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General Introduction 
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Primary brain tumor classifications 

Primary brain tumors are a devastating disease for which there are over 50,000 new 

cases diagnosed in the United States each year, with gliomas accounting for 30% of the 

diagnoses (1). The World Health Organization (WHO) stratifies gliomas into four 

subclasses based on the histological features present at diagnosis. Grade I-II tumors are 

considered low-grade gliomas, while Grade III-IV tumors are high-grade, malignant 

gliomas (2). Pilocytic astrocytomas (Grade I) generally have a lower proliferative 

capacity. Grade II diffuse astrocytomas, oligodendrogliomas, and mixed 

oligoastrocytomas also have a lower proliferative capacity but show some evidence of 

infiltration. Anaplastic astrocytomas and oligodendrogliomas (Grade III) are considered 

malignant tumors based on the increased mitotic activity and atypical nuclei. The 

highest classification, glioblastoma multiforme (GBM, Grade IV) is reserved for 

astrocytomas that display additional features of microvascular proliferation and/or 

necrosis. The majority of patients with Grade II gliomas will progress to secondary 

higher grade gliomas within 5-10 years after the initial diagnosis (3). The long-term 

survival for patients diagnosed with malignant gliomas is a dismal 35% at 2-years and 

23% at 10-years (1).  

 

The standard of care for all malignant glioma patients includes surgical resection of the 

tumor, chemotherapy, and radiation. Despite aggressive surgical debulking and 
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treatment, patients with gliomas will inevitably recur with a median time to progression 

of only 6-9 months (4). Most patients will recur within a few centimeters of the 

resection cavity and there is a correlation (although controversial) between gross-total 

resection and increased survival (3, 5, 6). However, it is also possible for recurrences to 

appear as far away as the opposite hemisphere, such that even full hemispherectomies 

of the early 1900s could not cure patients of this disease (6). 

 

The standard chemotherapy administered to all high-grade glioma patients is 

temozolomide (TMZ). This DNA alkylating agent is the only one to show a significant 

survival benefit since the addition of radiation therapy. However, chemoradiotherapy 

with TMZ only increased the median survival for patients by a mere 2.5 months (12.1 

months with radiotherapy alone compared to 14.6 months with TMZ + radiation) (7). 

All of the other experimental therapies that have showed great efficacy in pre-clinical 

models have failed in the human clinical trials (8). These results suggest that the current 

murine models of gliomas are inadequate for predicting therapeutic response in human 

patients.  

 

Genetic alterations in gliomas 

Tumor progression is a multi-step process from transformed single cell to large mass of 

tumor cells. One of the main reasons that targeted therapies have failed in the clinic is 

that a large degree of heterogeneity exists among the mutations driving this progression 

in gliomas. The Cancer Genome Atlas performed comprehensive genome analysis on 
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human tumors and identified three core signal transduction pathways altered in 

malignant gliomas: RAS/PI3K, p53, and RB (9). These studies confirmed epidermal 

growth factor receptor (EGFR) and platelet-derived growth factor receptor (PDGFR1) 

as commonly amplified or mutated in human glioma. These alterations cooperate with 

deletions/mutations in tumor suppressors, PTEN and NF1, leading to activation of the 

RAS/PI3K signaling cascades and stimulating cell proliferation, survival, and motility. 

In addition, amplification of cyclin dependent kinases 4 and 6  (CDK4, CDK6), loss of 

cyclin-dependent kinase inhibitor 2A (CDKN2A), and inactivation of the tumor 

suppressor, retinoblastoma (RB1), can all contribute to decreased cell cycle control. 

Inactivation of the third pathway (p53 tumor suppressor) allows glioma cells to survive 

despite DNA damage. Loss of function in this pathway is achieved through 

amplification of MDM2 or MDM4, loss of ARF, and point mutations directly in TP53. 

Deregulation of these three core pathways promotes the uncontrolled growth and 

motility that are the basis for this very aggressive tumor.  

 

Recent studies have also classified malignant gliomas based on the molecular 

expression signature of the tumors. These subclassifications are proneural, classical, 

and mesenchymal and are defined by amplification PDGFRA/point mutations in IDH1, 

activation of EGFR, and loss of NF1, respectively (10-12). An additional classification 

has been identified based on neural and synaptic transmission markers, but the 

molecular signature is less well defined (10). These expression signatures were also 

found to be prognostic independent of tumor grade. The proneural subtype expresses 
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additional oligodendrocyte lineage markers (NKX2-2 and OLIG2) and has the best 

prognosis compared to the other classifications (10, 11). This may be due to the large 

proportion of secondary GBM and younger patient with diagnosis, which are typically 

associated with a better outcome. However, this subtype gains no survival advantage 

from aggressive chemoradiotherapy (10). The classical subtype is associated with 

signaling through Notch and Sonic hedgehog neural progenitor pathways in addition to 

loss of CDKN2A. The mesenchymal subtype is associated with markers of epithelial-to-

mesenchymal transition proteins (CD44 and MET) and activation of the STAT3, tumor 

necrosis factor (TNF) and NF-kB pathways (11, 12). Expression of mesenchymal 

factors correlates with increased necrosis, higher grade, and an overall worse prognosis 

in patients (12, 13). 

 

Murine models of glioma 

Preclinical models of glioma are essential for understanding the development of 

gliomas as well as screening experimental therapies. The two models primarily used for 

brain tumor studies utilize either implantation of tumor cells or de novo induction of 

tumorigenesis (14, 15). Within tumor implantation models, there are multiple cell types 

to consider (human vs murine) that will dictate host strain for inoculation. In addition, 

the location of injected cells can either be orthotopic (into the brain) or heterotypic 

(subcutaneous flank). The degree to which the secondary transplanted tumors 

recapitulate the histological features of the primary gliomas depends entirely on the 

cells inoculated and the culture conditions under which the cells were expanded prior to 
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implantation (16). These xenograft models are useful for testing sensitivity of human 

cells to targeted treatment; however, human cancer cells can only grow in 

immunocompromised mice. One of the major caveats of tumor implantation models is 

that the large number of cells required for rapid tumor formation is a very different 

scenario than single cell transformation and does not account for the immune system 

control of tumor development. In the immune-escape paradigm, tumor cells must 

acquire mutations to overcome immune cell surveillance and elimination before 

establishing uncontrolled growth (17). Glioma models that recapitulate the single-cell 

transformation within the context of an intact immune system and selective pressure on 

the cell of origin are critical for understanding glioma development. 

 

The second class of glioma models utilizes methods to induce tumor formation directly 

from parenchymal cells of the brain. These de novo models include genetically 

engineered mice (GEM) and oncogene delivery via viral or plasmid transduction. The 

majority of methods used to accomplish cellular transformation typically target the core 

signaling pathways frequently altered in gliomas (14, 15). The advantage of these 

models is that the primary manipulation may not be enough to cause tumor formation 

and additional genetic hits are acquired in situ as the tumor progresses. Because of the 

spontaneous development with secondary genetic insults required for tumor formation, 

many of the genetically engineered mouse models have a lower penetrance and a longer 

delay for tumor development (15). Models that utilize somatic cell gene delivery 

systems have the possibility of adding numerous genetic insults with a single injection. 
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These models have the advantage of a shorter latency to tumor formation and, with the 

right combination of oncogenes, have an increased penetrance with up to 100% of 

animals developing tumors (15, 18). These de novo models are ideally suited for the 

study of the microenvironment on tumor development. 

 

Tumor microenvironment regulates glioma progression 

The microenvironment of the brain is a complex mix of extracellular matrix (ECM) 

components and a variety of parenchymal cell types. Within the brain, structural 

proteins such as laminin and collagen are largely restricted to the basement membrane 

of the vasculature (19, 20). The ECM of the brain is unique from most other organs in 

this very limited distribution of fibrous proteins. Instead, the brain structural framework 

is enriched in carbohydrates in the form of proteoglycans and glycosaminoglycans 

(GAG). The most abundant GAG is hyaluronan (HA). This linear polysaccharide is 

composed of repeating N-acetyl-D-glucosamine (GlcNac) and D-glucouronic acid 

(GlcA) units (21). Unlike other GAGs, HA is a free polymer that is secreted into the 

extracellular space as the glycosyltransferase enzymes (HA synthases, HAS1-3) 

generate it on the cytoplasmic side of the plasma membrane (21). Hyaluronidases are 

responsible for breaking down HA into smaller fragments within the extracellular 

space. The most widely expressed chondroitin sulfate proteoglycans are in the lectican 

family (aggrecan, versican, neurocan, and brevican) (19, 20). These lecticans bind 

hyaluronan to create a dense network of carbohydrates that create the structure of the 

brain ECM.  
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CD44 is an integral membrane protein of the immunoglobulin superfamily. The 

extracellular domain of CD44 binds HA through a conserved link domain that is shared 

with the lectican family of proteoglycans, TNF-stimulated gene-6 family (TSG-6), and 

the lymph vessel endothelial HA receptor (LYVE-1) (22, 23). The repeating 

disaccharide units of HA promote CD44 clustering, which increases the avidity of the 

lower affinity binding of HA to CD44 (24). The standard isoform is expressed in tissues 

throughout the body, whereas, the ten alternatively spliced exons encode sequences 

within the extracellular stem domain that modify HA binding in a tissue specific 

manner (25). A number of malignancies, including melanoma, breast, prostate, and 

head and neck cancers, express both the standard and alternative splice variants of 

CD44 (26-29). An increase CD44 expression in these tumors is associated with 

acquisition of a more aggressive phenotype and invasion of the basement membrane 

surrounding the tumor. The upregulation of CD44 at this stage is often in concert with 

the production of HA, leading to the use of CD44 and HA synthesis as markers of the 

metastatic potential of tumors (30-32). 

 

The rich abundance of HA in the brain makes it an ideal location for tumor cells 

overexpressing CD44 to establish new tumors. The majority of high-grade gliomas 

overexpress the standard isoform of CD44 (33, 34). Furthermore, the brain is one of the 

primary locations for lung, breast, and melanoma metastases to be found and metastatic 

brain tumors account for the majority of brain tumor diagnosis in the United States 
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(35). Local application of a number of treatment strategies targeting the HA-CD44 

interaction (soluble CD44, hyaluronan oligosaccharides (O-HA), and anti-CD44 

antibodies) have been shown to inhibit proliferation, anchorage-independent growth, 

survival, and invasion in multiple solid tumor models, including orthotopic glioma 

models (36-42). 

 

CD44 coordinates multiple cancer related pathways  

HA-engaged CD44 is capable of directly modulating three of the six “Hallmarks of 

Cancer” established by Hanahan and Weinberg: sustaining proliferative signaling, 

resisting cell death, and activating invasion/metastasis (43). The first hallmark, 

sustained proliferative signaling, requires activation of growth factor receptor pathways 

or downstream RAS/PI3K signaling cascades. CD44 acts as a coreceptor for receptor 

tyrosine kinases, such as EGFR, ErbB2, and PDGFR (44, 45). The second hallmark, 

resisting cell death, is also achieved through activation of the PI3K pathway. 

Intracellular signaling initiated by CD44 leads to the upregulation of the anti-apoptotic 

protein, Bcl-xL, and the inhibitors of apoptosis family of proteins (IAPs) (46-48). In 

addition, the association of the cytoplasmic tail of CD44 with Src kinases within lipid 

rafts enhances both proliferative and survival signaling through non-receptor protein 

tyrosine kinases (49). Thus, HA mediated clustering of CD44 promotes the activation 

of tyrosine kinases and initiates signaling through the RAS/PI3K pathway to promote 

cell proliferation and survival beyond the presence of mitogens and chemokines. In 

addition, activation of these pathways increases both CD44 expression and hyaluronan 
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production, creating a positive feedback loop that promotes tumor progression and 

resistance to apoptosis (50). 

 

The ability to invade and metastasize is a third hallmark of aggressive tumors. 

Remodeling of the ECM, cycles of adhesion and release from the ECM, and 

reorganization of the cytoskeleton are critical processes in the invasion of tumor cells. 

The process of translocating the cell begins with sending out protrusions at the leading 

edge. The clustering of HA-bound CD44 within these protrusions creates docking sites 

for matrix metalloproteinases (MMPs) (51, 52). These proteinases degrade the ECM to 

create space for the cell to move into. Transmembrane ECM receptors, such as CD44, 

localized on the leading edge must be strongly anchored to the ECM in order to allow 

actin polarization to advance the cell process forward. The short cytoplasmic tail of 

CD44 coordinates the reorganization of the cytoskeleton and polarization of the cell 

through association with the ezrin, radixin, moesin (ERM) family of actin linker 

proteins (AA 292-300) (53, 54), ankyrin (AA304-318) (55), adaptors and guanine 

exchange factors for the RhoGTPase (Tiam, Vav), and IQGAP/CDC42 adaptors (PDZ 

domain, AA347-361) (56). Once the cytoskeleton has been strongly anchored, myosin 

II motors work to translocate the cell body (57). In order to retract the trailing edge, 

cells must detach from the ECM through receptor internalization or cleavage. Glioma 

cells mainly utilize MMP-2, MMP-9, and MT1-MMP (MMP14) for the ECM 

remodeling and CD44 ectodomain cleavage (58-60). Because of the wide array of 

binding partners and membrane location, CD44 functions as a link between 
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extracellular and intracellular signals and, thus, is able to promote the aggressive 

invasion of cancers.  

