (quadrant A). The total cell number and invasive dis
tance per cell in each quadrant were calculated for both 
single spheroids and two-spheroid cocultures. 

Time-Lapse Video Microscopy 

Spheroids were cultured as described, and individual astro
cytoma spheroid implants between 450 and 600 f..tm were 
prepared for time-Iapse video microscopy. For two-spheroid 
cocultures, C6 as troc y toma spheroids were implanted ap
proximately 300 f..tm apart. Cultures were maintained at 
37°C and 5% CO2 using a heating microscope stage includ
ing a 37-2 digital tempe rature control unit (Carl Zeiss). 
Invading cells were imaged for 24 h using a Retiga 1300 
CCD digital camera mounted on an Axiovert 25 microscope 
and Northern Eclipse 5.0 time-Iapse software. One still 
image was taken every 4 min compressing 20-24 h into 
approximately 90 s of video (Corcoran and Del Maestro, 
2003). For each video, invasion rate and deviation l'rom the 
expected invasive path (angle change from perpendicular) 
were calculated for individual C6 cells. Randomly selected 
cells were followed for single spheroid controls and com
pared with cel! measurements obtained from spheroid co
cultures. 

Spheroid/Glass Bead Controls 

Individual C6 spheroids approximately 450-600 f..tm in size 
were prepared and implanted as stated into three-dimen
sional type l col!agen gels. Glass beads (Sigma-Aldrich Co. 
Canada Ltd., Oakville, ON) 425-600 f..tm in size were 
washed in 95% ethanol followed by DMEM + 10% FBS 
before implanting them adjacent to C6 spheroids. Six 24 h 
videos were recorded, and the angle of deviatiàn measured. 

Confocal Scanning Laser Microscopy 

C6-C6, C6-astrocyte, and U25 l-human feta! astrocytc co
cultures were labeled with Cell Tracker Green CMFDA and 
Cel! Tracker Orange CMTMR, implanted into collage n, and 
analyzed using a LSM 510 confocal scanning laser micro
scope (Carl Zeiss) and a lOX objective. Cell Trackers were 
detected with argon 2 (488 nm) and helium-neon (543 nm) 
lasers for the green and orange ftuorescent probes, respec
tively. Samples were optically sectioned from the surface to 
the spheroid center with 12 f..tm between each slice, and 
images 1024 X 1024 pixels were collected. Human biopsy 
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spheroids were similarly labeled and analyzed using a Bio
Rad MRC 1000 confocal scanning laser microscope (Bio
Rad). Cocultures were optically sectioned from the surface 
to the spheroid centers with 16 Mm between each slice. 

Conditioned Medium Experiments 

Conditioned medium was collected from C6 and U251 
spinner cultures at various time points 10 assess the effect of 
spheroid size on the quantity of the hypothesized chemore
pellent eue secreted. Conditioned medium was also col
lected from confluent mono layer cultures of human fetal 
astrocytes. C6 and U251 spheroids were implanted into 
collagen type 1 gels as described above and overlaid with 
500 ML DMEM + 10% FBS or 250 ML conditioned me
dium 250 ML DMEM + 10% FBS. Medium was changed 
every 3 days, and measurements were laken daily for 9 
days. 

Transwell Migration Assays 

Migration assays were performed using 24-well lranswell 
units with 8 Mm polycarbonated filters (Corning Costar, 
Cambridge, MA). The lower chamber was filled with 500 
ML DMEM + 10% FBS or 500 ML conditioned medium 
from C6 spinner culture spheroids. C6 and U251 glioblas
toma cells were harvested, fluorescenlly labeled using 25 
MM Cell Tracker Green as described above, and 2.0 X 104 

cells in 100 ML DMEM + 10% FBS or C6 spheroid 
conditioned medium were placed in the upper chamber. 
Cells were left for 20 h at 37°C, and unmigrated cells on the 
upper side were removed with a cotton tip applicator. Cells 
remaining in the 10wer chamber were counted using an 
Axiovert 200M microscope at 10X magnification. Each 
value represents the average of four individual wells. 

Statistical Analysis 

AlI tests were performed using SPSS Graduate Pack 9,0 
statistical software (SPSS Inc., Chicago, IL). Descriptive 
statistics, incJuding mean and standard error of the mean 
along with one-way ANOV As, independent sample t-tests, 
and Tukey's test for multiple comparisons, were utilized to 
determine significant differences between pairs for al! ex
periments, p values less than 0,05 were considered signifi
cant. 

RESULTS 

Glioma Cells Invade Away from 
Spheroids Grown in Three-Dimensional 
Collagen Gels 

When a glioma spheroid is cultured in a three-dimen
sion al collagen gel, cells leave the spheroid and in
vade at an angle nearly perpendicular to the spheroid 
surface where the cell detaches (see Video 1) (Fig. 1), 

Figure 1 Single C6 astrocytoma spheroid implanted into 
three-dimensional type 1 collagen gel. (A-C) Images ex
tracted from time-Iapse video microscopy over 24 h. Ob
jective: 20X, Scale bar = 100 Mm. 

Although this behavior has been weIl described (Ta
maki et aL, 1997; Del Maestro et aL, 2001), the 
factors regulating movement of these cells as they 
invade the surrounding matrix are not weIl und er
stood. Here, we provide evidence that a spheroid 
derived repellent cue directs the invasion of these 
ceUs away from the glioma cell mass. 

Inhibition of Glioma Cell Invasion by the 
Spheroid-Derived Cue Is Distance- and 
Time- Dependent 

We tirst tested the hypothesis that a spheroid derived 
repellent cue might direct the invasion of glioma cells 
in a distance- and time-dependent manner. Spheroids 
were cocultured and the distance and time over which 
this activity affected glioma cell invasion was moni
tored, Cocultures were labeled using different cell 
tracker fluorescent dyes before implanting them into 



the coliagen gel. This labeling allows for identifica
tion of individu al cells from each spheroid during 
glioma celi invasion. Previous studies with fluores
cent labels or cell markers have demonstrated an 
adverse effect on glioma celi migration in two-dimen
sions (Goldbrunner et al., 1997; Vince et al., 1997). 
Data obtained in our laboratory show that the cell 
trackers used in this study do not influence invasion 
distances in the three-dimensional implantation model 
(data not shown). C6 spheroids were dyed with Ce\! 
Tracker Green CMFDA and implanted at various 
distances apart from unlabeled spheroids C6 or U251 
spheroids. After 24 and 48 h, cultures were photo
graphed, and cell number and invasion distance quan
tified for each labeled spheroid quadrant [Fig. 2(A)]. 
Figure 2 presents the analysis of the distance traveled 
by individu al cells in each quadrant after 24 h. There 
was no significant difference in the total invasion 
distance for ail four quadrants in single spheroid con
trois (n = 8) [Fig. 2(B)]. When the cocultures were 
implanted a short distance apart (1-100 [Lm), the 
invasion into quadrant A was significantly less than 
values obtained for the remaining quadrants (n = 5) 
[Fig. 2(C)]. With distances greater th an 100 [Lm, cell 
invasion into quadrant A, although lower, was not 
significantly different from the other quadrants for 
C6-C6 cocultures [Fig. 2(D)]. A similar pattern was 
observed when C6 spheroids were cocultured with 
U251 glioblastoma spheroids, although the effect was 
significant over greater distances of 100-400 [Lm 
[Fig. 2(E,F)]. These findings provide direct evidence 
for a distance dependent effect of a cue secreted by 
the glioma spheroid. 

