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Glioblastoma Multiforme is the most aggressive manifestation of glioma, affecting 

~12000 people/year in the United States alone, with an average survival of just 12-14 

months. Despite robust vascularization in malignant gliomas, anti-angiogenic therapy has 

failed to induce durable responses. This can be attributed, at least in part, to the 

upregulation of resistance mechanisms such as the pro-survival Akt pathway and its 

downstream effects on autophagy and cell growth.  

 

This dissertation aims at improving the anti-tumor and anti-angiogenic efficacy of the 

receptor tyrosine kinase inhibitor, cediranib (targets include vascular endothelial growth 

factor (VEGF) and platelet derived growth factor (PDGF) receptors) in the treatment of 

glioblastoma. Studies were focused on two novel therapeutic combinations with 

cediranib, which have the potential to modulate the Akt pathway and its downstream 

targets and create a synergistic anti-glioma effect.  
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Because autophagy (a cellular catabolic pathway) can promote tumor cell survival and 

resistance, the first therapeutic strategy involved a combination of cediranib with the late 

stage autophagy inhibitor, quinacrine. A combination of biophysical techniques and 

magnetic resonance imaging revealed enhanced glioma cytotoxicity in vitro and a potent 

reduction in tumor growth and vascularization in vivo, accompanied by increased tumor 

necrosis and median survival.  

 

The second therapeutic strategy involved a novel combination of cediranib with 

proteasome inhibitor, SC68896. Results described in this thesis demonstrate a significant 

improvement in anti-glioma efficacy for this combination, and also a possible 

normalizing effect on the tumor vasculature.  

 

Collectively, this thesis provides insights into the potential for two innovative treatment 

strategies for malignant glioma and warrants further exploration in the clinical setting.  
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Chapter 1: Introduction 

 

1.1 Gliomas 

Malignant gliomas are the most common and fatal primary brain tumors. These tumors 

are intrinsic to the brain and arise from glial cells such as astrocytes, oligodendrocytes 

and ependymal cells. Depending on the cell of origin, gliomas are characterized as 

astrocytomas, oligodendrogliomas and ependymomas, respectively. Based on the 

pathology of the tumor, the World Health Organization (WHO) has categorized gliomas 

into 4 different grades: Grade I and II are low grade gliomas that are slow-growing, less 

aggressive and composed of well differentiated cells. Grade III and grade IV tumors, on 

the other hand, are characterized by a higher proliferation rate and loss of differentiation, 

with grade IV tumors being associated with the presence of hypoxia, necrotic tissue and 

angiogenic activity (Westphal, et al. 2011, Lim, et al. 2011).  

 

Grade IV astrocytoma, called Glioblastoma Multiforme (GBM) is the most aggressive 

manifestation of glioma, affecting around 12000 people in the US every year, with an 

average survival of just 12 to 14 months (Westphal, et al. 2011, Preusser, et al. 2011, Van 

Meir, et al. 2010). Most cases of glioblastoma are primary tumors that develop with a 

clinical history of just a few weeks (de novo), whereas a smaller fraction of glioblastomas 

are secondary tumors that progress from a lower grade glioma (Preusser, et al. 2011). 

Currently, there is no real cure for this deadly disease and treatment of patients remains 
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only palliative (Westphal, et al. 2011). Upon diagnosis of GBM, surgical resection will 

be the first therapeutic option, the success of which is hugely compromised by the 

infiltrative characteristics of glioblastoma cells (Preusser, et al. 2011). This is 

accompanied by radiotherapy with concomitant and adjuvant chemotherapy with the 

alkylating agent, Temozolomide. In 2009, the anti-angiogenic agent, Bevacizumab 

(Genentech, San Francsico, CA) was also approved by the U.S. Food and Drug 

Administration (FDA) for the treatment of recurrent glioblastoma (Van Meir, et al. 

2010).   

 

There is a wide array of genetic events that contribute to the malignant transformation 

required for gliomagenesis, and they are mostly related to a negative regulation of cell 

death and apoptotic pathways and/or a constitutive activation of growth factor receptor 

signaling (Lim, et al. 2011). Some of the most common changes seen in glioblastomas to 

downregulate cell death are the loss of p53 and retinoblastoma (Rb) signaling which are 

critical to tumor suppressor pathways. These are altered in over 70% glioblastomas. 

Deregulation of growth receptor pathways in glioma is achieved through the 

overexpression of genes encoding the epidermal growth factor receptor (EGFR) and 

platelet derived growth factor receptor (PDGFR) or through the constitutive activation of 

these pathways via mutations in specific components of the downstream signaling 

cascade described later, in Section 1.4 (Lim, et al. 2011, Preusser, et al. 2011, Van Meir, 

et al. 2010). 
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1.2 Angiogenesis 

One of the most prominent features of glioma progression is the abundant presence of 

abnormal neovasculature. Glioblastomas, particularly, are one of the most vascularised 

solid tumors, characterized by a high degree of endothelial cell proliferation (Hardee, et 

al. 2012). A series of events co-ordinated by multiple signaling molecules is involved in 

the process.  

 

At the absolute initial stages of glioma growth, vascular co-option enables tumor cells to 

take advantage of the host’s vasculature for their needs of nutrients and oxygen. This 

process involves the arrangement of tumor cells around normal blood vessels. (Hardee, et 

al. 2012). Up to a volume of ~2 mm
3
, the needs of tumor cells are fulfilled through mere 

diffusion from the host’s nearby vasculature. At this stage there is a balance between pro- 

and anti-angiogenic molecules in the tumor microenvironment. Beyond this tumor size, 

an angiogenic phenotype is adopted, which is considered to be a key step in tumor 

progression. The main driver of angiogenic signaling is hypoxia and nutrient deprivation 

that develops as the tumor grows in the avascular state (Eichhorn, et al. 2007). These 

stresses induce tumor cells to release proangiogenic molecules including vascular 

endothelial growth factor (VEGF), platelet-derived growth factor (PDGF) and fibroblast 

growth factor (FGF) (Eichhorn, et al. 2007, Rahman, et al. 2010). These angiogenic 

factors bind to receptors on the endothelial cells and initiate the process of angiogenesis. 

Growth factor signaling in endothelial cells stimulates them to proliferate and secrete 

proteases to digest the basement membrane surrounding the vessel. The junctions 

between the endothelial cells become leaky, which allows them to form tubular structures 
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or vessel sprouts that grow toward the source of stimulus - the tumor (Eichhorn, et al. 

2007).  

 

The VEGF family of growth factors and receptors play the most significant role in the 

process of glioma angiogenesis. VEGF ligands include VEGF-A, VEGF-B, VEGF-C, 

VEGF-D and placental growth factor. These ligands interact with VEGF receptors, 

VEGFR-1, VEGFR-2 and VEGFR-3. Specifically, VEGF-A is primarily upregulated in 

glioblastoma and triggers endothelial cell survival, proliferation and migration through its 

activation of VEGFR-2 (Hardee, et al. 2012, Eichhorn, et al. 2007, Rahman, et al. 2010). 

This signaling pathway is also well known for its ability to induce vascular leakage and 

VEGF is therefore also called vascular permeability factor. Similar to VEGF, FGF also 

triggers endothelial cell proliferation. PDGF signaling, through interactions between 

factors: PDGF-A, PDGF-B, PDGF-C and PDGF-D, and receptors: PDGFR-α and 

PDGFR-β, triggers the recruitment of pericytes to the walls of the newly formed vessels 

and contributes to maintaining blood vessel integrity (Rahman, et al. 2010).  

 

A critical part of the angiogenic process is the maturation and stabilization of newly 

formed microvasculature through the buildup of pericyte coverage and basement 

membrane re-establishment. The constant stimulus for endothelial cells to proliferate and 

form new vessels within tumors results in an incomplete maturation phase, leading to 

vessels that are irregular and tortuous with discontinuous endothelial linings, defective 

basement membrane and poor pericyte coverage. This contributes to the increased 

vascular permeability and blood-brain barrier disruption in the glioma setting which plays 
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a role in limiting the survival of diseased patients (Hardee, et al. 2012, Eichhorn, et al. 

2007). This chapter will briefly describe some of the approaches that have been 

developed over the years to curb angiogenesis and discuss ways in which tumors resist 

the effects of treatment, thus presenting possible avenues for combination therapy.  

 

1.3 Anti-angiogenic therapy 

1.3.1 Overview of anti-angiogenic therapy 

Research on tumor angiogenesis and anti-angiogenic molecules effectively kick-started in 

the 1970’s when the surgeon Judah Folkman hypothesized that tumors secrete diffusible 

substances which trigger endothelial cell proliferation in the host’s capillary blood 

vessels. Through a series of experiments, Folkman and colleagues showed that tumor 

growth is angiogenesis dependant and that the inhibition of this process could be 

therapeutic (Cao, et al. 2008, Ribatti 2008). Anti-angiogenic treatment strategies have a 

number of advantages compared to conventional cytotoxic chemotherapy directed against 

tumor cells. Angiogenesis inhibitors do not have to cross an endothelial barrier to reach 

their target, since they are directed towards to tumor blood vessel walls which are 

accessible through systemic circulation. Angiogenesis in adults is only required in certain 

situations such as wound healing and the reproductive ovarian cycle, which ensures that 

there are minimum off target effects. Also, since angiogenesis is critical to the growth of 

most solid tumors, these treatment strategies can be extended to a wide variety of tumor 

types (Eichhorn, et al. 2007).  

 



 

Most anti-angiogenic agents target the VEGF signaling pathway, thus inhibiting 

endothelial proliferation and migration (Figure 1.1). One of the most prominent agents is 

Bevacizumab which is a humanized monoclonal antibody against VEGF and was the first 

anti-angiogenic agent to be approved by the FDA 

then, Bevacizumab has also gained FDA approval 

including recurrent GBM

soluble decoy receptor with a high affinity for VEGF

have also been developed. More recently, a number of receptor tyrosine kinase (RTK) 

inhibitors targeting specific components of the angiogenic pathways have found their 

way into clinical use as well (as reviewed by 

Figure 1.1. Therapeutic strategies designed to combat VEGF
Most anti-angiogenic treatments have been developed to target the VEGF pathway which is 

known to play a central role in tumor vascularization. Anti

Bevacizumab and VEGF decoy receptors work by 

Antibodies and RTK inhibitors that target the VEGF receptors on the endothelial cells have also 

been developed. Figure adapted and reprinted with 

Business Media, Langenbeck's Archives of Surgery
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ngiogenic agents target the VEGF signaling pathway, thus inhibiting 

endothelial proliferation and migration (Figure 1.1). One of the most prominent agents is 

Bevacizumab which is a humanized monoclonal antibody against VEGF and was the first 

c agent to be approved by the FDA for colorectal carcinoma, 2004

then, Bevacizumab has also gained FDA approval in 2009 for other tumor types 

including recurrent GBM. A similar approach to Bevacizumab is VEGF-

receptor with a high affinity for VEGF-A. Antibodies against VEGFR

have also been developed. More recently, a number of receptor tyrosine kinase (RTK) 

inhibitors targeting specific components of the angiogenic pathways have found their 

use as well (as reviewed by Rahman, et al. 2010). 

Therapeutic strategies designed to combat VEGF-induced tumor angiogenesis
angiogenic treatments have been developed to target the VEGF pathway which is 

known to play a central role in tumor vascularization. Anti-VEGF antibodies such as 

Bevacizumab and VEGF decoy receptors work by targeting VEGF secreted by tumor cells. 

Antibodies and RTK inhibitors that target the VEGF receptors on the endothelial cells have also 

been developed. Figure adapted and reprinted with permission from Springer Science and 

Langenbeck's Archives of Surgery (Eichhorn, et al. 2007). 

ngiogenic agents target the VEGF signaling pathway, thus inhibiting 

endothelial proliferation and migration (Figure 1.1). One of the most prominent agents is 

Bevacizumab which is a humanized monoclonal antibody against VEGF and was the first 

for colorectal carcinoma, 2004. Since 

for other tumor types 

-Trap, which is a 

A. Antibodies against VEGFR-2 

have also been developed. More recently, a number of receptor tyrosine kinase (RTK) 

inhibitors targeting specific components of the angiogenic pathways have found their 

 

induced tumor angiogenesis. 
angiogenic treatments have been developed to target the VEGF pathway which is 

VEGF antibodies such as 

targeting VEGF secreted by tumor cells. 

Antibodies and RTK inhibitors that target the VEGF receptors on the endothelial cells have also 

permission from Springer Science and 



 

1.3.2 RTK inhibition 

Tyrosine kinases are enzymes which transfer a phosphate group from ATP (adenosine 

triphosphate) to the tyrosine residues on specific protein substrates that results in 

functional changes in those proteins. Tyrosine kinases can either be associated with 

receptors where they are responsible for transduction of extracellular signals into the cell 

or they can be non-receptor tyrosine kinases, accomplishing intracellular signaling 

(Gotink, et al. 2010).  