 

Cancer stem cells and their niches 

The invasive cells that will eventually regenerate the bulk tumor have been referred to 

as cancer stem cells or tumor initiating cells. Cancer stem cells may arise from true 

progenitors or from the transformation of more differentiated cells that acquire stem 

cell properties. The consensus from the 2006 Cancer Stem Cells Workshop organized 

by the American Association for Cancer Research (AACR) defines cancer stem cells by 

their functional ability to self-renew and recapitulate the morphology of the primary 

tumor after serial transplantation (61). The existence of cancer stem cells has been 

widely documented in several human malignancies, including leukemia, colon, 

melanoma, head and neck, breast, and brain tumors (62). Interestingly, CD44 has been 

used as a cancer stem cell marker for multiple solid and hematopoietic tumors and there 

is increasing evidence that CD44 contributes to the phenotype of normal and brain 

tumor stem cells (BTSCs) (63).  

 

The microenvironment of stem cells is crucial to protecting these cells from 

differentiation or apoptotic stimuli present in the surrounding environment. Neural stem 

cells reside in close proximity to blood vessels within the brain and this association is 

required to preserve the stem cell phenotype (64). In addition, the cytokine EGF 

enhances the self-renewal capacity of neural stem cells (65, 66). The association of 
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CD44 with EGFR and ErbB2 implicates this receptor in the maintenance of the stem 

cell population. In support of this role, CD44 is expressed on multipotent neural stem 

cells and astrocyte-restricted precursor cells (67, 68). Similar to the other properties of 

neural stem cells, BTSCs must acquire mutations resulting in the ability to self-renew 

with progeny that retain the ability to proliferate and the capacity to migrate long 

distances from the site of mitosis. It has been reported that BTSCs also reside in close 

proximity to the vasculature and require signaling from endothelial cells and EGF for 

self-renewal and proliferation (69). Recent studies have demonstrated that inhibition of 

tumor endothelial cell signaling decreases the viability of BTSCs (70). 

 

Brain tumor stem cells (BTSCs) are exceptionally resistant to chemotherapy and 

radiation treatments, partially through activation of DNA repair and checkpoint kinases, 

Chk1 and Chk2 (71). In addition to these alterations, HA bound CD44 contributes to 

the phenotype by activating survival signals and increasing the expression of anti-

apoptotic proteins. Furthermore, signaling through CD44 increases the expression and 

membrane localization of drug efflux transporters such as multi-drug resistance protein 

(MDR1) and breast cancer resistance protein (BCRP) (48, 72-74). These proteins create 

a difficult barrier to reaching effective concentrations of chemotherapeutic drugs in the 

brain. The ability of CD44 to enhance signaling through multiple stem cell associated 

cascades, increase survival signaling, and promote chemotherapeutic drug resistance 

suggests that this receptor is playing a critical role in sustaining BTSC populations.  
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Thesis Summary 

Mouse models of malignant glioma that accurately recapitulate the genetic and 

phenotypic heterogeneity are essential for advancing brain tumor therapeutics. We have 

developed a novel model using the Sleeping Beauty transposable element to achieve 

chromosomal integration of human oncogenes into endogenous brain cells of any 

mouse strain. The phenotype of these genetically engineered brain tumors is influenced 

by the combination of oncogenes delivered, but many of the pathological features of 

malignant human glioma are present in the majority of cases. At least five different 

genes can be cotransfected simultaneously, including reporters that allow measurement 

of tumor progression. The flexibility of this model enabled studies on the role of the 

microenvironment in brain tumor development. The data presented here demonstrate 

that glioma cells make an abundance of CD44 and HA starting early in tumor 

development and continue to make both receptor and ligand as gliomas progress to 

highly invasive disease. We show that CD44-/- tumors progressed significantly slower 

than CD44+/+ tumors, but that expression of full length CD44 within tumors restores 

the CD44-/- tumor progression. In addition, we show that CD44 loss of function caused 

severe impairment in single cell motility. The data presented here suggest that HA-

engaged CD44 mediates tumor progression by facilitating glioma cell invasion. These 

studies highlight the therapeutic potential for targeting the infiltrative glioma 

population through antagonists of the HA-CD44 complex. 
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Introduction 

Malignant glioma is a devastating primary brain tumor. Gliomas are classified 

according to the WHO criteria ranging from grade I, a typically treatable tumor, to 

grade IV, a glioblastoma multiforme (GBM) (2). GBM is a lethal brain tumor claiming 

over 12,000 lives each year in the United States (75). Prognosis for patients with high-

grade glioma is poor and has remained relatively unchanged for decades. Malignant 

gliomas often display marked genetic and phenotypic heterogeneity (76). For example, 

as many as three different alleles of the Trp53 tumor suppressor gene are detectable in a 

single GBM; such tumors contain mixed regions appearing as high- or low-grade 

histologically and exhibit heterogeneous expression of the epidermal growth factor 

receptor (EGFR) immunohistochemically (77, 78). The heterogeneity of high-grade 

gliomas may account for the failure of therapies with a single mechanism of action. 

Animal models that recapitulate the complexity of human gliomas would be useful to 

better understand glioma biology and predict therapeutic response. 

 

The most widely used rodent model involves intracerebral transplantation of cultured 

glioma cells, a very different scenario from the human disease. There has been great 

interest in spontaneous models of gliomas in which the tumor evolves with the host 

immune system with the expectation that they will more faithfully mimic human 

disease progression and better predict clinical efficacy. A number of genetically 

engineered mice (GEM) are available, harboring constitutive or conditional alleles of 

genes associated with glioma development (79). Some models combine various GEM 
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to test cooperativity of particular mutations in tumor development (80-82). Spontaneous 

gliomas can also be induced by intracerebral injection of a retroviral vector encoding 

platelet-derived growth factor (83, 84). Hybrid models have also been created by using 

GEM that express a receptor for a replication-competent ALV splice acceptor (RCAS) 

avian retrovirus in a tissue specific pattern, leading to high grade glioma after oncogene 

transfer (85, 86). This GEM has been bred to a second GEM expressing firefly 

luciferase (FLuc) in mitotic cells to allow cell division to be noninvasively monitored 

using bioluminescent imaging (BLI) (87). BLI provides unparalleled convenience and 

speed for determining the efficacy of therapeutic agents in living mice (88). To date, all 

spontaneous mouse models of glioma have required the use of GEM or viral vectors. 

Production of new GEM or viral vectors can take months to years to develop and 

characterize. In some models, mice develop tumors with incomplete penetrance and 

exhibit relatively long survival times making them inconvenient for preclinical trials. 

We sought to develop a more flexible, rapid, spontaneous murine glioma model that 

was independent of strain background while retaining the ability to monitor tumor 

viability with bioluminescence. 

 

Several investigators have previously achieved nonviral transfection of the murine 

brain with polyethylenimine/plasmid DNA (PEI/DNA) complexes (89-92). 

Unfortunately, gene expression after plasmid DNA transfection is typically transient. 

To overcome this constraint, we used the Sleeping Beauty (SB) transposable element 

delivered as plasmid DNA to achieve chromosomal integration and long-term 
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expression (90). SB is a synthetic transposable element that was created by genetically 

engineering inactive transposase gene sequences isolated from salmonid fish (93). SB is 

a two-part system composed of a transposon DNA substrate and a transposase enzyme. 

SB transposase mediates “cut and paste” excision and insertion of transposon DNA into 

a TA dinucleotide of the host genomic DNA (94). The gene encoding the SB 

transposase enzyme can be provided on the plasmid DNA backbone or on a separate 

plasmid relative to transposon DNA. 

 

Here, we show that injection of PEI/DNA complexes into the lateral cerebral ventricle 

of neonatal mice leads to SB-dependent long-term gene expression. Using this method, 

we describe the development of a series of spontaneous glioma models that express 

several combinations of reporter genes, human oncogenes, and inhibitors of tumor 

suppressor function. This model is readily adaptable for rapid high throughput drug 

screening, candidate gene validation, and basic biology studies that could accelerate 

brain tumor research in a variety of ways. 

 

Materials and Methods 

 

Animal care 

Mice were purchased from The Jackson Laboratory or Charles River Corporation for 

all experiments. Mating pairs were setup and carefully monitored each day until they 

gave birth. All animals were maintained in a specific pathogen–free facility. 
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Experiments were conducted according to the guidelines of the University of Minnesota 

Animal Care and Use Committee. Neonatal mice that were ages <2 days were used for 

the studies with three exceptions (see Table 2.1). 

 

Plasmid vectors 

PT2/C-FLuc, pT/CMV-SV40-LgT, pT/CAGGS-NRASV12, and PGK-SB13 were 

created as previously described (95). PT2/C-Luc//PGK-SB13 was created by excising 

the PGK-SB transposase expression cassette from pPGK-SB13 as an XmnI/Pme I 

fragment and ligating into pT2/C-Luc as an Xmn I/Pme I fragment. PLXIN-EGFRvIII 

containing the human EGFRvIII cDNA was a kind gift from Dr. Michael J. Ciesielski 

(Roswell Park Cancer Institute). PT3.5/CMV-EGFRvIII was created by subcloning 

EGFRvIII from pLXIN-EGFRvIII into litmus 29 (New England Biolabs) as a Spe I 

fragment, followed by ligation into pT3.5/CMV-GFP as an Xho I/Age I fragment. 

MSCV-LTRmiR30-SV40 (96) contained a microRNA short hairpin against Trp53 and 

a second expression cassette encoding green fluorescent protein (GFP); it was a kind 

gift from Dr. Scott Lowe (Cold Spring Harbor, NY, USA). The shP53 and GFP 

expression cassette–containing fragment was released from MSCV-LTRmiR30-SV40 

as a Pvu II fragment and ligated into PT2/HB (97) as an EcoRV fragment to generate 

pT2/shP53/GFP4. The MSCV-AKT vector containing a human AKT cDNA with a 

myristylation site was a kind gift from Dr. Scott Lowe. MSCV-AKT was cut 

with EcoRI/Nco I to release the AKT cDNA and ligated into Litmus 29, followed by 

final ligation into pKT2/CLP as a Nco I/Bgl II fragment to generate pKT2/CLP-AKT. 
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Plasmids were purified using a maxiprep kit (Invitrogen) and stored in 0.1X TE buffer 

(pH 8.0). 

 

PEI/DNA administration 

In all oncogene experiments, 25% mannitol (20 µL) was injected IP immediately prior 

to hypothermia anesthesia and PEI/DNA injection. Neonatal mice were then placed on 

ice for 3 minutes to induce anesthesia before being secured in a cooled, “neonatal rat” 

stereotaxic frame (Stoelting) maintained at 4°C to 8°C by a dry ice/ethanol reservoir. A 

10 µL syringe (Hamilton Company) fitted with a 30 gauge hypodermic needle (12.5° 

bevel; Hamilton Company) attached to a micropump (Stoelting) was used to inject 

plasmids at a flow rate of 0.7 µL/min into the right lateral cerebral ventricle. 

Coordinates for injection were +1.5AP, 0.7ML, and −1.5DV from λ. PEI/DNA 

complexes were prepared according to the manufacturer's instructions to achieve N/P 

ratio of 7 (Polyplus Transfection; ref. (98). One half to 2 µL of PEI/DNA solution was 

administered at a maximum concentration of 0.5 µg/µL. No incision was made for 

injection. The skull of a neonate was penetrated with the needle for all injections. 

 

Luciferase assays and immunohistochemical staining 

Luciferase expression was assessed in vivo as previously described (90). For in 

vitro luciferase assays, animals were deeply anesthetized before transcardial perfusion 

with PBS (pH 7.0–7.4). The brains were removed and homogenized in 400 µL of 1X 

tissue lysis buffer (Promega). Luminescence was determined by mixing 100 µL lysate 
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with 20 µL of substrate solution provided in the luciferase tissue assay kit (Promega) 

and immediately measured on a luminometer with a 15 second exposure time. Relative 

light units were normalized to milligrams of protein as determined by Bradford assay. 