If the repellent cue only affected invasion but not 
detachment, equivalent numbers of cells would be 
seen in each quadrant despite decreases in total inva
sion. To test this hypothesis, total celi number in each 
quadrant was analyzed for various implantation dis
tances. For single spheroid controls, there was no 
significant difference in cel! number between the four 
quadrants (n = 8) [Fig. 3(B)]. Addition of the second 
C6 or U251 spheroid resulted in a decrease in the 
number of cells in the quadrant facing the adjacent 
spheroid [Fig. 3(C-F)]. Lower ce\! numbers were 
found in quadrant A when the C6 spheroids were 
cocultured 1-100 [Lm apart (n = 5) and 100-200 [Lm 
apart (n = 7) [Fig. 3(D)]. A significanl decrease in the 
ce\! number in quadrant A was also seen for C6-U251 
cocultures implanted 1-400 [Lm apart. In C6 cocul
tures implanted 100-200 [Lm apart, there was a non
significant increase in the number of ce\!s in quadrant 
Band D; however, this was not the case for ail 
remaining cocultures where the cell number in quad
rant C was higher than B, D, or both [Fig. 3(C,E,F)]. 
The general failure of ce\!s to egress into both adj a-
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cent Band D quadrants combined with the decrease in 
the ceil number in quadrant A suggest that a che more
pelient(s) may also decrease cell detachment from the 
glioma spheroid. 

To demonstrate that the effects described above are 
attributed to a secreted and not a contact-mediated 
chemorepellent cue(s), single C6 spheroids and 
C6-C6 cocultures were implanted further apart and 
analyzed at 48 h. For single C6 spheroids, there was 
no significant difference between total ce\! number 
and individual cell invasion distances in each quad
rant [Fig. 4(A,D)]. The repulsive effect could be seen 
for C6-C6 cocultures at increased implantation dis
tances with an average 59% decline in ceil number 
compared to the remaining quadrants at 250-400 [Lm 
and 40% at 400-600 [Lm [Fig. 4(B,C)]. There was no 
significant difference between the number of cells in 
quadrants B-D [Fig. 4(B,C)]. Ce\! invasion into quad
rant A was significantly less than invasion into the 
remaining quadrants at 48 h [Fig. 4(E,F)]. These find
ings demonstrate that a secreted cue(s) and not a 
contacted-mediated factor directs glioma cells away 
from the repellent source. 

Glioma Cells Turn Away in Response to 
a Second Spheroid 

The effect on glioma ce\! invasion could be produced 
by a kinetic effect of a cue that slows ce\! invasion, or 
through a tropic effect of a cue that directs ce\! inva
sion, or by a cue that exerts both kinetic and tropic 
effects on the invading cells. To investigate the mech
anism of action of the secreted repe\!ent cue on indi
vidual cells, glioma spheroids were implanted into 
collagen type l gels and imaged using time-Iapse 
video microscopy. For single spheroid controls, C6 
astrocytoma eeUs leave the spheroid at an angle nearly 
perpendicular to the spheroid surface where the ceil 
detaches (n = 46; Fig. 1). In contrast, when two 
spheroids were cocultured adjacent to each other in 
the collagen gel, they changed their expected trajec
tory and turned away from the second spheroid when 
the ceUs reached the midpoint between the two sphe
roids (n = 45) (see Video 2) [Fig. 5(A-C)J. ln addi
tion to this evasive turning response, a subset of C6 
astrocytoma cells appeared to stail and remained sta
tionary belween the two spheroids. These cells main
tained a ruffled appearance throughout the time period 
of observation and did not ex tend invadopodia [Fig. 
5(B,C)]. Quantification of the tuming angle observed 
for individual cells invading toward an adjacent 
spheroid indicated a deviation from perpendicular in
vasion (63.7 2: 4.5°), which was significantly differ
ent from invading cells from single spheroids [Fig. 
5(G)]. 
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To determine if migratory turning is caused by a 
physical modification in the matrix rather than a 
chemical factor, we repeated the above experiments 
replacing one of the spheroids with a glass bead. 
lnvading C6 cells from the spheroid followed a per-

pendicular trajectory as did cells from single spheroid 
controls (n = 25) (see Video 3) [Fig. 5(D-F)]. The 
mean angle of deviation from the perpendicular was 
14.9 ± 2.6°, not significantly different from data 
obtained for single spheroid controls (16.7 ± 0.8°) 
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[Fig. 5(0)]. Cells continued along this path until they 
contacted the glass bead. In sorne cases following 
contact, the cells appeared to repeatedly bounce off 
the bead surface (data not shown). After 48 h, the 
invading cells proceeded around the bead's surface 
(data not shown). At no point did the glioma cells 
change direction and migrate back toward the spher
oid. To determine if the spheroid-derived cue exerts 
an influence on the rate of glioma cell invasion, cell 
invasion rate was measured in cultures containing 
either a single spheroid or two spheroid cocultures. 
Invading cells from two spheroid cocultures infiltrated 
the gel at rates significantly lower (12.6 ± 0.9 {Lm/h) 
than cells derived from single spheroid controls (16.7 
± 0.8 {LmIh) (p < 0.01) [Fig. 5(H)J. 

These results provide evidence for the presence of 
a repellent cue secreted by glioma spheroids that 
directs invading glioma cells away from the spheroid 
mass. They indicate that the.repellent cue secreted by 
the spheroid exerts a tropic effect by causing glioma 
cells to turn. The decrease in glioma cell invasion rate 
may be attributed to the presence of a more shallow 
gradient with increasing distances from the spheroids. 
These findings do not differentiate between the action 
of one or more cues. 

Chemorepellent Cue Is Not Expressed 
by Astrocyte Aggregates 

To investigate the specificity of expression of the 
glioma spheroid-derived repellent cue, we replaced 
one of the spheroids with an aggregate of primary 
newborn rat astrocytes. C6 spheroids implanted adja
cent to newborn rat astrocyte aggregates invade in the 
direction of the astrocyte aggregates within the first 
24-72 h (Fig. 6). The absence of an inhibitory effect 
on invasion was found for both cocultures in direct 
contact or implanted 100-200 {Lm apart (n = 12 and 
n = 5, respectively). Newborn astrocytes also ap
peared to invade into C6 spheroids within the first 

72 h (Fig. 6). Extensive invasion is seen on the side 
proximal to the C6 spheroid; however, relatively liule 
invasion is observed into the type 1 collagen gel 
around the rest of the astrocyte aggregates (n = 12). 
These findings provide evidence that astrocytes nei
ther produce the repellent factor nor respond to il. To 
test the possibility that differences in the cell culture 
method might account for the differences observed, 
the hanging drop method that was used to produce the 
newborn rat astrocyte aggregates was also used to 
produce aggregates of U251 cells. U25l aggregates 
repelled invasion of U25l cells and C6 similar to the 
findings described above for U251 spheroids (not 
shown). These findings provide evidence that the 
spheroid-derived repellent cue is not ubiquitously ex
pressed by all glial cell types, but might be a charac
teristic acquired by the glioma cells during their trans
formation process. 