Figure 1.2. Structure of a receptor tyrosine kinase

for transducing signals from extracellular stimuli into the cell. It consists of an extracellular 

ligand binding domain, a transmembrane domain and an intracellular tyrosine kinase domain. The 

tyrosine kinase domain has an ATP cleft where the 

signaling substrates takes place. Figure adapted and reprinted with permission from Springer 

Science and Business Media, 
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residues in the intracellular kinase domain and subsequent phosphorylation of other 

proteins that contribute to the signaling cascade (

inhibitors developed so far compete with ATP, through their similarity in structure to the 

adenine ring in the ATP molecule. The selectivity of these RTK inhibitors is engineered 

through parts of the molecular structure that is not similar to the ATP molecule. The 

VEGFR tyrosine kinase is an important target to anti

is critical to the process of angiogenesis. RTK inhibitors such as Sunitinib (Pfizer, La 

Jolla, CA, targets include VEGFR, PDGFR) and Sorafenib (Bayer, West Haven, CT and 

Onyx, Richmond, CA, targets include Raf, VEGFR and PDGFR) have already been 

clinically approved for the treatment of certain tumor types (
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An important RTK inhibitor that has been in numerous clinical trials for GBM and other 
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kinase receptors associated with all VEGF receptor subtypes (VEGFR
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Cediranib effectively inhibits VEGF induced angiogenesis in vitro at subnanomolar 

concentrations (Wedge, et al. 2005). Recent preclinical studies using various mouse 

GBM models show that although cediranib reduces tumor blood vessel diameter and 

permeability in vivo, it fails to have any effect on tumor growth (Kamoun, et al. 2009). 

Reduction in vessel permeability contributes to an alleviation of edema which has been 

shown to improve survival in these studies as well as in patients (Batchelor, et al. 2007, 

Kamoun, et al. 2009, Farrar, et al. 2011). A phase II trial of the agent for the treatment of 

recurrent glioblastoma showed a radiological response rate of 56% and an increase in 6-

month progression free survival to 26% (Rahman, et al. 2010). An added advantage of 

RTK inhibitors like cediranib is that glioma cells frequently possess autocrine or 

paracrine PDGF signaling which contributes to cell growth. Cediranib treatment thus can 

directly affect glioma cells and has been shown to do so at micromolar concentrations 

(Wedge, et al. 2005). 

 

1.3.4 Vascular normalization and devascularization 

Traditionally, anti-angiogenic inhibitors were developed to restrict the growth of tumors 

by causing an extensive destruction of tumor vessels or devascularization. The resultant 

inadequacy of oxygen and nutrients in the tumors was proposed to trigger tumor cell 

death (Figure 1.4) (Fukumura, et al. 2007). Although the development of resistance has 

greatly limited such efficacy in glioblastomas, a number of studies have shown that anti-

angiogenic therapy can transiently “normalize” the tumor vasculature. Such 

normalization is brought about by the pruning of immature and permeable tumor vessels 

and a remodeling of the remaining vessels into a more efficient vascular network (Figure 



 

1.4) (Winkler, et al. 2004

seems to be 6 days in animal 

(Fukumura, et al. 2007, Winkler

to offer many advantages such as the reduction of peritumor edema, 

metastatic spread of the disease through intravasation of cancer cells.

permeability of normalized vasculature also helps reduce interstitial fluid pressure, 

allowing an improved delivery of cytotoxic agents (

phase II trial, Cediranib was shown to normalize the tumor vasculature in patients with 

recurrent GBM within 1 day of treatment, which lasted up to 28 days (

2007). Thus, vascular normalization and devascularization present two therapeutically 

advantageous outcomes of anti

effects.  

Figure 1.4. Changes in tumor vasculature with anti

network is structurally and functionally abnormal and highly inefficient. Although anti

angiogenic therapy was proposed to trigger tumor cell necrosis (grey) by blocking the supply of 

oxygen and essential nutrients through devascularization, it has been shown that such agents are 

more effective in transiently normalizing the vasculature, thus improving

and oxygen. Figure adapted and reprinted with permission from Elsevier, 

(Fukumura, et al. 2007). 
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1.4 Resistance to anti-angiogenic therapy 

1.4.1 Overview of mechanisms of resistance to anti-angiogenic therapy 

Although the clinical approval of multiple anti-angiogenic inhibitors either as 

monotherapy or in combination with chemotherapy has validated Dr. Folkman’s initial 

hypothesis about the need for angiogenesis in the manifestation and progression of 

cancer, many preclinical and clinical studies have revealed that the therapeutic benefits of 

such agents are mostly transitory, followed by tumor revascularization and growth 

(Grepin, et al. 2010, Rahman, et al. 2010). Emerging data suggest that tumors adapt by 

acquiring changes which help functionally evade the blockade of angiogenesis. Such 

evasive resistance is brought about by a number of mechanisms including the 

upregulation of alternative angiogenic signaling factors like FGF (Bergers, et al. 2008). 

This was validated by a recent clinical trial involving Cediranib treatment in patients with 

GBM which showed that relapsing patients had higher levels of FGF compared to others 

(Batchelor, et al. 2007). Hypoxic conditions exacerbated by anti-vascular treatments also 

tend to promote the recruitment of bone marrow-derived cells such as endothelial and 

pericyte progenitor cells that differentiate into endothelial cells lining the blood vessel 

walls and pericytes enveloping the vessels, respectively. Hypoxic conditions have also 

shown to increase invasiveness among tumor cells, contributing to metastatic spread of 

the disease in response to anti-angiogenic treatment (Bergers, et al. 2008, Grepin, et al. 

2010, Loges, et al. 2010). More recently, studies have reported the involvement of certain 

critical survival pathways in tumor cells such as the phosphatidylinositol 3-kinase 

(PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway, in contributing to 



 

resistance against anti-angiogenic therapy (

al. 2011). 

 

1.4.2 The Akt signaling pathway 

The Akt signaling pathway plays a central role in tumor cell survival, proliferation and 

angiogenesis, and is a pathway that is

2012, Lim, et al. 2011, Van Meir

of different conditions such as growth factors, glucose levels and amino acids and has 

been particularly implicated in enab

phenotype (Brat, et al. 2003, Polytarchou

al. 2012).  

Figure 1.5. Schematic illustration of the Akt signaling pathway

signals upstream from critical growth factors like EGFR and PDGFR, through the mediation of 

PI3K. This pathway plays a central role in maintaining cell growth as well as inhibiting 

autophagy through mTOR and can significantly contribute to tumor cell survival under conditions 

of nutrient deprivation, hypoxia and cytotoxic insult.
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Upstream of Akt, growth factor RTK signaling leads to the activation of Class I PI3K 

which in turn phosphorylates and activates the Akt kinase (Figure 1.5). Activated Akt 

subsequently phosphorylates and activates a number of critical substrates such as nuclear 

factor-κB (NF- κB) and mTOR, which are involved in cell cycle progression, protein 

synthesis and cell growth (Populo, et al. 2012). Akt activation is regulated by tumor 

suppressors such as PTEN which is nonfunctional in 37% of glioblastomas. Over-

expression of EGFR and PDGFR as well as mutations in genes encoding PI3K also 

commonly lead to increased activation of Akt in glioblastomas (Joshi, et al. 2012). 

Because of the various pro-survival effects of Akt signaling, an upregulation of this 

pathway in tumor cells contributes to acquired resistance to anti-cancer therapies and 

anti-angiogenic agents, and thus, also presents a useful target for combination therapy 

(Burris 2013, Zhao, et al. 2011). Studies have shown that a combination with Akt 

pathway downregulation improves the therapeutic efficacy of anti-angiogenic agents 

including RTK inhibitors - this was achieved through the use of specific inhibitors of the 

Akt pathway (Zhao, et al. 2011) or proteasome inhibitors like Bortezomib (Millennium 

Pharmaceuticals, Cambridge, MA) (Chen, et al. 2010, Yeramian, et al. 2011, Yu, et al. 

2006). Another intriguing aspect of the Akt pathway is the control it exercises, through 

mTOR signaling, over a critical survival mechanism exploited in tumor cells called 

autophagy (Jung, et al. 2010). 

 

1.4.3 Autophagy 

The term autophagy (“to eat oneself”) is the only bulk degradation mechanism present in 

cells, which allows the digestion and recycling of not just proteins, but also entire 



 

organelles. Autophagy occurs at basal levels in most tissues in the body and plays 

important homeostatic roles by maintaining protein and organelle quality control. Cancer 

cells, however, have been shown to exploit this capability for its protective effects against 

stresses and starvation (Mathew

Figure 1.6. Molecular mechanism of autophagosome formation

control over autophagy through the downstream inhibitory effects of mTOR signaling.

mTOR is inactivated, a series of autophagy related 

formation of autophagosomes and the sequestration of cytoplasmic structures for degradation. 

The Class III PI3K/Beclin-1 and Atg12/Atg5/Atg16 complexes help form the aut

membrane whereas the LC3 protein interacts with ubiquitinated substrates. Fusion with the 

lysosome allows degradation of autophagosomal contents. Figure adapted and reprinted 

permission from Nature Publishing Group, 

 

When this catabolic degradation process is activated, a double or multi

vesicle called the autophagosome is formed, to sequester the cytoplasm (Figure 1.6). T

cytoplasmic structures could comprise proteins that have been ubiquitinated and targeted 

for degradation or defective organelles such as mitochondria, which get engulfed through 

selective or non-selective means (

lysosomes to deliver the internal contents to the lysosomal digestive enzymes for 

degradation (Figure 1.6) (

macromolecules, producing a suppl
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formation of autophagosomes and the sequestration of cytoplasmic structures for degradation. 

1 and Atg12/Atg5/Atg16 complexes help form the aut

membrane whereas the LC3 protein interacts with ubiquitinated substrates. Fusion with the 

lysosome allows degradation of autophagosomal contents. Figure adapted and reprinted 

permission from Nature Publishing Group, Cell Death and Differentiation (Mizushima 2005

When this catabolic degradation process is activated, a double or multi-membrane

vesicle called the autophagosome is formed, to sequester the cytoplasm (Figure 1.6). T

cytoplasmic structures could comprise proteins that have been ubiquitinated and targeted 

for degradation or defective organelles such as mitochondria, which get engulfed through 

selective means (Tschan, et al. 2010). This vacuole then fuses with the 
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organelles. Autophagy occurs at basal levels in most tissues in the body and plays 
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fatty acids (Rabinowitz, et al. 2010). Thus, by providing a temporary supply of 

biosynthetic substrates and energy, as well as maintaining genomic stability, autophagy 

could have an important contribution to promoting survival of tumor cells during periods 

of nutrient deprivation or cytotoxic insult.   

 

On a molecular level, there are a series of autophagy related Atg gene products that 

coordinate the formation of autophagosomes. The Akt pathway can exercise control over 

autophagy through the inhibitory action of mTOR over the autophagy initiation protein 

complex which includes Atg1 (Levine, et al. 2005, Rabinowitz, et al. 2010). When 

mTOR is inhibited, the initiation complex triggers autophagosome nucleation through the 

recruitment of Beclin1 and ClassIII PI3K (Figure 1.6). Further elongation of the 

autophagosomes is mediated through the signaling of a complex of Atg proteins: Atg12, 

Atg5 and Atg16. Also essential to autophagosome formation is Atg8 or microtubule 

associated protein 1 light chain 3 (LC3), which is cleaved and then lipidated to form 

LC3II, that associates with the autophagosome membrane and is commonly used to 

monitor autophagy experimentally. LC3II plays a critical role in the sequestration of 

ubiquitinated substrates for degradation (Rabinowitz, et al. 2010).   

  

Although autophagy is traditionally characterized as a form of programmed cell death 

such as apoptosis, the precise role of autophagy in cancer is highly controversial. Most of 

the evidence shows that autophagy sustains cancer cell survival under conditions of 

amino acid starvation, glucose and oxygen deprivation, growth factor withdrawal and 

cytotoxic cellular damage. But, it has also been shown that excessive amounts of 
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autophagy could lead to tumor cell death (as reviewed by Levine, et al. 2005, Mathew, et 

al. 2007, Rabinowitz, et al. 2010). The induction of cell death by excessive autophagic 

flux can possibly be explained by an imbalance between autophagic cellular digestion 

and the cellular capacity for synthesis (Mathew, et al. 2007). Studies show significant 

levels of cross-talk between autophagy and apoptosis and the accumulation of 

autophagosomes caused by autophagic inhibition has been shown to trigger cell death in 

an apoptosis dependant or independent manner (Shingu, et al. 2009). Thus, although the 

exact role of autophagy in tumorigenesis is not fully understood, the modulation of this 

pathway can help sensitize apoptosis resistant tumor cells to cell death (Mathew, et al. 

2007). Studies have shown that a possible mitochondrial and lysosomal membrane 

permeabilitization and the accompanying release of catabolic enzymes may play a role 

(Boya, et al. 2008, Lemasters 2007).  