 

For histologic analysis, animals were perfused with PBS followed with Z-fix (Anatech 

Ltd) or 4% paraformaldehyde. For immunofluorescence, the brains were dissected and 

placed in 30% sucrose for 48 hours for cryoprotection. Brains were sectioned and 

immunofluorescent staining was carried out using rabbit anti-GFP (Molecular Probes). 

Images were acquired and processed as described (99). Immunohistochemistry (IHC) 

and H&E staining was carried out using standard clinical techniques on formalin-fixed, 

paraffin-embedded tissue as described (100). The EGFRvIII antibody was a kind gift 

from Dr. Darrel Bigner (Duke University, Durham, North Carolina). 

 

Tissue culture and Western blot 

Western blot was conducted as described (95) using the following antibodies: mouse 

anti-LgT (Calbiochem), rabbit anti-NRAS, rabbit anti-p53, mouse anti-β actin, and 

rabbit anti–extracellular signal-regulated kinase (all from Santa Cruz). Cell lines were 

derived from mice as previously described using TrypLE enzymatic digestion (101). 

All cells derived from spontaneous tumors were cultured in media consisting of 

DMEM/F12, N2, and B27 supplements (1×), 1% penicillin/streptomycin (Invitrogen), 

and supplemented with 20 ng/mL EGF and fibroblast growth factor (Peprotech). 
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Cytokines were added every 2 to 3 days, and cells were passaged once to twice each 

week depending on density. GL261 glioma cells were cultured as described (102). 

 

Southern blot and insertion cloning 

Southern blot hybridization for NRAS was performed as described (95). Transposon 

insertion sites were identified by a combination of linker-mediated PCR (103), using 

the pCR4-TOPOcloning vector and One-Shot TOP10 competent cells (Invitrogen) for 

shot-gun cloning, and pyrosequencing (454 Life Sciences; Roche) as previously 

described (104). Genomic sequences directly flanking the transposon were mapped 

using Ensemble. 

 

Statistical analysis 

Survival was analyzed by log-rank test as described (105). Graphing and statistical 

analysis was performed using Prism4 software (Graph Pad Software). 

 

Results 

 

Characterization and optimization of SB-mediated gene transfer 

To determine the localization of transfected cells, PEI/DNA complexes encoding 

simian virus 40 large T antigen (SV40LgT) were injected into the lateral cerebral 

ventricle of neonatal mice. Immunohistochemistry (IHC) was conducted to detect cells 

expressing SV40LgT. Transfected cells were identified on all sides of the lateral 



 

 22 
 

ventricles, typically 1 to 4 cell diameters deep into the brain parenchyma (Figure 2.1A). 

PEI/DNA complexes also diffused into the inferior horn of the lateral ventricle (Figure 

2.1A). Because intraperitoneal (IP) administration of mannitol is known to enhance 

viral transduction in the brain (106), we attempted to increase transfection efficiency by 

mannitol pretreatment. PEI/DNA complexes encoding GFP were delivered into mice 

with and without mannitol injection before gene transfer. As expected, cells expressing 

GFP localized around the lateral ventricle wall (Figure 2.1B). GFP-positive cells were 

counted in serial sections to quantify the extent of transfection. Mannitol more than 

doubled the number of GFP-positive cells within 1 mm of the lateral ventricle and also 

increased transfection deeper into the brain parenchyma (Figure 2.1C). To determine if 

SB could enhance transgene expression in the brain, neonatal mice were intracerebrally 

injected with a FLuc transposon with or without transposase-encoding DNA. One 

month later, brain lysates were assayed for FLuc activity as a measure of long-term 

expression. Luciferase activity was over seven times higher in brains injected with a 

plasmid encoding SB transposase relative to brains injected without SB-encoding DNA 

(Figure 2.1D). IP administration of mannitol before cotransfection with SB-encoding 

DNA further increased FLuc activity 3-fold (Figure 2.1D). 

 

Oncogene transfection resulted in development of spontaneous glioma 

To promote spontaneous tumor formation, we delivered transposons encoding 

SV40LgT, a hyper-active human NRAS (95), and a transposon carrying a FLuc 

expression cassette on the same DNA molecule as the SB transposase gene into 
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C57BL/6 mice (Figure 2.2A). In experiment 1 (Table 2.1), tumors arose rapidly, 

visualized by increasing bioluminescence within 3 to 4 weeks (Figure 2.2B). In general, 

well-demarcated tumors arose in the right (injected) cerebral hemisphere that exhibited 

infiltrative clusters of tumor cells frequently surrounding blood capillaries (Figure 

2.3A). In some mice, apparent multifocal tumors arose near both lateral ventricles and 

macroscopic hydrocephalus was observed with tumors occupying the ventricular space 

(Supplementary Figure 2.1). All tumors exhibited a high cell density with two to five 

mitotic cells often visible in a single microscopic field (Figure 2.3A). Areas of necrosis 

were apparent in some of the tumors (Figure 2.3B). 

 

These tumors exhibited relatively homogenous expression of nestin (Figure 2.3B), a 

marker for neural progenitor cells that is expressed in several types of brain tumors 

including gliomas. Immunopositivity for glial fibrillary acid protein (GFAP), a marker 

for astrocytes, was heterogeneous within individual tumors (Supplementary Figure 2.2). 

To determine whether the GFAP-positive cells were reactive astrocytes or tumor cells, 

two-color IHC was conducted staining for SV40LgT and GFAP (Figure 2.3C). 

Numerous tumor cells were immunopositive for GFAP and SV40LgT (Figure 2.3C), 

ruling out reactive astrocytes as the only source of GFAP immunoreactivity. Consistent 

with an astrocytic phenotype, tumor cells also stained positive for S100. These tumors 

were negative for neuronal markers including NeuN and synaptophysin, but the 

surrounding normal brain was positive as an internal control (Figure 2.3C). The 

histologic features of these murine tumors are consistent with the diagnosis of an 
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astrocytoma corresponding to WHO grade III and IV, although human tumors are 

typically more diffusively invasive. We refer to tumors induced in this murine model as 

“GEM” glioma of various grades hereafter to acknowledge that such models are only 

an approximation of the human disease. To determine the frequency of each tumor 

grade, 13 tumors that had been induced by NRAS/SV40LgT were graded based on the 

presence of necrosis; 77% of exhibited minimal or microscopic necrosis (grade III) and 

23% exhibited large regions of necrosis (grade IV; Supplementary Table 2.1). 

 

The injection volume and concentration of PEI/DNA affected penetrance and lethality 

of oncogene transfection. The highest injection volume (2 µL) tended to result in the 

development of hydrocephalus that was apparent by an enlarged skull, particularly in 

C57BL/6 mice, which are prone to this developmental defect. In experiment 1, mice 

developed rapidly lethal tumors with 87% penetrance and median survival of 39 days (2 

of 15 mice died from complications of hydrocephalus with no apparent tumor; Figure 

2.2A). By reducing volume and PEI/DNA dose, hydrocephalus development was 

attenuated in C57BL/6 mice (experiments 2–5; Table 2.1). Tumor initiation required 

the combination of NRAS and SV40LgT. With the exception of one SV40LgT treated 

mouse in experiment 7, tumors did not arise when the single genes were injected in 

combination with empty vector to control for total PEI/DNA dose (Table 2.1). In 

C57BL/6 mice, the lowest injection volumes tended to decrease penetrance 

(experiments 4 and 5; Table 2.1). In the BALB/c strain, as little as 0.125 µg of DNA in 



 

 25 
 

a 1 µL volume initiated tumors with 100% penetrance without hydrocephalus 

(experiment 21; Table 2.1). 

 

Characterization of cell lines derived from NRAS/SV40-LgT/Fluc tumors 

Four cell lines were established from the brains of C57BL/6 mice treated with 

NRAS/SV40LgT that we designated M2, M4, M7, and M10. These mice were 

littermates sacrificed after in vivo imaging at 29 days after injection. Cells were 

cultured in serum-free conditions shown to enrich for nonadherent neurospheres with 

an undifferentiated phenotype (16, 107) . Each cell line grew as nonadherent 

neurospheres (Figure 2.4A). Three of the four cell lines expressed SV40LgT and every 

line expressed NRAS at levels detectable by Western blot (Figure 2.4B). 

 

Transposase-mediated insertions were cloned and mapped to the mouse genome. We 

cloned a total of 46 insertions from M2, M7, and M10 cells (Supplementary Table 2.2). 

Twenty-eight separate insertions were recovered from M7 and fewer were isolated from 

M2 and M10 (Supplementary Table 2.2). Four of nine insertions cloned from M10 

mapped to chromosome 2. M7 and M2 had a more random pattern. Twenty-eight 

percent of the integrants mapped within introns of known or predicted genes 

(Supplementary Table S2). To investigate the clonogenicity of these tumors, individual 

subclones were isolated from M2, M7, and M10 cells that had been established from 

the entire tumor mass. Subclones were expanded into independent cell lines. Southern 

blots were conducted using a probe specific for NRAS vector sequence. Each of the 
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four subclones derived from the parental cell lines had identical banding patterns (data 

not shown). 

 

Tumor initiation was tested in transplantation experiments in severe combined 

immunodeficient (SCID) recipient mice. All mice injected with 10,000 M7 cells 

developed tumors, whereas only 66% of mice injected with M10 cells did. As few as 

1,000 cells initiated tumors in 75% of mice (Supplementary Figure 2.3). Tumors that 

arose were traceable by bioluminescent imaging similarly to the primary tumor from 

which M7 was derived. The histologic phenotype of the primary tumors shown 

in Figure 2.3 was indistinguishable from the tumors that arose upon transplantation of 

M7 including areas of necrosis (Supplementary Figure 2.3). 

 

Development of alternative glioma models with human oncogenes 

We next sought to determine how flexible the requirements for tumor initiation via SB-

mediated transfection could be. Some of the most commonly deregulated pathways in 

human glioma are high-level RAS and AKT activation via signaling from receptor 

tyrosine kinases (RTK), Trp53 loss, and mutation of EGFR, rendering it constitutively 

active (EGFRvIII) (108). We delivered a microRNA-based short hairpin RNA vector 

that reduces p53 expression (shp53) (96) in combination with activated NRAS (95), 

myristylated AKT, and EGFRvIII in seven different combinations (Table 2.1). The 

combination of NRAS, EGFRvIII, and shP53 was the most robust, inducing gliomas 

with 100% penetrance in experiment 14 (Table 2.1). 
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All mice treated with NRAS/shP53/EGFRvIII exhibited increasing bioluminescence 

that correlated with survival (median survival=83 days; Figure 2.2C). These tumors 

were mitotically active and highly invasive, exhibiting extensive infiltration of normal 

brain (Figure 2.5A). Hemorrhaging and pseudopalisading necrosis was apparent in 

some tumors (Figure 2.5A-B). Nearly the entire tumor mass expressed nestin. However, 

tumor cells were heterogeneous in appearance including the presence of giant cells and 

mixed immunoreactivity for GFAP (Supplementary Figure 2.4). Similar to the human 

disease, expression of EGFRvIII was also patchy (Figure 2.5B). Despite this 

heterogeneity, a significant fraction of tumor cells expressed glial markers but not 

neuronal markers (Supplementary Figure 2.4; Figure 2.5). The expression of astrocytic 

markers, hemorrhaging, whole brain infiltration, and pseudopalisading necrosis closely 

resembles the most common forms of human GBM (2). However, ∼60% of these 

tumors lacked appreciable necrosis and were thus considered grade III GEM 

astrocytoma (Supplementary Table 2.1). The penetrance of tumor initiation was 

attenuated when one of the three oncogenes was removed from the cocktail. Mice 

injected with shP53/EGFRvIII and NRAS/EGFRvIII did not develop tumors, whereas 

60% of mice injected with NRAS/shP53 developed GEM grade III or IV gliomas 

(Supplementary Table 2.1; experiments 15–17 in Table 2.1). 

 

Cell lines were established from mice injected with NRAS/shP53/EGFRvIII when they 

developed neurologic symptoms. We designated the lines derived from mice in 
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experiment 14 as 14-1 and 14-2, and 2 additional lines not shown in Table 2.1 as M11 

and M12. Because the shP53 vector contains a GFP expression cassette, the expression 

of GFP was investigated using fluorescent microscopy. The vast majority tumor 

spheres in any microscopic field exhibited green fluorescence (Figure 2.4A), 

confirming presence of shP53/GFP vector. Both 14-1 and 14-2 cells expressed NRAS 

by Western blot (M11 and M12 were not tested; Figure 2.4B). All cell lines derived 

from tumors induced with NRAS/shP53/EGFRvIII lacked detectable p53 protein 

(Figure 2.4C). 