To determine the extent that a glioma-derived re
pellent cue might inhibit the infiltrative capacity of 
astrocytes and glioma cells, C6-C6 astrocytoma, hu
man glioblastoma biopsy spheroids, C6-astrocyte, and 
U25l-astrocyte aggregate cocultures were examined 
using scanning laser confocal microscopy to visualize 
the coculture centers. When two C6 spheroids were 
implanted 1-200 {Lm apart, despite spheroid growth, 
overlap was predominantly restricted to the fusion site 
with very few cells infiltrating the adjacent spheroid 
or invading around it after 72 h [Fig. 7(A-C)]. Similar 
results were obtained using C6-U251 and U25l-U251 
glioblastoma cocultures (data not shown). C6 sphe
roids implanted adjacent to fetal human astrocyte 
aggregates or aggregates of newborn rat astrocytes 
invaded the aggregates 24-72 hours after implanta
tion [Fig. 7(D-I»). Similar results were obtained for 
U251 drop aggregate-human fetal astrocyte aggregate 
cocultures after 48 h [Fig. 7(1)]. Confocal analysis 
indicated that individual astrocytes did not invade the 
spheroid after 72 h [Fig. 7(D-J)]. However, astrocytes 
invaded both over and around the adjacent spheroid 

Figure 5 Two C6 spheroids and spheroid-bead cultures in a type 1 collagen gel. (A-C) Images 
extracted from time-Iapse video microscopy over 24 h. Circles follow the path of an individual cell. 
Wh en challenged with a second spheroid, cells deviate from their perpendicular trajectory. Arrows 
denote stationary ruffling cells in the microenvironment between spheroids. Objective: 20X. Scale 
bar = 100 J.Lm. (D-F) Single C6 spheroid adjacent to a glass bead. Images extracted over 24 h. In 
both cases, invading cells move perpendicularly away from the spheroid. Objective: 10X. Scale bar 
= 150 J.Lm. (G) Mean single cell angle deviation from a trajectory perpendicular to the spheroid 
surface for individu al spheroids (n = 45), spheroid-glass bead cultures (n = 25), and two-spheroid 
cocultures (n = 46). Error bars: Standard error of the mean (SEM). Asterisks indicate a significant 
difference at p < 0.001. (H) Mean invasion rates for individual C6 cells when cultured aione (n 
= 45) and with another C6 astrocytoma spheroid (n = 46). Error bars: SEM. Asterisk indicates 
significant difference at p < 0.05. 
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Figure 6 Cocultures of a C6 astrocytoma spheroid with an aggregate of astrocytes derived from 
newborn rat brain. Cells were labeled with Cell Tracker'" dyes. (A,B) Cocultures placed in contact 
with one another after 24 and 72 h, respectively. (C,D) Cocultures implanted 150 /Lm apart after 24 
and 72 h, respectively. Objective: lOX. Scale bar = 250 /Lm. 

(data not shown). Spheroids derived from different 
human biopsy cultures exhibited long invadopodia 
that extended throughout the collagen and around the 
adjacent spheroid [Fig. 7(K,L)]. Individual human 
tumor cells did not infiltrate the adjacent spheroid 
48 h after implantation. These results provide further 
evidence for a glioma-derived repellent cue, as inhi
bition was restricted to glioma spheroid cocultures 
and was not found in glioma spheroid-astrocyte ag
gregate cocultures implanted together or a short dis
tance apart. 

Conditioned Medium from C6 and U251 
Spheroid Culture Significantly Inhibits 
Glioma Invasion 

If indeed glioma cells secrete and respond to a repel
lent factor that exerts a detachment or inhibitory effect 
as weil as a tropic influence, then addition of this 
factor throughout the matrix should have a net inhib
itory effect on invasion from the spheroid. We then 
determined if medium conditioned by C6 or U251 
astrocytoma cells could influence glioma ceU inva
sion. Medium was collected from C6 astrocytoma and 
U251 glioblastoma spinner cultures containing differ-

ent sized spheroids and applied to spheroids im
planted in three-dimensional collagen gels (Fig. 8). 
For C6 astrocytoma spheroids, both U251 and C6 
conditioned media had a significant inhibitory effect 
on invasion (n = 4) [Fig. 8(A)]. C6 day 33 media had 
the most significant effect, inhibiting invasion by 44% 
compared with DMEM + 10% FBS controls [Fig. 
8(A)]. Similar results were obtained for U251 sphe
roids, as both U251 and C6 conditioned media had a 
significant inhibitory effect on invasion [Fig. 8(8)]. 
U251 day 27 and C6 day 30 conditioned media had 
the most significant etfect on invasion at 63% and 
44% inhibition, respectively (n = 4) [Fig. 8(B)]. For 
both U251 and C6 spheroids, conditioned medium 
collected from larger spheroids, as indicated by higher 
day nurnber, generally had a more significant effect 

on invasion, suggesting that the quantity of the che
morepeUent cue(s) secreted is related to the size of the 
spheroid [Fig. 8(A,B)]. Medium coUected from con
fluent monolayer fetal astrocyte cultures had no sig
nificant effect on C6 and U251 spheroid invasion 
[Fig. 8(C,D)]. These results provide further evidence 
that glioma spheroids and not astrocytes secrete a 
repellent cue(s) that affects glioma ceU invasion, pos-
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Figure 7 Confocal scanning laser microscopy images of C6 astrocytoma, C6- astrocyte. and 
human biopsy spheroid cocultures ftuorescently labeled with Cell Trackers™ after 24-72 h. (A-C) 
Split images (A-B) and overlay (C) through the center of two C6 spheroids demonstrating the lack 
of invasion into and migration around the adjacent spheroid after 72 h. (D-I) C6 astrocytoma 
spheroid cocultured with fetal human (D-F) and newborn rat (G-I) astrocyte aggregates at 24,48, 
and 72 h. After 48-72 h, extensive invasion of C6 glioma cells into the fetal human and newborn 
rat astrocyte aggregate is observed. (G-I) Coculture of C6 astrocytoma spheroid and newborn rat 
astrocyte aggregate after 24, 48, and 72 h, respectively. (1) Coculture of U251 glioblastoma drop 
aggregate spheroid with fetal human astrocyte aggregate at 48 h. Invasion into the astrocyte 
aggregate is similar to results obtained using C6 rat astrocytoma spheroids. (K,L) Two human 
biopsy spheroids implanted in contact with one another and 150 /-Lm apart at 24 and 48 h, 
respectively, demonstrating no invasion into adjacent spheroids but migration of some cells around 
the spheroid mass. Objective: 10X. Scale bar = 250 /-Lm. 

sibly by inhibiting cell motility in addition to directing 
cells away from a gradient of the repellent cue(s). 

Glioma Cells Are Chemotactically 
Repelled by a Gradient of CG Spheroid 
Conditioned Medium in Cell Migration 
Assays 

A chemorepellent cue(s) and migration inhibitor are 
two different phenomena. To determine the chemo-

tactic and chemokinetic properties, transwell migra
tion assays were performed on U251 and C6 cells 
using medium conditioned by C6 spinner culture 
spheroids. Because the transwell migration assay does 
not involve cell detachment from a spheroid in a 
three-dimensional model, the repellent cue(s)'s ability 
to directly affect glioma cell migration can be as
sessed. The number of C6 and U251 cells was higher 
when C6 conditioned medium was placed in the upper 
cham ber and lower when the medium was placed in 
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Figure 8 The effect of C6, U25L, and fetal astrocyte conditioned medium on the invasion of C6 
and U251 glioma spheroids. (A) C6 spheroid invasion after 9 days application of C6 and U251 
conditioned medium from various-sized spheroids (n = 4). (B) U251 spheroid invasion after 9 days 
application of C6 and U251 conditioned medium from various-sized spheroids (n = 4). (C) C6 
spheroid invasion after 9 days application of conditioned medium from confluent monolayer fetal 
astrocyte cultures (n = 5 for DMEM control and n = 7 for as troc y te medium). (0) U251 spheroid 
invasion after 9 days application of conditioned medium l'rom confluent mono layer fetal astrocyte 
cultures (n = 8). Error bars: standard error of the mean. Asterisks indicate a significant difference 
atp < 0.05*,p < 0.01**, andp < 0.001***. 

the lower chamber (Table 1). Interestingl y, the num
ber of C6 and U251 cells was even lower when 
conditioned medium was placed in both chambers ta 

eliminate the gradient (Table 1). These results suggest 
that C6 and U251 astrocytoma cells are chemotacti
cali y repelled by a secreted factor(s) from spheroid 
conditioned medium. However, the observation that a 
uniform concentration of the repellent cue(s) de
creases migration indicates that it also exerts a kinetic 
effect on glioma cel! motility. 