 

1.5 Dynamic magnetic resonance imaging (MRI)  

The development of MRI has greatly benefitted the clinical management of a range of 

diseases, including tumors, by enabling a clear delineation of pathological abnormalities 

among normal anatomical tissues. Since angiogenesis is a critical component in the 

development of tumors, the variations in microvascular structure, density, flow and 

permeability cause temporospatial variations in contrast enhancement patterns on MR 

images. This provides an excellent basis for a non-invasive investigation of tumor 

angiogenesis. Dynamic MRI approaches, involving a relaxivity-based technique called 

dynamic contrast-enhanced MRI (DCE-MRI) and magnetic susceptibility-based 

technique called dynamic susceptibility contrast MRI (DSC-MRI) are commonly 
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employed in studies of microvascular permeability/surface area and blood flow/volume, 

respectively (Jackson, et al. 2003, Sorensen 2006, Sourbron, et al. 2009). They are 

widely used clinically in the diagnosis, grading and classification of tumors as well as 

numerous Phase I and Phase II trials of anti-angiogenic agents (Batchelor, et al. 2007, 

Jackson, et al. 2007, O'Connor, et al. 2007, O'Connor, et al. 2012).  

 

1.5.1   DCE-MRI 

A typical DCE-MRI protocol involves an intravenous bolus injection of a gadolinium 

based contrast agent during the acquisition of several T1-weighted images of the 

anatomical area of interest. These T1-weighted images are acquired using a spoiled 

gradient echo sequence with a short repetition time (TR). In an effort to eliminate the T2* 

weighted signal changes, the echo time (TE) is also minimized. Gadolinium ions are 

highly paramagnetic and cause a decrease of T1-longitudinal relaxation time constants of 

the water molecule proton signals they interact with. This causes an increase in the signal 

intensity on the T1-weighted images (O'Connor, et al. 2007). Thus, DCE-MRI exploits 

the fact that most malignant tumors have an increased vasculaturization which is 

generally very permeable and will show faster and higher levels of contrast enhancement 

in comparison to normal tissues (O'Connor, et al. 2007). The series of T1-weighted 

images will track the leakage of contrast agent from the tumor vasculature into the 

extracellular extravascular space through passive diffusion, as well as the subsequent 

backflow of contrast agent from the tissue space into the plasma compartment (Figure 

1.7).  



 

Figure 1.7. Compartmental modeling of the tumor microvasculature in an MRI voxel

Contrast agent molecules enter tumor tissue by passive diffusion through the leaky blood vessel 

walls. The Tofts-Kety pharmacokinetic model assumes uniform contrast agent distribution across

two compartments: the plasma compartment with the blood plasma volume fraction 

tissue compartment with the extracellular extravascular volume fraction 

not diffuse into intracellular space 

plasma and tissue compartment and 

compartment. Figure design based on review by 
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where α is the excitation flip angle associated with the T1-weighted DCE sequence, R10 is 

the precontrast longitudinal relaxation rate constant and r1 is the relaxivity of the contrast 

agent.  Once the contrast agent concentration in the tumor tissue (Ct) is obtained, the 

microvascular permeability-surface area product (K
trans

) can be calculated through 

pharmacokinetic modeling.  Although changes in K
trans

 within tumors are mostly related 

to changes in vascular permeability and/or surface area, they could also be sensitive to 

flow alterations within a flow-limited regime (Barrett, et al. 2007). The pharmacokinetic 

model used in this thesis is based on the two compartmental Extended Tofts-Kety model 

(Figure 1.7) (Sourbron, et al. 2012, Tofts, et al. 1999): 

(1.4):       Ct(t) = K
trans

.Cp(t)*e
(-t.Ktrans/Ve)

 + Cp(t).Vp 

where Cp is the time varying concentration of contrast agent in the plasma compartment, 

Vp is the volume of the plasma compartment, Ve is the extracellular extravascular volume 

fraction and * represents the convolution operation. Thus, the approximation of K
trans

 

requires an accurate determination of Cp or the Arterial Input Function (AIF) which can 

be obtained in number of ways including the use of population averaged values, 

calculating contrast agent concentrations in a nearby arterial vessel or using ‘blind 

estimation’ techniques that directly determine the AIF from measured tumor curves 

(Schabel, et al. 2010, Schabel, et al. 2010).  

 

A critical limitation of the modeling strategy described above is the assumption that the 

contrast agent and water molecules are uniformly distributed throughout the tissue 

compartment (including Vi), which equivalent to the assumption that the transcytolemmal 
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water exchange rate is effectively infinitely fast. This leads to a systematic error in the 

determination of K
trans

 (Huang, et al. 2008). It underestimates K
trans

 specifically in 

malignant tumors (Huang, et al. 2011, Li, et al. 2013). 

 

1.5.2 DSC-MRI 

DSC-MRI is a technique which exploits the changes in magnetic susceptibility caused by 

contrast agents using T2*- or T2-weighted imaging sequences. These images are typically 

acquired with a long TR and TE, using a gradient echo sequence (for T2*-weighting) or 

spin echo sequence (for T2-weighting) before, during and after the injection of a 

gadolinium based or iron oxide based (blood pool) contrast agent. Distortions in the 

magnetic field induced by the passage of contrast agent through the area of interest create 

a transient drop in the signal intensity on the images, from which information on relative 

blood flow and volume can be extracted. Since the transit time of the contrast agent bolus 

through the tissue is only a few seconds, a greater temporal resolution is required 

compared to DCE-MRI (Akella, et al. 2004, Calamante 2005, Thomas, et al. 2000).  

 

It has been shown that contrast agent concentration is approximately proportional to the 

change in the transverse relaxation rate constant R2 or R2*. Assuming that the relationship 

between signal intensity and R2 is described by a single exponential equation, the time-

varying contrast agent concentration in the tissue (C) is: 

(1.5):          $(%) =  − &
�' . ln ()(%)

)(0)) 

Where S(t) is the signal intensity measured at time t, S(0) is the baseline or precontrast 

signal intensity and k is the proportionality constant which depends on the tissue, contrast 
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agent, field strength and pulse sequence parameters (Thomas, et al. 2000). Once C(t) is 

calculated, cerebral blood flow (CBF) can be obtained: 

(1.6):       C(t) = CBF. AIF(t)*R(t) 

Where R(t) is the residual function, which is related to the fraction of contrast agent still 

present in the region of interest (ROI) at time t following an instantaneous bolus injection 

at t = 0.  

(1.7):          �(%) = 1 − - ℎ(%)/%
0

	
 

where h(t) is the probability density function of the transit times through the ROI. The 

deconvolution of Equation 1.6 isolates CBF. R(t) which gives an approximation of CBF 

since R(t = 0) = 1.  

 

Cerebral blood volume (CBV) can be calculated using  

(1.8):         $23 = &4
5 $(%)/%

5 678(%)/% 

where kh is a correction factor which depends on the hematocrit values in arteries and 

capillaries.  

 

Mean transit time (MTT) is another parameter which can be approximated using the 

DSC-MRI technique and is given by the ratio of CBV to CBF. MTT is related to vascular 

inefficiency. 

 

The DSC-MRI technique described above uses a number of assumptions such as 1) a 

negligible change in T1 relaxation, 2) CBF is stable during measurement, 3) there is a 
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negligible recirculation of the contrast agent and 4) there is negligible contrast agent 

leakage during the first pass (Thomas, et al. 2000). The protocol adopted in the 

subsequent chapters utilizes a blood pool contrast agent, Feridex, to avoid extravasation 

into the tissue. 

 

1.6 Thesis Overview  

Glioblastoma Multiforme (GBM) is the deadliest and most aggressive manifestation of 

glioma, affecting ~12000 people/year in the United States alone. The average survival for 

the disease has remained 12-14 months over several years and more innovative 

therapeutic strategies are urgently required. Glioblastomas are known to possess a highly 

invasive and resistant phenotype which is enabled and supported, to a significant extent, 

by the development of a dense vascular network through the process of angiogenesis. The 

dependence of tumors on angiogenesis for maintaining a steady supply of oxygen and 

nutrients has sparked the development of many anti-angiogenic treatment strategies. Such 

therapeutic agents have been shown to have only transitory effects in patients with 

glioblastoma, partly due to changes acquired by tumor cells that help functionally evade 

the blockade of angiogenesis. The pro-survival Akt signaling pathway has been 

engineered by tumor cells to sustain tumor growth under a wide variety of stress 

conditions including hypoxia and nutrient deprivation. This pathway not only supports 

cell growth through enabling protein translation and transcription of pro-survival genes 

but also exercises control over an important tolerance mechanism called autophagy.  
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This thesis centers on developing a rationale for approaches aimed at improving the 

therapeutic outcome of the anti-angiogenic RTK inhibitor, Cediranib. This has been 

achieved through a detailed examination of two possible strategies for combination 

therapy that target the Akt pathway and its downstream effects.  

 

The first treatment strategy involves a combination of Quinacrine, a late stage autophagy 

inhibitor, with Cediranib for the treatment of glioblastoma cells and has been studied in 

detail in Chapters 2 and 3. Studies in Chapter 2 assess the synergistic cytotoxic effects of 

the Quinacrine/cediranib treatment combination on 4C8 glioma cells in vitro, and use a 

range of biophysical techniques such as cell viability assays, western blotting and 

fluorescence microscopy to explore the mechanistic interactions that may play a role in 

treatment effects. This approach has revealed that quinacrine significantly enhances the 

anti-glioma effect of cediranib in hypoxic tumor cells and involves a direct modulation of 

the Akt pathway and its downstream effects on autophagy.  

 

Studies in Chapter 3 extend the investigation of the Quinacrine/cediranib treatment 

efficacy to the in vivo setting using the 4C8 intracranial mouse glioma model, with 

quantitative and state-of-the-art MR imaging techniques such as DCE-MRI and DSC-

MRI as well as immunohistology. Longitudinal assessment of treatment efficacy using 

dynamic MRI of key functional vascular parameters such as vascular 

permeability/surface area, blood flow and volume have revealed a potent tumor 

devascularization, growth delay and increase in necrosis with the combination treatment. 

This was also accompanied by an over 2 fold improvement in mouse survival, confirming 
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that the novel quinacrine/cediranib combination shows great promise not just in glioma 

cell cultures but also in vivo. 

 

Studies in Chapter 4 describe the in vivo effects of another novel treatment strategy 

involving a combination of a proteasome inhibitor, SC68896, and cediranib for the 

treatment of glioblastoma. Although proteasome inhibitors have not gained much success 

in the treatment of patients with solid tumors, research has shown that through a 

combined inhibition of the Akt pathway, proteasome inhibitors could synergistically 

enhance the efficacy of anti-angiogenic RTK inhibitors. Since these studies have not 

characterized the in vivo effects of such a drug combination for glioblastoma, 

experiments described in Chapter 4 have been dedicated to providing a detailed 

evaluation of the potential for this treatment combination in intracranial mouse glioma. 

Techniques such as DCE-MRI, DSC-MRI and immunohistology have revealed a possible 

vascular normalizing effect of the treatment combination accompanied by a 2 fold delay 

in tumor growth, increase in tumor necrosis and a significant improvement in mouse 

survival.  

 

The studies outlined in Chapters 2-4 provide insights into the potential for two innovative 

treatment strategies of malignant glioma and provide a rationale for their further 

exploration in the clinical setting. In Chapter 5, the key findings from my thesis research 

are summarized and areas of interest for future work are highlighted. 
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Chapter 2: Quinacrine enhances cediranib anti-glioma efficacy in vitro 

 

*Merryl R. Lobo, Huong Tran, Xiaoyan Wang, Yancey G. Gillespie, Randall L. Woltjer, 

*Martin M. Pike 

 

 

 

2.1 Abstract 

Despite robust vascularity of malignant gliomas, anti-angiogenic therapy largely fails to 

induce durable responses. Because autophagy (a cellular catabolic pathway that promotes 

tumors cell survival under hypoxic/nutrient stress) has been shown to promote treatment 

resistance among tumors, we investigated the in vitro efficacy of a combination of 

cediranib (a VEGF/PDGF receptor tyrosine kinase (RTK) inhibitor) with quinacrine (a 

late stage autophagy inhibitor).  Cell viability assays and cleaved caspase-3 western blots 

revealed a greater than additive cytotoxic efficacy under hypoxic conditions. Western 

blotting for autophagic vacuole (AV) related microtubule associated protein light chain-3 

(LC3-II) not only indicated increases with quinacrine, but also with cediranib, suggesting 

that cediranib increases autophagic flux.  The largest AV increases occurred with 

combined treatment under hypoxic conditions. When AV accumulation was prevented 

under such conditions using 3-methyladenine (3-MA), an inhibitor of autophagosome 

formation, tumor cell viability increased. This suggested that AV accumulation plays a 

Most of the work described in this Chapter is part of a manuscript in preparation. 