 

Discussion 

Despite decades of research, the prognosis for glioma patients has only improved 

marginally (7). Arguably, unsatisfactory progress may be attributable to the paucity of 

animal models that are biologically accurate yet convenient enough to use in preclinical 

trials. A model that uses mutations relevant to human gliomas and can be flexibly 

modified to mimic the biology of human high-grade gliomas would be valuable. This 

SB-induced somatic model seems to meet these criteria, producing transplantable tumor 

initiating cells, histologic, and genetic heterogeneity similarly to human malignant 

gliomas. Whether this model will be better at predicting clinical responses relative to 

established models remains to be determined. 

 

There are several key advantages of the SB-induced model that make it novel and 

potentially useful for a variety of applications. The SB system can integrate transposons 
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up to 10 kb in size (97), and 80% of human cDNAs are <7 kb (109). Therefore, after 

including a promoter and polyadenylation signal for gene expression, SB is suitable to 

deliver 70% to 80% of all human cDNAs. In contrast, the RCAS model is limited to 2.6 

kb (85) and most retroviruses >7.0 kb in size are difficult to produce. The SB-induced 

model could be used to rapidly validate glioma candidate genes discovered by 

comparative genomic approaches or forward genetic screens. Straightforward 

approaches to measure glioma viability using bioluminescence in spontaneous models 

have been lacking. In the RCAS model, FLuc was expressed only in dividing cells (87) 

or when the Gli pathway is activated (110). Although these approaches are elegant and 

provide important information, they require breeding doubly transgenic mice, the 

majority of the tumor cells within a glioma are not dividing, and the activity of the Gli 

pathway is not a direct measurement of tumor viability. In contrast, the SB system can 

induce tumors immediately in many strains of mice where FLuc expression is regulated 

by a ubiquitous CAG promoter, making it more flexible and convenient for measuring 

viability of the bulk tumor mass. When the appropriate combinations of oncogenes are 

used 100% of animals develop SB-induced tumors. This rate of tumor formation is 

equivalent or better than existing GEM models and is therefore very appealing for 

preclinical trials. The SB-induced model offers unprecedented speed and flexibility 

because it can be used in existing GEM, rather than requiring creation of new GEM to 

interrogate new biological questions. Although our initial studies have focused on mice, 

we speculate that the SB-induced model could be applied to rats and perhaps larger 

animals. Molecular analyses showed that all but one cell line derived from the tumor 
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expressed the genes delivered by cotransfection. Therefore, the SB-induced model 

could be useful to produce genetically engineered cell lines in several species. 

 

It is possible that insertional mutagenesis played a role in the heterogeneity of SB-

induced tumors, as 28% of insertions mapped to introns (1 in an exon) and others could 

activate transcription of nearby genes (Supplementary Table 2.2). The observation that 

no common gene was hit twice argues against this possibility. In addition, NRAS or 

SV40LgT gene transfer alone did not result in detectable tumor (Table 2.1). However, 

more insertions will have to cloned and characterized to determine what extent 

insertional mutagenesis may play in this model. 

 

The clonality and cell of origin of these tumors are not entirely clear. Southern blot 

revealed that single clones derived from the cell lines exhibited identical banding 

patterns (data not shown), indicating tumors were monoclonal or that a single clone 

overtook the culture via selective outgrowth. In experiment 10, we analyzed tumors 

histologically before overt symptoms developed at 28 days. This experiment revealed 

that tumors arise in the lateral ventricle and invade the parenchyma (Supplementary 

Figure 2.5). In one animal, it seemed that independent tumors were present in the lateral 

ventricles, and migratory tumor cells were seen in the olfactory bulb (Supplementary 

Figure 2.6). We speculate that a subset of tumors in this model may be oligoclonal, 

arising simultaneously and sometimes migrating from the subventricular zone to the 

olfactory bulb similarly to normal neural stem cells (111). IHC data indicated that 
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ependymal cells, subependymal cells, and cells >1 mm from the ventricle were 

transfected (Figure 2.1). Although we determined that the tumor cell lines derived from 

the SB model expressed nestin, CD133, and CD15 (data not shown), it is not clear 

whether expression of these stem cell markers is a consequence of dedifferentiation or 

transformation of putative neural progenitor cells. This is an active area of investigation 

in our laboratory. 

 

Human gliomas evolve with the host immune system, a different circumstance than that 

modeled by injecting glioma cells into the brain of adult mice. Glioma patients often 

develop tolerance to tumor antigens facilitated by an elevated fraction of regulatory T 

cells (112). Nonetheless, spontaneous antiglioma immune responses have been 

documented after successful treatment with radiation and chemotherapy (113, 114). In 

the current study, tumors developed in immunocompetent mice presumably tolerized to 

foreign antigens used to drive glioma formation and Treg frequency was not assessed. 

Future studies will address these features. We have previously shown that neonatal 

mice are tolerized to challenge with human neoantigen delivered within 24 hours of 

birth (115). We made observations that indicate mice in the current study were tolerant 

or ignorant to the neoantigens we delivered using SB. The penetrance of tumor 

development dropped in mice older than 3 days despite equivalent transfection 

efficiency and we could not induce tumors with SV40LgT/NRAS in adult mice 

(experiments 18 and 19; Table 2.1). Additionally, M7 cell transplants were rejected in 

2/5 immunocompetent C57BL/6 mice (data not shown) but not in SCID mice 



 

 32 
 

(Supplementary Figure 2.3). The SB-induced somatic tumors could be initiated in GEM 

for immunology studies, creating “humanized” models that express human tumor 

antigens and human MHC class I (116). Likewise, human RTK genes could drive 

tumor growth so that small molecule drugs or humanized antibodies could be tested on 

the human RTK to diminish artifacts with species specificity. This SB-induced somatic 

model offers a new tool to understand the biology of gliomas and realize effective 

targeted therapy. 
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Table 2.1. Effect of vector, DNA dose, volume, mouse strain, and age on tumor 

formation.  
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Figure 2.1. Characterization of gene transfer. A. 1 µg of pT/CMV-SV40-LgT DNA 

complexed in PEI was delivered in a 2 µL volume into the right lateral ventricle of 5 

neonatal mice. IHC staining for SV40LgT was conducted on brains harvested 48 hours 

after gene transfer. A representative sagittal section is shown. Grey boxes labelled with 

roman numerals represent ×20 magnification of the corresponding black boxes shown 

at low power. Black arrows, positive cells. The lateral ventricle (LV) and inferior horn 

(IH) of the lateral ventricle are labeled. B. Similar experiment as in (A) except that a 

GFP vector was injected into mice that were or were not given an IP injection of 

mannitol 1 hour before gene delivery (n = 4 per group). Coronal sections were 

processed 48 hours later for GFP immunofluorescence. Red arrows, cells reacting with 

anti-GFP antibody. C. Quantification of the cells counted from (B). Columns, mean of 

GFP-positive cells counted per section (n = 4 sections per mouse and 4 mice were 

used); bars, SD. D. Neonatal mice were injected with PT2/C-FLuc alone or in 

combination with PGK-SB13 at 1:30 ratio (n = 4 per group; 1 µg total dose). Thirty 

days later, brain lysates were assayed for luciferase activity (graph indicates average ± 

SD). 
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Figure 2.2. Oncogene transfection scheme, imaging, and survival. A. Schematic of 

cotransfection technique used to induce tumors by oncogene transfer. SB transposase 

expression is regulated by the phosphoglycerate kinase (PGK) promoter on the plasmid 

DNA backbone of the same vector harboring the FLuc transposon regulated by the 

CAG promoter. Double gray arrows, inverted repeats of the transposon, marking the 

termini of the integrating DNA after transposition. B. Neonatal mice were injected with 

SV40LgT, NRAS, and FLuc vector loaded with SB-encoding DNA as detailed in Table 

2.1. Survival after each injection condition is shown above with representative BLI 

from experiment 1 below. C. Survival and bioluminescent imaging of FVB/n mice from 

experiment 14 detailed in Table 2.1. 
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Figure 2.3. Characterization of NRAS/SV40LgT induced tumors. A. Representative 

images of histology including clustering of tumor cells around capillaries and mitotic 

figures (black arrows). B. Representative images of necrosis, nestin, and S100 IHC are 

shown. C. Two-color IHC staining for GFAP in brown and SV40LgT in pink (arrows, 

some dual positive cells; left). Other panels show that the bulk tumor (T) is negative for 

neuronal markers NeuN and synaptophysin, whereas normal brain (NB) is strongly 

positive by IHC. 
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Figure 2.4. Characterization of cell lines derived from SB-induced tumors. A. 

Phase contrast image of M7 and M10 cells forming tumor spheres 

(left and middle). Right, 14-2 cells in phase contrast and GFP fluorescent images 

(bar, 100 µm). B. GL261 glioma cells were transfected with an SV40LgT– or NRAS–

encoding plasmid as a positive control or a GFP-encoding plasmid as a negative 

control. Western blot of cell lines derived primary tumors using anti–SV40LgT (left) or 

anti-NRAS (right) antibody. C. Western blot for p53 using the indicated cell lysates. 
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Figure 2.5. Characterization of the NRAS/shP53/EGFRvIII model. A. Large tumor 

in the right hemisphere infiltrating the left hemisphere (left). Middle, ×20 magnification 

of region marked by the black box in (A) showing single cell infiltrates invading 

normal brain tissue. Right, representative mitotic figures (arrows). Representative 

images of pseudopalisading necrosis, nestin, and EGFRvIII IHC are shown (black 

arrows, few EGFRvIII-positive cells). C. Representative images of GFAP, S100, and 

NeuN staining are shown where T marks the bulk tumor mass and NB marks normal 

brain. 
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Supplementary Figure 2.1. H&E stained coronal section of brain from experiment two 

exhibiting an enlarged right lateral ventricle filled with tumor cells.  The left ventricle is 

also full of tumor. I. Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 1.  H&E stained coronal section 

of brain from experiment two exhibiting an enlarged right 

lateral ventricle filled with tumor cells.  The left ventricle 

is also full of tumor. 

 

 

 
Supplementary Figure 2.  40X magnification of 

GFAP immunohistochemistry from experiment two.  A 

mixture of well differentiated (empty arrowheads), less 

differentiated, and undifferentiated cells were often 

observed in the same tumor mass. 

 

  
Supplementary Figure 3. (a) The indicated number of M7 and M10 cells were intracerebrally injected into SCID mice (n=3-4 

/group).  Survival for all transplants is shown. (b) Bioluminescence imaging of M7-transplanted mice shown. (c) H&E stain of 

transplanted M7 cells in the SCID mouse brain.  The tumor was histologically indistinguishable from other SV40-

LgT/NRAS/Fluc-induced tumors exhibiting some areas of necrosis (red box). 
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Supplementary Figure 2.2. 40X magnification of GFAP immunohistochemistry from 

experiment two.  A mixture of well differentiated (empty arrowheads), less 

differentiated, and undifferentiated cells were often observed in the same tumor mass. 
I. Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 1.  H&E stained coronal section 

of brain from experiment two exhibiting an enlarged right 

lateral ventricle filled with tumor cells.  The left ventricle 

is also full of tumor. 

 

 

 
Supplementary Figure 2.  40X magnification of 

GFAP immunohistochemistry from experiment two.  A 

mixture of well differentiated (empty arrowheads), less 

differentiated, and undifferentiated cells were often 

observed in the same tumor mass. 

 

  
Supplementary Figure 3. (a) The indicated number of M7 and M10 cells were intracerebrally injected into SCID mice (n=3-4 

/group).  Survival for all transplants is shown. (b) Bioluminescence imaging of M7-transplanted mice shown. (c) H&E stain of 

transplanted M7 cells in the SCID mouse brain.  The tumor was histologically indistinguishable from other SV40-

LgT/NRAS/Fluc-induced tumors exhibiting some areas of necrosis (red box). 
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Supplementary Figure 2.3. Transplant glioma cell survival and imaging. A. The 

indicated number of M7 and M10 cells were intracerebrally injected into SCID mice 

(n=3-4 /group). Survival for all transplants is shown. B. BLI of M7-transplanted mice 

shown. C. H&E stain of transplanted M7 cells in the SCID mouse brain.  The tumor 

was histologically indistinguishable from other SV40LgT/NRAS induced tumors 

exhibiting some areas of necrosis (red box). 

I. Supplementary Figures 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Supplementary Figure 1.  H&E stained coronal section 

of brain from experiment two exhibiting an enlarged right 

lateral ventricle filled with tumor cells.  The left ventricle 

is also full of tumor. 

 

 

 
Supplementary Figure 2.  40X magnification of 

GFAP immunohistochemistry from experiment two.  A 

mixture of well differentiated (empty arrowheads), less 

differentiated, and undifferentiated cells were often 

observed in the same tumor mass. 