DISCUSSION 

This study provides evidence for a tumor-derived 
chemorepellent cue(s) that directs glioma cell inva-

sion. Previous investigations have focused on che
motropism in glial cell and neuronal precursors 
(Armstrong et al., 1990; Sugimoto et al., 2001; 
Kennedy et al., 1994; Jarjour et al., 2003). For 
example, the directional migration of glial precur
sors along the op tic nerve is guided by the che
morepellent factors netrin-I and semaphorin 3a 
(Sugimoto et al., 2001). These molecules, known 
for their directional role in neuronal and axonal 
migration, originate near the op tic chiasm and 
guide glial precursors along the optic nerve (Sugi
moto et al., 2001). Even polypeptide growth factors 
such as PDGF and extracellular matrix molecules 
have been shown to elicit a chemoattractive re
sponse in glial precursors and type 1 astrocytes, 
respectively (Armstrong et al., 1990). 
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Table 1 Transwell Chamber Analysis of C6 (A) and 
U251 (B) Cell Migration in Response to Medium 
Conditioned by C6 Astrocytoma Spinner Culture 
Spheroids 

Upper Chamber 

Lower Chamber 0% 100% 

0% 182 187 
100% 89*** 0*** 

Upper Chamber 

Lower Chamber 0% 100% 

0% 75 106 
100% 3* 1* 

Conditioned medium was added to either the upper or lower 
chamber or both. Note that migration is maximal when C6 condi
tioned medium is added to the upper chamber and is reduced wh en 
medium is added to the lower chamber or both. indicating that C6 
and U251 cells are inhibited by a secreted cne from the conditioned 
medium in a chemotropic and chemokinetic manner. The data 

represent the mean of four replicates; p < 0.05 *. p < 0.001 *** 

Glioma Chemotropism and Growth 
Factors 

Studies have examined growth and motility factors 
su ch as EGF, bFGF, autocrine motility factor. and 
PDGFbb that act predominantly via chemoattractant 
mechanisms (Chicoine and Silbergeld, 1995; Liotta et 
al., 1986; Engebraaten et al., 1993; Lund- Johansen et 
al., 1990). Two-dimensional models such as the Boy
den chamber chemotaxis and modified radial dish 
assays have often been used to eva1uate tropic effects 
in glioma cells (Chicoine and Silbergeld, 1995; Liotta 
et al., 1986; von Bulow et al., 2001). Checkerboard 
migration assays have demonstrated potent induction 
of both melanoma and glioblastoma cell migration 
towards endothelial cells (von Bulow et al., 2001). 
However, endothelium-derived chemotactic mole
cules have yet to be identified (von Bulow et al., 
2001). Although there is some discrepancy in the 
literature with regards to the effect of growth factors 
on glioma cell motility, the differences may be attrib
uted to the variety of model systems employed in 
different studies (Chicoine and Silbergeld, 1997). In 
contrast to previous investigations. this study provides 
evidence for glioma-derived chemorepellent cue in a 
three-dimensional collagen type 1 coculture model. 
Although the results with the chemotaxis migration 
assay are also indicative of a secreted repellent(s) in 
conditioned medium, our spheroid model allows 
quantification of cell-cell and cell-matrix interactions 
in a three-dimensional collagen type 1 environment 
where cells undergo alterations in morphology and 
degradative enzyme release (Tamaki et al., 1997; U n-

emori and Werb, 1986). The use of time-Iapse video 
microseopy and still photographs to quantify cell 
number and total invasion in ail quadrants as weil as 
direction changes allows for evaluation of chemo
tropic mechanisms at various implantation distances 
and examination of the effeet over time. 

Evidence for a Glioma Chemorepellent 
Cue 

U sing the C6 rat astrocytoma spheroid implantation 
model, our laboratory first proposed the glioma repel
lent factor gradient hypothesis based on two observa
tions (Tamaki et al., 1997). Larger spheroids, having 
well-established areas of hypoxia and necrosis, had 
higher invasive rates 1-5 days postimplantation, and 
after 10-13 days, invasion plateaus when cells 
reached approximately 2000-2500 Mm from the 
spheroid source. We suggested that physically stress
fuI conditions, such as decreased tissue pH, oxygen, 
and metabolic substrate(s) concentrations, may lead to 
generation of a chemotropic repellent factor(s) con
centration gradient that results in increased cell inva
sion from the spheroid and cell invasion arrest when 
the gradient is no longer present. Larger spheroids, 
exhibiting extensive stressful microregions, may se
crete more of the factor(s), and consequently further 
accelerate invasion. A number of scatter growth pro
moting factors and guidance cues have been tested for 
their role in the spheroid implantation model; how
ever, none appear to exhibit the proposed repellent 
factor(s) properties (unpublished data). Platelet de
rived growth factor (PDGF) AA, BB, basic fibroblast 
growth factor (bFGF) at concentrations between 10 
and 200 ng/mL, as weil as conditioned medium from 
293T overexpressing secreted slit-2 and netrin-l, have 
been added to medium and applied to spheroids im
planted in collagen gels. Analysis of glioma spheroids 
cocultured with 293T cell aggregates overexpressing 
slit-2 and netrin-1 has also been conducted. All ex
periments have resulted in either an increase in glioma 
invasion or no effect. Studies are currently underway 
to assess the role of slit-2 and netrin-l as potential 
repellents in other brain tumors such as medulloblas
toma. Although the data presented in this study sup
port the chemorepellent cue(s) hypothesis, the rela
tionship of the secretion of the factor(s) to the 
presence of stressful microregions is unclear. Cocul
tures consisting of U251 or human biopsy spheroids 
both exhibit invasion inhibition similar to C6 astro
cytoma cocultures, and these spheroids do not have 
established areas of necrosis and hypoxia (Corcoran et 
al., 2003). The apparent higher concentrations of che
morepellent cue(s) from larger spheroids may be re
lated to total cell number. 



In this study, a two-spheroid coculture system was 
employed using the three-dimensional spheroid im
plantation model. Based on the repellent factor hy
pothesis, invading glioma cells should be repelled by 
an endogenous gradient of a secreted repellent cue 
derived from the adjacent spheroid. Monitoring cell 
number and invasion in glioma cocultures confirmed 
this hypothesis. Fluorescently labeled glioma cells 
facing the adjacent spheroid invade the gel and infil
trate the other spheroid less when implantation dis
tances are below 200-400 {Lm. At implantation dis
tances exceeding 400 (Lm, the chemorepellent cue(s) 
does not have a statistically significant effect on cell 
number and invasion at 24 h. The effect over this 
distance is consistent with studies of chemotropic 
molecules in other systems. Localized sources of 
floor-plate-derived chemoattractant reoriented dorsal 
spinal cord axons over a mean distance of 243 {Lm 

after 40 h in culture (Placzek et al., 1990). When the 
cocultures are examined at 48 h, there is a significant 
effect between 250 and 600 (Lm. These results suggest 
that the gradient is weIl established at 48 h and the 
chemorepellent cue(s) is secreted. There is a direct 
correlation between tumor cell number/invasion and 
implantation distance on the side facing an opposing 
spheroid. The effect on cell number may reflect a 
chemorepellent cue(s)'s negative influence on prolif
eration or the ability to detach from the spheroid and 
invade the gel. Video microscopy studies showed cell 
division between glioma cocultures, and therefore 
confirmed that the chemorepellent cue(s) does not 
influence cell proliferation (data not shown). Data 
obtained from quadrant cell number analysis suggest 
a detachment problem. Invading glioma cells in quad
rant A did not move into the adjacent Band D 
quadrants, as ceIl numbers here were not significantly 
different from those in the distal C quadrant. The 
transwell migration assay does not directly assess ceIl 
detachment, and can be used to differentiate between 
chemorepeIlent cue(s) and glioma cell migration in
hibitors. Because both a gradient and a uniform con
centration of the repellent cue(s) significantly inhib
ited glioma ceIl migration, it seems that the factor 
exerts both a tropic and a kinetic influence. The in
hibitory effects seen with a uniform concentration of 
glioma conditioned medium on C6 and U251 sphe
roids also supports a role for the repellent cue(s) in 
inhibiting glioma cell migration. 