*These authors are the sole contributors to the work. 
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role in the induced cytotoxicity. Probing 4C8 cells for phosphorylation of Akt revealed 

that both agents potently downregulate Akt activation, and that not only cediranib but 

also quinacrine could play a role in autophagy induction. Bafilomycin A1, another late-

stage autophagy inhibitor, only exhibited additive efficacy with cediranib with 

substantially lower LC3-II accumulation and no effect on upstream Akt signaling. Our 

results suggest that the unique cytotoxic efficacy of the quinacrine/cediranib combination 

is at least partly dependant on increased AV accumulation within hypoxic tumor cells and 

is associated with potent inhibition of Akt activation. 

 

2.2 Introduction 

Malignant gliomas are highly aggressive and vascular tumors for which prognosis 

remains extremely poor and for which novel therapeutic modalities are urgently required. 

The morbidity and mortality of malignant gliomas, especially the most common type 

glioblastoma multiforme, can be attributed in part to their robust angiogenesis (Gladson, 

et al. 2010, Norden, et al. 2009, Rahman, et al. 2010, Rong, et al. 2006, Tabatabai, et al. 

2009). Hence, anti-angiogenic therapy is potentially promising. Most anti-angiogenic 

treatments developed so far have been designed to target the VEGF pathway which plays 

a central role in tumor vascularization. Antibodies such as Bevacizumab (Genentech, San 

Francisco, CA) and decoy receptors such as VEGF-Trap target VEGF molecules whereas 

RTK inhibitors target the VEGF receptors (Rahman, et al. 2010). Most anti-angiogenic 

RTK inhibitors also have strong activity against the signaling of similar growth factor 

receptors such as PDGFR. This presents an added advantage in the treatment of 

glioblastomas since many such tumors express autocrine or paracrine PDGF signaling 
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which contributes to tumor cell growth (Wedge, et al. 2005). Thus, anti-angiogenic RTK 

inhibitors can have direct cytotoxic effects on tumor cells.  

 

Unfortunately, anti-angiogenic monotherapy largely fails to induce durable responses 

with malignant glioma, with tumors developing treatment resistance, often through the 

activation of specific pro-survival signaling pathways (Gotink, et al. 2010, Norden, et al. 

2009, Rahman, et al. 2010). Recent studies have shown that autophagy, a cellular 

degradation pathway, is an important cytoprotective and drug resistance mechanism 

(Amaravadi 2009, Hoyer-Hansen, et al. 2008). Anti-angiogenic RTK inhibitors can 

activate autophagy through a number of mechanisms including the inhibition of the Akt 

pathway. The Akt kinase can modulate autophagy through its downstream target, the 

mammalian target of rapamycin (mTOR), and an inhibition of this pathway by RTK 

inhibitors could occur through their action on PDGFR (Joshi, et al. 2012, Jung, et al. 

2010). During autophagy, cellular proteins and organelles are sequestered within 

characteristic double-layered autophagosomes which subsequently fuse with lysosomes 

for bulk degradation. Activated during metabolic stress, autophagy provides energy and 

biosynthetic substrates and removes potentially toxic damaged proteins and organelles.  

However, while autophagy can function as a survival promoting pathway, the incomplete 

degradation of AVs, and their excessive accumulation, can trigger autophagic cell death, 

a cell death mechanism exhibiting significant crosstalk with apoptotic signaling (Dalby, 

et al. 2010, Geng, et al. 2010, Hoyer-Hansen, et al. 2008).The involvement of autophagy 

in cell death can be therapeutically exploited, as the implementation of late-stage 

autophagic inhibition when autophagic flux is stimulated can be cytotoxic (Amaravadi 
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2009, Degtyarev, et al. 2008, Mirzoeva, et al. 2011).  Anti-malarial agents such as 

chloroquine and quinacrine effectively inhibit late-stage autophagy, through their 

lysosomotropic action, which enables them to selectively enter and concentrate within 

AVs (Degtyarev, et al. 2008, Geng, et al. 2010, Gupta, et al. 2010, Mirzoeva, et al. 

2011). While chloroquine is more commonly employed in cancer treatment, quinacrine is 

an FDA-approved drug for malaria that is well tolerated, and has superior blood brain 

barrier penetration to that of chloroquine, a key issue with CNS diseases (Geng, et al. 

2010, Yung, et al. 2004).   

 

Various cancer therapeutics have been shown to activate autophagy, and a number of 

recent studies in different cancer models have demonstrated increased efficacy via 

combined autophagy inhibition (Amaravadi 2009, Degtyarev, et al. 2008, Gupta, et al. 

2010, Mirzoeva, et al. 2011, Shimizu, et al. 2011).  However, the combination of anti-

angiogenic agents with autophagy inhibitors is a relatively new concept (Hu, et al. 2012).  

Efficacy of the anti-angiogenic RTK inhibitor cediranib, a potent inhibitor of VEGF 

receptors -1, -2 and -3, PDGF   receptors -α and -β and c-Kit (Wedge, et al. 2005), has 

not been investigated in combination with an autophagy inhibitor. Thus, the goal of the 

studies outlined in this chapter was to assess the cytotoxic effects of cediranib, quinacrine 

and their combination on glioma cells in culture and determine if quinacrine can 

significantly enhance the direct anti-glioma effects of cediranib. Furthermore, studies in 

this chapter also elucidated some of the molecular mechanisms mediating these effects 

and have revealed that there is a synergistic interaction between the two agents in 
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hypoxic glioma cells, which depends on AV accumulation and is associated with 

inhibition of the Akt kinase. 

 

2.3 Materials and Methods 

2.3.1 Cell culture and Tumor Inoculation 

Studies described in this chapter use the 4C8 glioma cell line, which was developed from 

B6D2F1 mice transgenic for myelin basic protein promoter driven c-neu expression. This 

cell line (provided by Dr. G. Yancey Gillespie, UAB) was maintained in Dulbecco's 

modified Eagle's medium/Ham's F-12 50/50 Mix (Invitrogen, Carlsbad, California), 

supplemented with 7% fetal bovine serum (FBS) (Hyclone, Logan, Utah) and 1% L-

glutamine (Sigma-Aldrich, St. Louis, Missouri). To simulate hypoxic conditions of the 

tumor, cells were incubated in the BioSpherix hypoxic chamber at 0.5% O2. Female 

C57BL/6 × DBA/2 F1 hybrid mice (B6D2F1) were purchased from Charles River 

Laboratories (Wilmington, MA). Mouse studies were conducted with the approval of the 

Oregon Health and Science University Institutional Animal Care and Use Committee and 

under the supervision of the OHSU department of Comparative Medicine.  Brain tumors 

were induced by the intracerebral injection of ~1 × 10
6
 4C8 cells, suspended in 

DMEM/F12 (5-10µl) using a stereotaxic frame as previously described (Pike, et al. 

2009).   

 

2.3.2 Immunohistochemistry 

For the detection of hypoxic regions within the tumors, mice were injected intravenously 

with the 2-nitroimidazole hypoxia marker EF5 (30mg/kg), 3 hours prior to sacrifice. 
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Mouse brains were stored in 10% Formalin. Fixed tissue samples were paraffin 

embedded and 7 µm sections were mounted on slides. Briefly, sections were 

deparaffinized in xylene followed by rehydration in decreasing concentrations of ethanol. 

After heat induced antigen retrieval in citric acid (pH 6.0) for 50 minutes and incubation 

with blocking agent (3% BSA) for 60 minutes, sections were labeled with Alexa 488 

tagged primary antibodies to hypoxia marker EF5. Sections were counterstained with 

DAPI (Molecular Probes, Inc.) to outline the nuclei.  

 

2.3.3 Cell viability assays 

Cells were plated in 96-well plates at a density of 3000 cells/well and were exposed to a 

range of treatment conditions. To assess cell viability in response to treatment, MTS 

solution (CellTiter 96® AQueous MTS Reagent) was added to cells in 96 well plates (20 

µL/well) and left for 1 hour at 37°C. A negative control of MTS solution and medium 

alone was also included. The absorbance was measured using ELX800 Micro Plate 

Reader (Bio-Tek Instruments, Inc.) at 490 nm. 

 

2.3.4 Western blot analysis 

Cells were plated at density of 4.8x10
4
 cells per well in 6-well plates and treated with 

vehicle or drugs. After the indicated time of treatment, cells were lysed by brief 

sonication in whole-cell lysis buffer (62.5 mM TRIS, 10% glycerol, 1% SDS, pH 6.8), 

and cellular proteins were collected in the supernatant fraction after centrifugation at 

14,000g for 10 minutes.  Proteins were reduced by heating at 100°C for 5 minutes in 50 

mM DTT with 0.05 bromphenol blue, and electrophoresed in 4–20% Tris-HCl gels, and 
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transferred onto nitrocellulose using the NuPage® electrophoresis system (Invitrogen). 

The membranes were probed with antibodies to LC3, cleaved caspase 3, pan-Akt and 

phospho-Akt (from Cell signalling, Danvers, MA USA) and actin (from Santa Cruz 

Biotechnology Company, Santa Cruz, CA).  Membranes were treated with appropriate 

secondary antibody, exposed to enhanced chemiluminescence solutions (Invitrogen) and 

visualized using the Molecular Imager Gel Documentation System. 

 

2.3.5 Microscopy for RFP-LC3 expression 

Cells were tranduced with lentiviral particles (EMD Millipore, Billerica, MA) to stably 

express the RFP-LC3 fusion protein. Cells were then treated with the 

quinacrine/cediranib combination at the concentrations indicated in the legends for Figure 

2.3B, for 24 hours. RFP-LC3 expressing cells were then visualized using an EVOS fl 

fluorescence microscope (AMG). 

 

2.3.6 Statistical analysis 

Values are expressed as mean ± SEM. Student’s t test (NCSS Statistical Software, 

(Kaysville, UT) was employed to test for statistical significance. 

 

2.4 Results 

2.4.1 Quinacrine enhances cediranib anti-glioma efficacy under hypoxic conditions 

Glioma growth involves the development of a highly inefficient vascular supply which is 

largely unable to cope with increasing cellularity, inevitably leading to areas of hypoxia 

developing within the tumor (Amberger-Murphy 2009). Since hypoxia has been shown to 
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render tumor cells more resistive to treatment, we sought to determine if hypoxic 

developed with the 4C8 glioma model as well. Tumor sections obtained 2 weeks post 

tumor growth initiation showed the presence of hypoxic cells through a positive EF5 

2.1). Studies by Evans et al. suggest that these areas are most 
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Subsequent assessment of treatment efficacy was thus conducted under normoxic 
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under hypoxic conditions. The IC50 values for cediranib and quinacrine, in the presence 

of hypoxia, were 2.4(±0.2) µM and 2.4(±0.04) µM respectively. While combined 

quinacrine/cediranib treatment decreased tumor cell viability in an additive fashion under 

normoxic conditions, the hypoxic environment significantly potentiated these effects: a 

combination of 1 µM cediranib with 2.5 µM quinacrine decreased tumor cell viability by 

31(±3)% under normoxic conditions and 78(±7)% under hypoxic conditions (Figure 

2.2A). 

 

We next determined if the combinatorial effects on cell viability were related to increased 

apoptotic induction by probing for levels of caspase-3 activation, which is critical to 

apoptotic cell death. 4C8 glioma cells were exposed to cediranib and quinacrine 

individually and in combination, under normoxic and hypoxic conditions and revealed a 

maximum cleavage of caspase-3 under hypoxic conditions, when both agents were 

combined (Figure 2.2B). Increased apoptosis under these particular conditions correlated 

well with the greater than additive effects on tumor cell viability (Figure 2.2A). These 

data demonstrate that quinacrine potently enhances the anti-glioma effects of cediranib 

under hypoxic conditions. 