 

  
Supplementary Figure 3. (a) The indicated number of M7 and M10 cells were intracerebrally injected into SCID mice (n=3-4 

/group).  Survival for all transplants is shown. (b) Bioluminescence imaging of M7-transplanted mice shown. (c) H&E stain of 

transplanted M7 cells in the SCID mouse brain.  The tumor was histologically indistinguishable from other SV40-

LgT/NRAS/Fluc-induced tumors exhibiting some areas of necrosis (red box). 
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Supplementary Figure 2.4. A. Representative images of giant cells from tumors in 

experiment 14 are shown in the left panel. Other panels show that the bulk tumor mass 

(T) is essentially negative for the neuronal marker synaptophysin but the normal brain 

(NB) is positive. However, rarely positive cells were observed in the tumor (arrow). B. 

Image in left panel depicts the typical heterogeneity of GFAP expression observed in 

these tumors. Normal brain can be seen in lower right of image, with very organized 

GFAP positive astrocytes next to a well demarcated portion of the tumor that is 

negative for GFAP “T (-)” on the periphery but positive for GFAP in the tumor center 

“T (+)”.  In contrast, the entire tumor mass is uniformly positive for nestin. 

 
Supplementary Figure 4. (a) Representative images of giant cells from tumors in experiment 14 are shown in the left panel.  

Other panels show that the bulk tumor mass (T) is essentially negative for the neuronal marker synaptophysin but the normal 

brain (NB) is positive.  However, rarely positive cells were observed in the tumor (arrow). (b) Image in left panel depicts the 

typical heterogeneity of GFAP expression observed in these tumors.  Normal brain can be seen in lower right of image, with 

very organized GFAP positive astrocytes next to a well demarcated portion of the tumor that is negative for GFAP “T (-)” on 

the periphery but positive for GFAP in the tumor center “T (+)”.  In contrast, the entire tumor mass is uniformly positive for 

nestin. 
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Supplementary Figure 2.5. Serial coronal sections of brains from different mice 

four weeks post transfection.  In some animals, focal luminescence was noted 

between the eyes when viewed caudally (data not shown).  Tumor was present in the 

olfactory bulbs (top, left column) of these mice and extended into the parenchyma 

(bottom, left column).  Note the contralateral olfactory bulb is unaffected.  Tissues 

harvested four weeks post transfection that demonstrated detectable in vivo 

bioluminescence always had detectable tumor by H&E stain that typically originated 

around or near the lateral ventricle (right column).  Tumor was present throughout the 

majority of the cerebrum and occasionally entered the contralateral hemisphere via the 

corpus callosum (bottom, right column). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. Supplementary Tables  

 

 

  
Supplementary Figure 5. Serial coronal sections of 

brains from different mice four weeks post 

transfection.  In some animals, focal luminescence was 

noted between the eyes when viewed caudally (data not 

shown).  Tumor was present in the olfactory bulbs 

(Top, left column) of these mice and extended into the 

parenchyma (bottom, left column).  Note the 

contralateral olfactory bulb is unaffected.  Tissues 

harvested four weeks post transfection that 

demonstrated detectable in vivo bioluminescence 

always had detectable tumor by H&E stain that 

typically originated around or near the lateral ventricle 

(right column).  Tumor was present throughout the 

majority of the cerebrum and occasionally entered the 

contralateral hemisphere via the corpus callosum 

(Bottom, right column). 

 

 

 
Supplementary Figure 6. Sagittal section of affected brain 

harvested four weeks post transfection from a different animal 

that demonstrated focal bioluminescence located between the 

eyes when viewed caudally.  Olfactory bulb is completely 

replaced by tumor cells.  Several other foci are evident 

(arrowheads), notably in or near the subventricular zone of the 

lateral ventricle. 

 

Supplementary Table I.  Grade of GEM Astrocytoma Induced by Oncogene Transfer 

Oncogenes Grade 3 Grade 4 
a 
Experiment(s) # 

SV40-LgT + NRAS GV12 10/13 (77%) 3/13 (23%) 1, 2, 3, 20 

AKT + NRAS GV12 + shp53 3/5 (60%) 2/5 (40%) 13 

NRAS GV12 + shp53 1/3 (33%) 2/3 (66%) 17 

NRAS GV12 +EGFRvIII+shP53 4/7 (57%) 3/7 (43%) 14 
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Supplementary Figure 2.6. Sagittal section of affected brain harvested four weeks 

post transfection from a different animal that demonstrated focal bioluminescence 

located between the eyes when viewed caudally. The olfactory bulb is completely 

replaced by tumor cells.  Several other foci are evident (arrowheads), notably in or near 

the subventricular zone of the lateral ventricle. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. Supplementary Tables  

 

 

  
Supplementary Figure 5. Serial coronal sections of 

brains from different mice four weeks post 

transfection.  In some animals, focal luminescence was 

noted between the eyes when viewed caudally (data not 

shown).  Tumor was present in the olfactory bulbs 

(Top, left column) of these mice and extended into the 

parenchyma (bottom, left column).  Note the 

contralateral olfactory bulb is unaffected.  Tissues 

harvested four weeks post transfection that 

demonstrated detectable in vivo bioluminescence 

always had detectable tumor by H&E stain that 

typically originated around or near the lateral ventricle 

(right column).  Tumor was present throughout the 

majority of the cerebrum and occasionally entered the 

contralateral hemisphere via the corpus callosum 

(Bottom, right column). 
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Supplementary Table 2.1. Grade of GEM astrocytoma induced by oncogene 

transfer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

II. Supplementary Tables  

 

 

  
Supplementary Figure 5. Serial coronal sections of 

brains from different mice four weeks post 

transfection.  In some animals, focal luminescence was 

noted between the eyes when viewed caudally (data not 

shown).  Tumor was present in the olfactory bulbs 

(Top, left column) of these mice and extended into the 

parenchyma (bottom, left column).  Note the 

contralateral olfactory bulb is unaffected.  Tissues 

harvested four weeks post transfection that 

demonstrated detectable in vivo bioluminescence 

always had detectable tumor by H&E stain that 

typically originated around or near the lateral ventricle 

(right column).  Tumor was present throughout the 

majority of the cerebrum and occasionally entered the 

contralateral hemisphere via the corpus callosum 

(Bottom, right column). 

 

 

 
Supplementary Figure 6. Sagittal section of affected brain 

harvested four weeks post transfection from a different animal 

that demonstrated focal bioluminescence located between the 

eyes when viewed caudally.  Olfactory bulb is completely 

replaced by tumor cells.  Several other foci are evident 

(arrowheads), notably in or near the subventricular zone of the 

lateral ventricle. 

 

Supplementary Table I.  Grade of GEM Astrocytoma Induced by Oncogene Transfer 

Oncogenes Grade 3 Grade 4 
a 
Experiment(s) # 

SV40-LgT + NRAS GV12 10/13 (77%) 3/13 (23%) 1, 2, 3, 20 

AKT + NRAS GV12 + shp53 3/5 (60%) 2/5 (40%) 13 

NRAS GV12 + shp53 1/3 (33%) 2/3 (66%) 17 

NRAS GV12 +EGFRvIII+shP53 4/7 (57%) 3/7 (43%) 14 
a 

Refers to mice identified by the experiment number shown in left column of Table I 
 

 
a Refers to mice identified by the experiment number shown in left column of Table 2.1 



 

 48 
 

Supplementary Table 2.2. Map positions of SB-mediated integrations. 

Cell 
Line 

Chromosome Gene 
Location 

Relative to 
Gene 

Distance 
(bp) 

Transposon 
Orientation 
Relative to 

Gene 
M2 1 Cep170 downstream 55585 + 
M2 3 Nhedc1 exon 5 NA - 
M2 4 6230409E13Rik upstream 8579 + 
M2 5 Glt1d1 intron 1 NA - 
M2 11 Adra1b upstream 36848 + 
M2 12 Serpina5 upstream 8326 + 
M2 14 9030625A04Rik downstream 101371 - 
M2 18 ENSMUSG00000069391 downstream 52477 + 
M2 5 Gm444 upstream 2720 + 
M7 1 2700049P18Rik downstream 31879 + 
M7 1 Zfp281 upstream 1552 + 
M7 1 ENSMUSG00000064860 upstream 46145 - 
M7 3 S100a11 intron 2 NA + 
M7 3 Atp11b Introns 9 NA + 
M7 4 Tie1 downstream 238406 + 
M7 4 ENSMUSG00000077214 downstream 141025 - 
M7 4 ENSMUSG00000068029 upstream 119035 + 
M7 4 4933407E24Rik upstream 38850 - 
M7 5 ENSMUSG00000070220 upstream 379132 - 
M7 5 Tmem132d intron 2 NA - 
M7 6 Grm7 intron 4 NA + 
M7 6 Tnpo3 upstream 25517 + 
M7 6 Pde3a intron 2 NA - 
M7 8 Gm1698 downstream 72588 - 
M7 11 Fxr2 upstream 3660 - 
M7 11 Olfr1395 upstream 4328 - 
M7 12 Ctage5 intron1 NA + 
M7 12 ENSMUSG00000077292 upstream 40219 - 
M7 12 Akap6 upstream 11445 - 
M7 13 Calm4 upstream 16382 - 
M7 14 ENSMUSG00000077636 downstream 197194 + 
M7 15 L3mbtl2 intron 3 5758 + 
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M7 17 ENSMUSG00000071033 upstream 61977 - 
M7 19 Prune2 upstream 24641 - 
M7 19 E030010A14Rik intron 1 3463 - 
M7 19 Sorbs1 intron 20 NA + 
M7 X 4930447F04Rik downstream 55143 + 
M10 1 ENSMUSG00000077207 downstream 13892 - 
M10 2 Ehf downstream 15459 + 
M10 2 Phf21a intron 4 NA + 
M10 2 A2AJX4_MOUSE intron 4 NA + 
M10 2 Chac1 upstream 2794 + 
M10 3 Trpc3 upstream 103101 - 
M10 4 4930473A06Rik intron 6 NA + 
M10 4 Ppap2b downstream 120325 + 
M10 16 Zbtb20 intron 10 NA - 
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Chapter 3 

Crucial Role for Hyaluronan-Engaged CD44  

in Malignant Glioma Invasion and Progression 
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Introduction 

 

Tumor cell invasion and metastasis requires a coordinated change in membrane 

signaling and cytoskeletal rearrangements, a process that is frequently driven by 

epithelial-to-mesenchymal transition (EMT). CD44, an extracellular matrix (ECM) 

receptor, is recognized as a marker for the metastatic subpopulation of numerous solid 

tumors, including breast, prostate, and head and neck carcinomas (30, 31, 117).  Even 

though gliomas are not epithelial tumors, a mesenchymal subclassifcation exists that 

identifies gliomas going through a similar biological process. CD44 is one of the 

markers for this aggressive mesenchymal subtype (12). Similarly, the overexpression of 

both CD44 and production of its principal ligand, hyaluronan (HA), have been shown 

to promote EMT and intracellular signaling leading to increased invasion, proliferation, 

and survival within numerous cancers (118-120).  

 

Due to the highly enriched HA content within the brain, this microenvironment is 

particularly suited for the expansion of CD44 positive glioma cells. In addition, glioma 

cells have the enhanced ability to both synthesize and degrade HA through the 

overexpression of hyaluronan synthase 2 (Has2) and hyaluronidase 2 (Hyal2) (121-

123).  This leads to the presence of both high and low molecular weight hyaluronan in 

the microenvironment surrounding glial tumors (21). The overexpression of these 

enzymes has been shown to correlate with metastasis in breast and prostate cancers 
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(124-127) and, similarly, is a negative prognostic indicator for human gliomas 

(Supplementary Figure 3.1).  

 

High-grade gliomas have been shown to overexpress CD44, but there have been 

conflicting reports about the prognostic value of CD44 in gliomas (33, 128-130). 

However, the majority of reports conclude that overexpression of CD44 has a negative 

prognostic index for glioma patients. More recently, the expression of CD44 has been 

strongly correlated with a mesenchymal transition metagene signature that predicts a 

shorter time to tumor progression after therapy (131). In addition, previous studies have 

demonstrated that expression of anti-sense CD44, HA-binding fragments (soluble 

CD44), or local application of CD44 antibodies can prolong survival of glioma-bearing 

mice, decrease invasion, and sensitize tumor cells to chemotherapy (40, 42, 130, 132-

134). However, these studies have utilized transplanted tumor models in which large 

numbers of glioma cells are inoculated into the brain.  Prior in vivo studies have not 

addressed the role for CD44 in glioma development or the tumor intrinsic vs. stromal 

cell-dependent contribution of CD44. Furthermore, very little is known about the 

requirement for CD44 in the development of any solid tumor.  