Lumsden and Davies (1983, 1986) conducted sim
ilar quadrant experiments to demonstrate that secreted 
chemoattractants guide earliest sens ory nerve fibers to 
their peripheral targets. Cocultures of trigeminal gan
glion and peripheral maxiIlary epithelial target tissue 
explants were used to demonstrate the presence of a 
chemotactic molecule(s) guiding trigeminal sensory 
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neurons to their targets (Lumsden and Davies, 1983, 
1986). Secreted chemotropic cues such as the netrin 
and semaphorin families were later identified and 
shown to play a major role in the neuronal guidance 
mechanisms seen in previous studies (reviewed by 
Tessier-Lavigne and Goodman, 1996). 

To further investigate the specific mechanism of 
action of the chemorepeIlent cue(s), we imaged C6 rat 
astrocytoma cocultures using time-Iapse video mi
croscopy. Our results are consistent with the concept 
of a secreted repellent factor because glioma cells 
changed their expected invasive path in the presence 
of an adjacent spheroid. A significant deviation from 
the expected perpendicular angle was found, and this 
was not related to the presence of a physical object in 
the glioma ceIls' path. The decrease in cell velocity 
seen in coculture experiments may be related to a 
change in cell trajectory that renders cells less able to 
commit their metabolic and cytoskeletal machinery to 
in vade the matrix at rates similar to controls. This 
effect may be secondary to an alteration in the con
centration of the chemorepellent gradient in the mi
croenvironment between the two spheroids. Highly 
concentrated chemorepeIlent gradients may also ex
plain why sorne cells do not invade following detach
ment when they are in the immediate microenviron
ment between two adjacent spheroids. Conditioned 
medium placed in both chambers of the transwell 
migration assay prevented glioma cell migration in a 
similar manner. 

Astrocyte Invasion and Migration 

The direct relationship between cell number/invasion 
and implantation distance does not hold true for 
spheroid-astrocyte aggregate cocultures. The results 
obtained using fetal human and newborn rat astro
cytes aggregates are consistent with data obtained for 
confrontation cultures of spheroid/fetal rat brain ag
gregates on agar (Bjerkvig et al., 1986). Invading 
glioma ceIls are not hindered by the presence of the 
newborn rat astrocyte aggregates and are able to in
filtrate the normal fetal rat brain as demonstrated by 
scanning and confocal laser microscopy (Bjerkvig et 
al., 1986; Steinsvag, 1985; Nygaard et al., 1995; En
gebraaten et al., 1990). 

In the light microscopy images, newborn rat astro
cytes appear to invade adjacent C6 spheroids. This 
was clearly seen in both touching cocultures, and 
cultures implanted 100-200 {Lm apart. Confocal mi
croscopy studies revealed that astrocytes are moving 
over the tumor surface and around the spheroid. These 
results suggest either the presence of a glioma spher
oid secreted or contact-mediated chemoattractant 
molecule or perhaps a more permissive substrate pro-
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vided by the spheroid surface. Similar studies using 
fetal astrocytes demonstrate variable results depend
ing on the substrate employed. Bernstein et al. (1991) 
showed that C6 glioma ceIls, but not fetal astrocytes, 
rapidly invade artificial basement membrane sub
strates. However, when experiments were conducted 
with hydrated collagen 1 wafers, both ceIl types mi
grated through the entire thickness of the substrate 
(Goldberg et al., 1992). The invasion displayed in our 
coculture assays may reflect not only the substrate 
difference but also the three-dimensional nature of the 
model. The use of confocal microscopy is important 
to distinguish between ceIls invading a glioma tumor 
spheroid and cells migrating along its surface. 

Although confrontation cultures are commonly 
used to study glioma invasion, most models utilize 
aggregates on plastic or agar, and thus do not recon
struct the brain's more complex three-dimensional 
architecture. A drawback to standard confrontation 
cocultures is the use of fetal/newborn rat brain instead 
of adult brain aggregates. Glioblastomas are primarily 
adult supratentoria1 cerebral neoplasms, and so adult 
brain aggregates would most accurately represent 
brain tumor invasion in three-dimensional mode1s 
(Chicoine and Si1bergeld, 1997). Studies with human 
glioma expIant cocultures and multiple patient white 
matter tissue samples may further substantiate the 
chemotropic responses demonstrated here. 

Glioma-Derived Chemorepellent Cue(s) 

The inhibition of glioma invasion by C6 and U251 
conditioned medium supports the chemorepellent fac
tores) hypothesis. A uniform concentration of fac
tores) may have less discernible effect on tumor inva
sion if the glioma cells respond to an established 
chemorepellent cue concentration gradient. The data 
obtained for both quadrant quantification and angle 
deviation suggest that the glioma cells are responsive 
to localized higher concentrations of the factor(s). 
However, a uniform concentration may overwhelm 
existing endogenous gradients, thus eliminating sig
naling mechanisms that deter cells away from the 
spheroid mass. Less able to exhibit a chemotropic 
response, the glioma cells decrease their overall inva
sive rate while others may arrest cell movement or 
exhibit decreased cell detuchment. Previous studies 
using conditioned medium containing secreted che
moattractant molecules also provide evidence for uni
form concentration effects (P1aczek et al., 1990). 
When conditioned medium was collected from E13 
floor plate and applied to Ell dorsal spinal cord 
explants, there was extensive axon outgrowth from 
the expIant edges. This floor-plate-derived chemoat
tractant, later identified as netrin-l, appeared to ex-

hibit both directional and possibly outgrowth-promot
ing properties, as commissural axons responded to 
both uniform concentrations and gradients of the floor 
plate factor (Placzek et al., 1990; Kennedy et al., 
1994). 

Identification of chemotropic secretion products 
using the spheroid implantation model may shed light 
on the issue of glial cell movement in the central 
nervous system. The highly infiltrative nature of sorne 
human gliomas such as glioblastoma multiforme and 
gliomatosis cerebri may be attributed to yet unidenti
fied chemorepellent cues that are secreted by the main 
tumor mass. These chemorepellent cues may help 
tumor cells detach and guide them from their source 
into normal brain architecture (DeAngelis et al., 
2002). Similar chemorepellent cues may also play a 
role in normal brain growth. Knowledge of chemore
pelle nt factors may enable introduction of novel ther
apies that force cells to change their invasive path, 
stop, or even return to the original resection site thus 
diminishing the risk of recurrence. Alternative1y, che
moattractants may stimulate cells to invade towards 
and potentiaIly infiltrate gliomas, thereby creating the 
potential to treat brain tumors from the inside-out 
using specific drug biodelivery approaches. Although 
one must proceed with caution when extrapolating in 
vitro results to the clinical situation, a thorough un
derstanding of chemotropic cues and their influence 
on glioma invasion is essential, as more advanced 
therapies may target a combination of chemotropic 
factors and their downstream effectors. 

CONCLUSIONS 

Our study supports the chemorepellent cue(s) hypoth
esis. We have provided evidence for a secreted repel
lent factor that not only exerts a tropic influence by 
directing glioma cell invasion in the direction of less 
inhibition but also a kinetic influence by decreasing 
glioma cell motility. The combined effects on tumor 
cell invasion make the chemorepellent cue(s) an at
tractive target for future studies. 
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Summary 

Recent studies using molecular and cellular techniques of the fac
tors regulating the invasion process have revealed a crucial role for a 
number of growth factors and cytokines. Their function lies on the one 
hand in the autocrine stimulation of the tumor cells themselves, result
ing in the stimulation of protease expression and an enhancement of 
migratory potential. On the other hand, the growth factors and cyto
kines seem to play a major role in the paracrine activation of the 
tumor surrounding stroma. Through stimulation of the strong angio
genic response that is characteristic for gliomas and also of the 
expression of proteases in the stromal cells, they contribute critically 
to the generation of a stromal environment that is permissive or even 
inductive for tumor cell invasion. Understanding of the mechanisms by 
which soluble factors modulate glioma cell invasion therefore will help 
to determine targets for the modification of existing therapies and lead 
to the development of novel therapeutic strategies in the management 
of gliomas. 