 



 

Figure 2.2. Quinacrine significantly enhances cediranib glioma cytotoxicity under hypoxic 

conditions. A) Results from MTS cell viability assays showing mean 4C8 cell viability in 

response to treatment, normalized to untreated samples. Assays were performed after cells w

exposed to treatment for 72 hours, under normoxic or hypoxic (0.5% O

mean ± SEM of three independent experiments, performed in triplicate. Significant differences 

between tumor cell viability results 

(p<0.05) for single agent quinacrine treatment and * (p<0.05) for quinacrine

combination treatment. B) Representative cleaved caspase

cells grown under normoxic or hypoxic conditions

cediranib (2 µM), quinacrine (2 µM), or combined quinacrine
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inacrine significantly enhances cediranib glioma cytotoxicity under hypoxic 

A) Results from MTS cell viability assays showing mean 4C8 cell viability in 

response to treatment, normalized to untreated samples. Assays were performed after cells w

exposed to treatment for 72 hours, under normoxic or hypoxic (0.5% O2) conditions. Results are 

mean ± SEM of three independent experiments, performed in triplicate. Significant differences 

between tumor cell viability results for hypoxic versus normoxic conditions are denoted by # 

(p<0.05) for single agent quinacrine treatment and * (p<0.05) for quinacrine/cediranib

combination treatment. B) Representative cleaved caspase-3 western blots obtained from 4C8 

cells grown under normoxic or hypoxic conditions for 72 hrs while untreated or exposed to 

µM), quinacrine (2 µM), or combined quinacrine/cediranib. 
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2.4.2 Cediranib and quinacrine have direct modulatory effects on the autophagic 

pathway in glioma cells  

Figure 2.3. Cediranib and quinacrine modulate the autophagic pathway in glioma cells

Representative LC3 western blots obtained from 4C8 cells grown under normoxic or hypoxic 

(0.5% O2) conditions for 10 hrs while untreated or exposed to Cediranib (3µM), quinacrine (0.8 

µM), or combined quinacrine

Zeiss LSM 780 laser scanning confocal microscope after incubation under 

24hr  while untreated or exposed to

quinacrine/cediranib. 
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2.4.2 Cediranib and quinacrine have direct modulatory effects on the autophagic 

 

and quinacrine modulate the autophagic pathway in glioma cells

Representative LC3 western blots obtained from 4C8 cells grown under normoxic or hypoxic 
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or combined quinacrine/cediranib. B) RFP-LC3 expressing 4C8 cells were visualized using 

Zeiss LSM 780 laser scanning confocal microscope after incubation under hypoxic conditions for

while untreated or exposed to cediranib (2.5µM), quinacrine (2.5 µM), or combined 
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During the process of autophagy, cytoplasmic structures such as proteins and organelles 

are captured into vesicles called autophagosomes. These autophagosomes are lined with a 

specific protein called LC3II which plays a role in sequestering ubiquitinated substrates 

targeted for degradation. As these vesicles get degraded within lysosomes, LC3II will 

also be degraded. Thus, an increase in LC3II levels in cells could be a result of an 

increased formation of AVs and/or an inhibition of AV degradation. To assess the effects 

of cediranib on autophagic induction in hypoxic and normoxic glioma cells, we exposed 

4C8 cells to cediranib treatment under both conditions and probed for levels of LC3-II 

using western blotting. We also studied the effects of quinacrine treatment as well as the 

combination of the two agents on LC3-II. 

 

Figure 2.3A shows that hypoxia by itself increased LC3-II levels in glioma cells, in 

agreement with the known induction of autophagy by hypoxia. (Rausch, et al. 2012). 

Cediranib also increased levels of LC3-II in glioma cells compared to untreated, and this 

effect was potentiated under hypoxic conditions. Additionally, quinacrine treatment 

resulted in increased LC3-II levels, in agreement with its action as a late stage autophagy 

inhibitor. Maximum LC3-II accumulation was observed with the combination treatment, 

under hypoxic conditions (Figure 2.3A).  To obtain further evidence for AV 

accumulation with cediranib and/or quinacrine treatment we sought to observe changes in 

the spatial localization of LC3-II by using RFP-LC3 transfected 4C8 cells. Figure 2.3B 

shows a diffuse cytosolic distribution of the LC3-II protein in untreated cells whereas 

there is an increase in the number of punctae or AVs in response to single agent 
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treatment. The presence of these vacuoles was much higher in response to combination 

treatment.  

 

These data suggest that induction of autophagy with cediranib treatment under hypoxic 

conditions combined with late stage autophagic inhibition with quinacrine resulted in an 

increased accumulation of AVs.  The increased cell death observed (Figure 2.2A and 

2.2B) under the same conditions which induced excessive AV accumulation, is consistent 

with a causal relationship. We further investigated this possibility as discussed in the 

following section.   

 

2.4.3 Evidence for a causal relationship between combination treatment induced AV 

accumulation and tumor cell death. 

We next sought to determine whether  the AV accumulation in response to combination 

treatment under hypoxic conditions is not only associated with but also plays an 

important role in the anti-glioma effects. To accomplish this, we exposed 4C8 cells to 

combination treatment under hypoxic conditions with and without the addition of early 

stage autophagy inhibitor, 3-Methyladenine (3-MA). 3-MA blocks autophagosome 

formation via the inhibition of type III Phosphatidylinositol 3-kinases (PI-3K).  



 

Figure 2.4. Autophagic vacuole accumulation induced by treatment combination 
contributes to glioma cell death

grown under hypoxic (0.5% O

cediranib (2µM) and quinacrine (1.5µM), either with or without 2mM 3

MTS cell viability assays showing mean 4C8 cell viability in response to treatment, normalized to 

untreated samples. Assays were performed afte

under hypoxic (0.5% O2) conditions. Results are mean ± SEM of three independent experiments, 

performed in triplicate. Significant differences between tumor cell viability results obtained with 

and without 3-MA are denoted by * (p<0.05).

 

As expected, when glioma cells were probed for levels of LC3

in AVs with the combination treatment, but this was largely inhibited in the presence of 

3-MA (Figure 2.4A). We

cytotoxicity of the combination treatment when 

accumulating. Figure 2.4B

viability in the presence of 3

plays a causal role in the enhanced cytotoxic effects of the combination treatment.
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Autophagic vacuole accumulation induced by treatment combination 
contributes to glioma cell death. A) Representative LC3 western blots obtained from 4C8 cells 

grown under hypoxic (0.5% O2) conditions for 24 hrs while exposed to a combination of 

cediranib (2µM) and quinacrine (1.5µM), either with or without 2mM 3-MA. B) Results from 

MTS cell viability assays showing mean 4C8 cell viability in response to treatment, normalized to 

untreated samples. Assays were performed after cells were exposed to treatment for 72 hours, 

) conditions. Results are mean ± SEM of three independent experiments, 

performed in triplicate. Significant differences between tumor cell viability results obtained with 

A are denoted by * (p<0.05). 

As expected, when glioma cells were probed for levels of LC3-II, there was an increase 

with the combination treatment, but this was largely inhibited in the presence of 

). We next examined whether the glioma cells were spared from the 

cytotoxicity of the combination treatment when AVs were prevented from forming and 

2.4B shows that there was a significant increase in 4C8 cell 

viability in the presence of 3-MA, which provides strong evidence that AV

role in the enhanced cytotoxic effects of the combination treatment.
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2.4.4 Cediranib and quinacrine both inhibit Akt kinase activation

The Akt kinase can strongly affect autophagic flux through its downstream t
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2.4.4 Cediranib and quinacrine both inhibit Akt kinase activation 

The Akt kinase can strongly affect autophagic flux through its downstream t

mammalian target of rapamycin (mTOR).  Inhibitors of the Akt pathway 

y induce autophagy in tumors (Mirzoeva, et al. 2011). Because 

the activation of this pathway, we assessed whether cediranib 

an effect on the activation of the Akt kinase.   

Cediranib and quinacrine inhibit Akt activation. Western blot analysis of basal 

Akt levels in 4C8 cultures grown under hypoxic (0.5% O2) conditions for 24 hrs 

r exposed to cediranib (2.5µM), quinacrine (2.5 µM), or combined 

/cediranib treatement. 

ediranib strongly inhibited the phosphorylation of the Akt kinase

suggesting a possible mechanism for autophagy induction. Also, because agents 

quinacrine have been reported to have inhibitory effects on 

we determined if quinacrine also possesses such abilities (Guo

uinacrine effectively prevents the activation of the Akt kinase, 

suggesting that apart from inhibiting the degradation of AVs, quinacrine may also be 

with cediranib in effectively inducing autophagy in the glioma cells.

The Akt kinase can strongly affect autophagic flux through its downstream target, 

 have been 

Because PDGF 

ediranib 

 

Western blot analysis of basal 

) conditions for 24 hrs 

ediranib (2.5µM), quinacrine (2.5 µM), or combined 

the phosphorylation of the Akt kinase, 

because agents 

have inhibitory effects on Akt 

Guo, et al. 2009). 

the activation of the Akt kinase, 

, quinacrine may also be 

with cediranib in effectively inducing autophagy in the glioma cells. 



 

2.4.5 The role of quinacrine treatment

enhancement of cediranib anti

Figure 2.6. Bafilomycin A1 enhances cediranib glioma cytotoxicity in an additive fashion 
under hypoxic conditions. 

viability in response to treatment, normalized to untreated samples. Assays were performed after 

cells were exposed to cediranib and/or bafilomycin A1 treatment for 72 hours, under normoxic or 

hypoxic (0.5% O2) conditions. Results are mean ± SEM of three independent experiments, 

performed in triplicate. 
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The role of quinacrine treatment in inducing autophagy may be critical 

enhancement of cediranib anti-glioma effect 

Bafilomycin A1 enhances cediranib glioma cytotoxicity in an additive fashion 
under hypoxic conditions. Results from MTS cell viability assays showing mean 4C8 cell 

viability in response to treatment, normalized to untreated samples. Assays were performed after 

cells were exposed to cediranib and/or bafilomycin A1 treatment for 72 hours, under normoxic or 

) conditions. Results are mean ± SEM of three independent experiments, 

Bafilomycin A1 has been shown to block AV degradation by inhibiting the acidification 

of lysosomes through its action on the vacuolar H+ ATPase (V-ATPase) enzyme 

). Because bafilomycin A1 and quinacrine function as late stage 

autophagy inhibitors we sought to determine if bafilomycin A1 has the potential to show 

a similar enhancement of cediranib anti-glioma efficacy. Figure 2.6 shows the results of 

MTS cell viability assays performed on 4C8 cells exposed to a range of c

concentrations in combination with 5nM bafilomycin A1. We observed that bafilomycin 

A1 cooperated with cediranib in an additive fashion under normoxic and hypoxic 

critical to the 
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conditions, lending support to the concept that AV accumulation enhances cediranib anti

glioma efficacy. However, the strong potentiation of these effects under hypoxic 

conditions, as demonstrated with the quinacrine/cediranib combination,

here (Figure 2.6).  

Figure 2.7. Bafilomycin A1 causes autophagic vacuole accumulation to a lesser extent 

compared to quinacrine and does not affect Akt activation.

blots obtained from 4C8 cells grown under 

while untreated or exposed to quinacrine (

basal Akt and phospho-Akt western blots obtained from 4C8 cells grown under hypoxic (0.5% 

O2) conditions for 24 hrs while untreated or exposed to bafilomycin A1 (5nM).

 

To further probe into the differences in cytotoxicity observed with the 

quinacrine/cediranib and bafilomycin A1/cediranib combinations, 
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the levels of phosphorylated Akt kinase in response to bafilomycin A1 treatment and 

found that there was no change in the activation of Akt kinase (Figure 
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conditions, lending support to the concept that AV accumulation enhances cediranib anti

glioma efficacy. However, the strong potentiation of these effects under hypoxic 

conditions, as demonstrated with the quinacrine/cediranib combination, was not observed 

Bafilomycin A1 causes autophagic vacuole accumulation to a lesser extent 

compared to quinacrine and does not affect Akt activation. A)Representative LC3 western 

blots obtained from 4C8 cells grown under normoxic or hypoxic (0.5% O2) conditions for 10 hrs 

while untreated or exposed to quinacrine (2.5 µM) or bafilomycin A1 (5nM). B) Representative 

Akt western blots obtained from 4C8 cells grown under hypoxic (0.5% 

hrs while untreated or exposed to bafilomycin A1 (5nM). 

the differences in cytotoxicity observed with the 

quinacrine/cediranib and bafilomycin A1/cediranib combinations, we exposed 4C8 cells 

to bafilomycin A1 and quinacrine using doses that had comparable effects on cell 

viability. These experiments were conducted under normoxic and hypoxic conditions, to 

II accumulation. We observed that under both conditions, 

quinacrine caused a larger accumulation of LC3-II (Figure 2.7A). We further probed for 

the levels of phosphorylated Akt kinase in response to bafilomycin A1 treatment and 

found that there was no change in the activation of Akt kinase (Figure 2.7B

conditions, lending support to the concept that AV accumulation enhances cediranib anti-

glioma efficacy. However, the strong potentiation of these effects under hypoxic 
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suggest that quinacrine, and not just cediranib, plays an essential role in inducing 

autophagic flux under hypoxic conditions, creating a stronger cytotoxic effect through the 

inhibition of degradation and promotion of an extensive accumulation of AVs. 

 

2.5 Discussion 

Tyrosine kinases are known to play a critical role in the regulation of growth factor 

signaling in tumor cells. Targeted anticancer therapy through RTK inhibitors have been 

shown to possess high specificity towards tumor cells, a broad therapeutic window and 

lesser nonspecific toxicity in comparison to conventional chemotherapy (Arora, et al. 