 

In order to study the function of CD44 during gliomagenesis, we employed a de novo 

model of malignant glioma that is induced by oncogene transfer. This model was 

previously characterized in detail in Chapter 2, showing that transfected subventricular 

cells give rise to malignant gliomas (astrocytoma and glioblastoma) (26). Herein, we 
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demonstrate that CD44 expression and its prognostic significance are similar between 

glioma patients and two genetically distinct de novo glioma models. Bioluminescent 

imaging reveals that CD44 plays a crucial role in glioma maintenance. Furthermore, we 

demonstrate that delayed tumor progression in CD44 deficient (CD44-/-) mice can be 

rescued by expression of CD44 in the cell of origin, establishing that the requirement 

for CD44 is tumor cell intrinsic. Interestingly, tumor progression was not rescued by a 

CD44 mutant in its HA binding domain, further establishing the need for CD44 

engagement with HA in tumor development. Histological analyses show that the highly 

infiltrative population of glioma cells both overexpress CD44 and reside in a niche with 

increased HA production. Moreover, cell tracking in live brain slices reveals that 

motility at the single-cell level is substantially reduced in CD44-/- animals compared to 

wild-type animals. These studies demonstrate that CD44-mediated tumor cell motility 

plays a key role in tumor formation as well as tumor progression.  

 

Materials and methods 

 

Animals and tumor models 

C57BL/6J (CD44+/+) and B6.129(Cg)-CD44tm1Hbg/J (CD44-/-) mice were purchased 

from Jackson labs. Animals were housed in pathogen free conditions under controlled 

12-hour light dark cycle with free access to food and water according to Institutional 

Animal Care and Use Committee approved protocols.  
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Malignant gliomas were induced in neonatal mice by DNA injection into the right 

lateral ventricle as described previously (18). Hypothermia anesthesia was achieved for 

postnatal day 1-2 mice by placement in ice for 3-5 minutes. Neonatal mice were 

secured in a cooled neonatal stereotactic frame. Hamilton syringes were fitted with a 30 

gauge beveled needle. Neonatal mice were injected with 350 ng of plasmid DNA mixed 

with in vivo jetPEI (Polyplus) in a total volume of 0.7 µL at a rate of 0.3 µL/min. The 

following plasmids were used: pT2/C-Luc/PGK-SB100, pT2/Cag-NrasV12, 

pT2/shP53/GFP4/mPDGF, pT/CMV-LgTAg, pT2/Cag-NrasV12/CLP-CD44, pT2/Cag-

NrasV12/CLP-CD44-R41-Y42, pKT2/CMV-GFP-actin. The CD44 rescue constructs 

were cloned using in vitro recombination (InFusion, Clontech) and verified by 

sequencing and restriction digests. All plasmids were prepped in 0.1x TE for in vivo 

transfection using HiPure Maxiprep kit (Invitrogen). Animals were monitored daily for 

morbidity. Moribund animals were terminally anesthetized by IP injection of 

ketamine/xylazine cocktail followed by transcardial perfusion with 0.1M phosphate 

buffer solution and 4% paraformaldehyde. Brains were collected and post fixed in 10% 

neutral buffered formalin and transferred to 80% ethanol prior to paraffin embedding. 

Kaplan-Meier survival plots and log-rank statistical analysis were generated using 

Graphpad Prism software. 

 

For transplantation experiments CD44+/+ and CD44-/- cells were dissociated with a 

mix of non-enzymatic dissociation solution (Sigma) and TryPLE (Invitrogen), washed 

with serum-free media, and resuspended in Hank’s Balanced Salt Solution without Ca2+ 
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or Mg2+ at a concentration of 3.0-4.0x105 cells/mL. Animals were anesthetized by IP 

injection of ketamine/xylazine cocktail. 0.5-0.75 µL were injected into the right 

striatum at a rate of 0.2 µL/min as described previously (105). Animals received 40 

mg/kg ketoprofen following surgery and were allowed to recover under a heat lamp.  

 

Bioluminescence 

Animals were monitored for tumor growth using noninvasive bioluminescence imaging 

(BLI). Animals were injected IP with 100 µl of 28.5 mg/ml luciferin (GoldBio). Mice 

were anesthetized using 3% isoflurane and imaged on an IVIS 50 instrument (Caliper 

Life Sciences). Images were acquired ten minutes after injection with a five minute 

exposure (Xenogen LivingImage). Bioluminescent signals were quantified using the 

LivingImage software by selecting a circular Region of Interest of 2.7 cm in diameter 

and analyzed using Graphpad Prism software. Signals across groups were compared by 

two-way ANOVA with Bonferroni post-test analysis. The increase in signal was 

determined by taking the slope of the line: (P/S (t2) – P/S (t1))/ # days (t2-t1) and 

analyzed by one-way t-test.  

 

Primary cell lines 

Moribund animals were terminally anesthetized with a ketamine/xylazine cocktail and 

transcardially perfused with isotonic saline. Tumors were collected, minced with a 

scalpel, and expanded in serum free media as tumorspheres. The media consists of 

DMEM/F12 (Gibco) with 0.5x B27, 1x N2, 1% penicillin/streptomycin, and normocin. 
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20 ng/ml EGF and bFGF (R&D Systems) were added to the cultures every 3-4 days and 

spheres were dissociated every 5-7 days with a mix of non-enzymatic dissociation 

solution (Sigma) and TryPLE (Invitrogen). 

 

Immunohistochemistry 

Unstained brain tumor sections (4 µm) were de-paraffinized and rehydrated using 

standard methods. For CD44 and SV40LgT antigen retrieval, slides were incubated in 

9.0 pH buffer (BORG Decloaking reagent, Biocare Medical) in a steamer for 30 

minutes at 95-98°C, followed by a 20 minute cool down period. Slides were rinsed 

between steps in running tap water followed by immersion in 1x Tris-buffered 

saline/0.1% Tween-20 (TBST; pH 7.4). Endogenous peroxidase activity was quenched 

by slide immersion in 3% hydrogen peroxide solution (Peroxidazed, Biocare) for 10 

minutes. Rodent Block M (Biocare Medical) was placed on all sections for 30 

minutes. Blocking solution was removed and slides were incubated in appropriate 

primary antibody diluted in 10% blocking solution/90% TBST. For HA staining, 

bHABP (Calbiochem, 1:400) was incubated overnight at 4°C and detected with SA-

HRP (Covance) for 30 minutes at room temperature. For CD44, rat anti-mouse CD44 

IgG (IM7) (BD Biosciences, 1:400) was incubated overnight at 4°C and detected with 

Rat on Mouse AP-Polymer (Biocare Medical) using the manufacturer’s specifications. 

For SV40LgT, SV40TAg (v-300) (Santa Cruz Biotechnology, 1:400) was incubated 

overnight at 4°C and detected with Rabbit on Rodent Polymer (Biocare Medical) using 

the manufacturer’s specifications. The chromagens used were diaminobenezidine 
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(DAB) (Covance) and Vulcan Fast Red (Biocare Medical) following manufactures 

specifications. For double labeling of SV40LgT/CD44 the same protocol was followed 

as individually starting with CD44 (1:400) (DAB). When the first stain was complete, 

denaturing solution (Biocare Medical) was applied for 5 minutes at room temperature, 

and Rodent Block M was reapplied for 15 minutes followed by the application of the 

SV40LgT (1:400) (Vulcan Fast Red) as before. When staining was finished, all slides 

were rinsed in TBST and counterstained with CAT Hematoxylin diluted 1:3 (Biocare 

Medical) for 5 minutes, rinsed in tap water, dehydrated and coverslipped. Slides were 

scanned and downloaded using the Aperio ePathology System. 

 

Scratch wound assay 

12-well tissue culture plates were coated with 20 µg/ml laminin (BTI). Cell culture 

inserts (Ibidi) were placed in the wells and 3.5x104 cells were pipetted into either side 

of the insert. Cells were allowed to grow to confluence before the insert was removed. 

Cells were washed and serum free media was applied. 50 µg/ml isotype antibody or 

CD44 blocking antibody (IM7) were added to the media for treated wells. Phase 

contrast images were taken at time 0 and 24 hours. The cell free area was traced in 

Photoshop CS2 and quantified as a percentage from time 0. Statistical analysis was 

done using one-way ANOVA with Bonferroni’s adjustment for multiple comparisons. 

 

Transwell migration 
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24-well tissue culture plates were coated with a thin layer of Matrigel (BD 

Biosciences). Serum free media was placed in the well with 20 ng/ml EGF and bFGF. 

1x104 CD44+/+ or CD44-/- cells in serum free media were placed into the upper 

chamber of an 8 µm pore transwell (BD Biosciences). Plates were incubated at 37oC for 

36 hours. Cells were fixed for 15 minutes with 100% methanol at -20oC and stained 

with 0.1% crystal violet in 10% methanol for 30 minutes at room temperature. Plates 

were washed under running water and allowed to air dry.  

 

Single cell migration dynamics in brain slice preparations 

Mice bearing GFP-actin tagged tumors were sacrificed when BLI signals were in the 

range of 5x105 to 8x106 photons/second. Mice were terminally anesthetized with 

ketamine/xylaxine and perfused transcardially with isotonic saline. Brains were 

submerged in 2% agarose gel molds and allowed to solidify on ice for 30 minutes. 

Brain molds were sectioned into 300 µm thick sagittal slices using a vibrating blade 

microtome (Leica). Floating slices were placed in DMEM until the brain was 

completely sectioned. GFP visualization goggles were used to identify slices containing 

tumor cells expressing GFP-actin. These slices were placed on 0.4 µm Millipore culture 

inserts inside glass bottom petri dishes (MatTek Corporation) containing DMEM as 

described previously (57). Slices were imaged on a Zeiss swept-field laser confocal 

microscope at 15 minute intervals for up to 20 hours in 5% CO2 and humidified 

conditions (LSM 7 Live). Multiple z-planes (10-20) were collected at intervals of 12 

µm and collapsed to a single image using maximum intensity projection. Images were 
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registered by an affine transformation using ImageJ StackReg plug-in (École 

Polytechnique Fédérale De Lausanne) to account for stage drift and tissue 

relaxation. Two-dimensional Fast Fourier Transform (FFT) filtering was conducted on 

images to remove low frequency background fluorescence variations. Cells were 

outlined and filled in Matlab using a Laplacian of Gaussian edge function and imthresh 

function, respectively. The centroid coordinates of the resulting shape were tracked 

throughout the image series. Wind rose plots were generated by plotting centroid 

trajectories initialized at the origin for an elapsed time of 90 minutes. Cell centroid 

coordinates were used to calculate the mean squared displacement (MSD) of the cells 

over time by the overlapping method. The MSD over time was used to calculate the 

random motility coefficient µ assuming 2-dimenstional geometry, according to the 

equation µ=MSD(t)/4t, evaluated at 90 minutes. Distributions of random motility 

coefficients for the different conditions were compared using a non-parametric 

Kruskal-Wallis test.  

 

Results 

 

Spontaneous mouse glioma models recapitulate human disease 

In order to evaluate the requirement for CD44 in brain tumor growth, we induced 

genetically engineered gliomas in both wildtype (CD44+/+) and CD44 deficient 

(CD44-/-) mice. Gliomas were generated by transposon-mediated gene transfer of a 

constitutively activate NRAS (NRASG12V) along with a plasmid encoding simian virus 
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40 large T antigen (SV40LgT) (Figure 3.1A) or NRAS combined with a plasmid 

encoding both murine PDGF and a microRNA against P53 (shP53). These genetically 

distinct models result in malignant gliomas with histological features of 

pseudopalisading necrosis and invasion into the normal brain (18, 135). In both models, 

CD44-/- mice survived significantly longer compared to CD44+/+ mice (Figure 3.1B, 

top row). This survival advantage correlates with human microarray data from the NCI 

REpository for Molecular BRAin Neoplasia DaTa (REMBRANDT) database, in which 

CD44 overexpression is associated with a poor prognosis in glioma patients (Figure 

3.1B, top left).  

 

IHC for CD44 was used to compare the murine models to human glioma. Two patterns 

of CD44 expression are present in the mouse and human tumors. In some regions of the 

glioma, the overexpression of CD44 appears homogeneous (Figure 3.1B, middle 

panel). In other regions within the tumor, the expression of CD44 appears enriched in 

tumors cells in the perivascular region (Figure 3.1B, bottom row). In the 

SV40LgT/NRAS model, we confirmed that the cells overexpressing CD44 are indeed 

tumors cells using two-color IHC for SV40LgT and CD44 (Figure 3.1C). The staining 

pattern in these samples clearly shows SV40LgT/CD44 double positive cells 

surrounding the endothelial cells around the vascular lumen. The similar survival and 

CD44 expression patterns between the human and mouse gliomas support that the 

spontaneous mouse models recapitulate the human disease and are appropriate for 
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gaining mechanistic insight into the role of CD44 in glioma development and 

progression.  