Keywords: Glioma; growth factor; invasion. 

Introduction 

Gliomas are the most common type of primary intra
cranial tumour in adults [74]. Characterized by a rapid 
growth rate, a high degree of neovascularization and an 
extremely invasive phenotype, these tumours culminate 
in extensive and diffuse infiltration into the contiguous 
brain. Consequently, gliomas prove largely resistant to 
established treatment modalities. Single tumour cells 
that invade the normal brain tissue as far as several 
centimetres from the macroscopic tumour border escape 
cytoreductive surgery and even involved-field radiother
apy with a safety margin no more than 2 cm around the 

presurgical tumour volume. This usually results in 
tumour recurrence within a few months [75]. 

The mechanisms underlying migration and invasion 
of glioma tumour cells are complex and involve a 
number of sequential steps that require the adhesion of 
tumour cells to resident cells or matrix components, 
remodelling and degradation of this matrix and success
fuI invasion of the infiltrating cells into the modified 
region. 

During invasion, homotypic cell adhesion to other 
tumour cells is reduced while heterotypic adhesion to 
other cells or the extracellular matrix increases concom
itantly. This is accompanied by an altered expression of 
specific cell adhesion molecules such as integrins, cad
herins, or CD44. Remodelling and degradation of the 
extracelluar matrix encompasses both secretion of 
altered matrix components and proteolytic modification 
of the existing matrix by proteases whose expression and 
activity is regulated by a number of interactive factors 
[23]. Finally, the migration and thus completed invasion 
of the tumour cells into the modified region is stimulated 
by a vast variety of soluble factors that are secreted 
either by the tumour cells themselves or by the surround
ing stroma. These factors act in an autocrine or para
crine fashion, inducing cell migration and proteolytic 
activity. 

In this review we will focus on growth factors, on 
their influence on glioma invasion and will discuss 
new concepts, including diffusible molecules that act 
as chemotropic repellent factors in gliomas. 
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Fig. 2. The repellent factor hypothesis. Glioma cells from single spheroids implanted into a three-dimensional type 1 collagen gel invade the gel in a 
radial manner, leaving the spheroid at an angle nearly perpendicular to the spheroid surface where the cell detaches. When two spheroids are co
cultured adjacent to each other in the collagen gel, glioma cells from one spheroid will change their expected trajectory in response to an established 
concentration gradient of the repellent factor(s) from the adjacent spheroid. This can be demonstrated by time-Iapse videomicroscopy 

Growth factors in glioma invasion 

The mechanisms underlying the growth factor
mediated stimulation of glioma invasion are not weIl 
understood. GeneraIly, growth factors exert their func
tion by binding to their cognate receptors, which can 
either be expressed by the tumor cens themselves or 
by neighbouring ceIls, resulting respectively in either an 
autocrine or a paracrine effect. In addition, membrane
anchored growth factor isoforms that are generated by 
alternative splicing may bind to the respective receptors 
on the same (juxtacrine) or neighbouring cens. Intracel
lular activation of growth factor receptor systems also 
can lead to an intracrine activation of the signaling cas
cades. A number of growth factors/receptor systems 
have been described to play a role in glioma invasion. 
Their activation may result in changes in tumour cell 
adhesion [66, 68], secretion of ECM components [60, 
64] or lead to a stimulation of protease expression [73] 
and chemotactic effects on tumour and stromal cens 
[25]. 

VEGF 

Vascular endothelial growth factor (VEGF) is con
sidered to be the most potent factor in the stimulation 
of angiogenesis in gliomas [51, 67]. Its angiogenic 
activity is mediated by binding to 2 high affinity pro
tein tyrosine kinase receptors VEGFR-1 (fms-like tyr
osine kinase, Flt-1) and VEGFR-2 (fetalliver kinase-II 
kinase insert domain-containing receptor, Flk-1) on 
human endothelial cells. As a consequence of the cri
tical role of angiogenesis in tumour growth and 
progression, the VEGF IVEGFR-2 system has recently 
become one of the most prominent targets for alterna
tive tumour therapies. Studies inhibiting either VEGF by 
monoclonal antibodies or antisense strategies [5, 65, 76] 
or the VEGFR-2 function e.g. via selective inhibition 
of its catalytic protein kinase activity, have shown inhi
bition of angiogenesis and glioma growth in vivo [87]. 
Interesting1y, such inhibition of glioma angiogenesis 
resulted in a clearly reduced invasion of tumour cells 
into the surrounding brain tissue and reduced expression 
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of the pro-invasive molecule SPARC [88]. Angiogen
esis and invasion seem to share common pathways of 
adhesion, proteolysis and cellular migration [7, 39], 
supporting the concept of a strong interdependency 
of both processes. The mechanistic interrelationship 
of the two processes has been c1arified in studies that 
show a reciprocal regulatory network between VEGF 
and proteases/protease inhibitors. VEGF expression is 
upregulated by thrombin [96] or through the overex
pression of MT-1MMP, resulting in enhanced tumor 
growth in vivo [16]. Furthermore, VEGF was shown 
to upregulate the expression of MMP-2 and MMP-9 
[73] and to downregulate Timp-l and Timp-2 [45]. 
Although the inhibition of tumour cell invasion by 
blocking VEGF seems to be mediated by the disrup
tion of a paracrine pathway between tumour cells and 
stromal cells, recent studies have described an addi
tional autocrine function for VEGF on the tumour cells 
themselves. As a result of binding to the VEGFR-l 
that was shown to be expressed on glioma cells, VEGF 
inhibited tumour cell proliferation and migration [29], 
consequently also influencing tumour cell invasion. 
This autocrine loop is interpreted as a "rescue 
mechanism" for the tumour cells. Deficiencies in oxy
gen and nutrient supply result in an upregulation of 
VEGF. On the one hand this induces an angiogenic 
response in the stromal cells, on the other hand, 
tumour cell proliferation and migration are inhibited. 
The growth of new blood vessels then provides the 
necessary oxygen and nutrients leading to a downregu
lation of the expression of VEGF and a release of the 
tumour cells from the autocrine inhibition. Because the 
secretion of VEGF by glioma cells increases after X
ray radiation, the autocrine inhibition of cell prolifera
tion through VEGFR-l may result in a decreased 
radiosensitivity of the glioma tumour cells and thus 
provide a possible mechanistic explanation for the 
escape of tumour cells from radiation treatment in 
glioblastoma therapy [82]. 

SF/HGF 

Scatter factor /hepatocyte growth factor exerts pleio
trophic influences on cancer cells inc1uding the stimula
tion of tumour cell migration and angiogenesis [25]. 
SF/HGF and its receptor, encoded by the c-MET proto
concogene, are both expressed in glioma cells in vivo 
and seem to be upregulated during transition from low 
(WHO grade II) to high grade (WHO grade III and IV) 
gliomas [56]. In in vitro studies, SF /HGF stimulated 
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glioma cell migration and invasion and to a lesser extent, 
tumour cell proliferation [46, 92]. Transfection of SF / 
HGF cDNA, into glioma cells expressing the MET 
receptor resulted in larger, more vascularized tumours. 
Antisense ribozyme targeting in glioma cells expressing 
both SF /HGF and the MET receptor, lead to a signifi
cant decrease in tumorigenicity and tumour growth in 
vivo [4]. This tumour-promoting effect of SF/HGF may 
result from a stimulation of angiogenesis through 
SF /HGF action on endothelial cell motility in vitro 
[47] and tube formation in a three dimensional in vitro 
angiogenesis assay [78]. In addition, SF /HGF was 
shown to upregulate expression and activity of MMP-2 
through an enhanced expression of MT-1MMP [24, 31] 
and also upregulates the activity of plasmin, through the 
activation of urokinase-type plasminogen activator and 
uPA receptor [55]. These observations again underline 
the important interplay between angiogenesis and 
invasion. 