2005). With the phenomenal success of Gleevec (imatinib mesylate) in the treatment of 

patients with chronic myelogenous leukemia (CML), RTK inhibitors have been 

extensively studied, leading to the FDA approval of several of them including Sunitinib 

(targets include VEGFR and PDGFR) for the treatment of gastrointestinal stromal tumor 

and Sorafenib (targets include RAF, PDGFR, VEGFR) for the treatment of advanced 

renal cell carcinoma, amongst other tumor types. RTK inhibitors, however, have not yet 

demonstrated efficacy in clinical studies for GBM (De Witt Hamer 2010). This could be 

due to a number of reasons including a lack of animal glioma models that are a true 

representation of the pathobiology of glioblastoma in patients, failure of agent to cross 

the blood brain barrier, and development of treatment resistance in tumors through 

mechanisms such as autophagy (Gupta, et al. 2010, Shingu, et al. 2009 Shen, et al. 2013, 

Zhang, et al. 2009). Under stressful conditions, as well as in response to commonly used 

therapeutic agents such as temozolomide and bevacizumab, it has been shown that 

autophagic flux can be increased in tumor cells to provide a temporary source of energy 
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and cellular building blocks essential for survival (Shintani, et al. 2004). Thus, autophagy 

contributes to the survival of tumor cells, but a late stage inhibition of the process will 

inhibit AV degradation and can potentially trigger cell death. Although the precise 

mechanisms of autophagic cell death are presently unclear, it is known that AV 

accumulation is associated with mitochondrial and lysosomal membrane permeabilization 

which may play a role through the release of catabolic enzymes that trigger cell death. 

This cell death can occur via pathways related to apoptosis or necrosis (Levine, et al. 

2005). Thus, when autophagic flux has been sufficiently upregulated in tumor cells, they 

can be very sensitive to lysosomotropic agents, such as chloroquine and quinacrine 

through the late stage inhibition of the process.  

 

Our results demonstrate that cediranib, an anti-angiogenic RTK inhibitor, has direct 

cytotoxic effects on glioma cells at micromolar concentrations, which is in agreement 

with earlier studies (Wedge, et al. 2005). Inhibition of the pro-survival Akt pathway 

through cediranib’s action on PDGFR signaling in glioma cells presents a possible 

mechanism for these effects observed in vitro (Figure 2.2A). Quinacrine treatment also 

resulted in significant reductions in tumor cell viability. It has a polypharmacological 

nature, and hence in addition to its lysosomotropic effects, its inhibition of nuclear factor-

κB (NF-κB), Akt and stabilization of p53 tumor suppressor pathways may also play a 

role (Gurova 2009).  MTS assays revealed that quinacrine and cediranib had a greater 

than additive effect on tumor cell viability under hypoxic conditions, which correlated 

well with increased caspase-3 activation (Figure 2.2B). Our study is the first to report that 

cediranib directly induces autophagy in glioma cells (Figure 2.3). Under hypoxic 
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conditions, we also found that the combination treatment induced a maximum 

accumulation of LC3II and hence AVs (Figure 2.3A). By co-administering 3-MA and 

preventing the formation and accumulation of AVs, we observed a significant decrease in 

the cytotoxicity of the quinacrine/cediranib combination (Figure 2.4). These  data showed 

that AV accumulation is at least partly required for the enhanced anti-glioma effects 

reported in Figure 2.2. We also probed 4C8 cells for the levels of phosphorylated Akt 

kinase and found that cediranib potently inhibits Akt kinase activation (Figure 2.5). Thus, 

downregulation of the Akt pathway may present a possible mechanism for the increase in 

autophagic flux in response to cediranib treatment. Also, because agents such as 9-

Aminoacridine have been shown to inhibit signaling through the Akt kinase, quinacrine 

has been proposed to have similar abilities because of its related structure (Ehsanian, et 

al. 2011, Guo, et al. 2009). To our knowledge, we are the first to establish that quinacrine 

strongly inhibits Akt kinase phosphorylation. This suggests that quinacrine not only 

inhibits the degradation of AVs, but also may induce autophagy. The significance of this 

contribution of quinacrine to the cytotoxicity of the combination treatment was evident 

when the enhancement of cediranib cytotoxicity with bafilomycin A1 was not as 

pronounced as with quinacrine. (Figure 2.6). We found that bafilomycin A1 had no 

effects on the Akt kinase activation and created a smaller presence of AVs as observed by 

LC3-II blots (Figure 2.7). These data suggest that activation of autophagy not only occurs 

with cediranib in tumor cells but it is likely quinacrine as well, thus creating a more 

potent cytotoxic effect with the inhibition of AV degradation.  
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Our findings reveal that hypoxic glioma cells are particularly sensitive to 

quinacrine/cediranib combination treatment. It is possible that hypoxia, cediranib and 

quinacrine together provide a powerful stimulation to autophagic flux, creating an 

extensive accumulation of AVs through the inhibition of their degradation. Our results 

demonstrate that modulating the autophagy pathway can be an effective strategy to 

enhance the anti-glioma efficacy of cediranib and possibly other related RTK inhibitors.  

Other mechanisms may also contribute. Recent evidence demonstrates an increased 

dependence of glioma cells on Akt signaling under hypoxic conditions for growth and 

survival (Kunz, et al. 2003, Polytarchou, et al. 2011, Stegeman, et al. 2012). An 

inhibition of Akt signaling has been shown to effectively overcome hypoxia induced 

treatment resistance in tumors (Polytarchou, et al. 2011, Stegeman, et al. 2012). Our 

present study suggests that our novel treatment strategy involving the 

quinacrine/cediranib combination can effectively sensitize hypoxic tumor cells to 

apoptotic cell death in vitro. Because a wide variety of solid tumors have shown to 

develop hypoxia (Cairns, et al. 2007), this strategy might prove effective in other tumor 

types as well and might also be exceptionally useful in improving the outcome associated 

with a range of treatments where hypoxia contributes to resistance, including 

radiotherapy. Studies in Chapter 3 will probe into the in vivo efficacy of this unique drug 

combination.  
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Chapter 3: Quinacrine enhances cediranib anti-angiogenic/anti-tumor 

efficacy in intracranial mouse glioma  

 

*Merryl R. Lobo, Sarah C. Green, Matthias C Schabel, Yancey G. Gillespie, Randall L. 

Woltjer, *Martin M. Pike 

 

 

 

3.1 Abstract 

Despite malignant glioma vascularity, anti-angiogenic therapy is largely ineffective.  We 

hypothesized that efficacy of the anti-angiogenic agent cediranib is synergistically 

enhanced in intracranial glioma via combination with the late-stage autophagy inhibitor 

quinacrine. Relative cerebral blood flow and volume (rCBF, rCBV), vascular 

permeability (K
trans

), and tumor volume were assessed in intracranial 4C8 mouse glioma 

using a dual-bolus dynamic MRI approach. We found that cediranib or quinacrine 

treatment alone did not alter tumor growth.  Survival was only marginally improved by 

cediranib, and unchanged by quinacrine.  In contrast, combined quinacrine/cediranib 

reduced tumor growth by over 2-fold (p < 0.05), and increased median survival by over 

2-fold, compared to untreated (p < 0.05).   Cediranib or quinacrine treatment alone did 

not significantly alter mean tumor rCBF or K
trans

 compared to untreated while combined 

quinacrine/cediranib substantially reduced both (p < 0.05), indicating potent tumor 

Most of the work described in this Chapter has been accepted for publication in 

Neuro-Oncology. *These authors are the sole contributors to this work. 
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devascularization.  Immunohistochemical studies revealed that MVD and necrosis were 

unchanged by cediranib or quinacrine treatment.  In contrast, MVD was reduced by 

nearly 2-fold (p < 0.01), and necrosis increased by 3-fold (p < 0.05 one-tailed), in 

quinacrine/cediranib treated versus untreated. Using electron microscopy, we also 

confirmed the presence of autophagic vacuoles (AVs) in vivo with cediranib treatment 

suggesting that the mechanistic interactions involving autophagy modulation, elucidated 

in Chapter 2, may play a role in vivo. Collectively, our results demonstrated that 

combined quinacrine/cediranib treatment synergistically increased anti-vascular/anti-

tumor efficacy in intracranial 4C8 mouse glioma, suggesting a promising and facile 

treatment strategy for malignant glioma.   

 

3.2 Introduction 

The studies outlined in Chapter 2 show that Cediranib, an anti-angiogenic RTK inhibitor, 

exerts direct cytotoxic effects on glioma cells. Not only does cediranib, by itself, reduce 

tumor cell viability in a dose dependant manner, but it also potently induces autophagy, 

which may be protecting the tumor cells and limiting cediranib efficacy. A detailed 

investigation of combined treatment with cediranib and the autophagy inhibitor- 

quinacrine, using glioma cell cultures, revealed that cediranib efficacy can be 

significantly enhanced through late stage autophagy inhibition, as a result of the toxic 

accumulation of AVs. Both agents were shown to potently inhibit Akt activation, 

presenting a mechanism for modulation of the autophagy pathway. Although these in 

vitro studies suggest that the novel quinacrine/cediranib combination has immense 

potential in glioma treatment, it is essential to determine if this synergistic interaction 
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translates to therapeutic benefit in the in vivo setting as well. Tumors, in vivo, tend to be 

much more complex, presenting a dynamic system consisting of not just tumor cells but 

also fibroblasts, blood vessels, extracellular matrix, a diverse range of signaling 

molecules and immune cells. All these factors, together constituting the tumor 

microenvironment, communicate with the tumor cells and can limit the efficacy of 

treatment (Swartz, et al. 2012). Also, drug pharmacokinetics can compromise therapeutic 

outcome, particularly if they are unable to adequately access the tumor. This is of 

particular relevance to brain tumors where many therapeutic agents are unable to cross 

the blood brain barrier and reach the tumor cells (Westphal, et al. 2011). Thus, an 

effective animal model evaluation of a new treatment strategy requires the assessment of 

clinically relevant parameters such as tumor growth and survival.  

 

Apart from testing the translatability of the quinacrine/cediranib anti-glioma efficacy 

from the in vitro to the in vivo setting, we also sought to determine if the anti-angiogenic 

effects of cediranib were enhanced through combined treatment. Because angiogenesis 

involves interaction between tumor and host, and is thus dependant on the surrounding 

microenvironment, it must be evaluated in vivo.   For this study, we have employed the 

syngeneic intracranial mouse 4C8 glioma model, used in studies described in Chapter 2, 

which fosters a seamless tumor–host interaction in immunocompetent mice (Dyer, et al. 

1995, Pike, et al. 2009).  We have utilized a comprehensive, dynamic MRI approach 

which quantifies key vascular biomarkers noninvasively in this model, measuring both 

vascular flow and permeability while also monitoring tumor growth (Pike, et al. 2009).  

To accomplish this, we employed dynamic contrast enhanced (DCE-MRI), producing 
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high resolution maps of K
trans

, an index of vascular permeability, that is a key biomarker 

of tumor neovasculature.  Subsequently, dynamic susceptibility contrast MRI (DSC-

MRI) was used to determine cerebral blood flow (CBF) and cerebral blood volume 

(CBV). This dynamic imaging approach, provides functional vascular parameters 

difficult to obtain histologically, and has revealed evidence that cediranib works 

synergistically with the autophagy inhibitor quinacrine to induce anti-vascular/anti-tumor 

efficacy and improve survival of treated mice. The presence of AVs in response to 

cediranib treatment, detected by electron micrscopy, are consistent with the concept that 

direct modulatory effects of cediranib on the autophagy pathway, as described in chapter 

2, may play a role. Combined histological analysis of tumor necrosis and blood vessel 

density provided further evidence for the unique efficacy of the combined treatment.   

 

3.3 Materials and methods 

3.3.1 Cell culture and Tumor Inoculation 

Mouse studies were conducted with the approval of the Oregon Health and Science 

University Institutional Animal Care and Use Committee and under the supervision of the 

OHSU Department of Comparative Medicine.  The 4C8 mouse glioma cells (provided by 

Dr. G. Yancey Gillespie, UAB) were grown in Dulbecco's modified Eagle's 

medium/Ham's F-12 50/50 Mix (Invitrogen, Carlsbad, California), supplemented with 

7% fetal bovine serum (FBS) (Hyclone, Logan, Utah) and 1% L-glutamine (Sigma-

Aldrich, St. Louis, Missouri). Female C57BL/6 × DBA/2 F1 hybrid mice (B6D2F1) were 

purchased from Charles River Laboratories (Wilmington, MA). Brain tumors were 
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induced by the intracerebral injection of ~1 × 10
6
 4C8 cells, suspended in DMEM/F12 

(5-10µl) using a stereotaxic frame as previously described (Pike, et al. 2009). 

 

3.3.2 Electron Microscopy 

Formalin fixed tumor samples were post fixed in 1% Osmium Tetroxide for 1 hour. 

Samples were then rinsed in water and dehydrated in a graded series of Acetone for 20 

minute intervals, placed in 1:1 Acetone/Epon 812 for 12 hours and embedded in 100% 

Epon 812 at 60°C for 12 hours.  The embedded blocks were sectioned on an 

ultramicrotome at 60 nanometers and stained with saturated Uranyl Acetate and lead 

citrate and viewed with the electron microscope (FEI CM120/Biotwin TEM). 