 

Further analysis of the brains of glioma-bearing mice identified SV40LgT-positive 

glioma cells infiltrated throughout the normal brain of tumor bearing mice. These 

diffusively invasive cells were clustered around the normal vasculature juxtaposed to 

the bulk tumor (Figure 3.2A). These results are consistent with previous findings 

indicating that glioma stem-like cells preferentially migrate along the vascular 

basement membrane (69). In addition, serial sections demonstrated that tumor cell 

expression of CD44 co-localized with high levels of HA (Figure 3.2B), suggesting an 

increased production of HA in tumor cell dense regions. In addition, we sacrificed mice 

at four weeks post transfection to analyze early stage tumors. These small, newly 

developing gliomas were also found to overexpress CD44 and produce excess amounts 

of HA. These results suggest that glioma cells or glioma-associated stroma produce HA 

in the bulk tumor and along tumor-infiltrated perivascular spaces, even from the early 

stages of gliomagenesis. 

 

Slower growth and spontaneous regression of select CD44-/- tumors 

In addition to the oncogenes used to induce malignant gliomas, we co-injected a 

plasmid expressing firefly luciferase (FLuc) (Figure 3.1A). The integration of FLuc 

allowed serial measurements of tumor burden using bioluminescent imaging (BLI). As 

shown in Figure 3.3, CD44+/+ mice developed detectable tumors at 3-4 weeks of age 
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that rapidly progressed to lethality. Even though BLI signals in CD44+/+ and CD44-/- 

mice are not different at week 3 (p=0.59), analysis of BLI signal revealed a significant 

difference (p<0.05) in the progression of these small tumors from early to late stage 

disease (Figure 3.3B). Of the CD44-/- animals with tumors that progressed, the increase 

in BLI signal from week 3 to 5 post transfection was significantly lower than CD44+/+ 

animals (p<0.05). Remarkably, a subset (13-22%) of CD44-/- mice developed tumors 

that spontaneously regressed without treatment (Figure 3.3A-B). The majority of these 

mice remained tumor-free while others eventually recurred. In order to determine the 

fate of SV40LgT-positive cells in tumors that regressed, IHC was conducted on a brain 

collected two weeks following tumor regression measured by BLI (Figure 3.4A). 

SV40LgT staining revealed that transfected cells were present in multiple areas of the 

brain, but exhibited no evidence of neoplastic expansion (Figure 3.4B). These data 

indicate that the lack of CD44 prevented some transfected cells from maintaining a 

transformed state of aberrant net proliferation. Thus, in animals exhibiting spontaneous 

regression, CD44 was apparently required for tumor maintenance. 

 

Extension of survival is tumor intrinsic 

We next determined whether loss of CD44 in the tumor environment versus the tumor 

itself was contributing to the prolonged survival of CD44-/- mice. 

NRAS/shP53/mPDGF driven primary glioma cell lines were generated from both 

CD44+/+ and CD44-/- mice and were inoculated into either CD44+/+ or CD44-/- host 

mice. These primary cell lines generated tumors at comparable rates in both CD44+/+ 
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and CD44-/- hosts (Supplementary Figure 3.2A-B), demonstrating that lack of CD44 in 

the stroma does not contribute to the extension of survival of CD44-/- mice harboring 

primary tumors. To further validate that the tumor specific loss of CD44 was 

responsible for the delayed growth, we inoculated 100 SV40LgT/NRAS primary 

glioma cells from both CD44+/+ and CD44-/- cells into immunocompromised mice 

(Supplementary Figure 3.2C). In this identical environment, CD44+/+ cells 

demonstrated a trend towards faster tumor development compared to CD44-/- cells 

(p=0.12). These orthotopic transplants confirmed that the extension of survival in 

CD44-/- mice was specifically due to the loss of CD44 on the tumor cells.  

 

In order to further confirm that the delay in tumor growth was dependent on the tumor 

cell loss of CD44, we rescued CD44 expression exclusively in the primary tumor. The 

cDNA for mouse CD44 was cloned onto the plasmid encoding NRAS and co-injected 

with the SV40LgT plasmid the same manner as the previously induced tumors (Figure 

3.5A). IHC established that CD44 was ubiquitously expressed within the SV40LgT-

positive glioma cell population in “rescued” CD44-/- mice (Figure 3.5B). The survival 

of CD44-/- mice with CD44 expressing tumors (rescue) was significantly less than 

CD44-/- mice (p<0.05, Figure 3.5C), demonstrating that CD44 expression by the tumor 

cells, rather than the stromal cells, is the key driver in glioma progression. Furthermore, 

rescue with a CD44 construct mutated in two critical HA binding residues (R41, Y42) 

provided no growth advantage to the tumor cells, demonstrating that CD44 engagement 

with HA in the ECM is a critical component for glioma progression.  
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CD44 function did not impact cell growth but instead enhanced cell motility 

The tumor cell intrinsic requirement for CD44 in survival studies prompted us to 

compare the growth of cell lines derived from primary CD44+/+ and CD44-/- tumors. 

Consistent with early tumor growth in vivo, there was no significant difference between 

CD44+/+ and CD44-/- cell lines in anchorage-independent or standard cell growth 

assays, even though there is a difference in the rate of tumor development after 

transplantation (Supplementary Figure 3.2C). There was also no difference in the Ki67 

mitotic index in primary CD44+/+ and CD44-/- tumors as measured by IHC (data not 

shown), suggesting that CD44 accelerates tumor progression by a mechanism other 

than by increasing mitosis. We therefore reasoned that CD44 might accelerate tumor 

progression by allowing glioma cells to move outward from the necrotic center of the 

tumor. These invasive cells would be able to acquire a fresh supply of nutrients by 

moving along the vasculature of the normal brain adjacent to the tumor, as shown in 

Figure 3.2.  

 

In order to assess whether CD44 was required for this motility, we conducted an in 

vitro migration experiment using laminin-coated plates as a model for the vascular 

basement membrane. In the scratch wound assay, CD44+/+ cells migrated into the cell 

free space significantly faster than CD44-/- cells within the 24-hour incubation period 

(Figure 3.6A-B). This rapid movement was inhibited by application of a CD44 

blocking antibody (IM7). In a second in vitro motility assay, CD44+/+ and CD44-/- 
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cells were placed on the top chamber of 8 µm transwell inserts with the chemotactic 

factors, EGF and bFGF, present in the lower chamber. Similar to the results from the 

scratch wound assay, CD44-/- cells were deficient in their ability to translocate to the 

lower chamber in response to chemotactic factors (Figure 3.6C). In both of these 

migration assays, CD44+/+ cells displayed enhanced motility compared to CD44-/- 

cells, confirming that CD44 is critical for motility in primary glioma cells in vitro.  

 

To evaluate the motility of glioma cells in their natural 3-dimensional brain 

microenvironment, we used an organotypic slice culture system to quantitatively 

analyze the migration of single glioma cells from CD44+/+ and CD44-/- mice. We 

generated primary tumors expressing GFP-actin and analyzed early stage tumors when 

BLI signals were in the range of 5x105 to 8x106 photons/second (3-6 weeks post 

transfection). Using time-lapse microscopy, we followed the movement of single GFP-

positive glioma cells within 300 µm slices and quantified cell motility (Figure 3.7A-B). 

Representative Wind Rose plots illustrate the substantial difference in the trajectories of 

single CD44+/+ and CD44-/- cells (Figure 3.7C). Quantitative analyses revealed an 

increased cell MSD (Figure 3.7D-E) and a 4-fold higher mean random motility 

coefficient for migration of CD44+/+ cells compared to CD44-/- cells (Figure 3.7F). 

Furthermore, the motility distribution was significantly different (p<0.0001) between 

CD44+/+ and CD44-/- cells, with CD44+/+ cells moving as quickly as 84 µm2/hr.  

Together, these single cell analyses demonstrate that CD44 is required for rapid glioma 
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cell migration in brain tissue and is correlated with the accelerated growth of CD44-

expressing tumors. 

 

Discussion 

Our spontaneous model allowed us to interrogate the function of CD44 in the 

development and progression of malignant glioma for the first time. We found an 

abundance of both HA and CD44 from the initial stages of tumor development through 

late stage invasive tumors. The clustering of multiple CD44 molecules upon binding 

HA leads to the amplification of tyrosine kinase signaling and activation of multiple 

intracellular signaling cascades. The slowed progression in CD44-/- mice suggests an 

inability to sustain these proliferation, survival, and motility signals that would 

otherwise be augmented by CD44 activation. Furthermore, our studies demonstrated 

that re-expression of wild type but not an HA-binding mutant CD44 in tumor cells was 

sufficient to enhance tumor progression in CD44-/- mice, showing a tumor intrinsic 

requirement for the HA-CD44 complex in glioma development. We demonstrated for 

the first time that glioma cells rely on CD44 and local HA production to accelerate 

progression by increasing motility. However, additional studies involving knockout of 

hyaluronan synthase in the tumor versus stroma will be required to further understand 

these mechanisms.  

 

Nevertheless, our current data support the following model for glioma progression: We 

speculate that the vascular supply becomes inadequate to sustain the cell density 
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present in the bulk tumor, resulting in the tumor center rapidly becoming necrotic. The 

rate-limiting step to tumor progression then becomes the ability to migrate away from 

the bulk tumor and invade into the normal brain where there is an adequate supply of 

nutrients. This movement away from the necrotic center is likely via perivascular 

spaces, as demonstrated by this study and others (136-140). Animals in our survival 

study die due to a large tumor burden causing mass effect on the normal brain, 

eventually compromising brain function and causing death. It is therefore reasonable 

that a tumor that can quickly spread into normal brain causing widespread destruction 

will be more lethal. We believe this is why higher CD44 expression is a negative 

prognostic factor for human patients and why CD44-/- animals survive longer in our 

experiments. 

 

Our data are the first to demonstrate that the rate in which glioma cells migrate through 

the brain is dependent upon CD44 expression. According to the motor-clutch model of 

cell migration, traction force is generated by myosin molecular motors pulling on actin 

filaments, which are in turn reversibly linked to the ECM via stochastically engaged 

transmembrane “clutches” (141-143). Because CD44 can mechanically link the ECM to 

the actin cytoskeleton via ERM proteins, ankyrin, and a PDZ domain (54, 56, 144-146), 

CD44 is a candidate “clutch” molecule for glioma motility. Across a wide range of cell 

types, nonmuscle myosin II is generally regarded as the “motor” in the motor-clutch 

model, and recent studies show the critical role of myosin II in glioma cell migration 

and invasion (57, 147). Our results now show a critical role for CD44 in mediating cell 
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migration and invasion, consistent with its predicted role as a molecular “clutch” in 

glioma cells. Our results suggest that the motor-clutch apparatus is vital to glioma 

invasion and that specifically targeting cell adhesion-migration has the potential to 

significantly impede tumor growth. 

 

Progression to an aggressively growing and invading glioma involves the transition into 

the mesenchymal phenotype. Recent reports have suggested a link between cells 

possessing EMT characteristics and “stemness” (120, 148, 149). Interestingly, the 

perivascular region that the invasive glioma cells are migrating through is a niche for 

brain tumor progenitor cells / stem cells (69, 150). The survival and maintenance of the 

stem cell phenotype requires the ability of these cells to interact with the ECM and 

respond to secreted factors in this niche. Previous work has established that CD44 is 

expressed on multipotent hematopoietic and neural stem cells and that HA is abundant 

within those stem cell niches (67, 151). This shared expression of CD44 and production 

of HA suggests a critical function of CD44 activation in the maintenance of normal and 

cancer stem cell phenotypes. The regression of tumors seen in some of the CD44-/- 

mice demonstrates an inability to both sustain the stem cell component of the growing 

tumor and the inability to maintain the pro-survival signaling within the bulk tumor 

mass. These results suggest the lack of CD44 in these glioma cells has a negative 

impact on the ability of these cells to respond to growth factors promoting the survival 

and expansion of glioma progenitor cells.  
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The survival, histology, and migration data from de novo gliomas demonstrates that 

CD44 is required for rapid glioma progression and motility from the early stages of 

tumorigenesis. These data indicate that CD44 may be a reasonable therapeutic target. 