EGF /TGFŒ/heregulin/EGFR 

Amplification and overexpression of the EGF recep
tor (EGFR), the product of the cellular homologue of 
the v-erbB oncogene, is one of the most extensively 
studied genetic events in glioma tumorigenesis. It is 
found in about 40% of tumours and characterizes so 
called de nova glioblastomas in contrast to the progres
sive type of glioblastoma developing from low grade 
astrocytomas [38]. EGFR has a number of cognate 
ligands inc1uding EGF itself [12], TGFŒ [84], heparin
binding EGF-like growth factor (HB-EGF) [30], bata
cellulin [79], amphiregulin [80], and epiregulin [85]. 
Upon binding of its ligand, EGFR dimerizes with 
another EGFR molecule or another homologue of the 
erbB tyrosine kinase receptor family [28, 43, 48, 59, 
72] and activates different second messenger systems, 
thereby exerting a number of different effects on tumor 
cells. The EGFR system, activated by different ligands, 
may influence glioma invasion by upregulation of pro
teases. EGF itself was shown to enhance invasiveness 
in tumour spheroids prepared from glioma biopsy spe
cimen [20] and to induce MMP-2 and MMP-9 expres
sion in short term cultures of glioma surgical samples 
[73]. In U373 astrocytoma cells EGF upregulates t-PA 
and uPA followed by considerably slower increases in 
PAl-l, suggesting that EGF-signalling drastically 
changes the balance between proteolytic and anti
proteolytic components of the plasminogen cascade 
[34]. An upregulation of uPA and its receptor in a 
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glioma cell line was also observed in response to the 
EGFR ligand TGFa [54], thus confirming a functional 
role for TGFa in glioma invasion. 

Heregulin and its cognate receptors, the EGFR 
homologues cerbB2/HER2, cerbB3/HER3 and 
cerbB4/HER4, are also expressed in human gliomas. 
Although the biological significance of this factor recep
tor coexpression for glioma growth and invasion remains 
to be determined [93], heregulin can induce the expres
sion of MMP-9 in breast cancer ceIllines [97], this again 
suggests that this ligand receptor system contributes to 
tumour invasion. Similarly other EGFR ligands like 
BTC, HB-EGF, amphiregulin and epiregulin were 
shown to upregulate MMPs and components of the plas
minogen cascade in a number of different tumour sys
tems [40, 62]. Nevertheless, as with heregulin, their role 
in gliomas still remains to be elucidated. 

A number of altered forms of the EGFR - the result of 
gene mutations, alternative splicing or translational 
alterations- have been detected in human glioma tissue 
and cell lines. The most common mutant EGFR is the 
EGFRvlII, which results from an in frame deletion of 
exons 2-7 in the EGF receptor gene [13]. EGFRvIII is 
constitutively activated in a ligand-independent manner 
and may not require dimerization with another erbB 
receptor for signalling [11]. Because it is less efficiently 
translocated to the cell surface than wild-Type EGFR, 
EGFRvIII may show an altered subcellular location [19] 
resulting in the activation of different second messenger 
systems (as was shown for glioma ceIls) [35]. This may 
result in a different spectrum of biological activities 
compared to the wild type receptor. EGFRvIII was 
shown to enhance glioma cell proliferation and to reduce 
apoptosis in vitro; however, to date it is not clear 
whether this constitutively active mutant EGFR also 
contributes to glioma invasion. 

NGF 

NGF, like brain derived neurotrophic factor (BDNF) 
and neurotrophin, is a member of the family of neuro
trophic factors. These factors are widely expressed in 
human glioma cell lines and glioma tissues [26]. They 
bind with different affinity to receptors of the trk family 
(trkA, -B and -C) that are expressed in primary glioma 
tissues [90]. In an autocrine manner, NGF in the pres
ence of serum stimulates tumour cell proliferation in 
glioma cell lines [91]. In addition NGF may contribute 
to glioma invasion by stimulating MMP-9 expression in 
vascular smooth muscle cells [37]. 
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bFGF 

bFGF belongs to a family of heparin binding growth 
factors, consisting of 19 members, that bind to different 
high affinity receptors encoded by 4 genes (FGFRl-4) 
[8]. bFGF is able to exert its effect by binding to all 4 
receptors, however, in glioma cells it is predominantly 
FGFR-1beta and FGFR-4 that are overexpressed. Ligand 
binding induces receptor dimerization which is required 
to initiate the tyrosine kinase activity of the receptor and 
subsequent trans-autophosphorylation activation [81]. It 
has been demonstrated that proteoglycans may increase 
the binding of FGF to their receptors [63]. bFGF con
tributes significantly to glioma angiogenesis by acting 
directly as a chemotactic factor on endothelial cells 
[14] inducing them to form capillary-like tubes in three 
dimensional collagen matrices [53]. It also acts indi
rectly by inducing the expression of VEGF, thereby 
stimulating glioma growth and invasion in vivo [1]. 

Furthermore, bFGF may exert a direct effect on glioma 
invasion by stimulating glioma cell migration [41] and 
by upregulating the expression of ECM degrading pro
teases like uPA and its receptor [54] as well as MMP-2 
and MMP-9 [73]. An additional indirect effect of bFGF 
on glioma invasion may result from the induction of 
TGF,8 release by glioma cells [17], this then leads to 
an upregulation of MMP expression and/or an altered 
expression of ECM components and their cell surface 
integrin receptors. 

TGF,8 

TGF,8, characterized in three subtypes (TGF,81-3), 
belongs to a superfamily of growth factors including 
activins, inhibins, bone morphogenic protein (BMP), 
Müllerian-inhibiting substance the Drosophila decapen
taplegic (DPP) complex and veg-1. It differs from the 
previously mentioned growth factors in that it activates 
a serine/threonine-kinase receptor. TGF,8 protein is 
released from cells and stored in an inactive form asso
ciated with a dimer of its N-terminal propeptide, the 
latency-associated-protein, which is frequently addi
tionally linked to latent TGF,8 binding proteins. Active 
TGF,8 is released from this complex by a variety of 
molecules like thrombospondin-1, av,86 integrin, and 
various proteases including plasmin, calpain and furin. 
TGF,8 has a wide spectrum of biological effects that 
differ considerably between cell and tissue types [69]. 
TGF,8 proteins as weIl as their functional receptors are 
expressed in glioblastoma and anaplastic astrocytoma 
but are barely detectable in low grade gliomas and 



1004 

nonnal brain [95]. The functional significance of TGF,B 
expression in gliomas has been extensively studied and 
its contribution to glioma invasion via a number of 
different mechanisms has been c1early established. In 
glioma cells TGF,B promotes cell motility [49], an 
effect that may be mediated by an upregulation of 
the 0:2 integrin subunit [52] or the o:v,B3 integrin 
[68]. TGF,B may further stimulate glioma cell invasion 
by changing the ECM composition through an 
increased synthesis and secretion of specific ECM 
molecules like collagens, fibronectin, tenascin, and 
laminin [60, 64]. Additionally TGF,B influences the 
ECM remodelling during glioma invasion by stimulat
ing the synthe sis of proteases such as MMP-2 and -9 
and suppressing the expression of tissue inhibitor of 
metalloproteinases (TIMP)-2 [73, 94]. 