 

3.3.3 MRI procedures 

Starting at 10 days after tumor cell inoculation, mice were routinely imaged using 

contrast-enhanced (Magnevist i.p.) T1 weighted MR imaging to determine when tumor 

growth initiates.  When tumors reached a cross-sectional area of approximately 2 mm
2
, 

(generally at 2-3 weeks post inoculation), pretreatment dynamic MRI studies were 

implemented, after which mice were randomized into four treatment groups with 

treatments starting within 24 hours: 1) untreated, n = 6 (vehicle: 1% Tween in phosphate 

buffered saline (PBS), oral gavage, daily); 2) cediranib, n = 6 (AZD2171, 6 mg/kg in 1% 

Tween/PBS, daily, oral gavage,  Selleck Chemicals LLC Houston, TX); 3) quinacrine, n 

= 5 (50 mg/kg in PBS, daily, oral gavage, Sigma-Aldrich); and 4) cediranib + quinacrine, 

n = 6 (daily).  Biweekly dynamic MRI experiments were discontinued when right brain 
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displacement by the tumor was reaching a maximum, or when mice showed 

neurological/behavorial changes, or signs of physical deterioration such as excessive 

weight loss or skull deformation, at which point mice were sacrificed and their brains 

were harvested and stored in 10% formalin for histology.  For dynamic MRI, mice were 

initially anesthetized with a ketamine/xylazine mixture (1.5 mg xylazine/10 mg 

ketamine/100g) and one of the lateral tail veins was cannulated using a 30 gauge needle 

attached to PE 10 tubing, filled with sterile saline containing 15U heparin/ml.  MR 

imaging employed a Bruker-Biospin 11.75T small animal MR system with a Paravision 

4.0 software platform, 9 cm inner diameter gradient set (750 mT/m), and a mouse head 

(20 mm ID) quadrature RF transceiver coil (M2M Imaging Corp.) The mice were 

positioned with their heads immobilized with a specially designed head holder with 

adjustable ear pieces. Body temperature of the mice was monitored and maintained at 

37°C using a warm air temperature control system (SA instruments). Isoflurane (0.5–2%) 

in 100% oxygen was administered and adjusted while monitoring respiration. 

 

A coronal 25 slice T1 weighted image set was obtained using a spoiled gradient echo 

sequence (Paravision FLASH, 256×256 matrix, 98 µm in-plane resolution, 0.5 mm slice 

width, TR 500 msec, TE 1.4 msec, FA 60°, 1 average) to determine the dynamic MRI 

slice position within the tumor, which was matched to that used in any previous imaging 

sessions using brain/skull anatomical features. A T2 weighted image set (Paravision spin 

echo RARE, same spatial geometry as for multislice T1 weighted, TR 4000 msec, 

TEeffective 32 msec, RARE factor 8, 1 average) was obtained to assess tumor volume. A 

fully relaxed (M0) spoiled gradient echo precontrast image (Paravision FLASH, TR 6000 
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ms, TE 1.2 ms, FA 90°, 128×128 matrix, 1 slice, 1 mm slice thickness, 195 µm in-plane 

resolution) was obtained at the position of the subsequent DCE T1 weighted image series 

(450 images) which used the same parameters except with TR 15.6 msec and FA 20° (2.0 

s/image), and with Gd-DTPA injection (Magnevist, Berlex Inc, i.v., 10X diluted, 3.0 µl/g, 

0.15 mmol/kg).  DSC-MRI was then implemented (150 T2* weighted images, Paravision 

FLASH, TR 8, TE 4.2 ms, FA 5°, 128×128 matrix, 1 slice, 1 mm slice thickness, 195 µm 

in-plane resolution, 1 s/image) employing Feridex, an SPIO agent (Berlex Inc, 4X 

diluted, 2.4 µl/g, 26.9ug iron/g).  Both injections occurred at 30 s after initiation of the 

image series, at 1 mL/min, using a 150 µL saline/heparin chase. 

 

3.3.4 Image processing 

DCE-MRI parameters were computed voxelwise using the Extended Tofts-Kety model 

(Sourbron, et al. 2012, Tofts, et al. 1999) using custom pharmacokinetic modeling 

software (developed by M. C. Schabel) written in MATLAB (MathWorks, Natick, 

MA). Fully relaxed M0 image intensities were used to compute pre-injection longitudinal 

relaxation time, enabling quantitative concentration measurement and K
trans

 (in min
-1

) 

estimates (Pike, et al. 2009).  The Monte Carlo Blind Estimation (MCBE) algorithm was 

used to determine the arterial input function directly from measured tumor curves 

(Schabel, et al. 2010, Schabel, et al. 2010). Calculation of DSC-MRI perfusion 

parameters followed the model-independent method described in Ostergaard L. et al. 

(Ostergaard, et al. 1996) using the Jim software package (Xinapse Systems LTD, 

Northants, UK). The AIF was determined from 12 non-tumor brain pixels identified by 

an automatic scanning and selection routine which targeted brain parenchymal arterial 
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microvessels (Pike, et al. 2009). DSC data analysis was restricted to the first 50 post-

contrast images in the series to bracket the susceptibility bolus intensity changes. 

Parametric maps were generated for cerebral blood flow (CBF in mL blood/100g tissue/ 

minute), cerebral blood volume (CBV in blood volume percentage of total tissue 

volume), and mean transit time (MTT in seconds).  Analysis of the DCE/DSC-MRI 

parametric maps, and T2 multislice images employed the Jim software package. Tumor 

volumes were calculated from the multislice T2 weighted images.  The DSC-MRI 

parameters (rCBF, rCBV, rMTT) were reported relative to contralateral values to reduce 

measurement error, and minimize effects from alterations in intracranial pressure, blood 

pressure, and depth of anesthesia.  

 

3.3.5 Histology 

At the termination of serial MRI studies, mice were sacrificed and brains were stored in 

10% Formalin. Fixed tissue samples were paraffin embedded and 7 µm sections were 

mounted on slides. The slides were then processed and stained with Hemotoxylin 

(Sigma-Aldrich) and Eosin (Sigma-Aldrich), using standard methodologies. For each 

tumor sample (n = 4 tumor samples/treatment group) a total of three image fields (4X 

magnification) were positioned randomly across a minimum of two stained tumor 

sections and photographed using an Olympus BX50 microscope mounted with a Leica 

camera DFC320 equipped with Leica Firecam Version 3.4.1. Necrotic regions within the 

image fields were quantified using the ROI analysis tool of the Jim software package 

under the supervision of an experienced neuropathogist (RLW) and averaged. In adjacent 

sections from three mice per treatment group, immunohistochemical vascular staining 
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was performed after deparaffinized sections were subjected to antigen retrieval (5 min 

treatment at room temperature with 95% formic acid followed by incubation at 85-90 

degrees in citrate buffer, pH 6.0, for 30 min), using mouse monoclonal primary antibody 

to CD31, clone JC70A (Dako), with hematoxylin counter stain.  Slides were prepared 

using the Mouse-On-Mouse (M.O.M) Peroxidase Kit (Vector Labs) to prevent non-

specific background and the presence of CD31 was investigated using the avidin-biotin 

complex (ABC) method (Vector Labs), with diaminobenzidine. Slides were studied at 

40x magnification, and the number of CD31 stained vessels was counted in 10 random 

fields across 2 sections for each tumor and averaged to obtain mean vessel density 

(MVD).  

 

3.3.6 Statistics 

Values are expressed as mean (± SEM).  For dynamic MRI and CD31 

immunohistochemistry results, the two-tailed Unpaired Student’s t test (NCSS Statistical 

Software, (Kaysville, UT) was employed to test for differences at 0, 3(±1), 6(±1), and 

11(±1) days after tumor growth initiation versus untreated (time points corresponding to 

≥ 50% untreated group survival).  Differences in median survival were tested using the 

log-rank test. The Paired Student’s t test (one-tailed, tumors were paired to tumor cell 

injection batch) was used for analysis of percent necrosis (MATLAB).   

 

 

 

 



 

3.4 Results 

3.4.1 Quinacrine/cediranib

mouse survival 

The T2 weighted MR images depicted in 

after tumor growth initiation and show clearly delineated tumors

similar cross sectional areas for untreated tumors in comparison to single agent treatment 

with cediranib or quinacrine.  In contrast, 

combined quinacrine/cediranib

Figure 3.1. Combined quinacrine/cediranib treatment results in smaller tumor sizes
Representative T2 weighted coronal mouse brain MR images obtained at 14 days after tumor 

growth initiation for the four treatment groups: A) untrea

treated, and D) quinacrine/cediranib

 

Figure 3.2A shows tumor growth curves obtained from the MRI evaluations for the 

different treatment groups, with tumor volume plotted versus the time from tumor growth 
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ediranib combination decreases tumor growth rate and increases 

weighted MR images depicted in Figure 3.1 were obtained from mice at 

after tumor growth initiation and show clearly delineated tumors. Figures 

s sectional areas for untreated tumors in comparison to single agent treatment 

ediranib or quinacrine.  In contrast, Figure 3.1D indicates that the tumor from the 

/cediranib treatment group is substantially smaller.  

 

Combined quinacrine/cediranib treatment results in smaller tumor sizes
weighted coronal mouse brain MR images obtained at 14 days after tumor 

growth initiation for the four treatment groups: A) untreated, B) quinacrine-treated, C) c

/cediranib treated. 

2A shows tumor growth curves obtained from the MRI evaluations for the 

different treatment groups, with tumor volume plotted versus the time from tumor growth 

combination decreases tumor growth rate and increases 

were obtained from mice at 14 days 

. Figures 3.1A-C indicate 

s sectional areas for untreated tumors in comparison to single agent treatment 

indicates that the tumor from the 

treatment group is substantially smaller.   

Combined quinacrine/cediranib treatment results in smaller tumor sizes. 
weighted coronal mouse brain MR images obtained at 14 days after tumor 

treated, C) cediranib-

2A shows tumor growth curves obtained from the MRI evaluations for the 

different treatment groups, with tumor volume plotted versus the time from tumor growth 



 

initiation.  Rapid tumor growth was 

mm
3
 over an 11 day period.  The growth curves indicated that tumor growt

essentially unaltered by c

markedly reduced with combined quina

(p < 0.05 versus untreated), with a 60% lower tumor volume than untreated

growth.  Consistent with this, exponential curves fit to the individual tumor volume 

time data provided mean exponen

substantially lower growth rate constant for combined quinacrine

versus untreated (0.26 ± 0.03 p

cediranib (0.18 ± 0.017) that were not significantly different from untreated.  

Figure 3.2. Quinacrine/cediranib treatment delays tumor growth and increases mouse 
survival. A) Tumor growth curves are shown for the four treatment groups, in tumor volume 

versus time after tumor growth initiation.  Curves are

50% survival.  *: p < 0.05 versus untreated. B)

treatment groups (in days from tumor growth initiation) 

 

The Kaplan-Meier survival curves in Figure 

survival over untreated (9.5

Cediranib-treated mice indicated only a modest increase in survival (
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initiation.  Rapid tumor growth was observed for untreated mice, increasing to over 70 

over an 11 day period.  The growth curves indicated that tumor growt

essentially unaltered by cediranib or quinacrine treatment.  In contrast, tumor growth was 

markedly reduced with combined quinacrine/cediranib throughout the treatment period,

0.05 versus untreated), with a 60% lower tumor volume than untreated

growth.  Consistent with this, exponential curves fit to the individual tumor volume 

time data provided mean exponential growth rate constants (in days
-1

), and indicated a 

substantially lower growth rate constant for combined quinacrine/cediranib

0.03 p < 0.0014), with values for quinacrine (0.21

0.017) that were not significantly different from untreated.  

Quinacrine/cediranib treatment delays tumor growth and increases mouse 
A) Tumor growth curves are shown for the four treatment groups, in tumor volume 

tumor growth initiation.  Curves are indicated for time points corresponding to 

: p < 0.05 versus untreated. B)  Kaplan-Meier survival curves for the four 

treatment groups (in days from tumor growth initiation) *: p < 0.05 versus untreate

Meier survival curves in Figure 3.2B indicate that no increase in median 

9.5 ± 1.1) occurred with quinacrine-treated mice (

treated mice indicated only a modest increase in survival (14 ±

observed for untreated mice, increasing to over 70 

over an 11 day period.  The growth curves indicated that tumor growth was 

ediranib or quinacrine treatment.  In contrast, tumor growth was 

throughout the treatment period, 

0.05 versus untreated), with a 60% lower tumor volume than untreated at 11 days of 

growth.  Consistent with this, exponential curves fit to the individual tumor volume vs 

), and indicated a 

/cediranib (0.12 ± 0.01) 

0.21 ± 0.017) and 

0.017) that were not significantly different from untreated.   