Previous reports utilizing local application of anti-CD44 treatments (soluble CD44, HA 

oligosaccharides, or CD44 neutralizing antibodies) in transplanted glioma models have 

shown promising results (40, 42, 130, 132-134). However, the currently available 

treatments targeting CD44 are not readily translatable to the clinic for treatment of 

human patients because of brain penetration and/or drug delivery challenges. Our 

studies suggest that development of a systemically administered, small molecule 

antagonist of HA-CD44 complex has therapeutic potential. 
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Figure 3.1. CD44 expression is prognostic of survival and has similar expression 

patterns in human and murine gliomas. A. Schematic of SV40LgT/NRAS model of 

glioma induction. All three plasmids are mixed with PEI and injected into the lateral 

ventricle of neonatal mice. B. REMBRANDT human microarray database (NIH/NCI) 

survival analysis for all human gliomas displays negative prognostic value for CD44 

overexpression. n=332 upregulated >2 fold. n=81 <2 fold upregulation. CD44-/- mice 

have a significant extension of survival in two glioma models. SV40LgT/NRAS 

median survival = 37 (CD44+/+, n=25) vs. 53 days (CD44-/-, n=23). 

NRAS/shP53/mPDGF median survival = 59 (CD44+/+, n=18) vs. 80 days (CD44-/-, 

n=19). IHC for CD44 shows homogeneous (middle row) staining patterns in each of the 

respective human and murine tumors. Scale bar = 200 µm. IHC staining also shows 

heterogeneous patterns with CD44 expression restricted to the perivascular regions of 

each of the tumors (bottom row). Scale bar = 60 µm. C. Two color IHC for CD44 

(brown, membrane) and SV40LgT (red, nuclear) confirms that CD44 expression is 

from SV40LgT-expressing glioma cells in the perivascular region (arrowhead). Arrow 

shows endothelial cells forming vascular lumen. 
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Figure 3.2. HA and CD44 are abundant in invasive and early stage tumors. A. Two 

color IHC shows infiltrative CD44 (brown) / SV40LgT (red) tumor cells clustering 

around the vasculature of the normal brain. Scale bar = 20 µm (left), 60 µm (right). B. 

Serial sections of infiltrative tumor cells and early stage tumors (4 weeks post 

transfection) demonstrate that both CD44 and HA are produced in these glioma 

populations. Scale bar = 100 µm. 
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Figure 3.3. Bioluminescent imaging reveals patterns of glioma growth in CD44+/+ 

and CD44-/- tumors. A. Representative bioluminescent images from SV40LgT/NRAS 

tumors. CD44+/+ mice develop steadily progressing gliomas while CD44-/- mice show 

slower tumor growth. A small subset of CD44-/- mice develops tumors that 

spontaneously regress as detected by bioluminescence imaging (BLI). Age of mice at 

imaging is shown under panel of images. B. BLI signals for mice are tracked over time, 

with each line representing the signal from an individual animal.  The BLI signal 

increases significantly faster for CD44+/+ mice (n=14) compared to CD44-/- tumors 

(n=18) after 3 weeks. Dotted line represents the lower limit of signal detection. 
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Figure 3.4.  Bioluminescence imaging and IHC after tumor regression reveal 

persistence of SV40-LgT expressing cells. A. Bioluminescence images from one 

CD44-/- mouse that showed a rapid spontaneous regression after week 3 post oncogene 

transfer. B. IHC on a representative section from the mouse in (A) that was sacrificed at 

5 weeks post-transfection. I-II. Arrows show SV40LgT cells residing in distant sections 

of the brain shown in (B). 
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Figure 3.5.  Expression of wild-type CD44 rescues survival in CD44-/- mice.  

A. Schematic of wild-type CD44 rescue plasmid transfection strategy. All three 

plasmids are mixed with PEI and injected into the lateral ventricle of neonatal mice in a 

similar manner as previous experiments. B. Two color IHC showing that CD44 (brown, 

membrane) is expressed from plasmid DNA that has integrated in SV40LgT (red, 

nuclear) tumor cells in CD44-/- mice. Scale bar = 20 µm. C. Rapid glioma progression 

is rescued in CD44-/- mice by expressing wild-type CD44 in tumor cells but not by 

rescue with a CD44 mutated in the HA binding domain. n = 36 (CD44+/+) / 29 (CD44-

/-) / 32 (Rescue) / 14 (HA Mutant). 
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Figure 3.6.  Slower motility of CD44-/- cells in two in vitro assays compared to 

CD44+/+ cells. A-B. Primary SV40LgT/NRAS cells were plated within inserts on 

laminin coated tissue culture plates. Images display cell free space after 24-hour 

incubation. B. Quantification of glioma cell movement into cell free space pictured in 

(A). CD44+/+ cells close the gap within 24 hours while CD44-/- cells and CD44+/+ 

cells treated with CD44 blocking antibody (IM7) are unable to fill the cell free space. 

**p<0.001. C. CD44+/+ primary glioma cells translocate from the upper chamber to 

the bottom chamber of an 8 µm pore transwell insert more efficiently than CD44-/- 

cells in response to chemokines. 
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Figure 3.7.  Quantification of single glioma cell migration in explanted brain slices. 

Mice bearing SV40LgT/NRAS/GFP-actin gliomas were sacrificed early in tumor 

development (3-6 weeks post transfection). A. 300 µm thick sagittal brain slice cultures 

of tumor-bearing CD44+/+ and CD44-/- mice expressing GFP-actin (green). N= 

necrotic region, B=normal brain, V=ventricle. B. Sub-region of green channel from 

white box in (A) showing representative cells. Magenta circles indicate tracked centroid 

locations of single cells migrating within the brain slices over 5 hours. C. Wind rose 

trajectories of all tracked cells for an elapsed time of 90 minutes show that CD44+/+ 

cells migrate faster than CD44-/- cells. D. Cartoon depicting how displacement is 

calculated at each time interval. Green dot indicates starting position, magenta curve 

indicates actual cell path, and red dot indicates cell position at time t1. E. Plots of mean 

squared displacement (MSD) as a function of time, averaged over all tracked cells with 

error bars indicating the standard error of the mean (SEM). F. Distribution of random 

motility coefficients µ evaluated at t=90 minutes. Last bin includes data from 24.0-84.0 

µm2/hr. Statistical analysis with a Kruskal-Wallis test revealed a significantly higher µ 

(***p < 0.001) for CD44+/+ cells (7.8 ± 1.8 µm2/hr, mean ± SEM) compared to CD44-

/- cells (1.8 ± 0.2 µm2/hr). 
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Supplementary Figure 3.1 

Rembrandt data from human glioma microarray show that upregulating (red) Has2 and 

Hyal2 by 2-fold or greater is a negative prognostic indicator compared to the rest of the 

glioma samples (blue).  
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Supplementary Figure 3.2. A-B. Kaplan-meier survival plots for inoculated 

NRAS/shP53/mPDGF gliomas showing that tumors develop in CD44-/- (KO) hosts at a 

comparable rate to CD44+/+ (WT) hosts. C. CD44+/+ SV40LgT/NRAS glioma cells 

trend towards generating tumors more rapidly in B6.SCID mice compared to CD44-/- 

cells (p=0.012).  
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Chapter 4 

General Discussion 
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Understanding the biology of the model  

The interaction of the developing tumor under the surveillance of the immune system is 

a large consideration in tumor development. One of the advantages of the spontaneous 

model is the development of the glioma within the context of this intact immune 

system. The immune system is specially designed to survey tissues for damage or 

foreign bodies. There are also regulatory mechanisms in place to limit the immune 

response to these dangers. There are notable differences in these immune dampening 

mechanisms when comparing the immune cell components of the spontaneous model in 

C57BL/6 mice to the standard transplanted model (GL261 cell line) in C57BL/6 mice.  

 

Considerable work has been done to identify the immune signature of the spontaneous 

glioma model presented here (152-154). Our collaborators compared glioma growth in 

Cox-2 deficient, cytokine deficient (CCL2, CXCL10), and type 1-interferon receptor 

(IFN1R) deficient mice. These studies on the immunobiology of tumor development 

directly translated to epidemiological studies showing that small nuclear 

polymorphisms (SNPs) in human IFN related genes were prognostic, a correlation that 

was previously unknown (153). The NRAS/shP53 spontaneous model was also found 

to have high levels of the cytokines IL-6 and CCL2, which contribute to the maturation 

and recruitment of myeloid derived suppressor cells (MDSCs), a subset of immune 

regulatory cells. The MDSC phenotype is also evident by the large amount of arginase 

present in these tumors, which is typically secreted by MDSCs. In addition, work with 
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collaborators has shown that Cox-2 inhibitors can be used to decrease the MDSC 

population in these gliomas and improve survival of the treated mice (152).  

 

One of the major differences between the spontaneous and transplanted model is the 

expression of interferon-gamma (IFNg). The transplanted GL261 glioma model has 15-

fold higher levels of this cytokine, leading to an inflammatory, T-cell dominated 

phenotype (154). This suggests an inherent immunogenicity of implanting GL261 

glioma cells into the brain. However, this model is widely used to study vaccine 

immunotherapies. Recently, we have optimized a treatment regimen that reproducibly 

cures a subset of GL261 bearing mice. However, this same treatment elicits an 

extension of survival but no cures in the NRAS/shP53/mPDGF induced gliomas (154). 

The development of the tumor cells under the surveillance of an intact immune system 

would require tumor cells to inhibit immune cell killing, possibly by recruiting MDSCs. 

The subsequent reduced spontaneous immune response to the presence of the tumor 

cells is likely a contributing factor in the difficulty in a producing an effective response 

to immunotherapy in the spontaneous model.   

 

The difficulty in curing mice harboring spontaneous tumors is also evident in the 

response to chemotherapy compared to the transplanted model. The standard 

chemotherapy for human glioma patients is TMZ. Two treatment of cycles of daily oral 

gavage for 5 days with a 2 day break between cycles produces a significant extension of 

median survival for transplanted cells lines (Figure 4.1A). However, this same 
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treatment regime had no effect on the survival of mice with shP53/NRAS/PDGF driven 

tumors (Figure 4.1B). It is hard to predict how treatments with this model will translate 

to clinical trials. Therapies optimized using transplanted models have resulted in a 

plethora of treatments that have failed to produce any meaningful response in the clinic 

(1). The few treatment studies initiated with this model would suggest that if a therapy 

is capable of effecting a cure in this more difficult to treat model, it more likely to yield 

positive results in human patients. As a result, this pre-clinical model has promise for 

advancing the field of brain tumor therapy.  

 

CD44 targeted therapies 

The wide array of membrane and cytosolic binding partners and associations make 

CD44 a prime target for disrupting multiple signaling pathways required for sustained 

tumor growth and invasion. Because of these associations and functions, the biotech 

company, Roche, has developed a recombinant monoclonal antibody against CD44. A 

phase-1 clinical trial with this humanized antibody, RO5429083, has been initiated at 

centers in the United States, France, and the Netherlands. Patients with metastatic or 

locally advanced CD44+ tumors are eligible for this clinical trial; however, patients 

with CNS metastasis are ineligible for this clinical trial. This is unsurprising due to the 

difficulty in transporting therapeutics across the blood-brain-barrier. However, our 

studies suggest that if such a targeted treatment could reach effective concentration in 

the brain, it would have therapeutic efficacy against gliomas. Current attempts to 

improve transport of small molecules inhibitors across the blood-brain-barrier has 
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focused on concurrent treatment with inhibitors of the drug efflux pumps, MDR1 and 

BCRP. It has been reported that HA-bound CD44 stabilizes these transporters at the 

cell surface (48, 74, 155). Future studies could be directed at testing the systemic 

application of the humanized CD44 antibody for blocking the function of these drug 

transporters on the luminal surface of brain endothelial cells.  

 

Our studies suggest that if a CD44 targeted treatment could reach effective 

concentration in the brain, it would have therapeutic efficacy against glioma 

progression. The data presented here established that HA-CD44 interaction is utilized 

early in tumorigenesis and showed that expression of CD44 within the tumor is 

required for rapid glioma growth. The difficulty in treating this spontaneous model 

makes even the incremental extension in survival for CD44-/- mice more 

therapeutically relevant. To be able to demonstrate a spontaneous regression in a small 

subset of CD44-/- mice and a delay in tumor progression in the remaining mice is 

remarkable for this aggressive mouse model of glioma. Additionally, we demonstrated 

that the aggressive, invasive glioma cells exploit the HA-CD44 axis as they migrate and 

cluster around the vasculature of the normal brain. Our studies suggest that antagonists 

of HA-CD44 binding have the potential for therapeutic efficacy against the invasive 

cells migrating along blood vessels in the normal brain and inhibit progression from 

single BTSC to bulk recurrent tumor. It would be very informative from a therapeutic 

standpoint to test novel systemically delivered CD44 antagonists against the invasive 

glioma cells of this spontaneous model.  
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Figure 4.1. Comparison of survival with TMZ treatment in transplanted and 

spontaneous glioma models. A. Two cycles of TMZ treatment significantly extends 

survival of nude mice harboring human gliomas. B. The same cycle of TMZ treatment 

has no effect on survival in the NRAS/shP53/mPDGF spontaneous murine model.  
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