G-CSF / GM-CSF 

G-CSF and GM-CSF were originally identified as fac
tors controlling proliferation, maturation, and functional 
activity of granulocytes, macrophages, and their precur
sors [50]. In addition to their role as growth and differ
entiation factors for the hematopoietic system, G-CSF 
and GM-CSF were reported to be expressed in a number 
of nonhematopoietic human tumor cells [58, 61]. This 
suggests a potential role for these factors in tumor 
growth and invasion [70, 86]. G-CSF, GM-CSF and their 
receptors are expressed at the mRNA and protein 1eve1s 
in glioma tissues and in derived cell cultures. The factors 
and their receptors are absent in normal brain. Expres
sion of the receptor alone, i.e. without the respective 
factors, is found predominantly in low-grade gliomas. 
Co-expression of both G-CSF and GM-CSF together 
with their respective receptors is almost exc1usively 
found in grade IV glioblastoma, thus correlating with 
an advanced tumour stage. The co-expression of factors 
and receptors indicates a shift from a paracrine to an 
autocrine mechanism during tumour progression. In 
agreement with this concept, G-CSF and GM-CSF stim
ulate glioma cell migration (and proliferation) in an 
autocrine fashion as shown by addition of exogenous 
growth factor and blocking of the endogenous glioma 
expressed growth factor via neutralising antibodies [57]. 
ln addition to stimulation of glioma cell migration, G
CSF and GM-CSF may also contribute to glioma inva
sion through recruitment of inflammatory cells which 
are then induced to secrete MMPs [33, 98]. On the other 
hand, G-CSF and GM-CSF may also induce the secre
tion of MMPs in the tumour cells themselves [71]. 
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Interleukins 

Glioma cells secrete a number of different cytokines 
frequently together with their cognate receptors. Exam
pIes inc1ude interleukins IL-l, IL-6 and IL-8 [27, 77]. 
IL-1 may directly stimulate glioma cell proliferation and 
induce the secretion of other cytokines like IL-6 and IL-8 
by an autocrine loop [89]. IL-l, IL-6 and IL-8 share the 
capacity to induce the expression and secretion ofMMP-2, 
MMP-9 in normal and tumour cells [32, 42, 44]. In 
addition IL-1 induces the expression of tPA and uPA 
in U373-MG astrocytoma cells [34]. Thus, IL-l, IL-6 
and IL-8 may contribute to invasion of glioma cells 
through the induction of matrix degrading proteinases. 

IGF 

Two insulin-like growth factors, IGF-1 and IGF-2, 
have been described. Together with their receptors (type 
1 and type 2 IGF receptor), they play an important role 
in CNS development [2, 6]. Expression of IGF and its 
receptors in human gliomas is weIl established and auto
crine receptor stimulation has been discussed [21]. 
Recent evidence suggests that in human gliomas IGFR 
can compensate for the loss of EGFR function e.g. in 
anti-EGFR therapy. As a consequence of IGF signalling 
mediated through Phosohoinositide 3-Kinase leads to 
enhanced invasion of primary glioblastoma celllines [9]. 

Novel ideas/glioma repellent factor 

Growth factors and cytokines are well established as 
almost "c1assical" players in the regulation of glioma 
invasion; recent studies have drawn attention to a differ
ent set of modulators of glioma invasion, one of which -
the glioma repellent factor - will be discussed here. 

In the mammalian nervous system, there are sev
eral examples of chemotropism by chemoattractant/ 
chemorepellent factors where specific diffusible mole
cules guide developing axons or growth cones to periph
eral targets [18, 22, 36]. Recent evidence suggests that 
glioblastoma spheroids secrete a chemotropic repellent. 
factor by mechanisms that parallei those for neuronal 
guidance cues. Tamaki et al. [83] first raised this hypoth
esis with an analysis using the three-dimensional 
implantation model of C6 astrocytoma spheroid invasive 
paradigm. Spheroids of desired size were individually 
implanted into three-dimensional type 1 collagen gels, 
and invasive parameters were followed daily. 

For large C6 spheroids (>700 Ilm), the majority of 
invasive activity occurred between day 1 and day 5 with 
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maximum daily invasive rates occurring within the first 
24 hours [83]. Compared to their smaller counterparts, 
invading cells derived from larger C6 spheroids reached 
further distances faster and eventually plateaued ap
proximately 2000-2500 !lm from the spheroid [83]. 

From these initial studies, two hypotheses have been 
proposed to explain the differences in cell invasion in 
this model. The first is a direct effect of physical stress 
on invading cells whereby cell density dictates motility 
from an area of high concentration to one of low con
centration distant from the spheroid mass. The second 
hypothesis involves the influence of a proposed che
motropic repellent factor(s), released from spheroids in 
response to established hypoxic and necrotic central 
microregions, that deters invading cells from the spher
oid source [83]. Larger spheroids, exhibiting extensive 
hypoxic and necrotic centres with decreased tissue pH, 
oxygen and metabolic substrate(s) concentration, may 
secrete more of the factor(s), and consequently further 
accelerate invasion. Once a sufficient distance from the 
stressed microenvironment is achieved and exposure to 
high concentrations of the proposed factor(s) has dimin
ished, the infiltrating cells will decrease invasive rates, 
and eventually stop, as they are no longer able to exhibit 
a chemotropic response [83]. 

Further studies of the effects of resection of spheroid 
implants provide support for the repellent factor(s) 
hypothesis. Removal of a spheroid several days after 
implantation results in invasive cell rate decline. Re
implantation of a new spheroid allows remaining cells 
to reach normal invasive rates, thereby implicating the 
spheroid as the source of a secreted repellent factor(s) 
[15]. 

CUITent studies, using two-spheroid co-cultures and 
conditioned media derived from U251 (human glioblas
toma) and C6 (rat astrocytoma) spheroids, add support 
for the existence of a tumour repellent factor(s). Com
pared with single spheroid controls, invading cells in 
two-spheroid co-cultures change their expected "radial" 
invasive pattern when they contact an endogenous re
pellent factor(s) gradient from the adjacent spheroid 
(unpublished data). These observations contrast those 
on spheroid-fetal rat brain aggregates co-cultured on 
agar, where invading glioma cells rapidly infiltrate and 
consume the rat brain [3]. It is hypothesized that the 
repellent factor is secreted in the form of a concentration 
gradient such that higher concentrations are located 
proximal to the spheroid. Application of this factor col
lected from glioma-conditioned media to an implanted 
spheroid in a collagen gel will then result in removal of 
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the endogenous gradient. In agreement with this hypoth
esis, invasion is inhibited, as the cells no longer exhibit a 
chemotropic response. Interestingly, the factor(s) is not 
species-specific, and its presence has been confirmed in 
both human and rat glioma cell lines. The effect is also 
not attributed to nutritional deficits and is not present in 
the conditioned media from confluent monolayer fetaI 
astrocyte cultures (unpublished data). Previous studies 
have focused on growth and motility factors such as 
EGF, bFGF, and autocrine motlity factors that act pre
dominantly via chemoattractant mechanisms [10, 20] 
and none appear to exhibit the repellent factor(s) proper
ties described here. The glioma cell-derived tumour 
repellent factor(s), thus represents a new concept and 
purification and identifcation of this glioblastoma secre
tion product may shed light on the mechanisms of 
glioma invasion in the central nervous system. 

Conclusions 

During the past few years, understanding of the genet
ics and biochemistry of glioma cell invasion has grown 
tremendously. This increasing knowledge of factors 
modulating glioma invasion invites the manipulation of 
ligands, receptors, and signalling or effector molecules, 
followed by the analysis of the consequences on glioma 
cell behaviour in vitro and glioma growth and invasion 
in in vivo animal models. 

It is necessary to proceed with caution when extrapo
lating in vitro results to the clinical situation, and a 
thorough understanding of cytokines and soluble factors 
and of their influence on glioma invasion is essential for 
the development of more advanced therapeutic strate
gies. Targeting a combination of factors and their 
downstream effectors should lead ultimately to better 
therapeutic options for this rapidly lethal cancer. 
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