 

Quinacrine/cediranib treatment delays tumor growth and increases mouse 
A) Tumor growth curves are shown for the four treatment groups, in tumor volume 

indicated for time points corresponding to ≥ 

Meier survival curves for the four 

0.05 versus untreated. 

2B indicate that no increase in median 

treated mice (10.0 ± 1.8).  

± 0.5, p < 0.05 vs 



 

untreated). In contrast, median survival was substantially extended with combined 

quinacrine/cediranib treatment (

 

3.4.2 Quinacrine/cediranib

DCE/DSC pharmacokinetic parameters

Figure 3.3. Quinacrine/cediranib treatment causes substantial reductions in K

values in the tumor rim and core regions. 

regions masked)  obtained from representative tumors from each treatment group both during the 

first week after tumor growth initiation, and during the final week of MRI evaluation (CBF c

scale is relative: contralateral hues set to ~unity.)

 

Tumor vascularity was evaluated wit

approach that we previously validated with intracranial 4C8 mouse glioma
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In contrast, median survival was substantially extended with combined 

treatment (25.5 ± 1.9, p < 0.0001) versus untreated. 

/cediranib causes substantial and sustained reductions in mean tumor 

E/DSC pharmacokinetic parameters 

Quinacrine/cediranib treatment causes substantial reductions in K

values in the tumor rim and core regions. rCBF and K
trans

 (min
-1

) parametric maps (non

from representative tumors from each treatment group both during the 

first week after tumor growth initiation, and during the final week of MRI evaluation (CBF c

scale is relative: contralateral hues set to ~unity.) 

Tumor vascularity was evaluated with the dual bolus-tracking DCE/DSC 

approach that we previously validated with intracranial 4C8 mouse glioma

In contrast, median survival was substantially extended with combined 

 

substantial and sustained reductions in mean tumor 

 

Quinacrine/cediranib treatment causes substantial reductions in K
trans

 and rCBF 

) parametric maps (non-brain 

from representative tumors from each treatment group both during the 

first week after tumor growth initiation, and during the final week of MRI evaluation (CBF color 

tracking DCE/DSC dynamic MRI 

approach that we previously validated with intracranial 4C8 mouse glioma (Pike, et al. 

~1cm 



58 

 

2009). Figure 3.3 indicates typical rCBF and K
trans

 parametric maps obtained both during 

the first week after tumor growth initiation, and during the final week of MRI evaluation 

for representative tumors from each treatment group.  While negligible K
trans

 values were 

observed in non-tumor regions due to the intact blood brain barrier, Figure 3.3A indicates 

that relatively high and heterogeneous K
trans

 values were observed in untreated tumor. 

High values of rCBF were also observed, with local “hot spots” exceeding flow in 

contralateral regions by more than 5-fold, also with a heterogeneous distribution.  This 

pattern, observed throughout the tumor growth period, is consistent with the robust yet 

heterogeneous and permeable vasculature typical of malignant glioma (Gladson, et al. 

2010, Rahman, et al. 2010).  Figure 3.3B shows that similar characteristics are observed 

in a quinacrine-treated mouse tumor. Figure 3.3C shows parametric maps obtained from a 

cediranib-treated mouse tumor. Consistent with cediranib’s anti-angiogenic mode of 

action was the development of a very poorly perfused tumor core. Notably however, the 

tumor clearly retained a well vascularized tumor rim. Persistence of an angiogenic tumor 

rim, in a continually expanding tumor, demonstrates resilience of gliomas in the face of 

angiogenic blockade, congruent with clinical observations (Bergers, et al. 2008, Rahman, 

et al. 2010). In contrast, Figure 3.3D indicates that with combined quinacrine/cediranib 

treatment, there was a dramatic reduction in tumor rCBF and K
trans

 in comparison to 

untreated tumor, starting at the early treatment stage and continuing to the end of 

treatment.  At the latter stage of treatment, the rCBF map indicates an extensive poorly 

perfused tumor core region, involving a much larger tumor fraction than was observed 

with cediranib alone. The vascularized rim is also noticeably thinner than that observed 

following single agent cediranib treatment, with greatly reduced K
trans

 and rCBF values 



 

compared to those observed in c

these key flow and permeability vascular biomarkers indicates greatly increased anti

vascular efficacy with combined treatment.  

Figure 3.4. Quinacrine/cediranib treatment induced reductions in mean tumor rCBF, 
rCBV, rMTT and K

trans
 are consistent throughout the treatment period

rCBF, B) rCBV,  C) rMTT and  D) K

growth initiation for the four different treatment groups.  

corresponding to ≥ 50% survival.  

 

Figure 3.4 displays mean tumor rCBF, rCBV, rMTT and 

time from tumor growth initiation for the four different treatment groups.  

indicates that pre-treatment rCBF levels were uniformly high (~2.8) in the different 

groups.  Consistent with the parametric maps shown

as well as in cediranib-treated and quinacrine

relatively unchanged at this level during the following period of tumor growth.
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compared to those observed in cediranib or untreated tumors. The marked reduction in 

these key flow and permeability vascular biomarkers indicates greatly increased anti

vascular efficacy with combined treatment.   

cediranib treatment induced reductions in mean tumor rCBF, 
are consistent throughout the treatment period. Mean tumor  A) 

rCBF, B) rCBV,  C) rMTT and  D) K
trans

 (min
-1

) values plotted versus the time from tumor 

growth initiation for the four different treatment groups.  Curves are indicated for time points 

50% survival.  *: p < 0.05 versus untreated. 

4 displays mean tumor rCBF, rCBV, rMTT and K
trans

 values plotted versus the 

time from tumor growth initiation for the four different treatment groups.  

treatment rCBF levels were uniformly high (~2.8) in the different 

groups.  Consistent with the parametric maps shown in Figure 3.3, in the 

treated and quinacrine-treated groups, mean tumor rCBF remained 

relatively unchanged at this level during the following period of tumor growth.

ediranib or untreated tumors. The marked reduction in 

these key flow and permeability vascular biomarkers indicates greatly increased anti-

 

cediranib treatment induced reductions in mean tumor rCBF, 
Mean tumor  A) 

values plotted versus the time from tumor 

indicated for time points 

values plotted versus the 

time from tumor growth initiation for the four different treatment groups.  Figure 3.4A 

treatment rCBF levels were uniformly high (~2.8) in the different 

, in the untreated group, 

treated groups, mean tumor rCBF remained 

relatively unchanged at this level during the following period of tumor growth.  In 



60 

 

contrast, with combined quinacrine/cediranib treatment, large and sustained decreases in 

mean rCBF occurred starting at early treatment stages, (p<0.05 vs untreated).  Unlike 

rCBF, Figure 3.4B indicates that rCBV increased substantially throughout the period of 

tumor growth in the untreated group. The relatively robust increase in rCBV, in 

comparison to that of rCBF, suggests the development of a tumor vascular network which 

is increasingly inefficient, consistent with our previous findings with 4C8 glioma (Pike, 

et al. 2009).  Quinacrine treatment did not substantially alter tumor rCBV in comparison 

to untreated.  Cediranib-treatment moderately attenuated the increase in rCBV, indicating 

lower values in comparison to untreated at 11 days after initiation of tumor growth.   

Combination of cediranib with quinacrine produced a substantially greater effect 

however, with rCBV decreasing rather than increasing, to values significantly below that 

of untreated throughout the treatment period.  Figure 3.4C indicates that rMTT, which is 

inversely related to vascular efficiency, increased substantially with tumor growth for the 

untreated group, consistent with the robust increase in rCBV in comparison to rCBF.  

Quinacrine did not substantially alter rMTT in comparison to untreated.  Consistent with 

its effects on rCBV, cediranib tended to attenuate rMTT values below those observed in 

untreated (non significant versus untreated).  Combined quinacrine/cediranib treatment 

entirely prevented increases in rMTT with tumor growth, resulting in rMTT values that 

were substantially lower than those observed in the untreated group.  Figure 3.4D 

indicates that mean tumor K
trans

 values gradually increased with tumor growth, consistent 

with development of permeable tumor neovasculature.  Quinacrine-treated mice indicated 

a similar pattern, while the cediranib-treated group exhibited a tendency toward 

decreased K
trans

 values in the latter stages of tumor growth (non significant versus 



 

untreated), likely due at least in part to decreased vascular permeability, consi

cediranib’s VEGF receptor inhibition.   

marked decreases in K
trans

groups.  As K
trans

 is, under most conditions, proportional to the permeability

product per unit volume of tissue, the marked decrease is likely to be primarily due to 

decreased vessel surface area in conjunction with tumor devascularization, given the 

substantial reductions in tumor rCBF and rCBV which also occurred, suggesting a greatly 

reduced vascular network

indicate that combined quinacrine

vasculature, inducing a synergistic increase in anti

effectively slowing tumor growth and extending survival in mouse 4C8 glioma. 

 

3.4.3 Cediranib treatment results 

Figure 3.5. Cediranib treatment causes autophagic vacuole formation 

electron micrographs showing ultrastructure of tumor tissue derived from untreated and cediranib

treated mouse 2 weeks post initiation of tumor growth. 

some of the autophagic vacuoles in the cediranib treated tumor tissue have been indicated.

Webb from the OHSU electron microscopy core assisted in generating 

1 µm 
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untreated), likely due at least in part to decreased vascular permeability, consi

ediranib’s VEGF receptor inhibition.   With combined quinacrine/cediranib

ans
 occurred, to levels substantially below that in all the other 

is, under most conditions, proportional to the permeability

product per unit volume of tissue, the marked decrease is likely to be primarily due to 

vessel surface area in conjunction with tumor devascularization, given the 

substantial reductions in tumor rCBF and rCBV which also occurred, suggesting a greatly 

reduced vascular network (Barrett, et al. 2007). Taken together, the dynamic

t combined quinacrine/cediranib treatment has a profound effect on the tumor 

vasculature, inducing a synergistic increase in anti-vascular/anti-tumor efficacy, and 

effectively slowing tumor growth and extending survival in mouse 4C8 glioma. 

ib treatment results in AV formation in vivo. 

Figure 3.5. Cediranib treatment causes autophagic vacuole formation in vivo

electron micrographs showing ultrastructure of tumor tissue derived from untreated and cediranib

treated mouse 2 weeks post initiation of tumor growth. Diameter measurements as

hagic vacuoles in the cediranib treated tumor tissue have been indicated.

Webb from the OHSU electron microscopy core assisted in generating these data.

untreated), likely due at least in part to decreased vascular permeability, consistent with 

/cediranib treatment, 

occurred, to levels substantially below that in all the other 

is, under most conditions, proportional to the permeability-surface area 

product per unit volume of tissue, the marked decrease is likely to be primarily due to 

vessel surface area in conjunction with tumor devascularization, given the 

substantial reductions in tumor rCBF and rCBV which also occurred, suggesting a greatly 

dynamic MRI results 

treatment has a profound effect on the tumor 

tumor efficacy, and 

effectively slowing tumor growth and extending survival in mouse 4C8 glioma.  

 

in vivo. Representative 

electron micrographs showing ultrastructure of tumor tissue derived from untreated and cediranib 

easurements associated with 

hagic vacuoles in the cediranib treated tumor tissue have been indicated. Mike 

these data. 



 

 

Tumor tissue obtained with and without cediranib treatment was analyzed using electron 

microscopy for signs of increased autophagic flux (Figure 3.5). Electron microscopy is 

considered to be the “gold standard” technique in detecting AVs. A nu

were found to be present in cediranib treated tumor tissue, which generally contained 

engulfed cytoplasmic material, characteristic of AVs. These results suggest that cediranib 

induced autophagic flux in intracranial 4C8 tumors

  

3.4.4 Combined quinacrine/c

(MVD) 

Figure 3.6. Quinacrine/cediranib treatment reduces mean vessel density in tumors.

Representative histological tumor sections with CD31 vascular staining (brown) and hematoxylin 

nuclear counter stain (blue) from the four treatment groups.   Discrete staining is associated with 

vascular endothelial cells, whereas more diffuse and variable

associated with tumor necrosis.  Microvessel examples are marked by arrows. E) MVD quantified 

from multiple CD31 stained sections for the four treatment groups.

p<0.01 versus untreated.  Keri Forque

these data. 
 

50 µm 
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Tumor tissue obtained with and without cediranib treatment was analyzed using electron 

microscopy for signs of increased autophagic flux (Figure 3.5). Electron microscopy is 

considered to be the “gold standard” technique in detecting AVs. A number of vacuoles 

were found to be present in cediranib treated tumor tissue, which generally contained 

engulfed cytoplasmic material, characteristic of AVs. These results suggest that cediranib 

induced autophagic flux in intracranial 4C8 tumors. 

mbined quinacrine/cediranib treatment results in reduced Mean Vessel Density 

Quinacrine/cediranib treatment reduces mean vessel density in tumors.

Representative histological tumor sections with CD31 vascular staining (brown) and hematoxylin 

nuclear counter stain (blue) from the four treatment groups.   Discrete staining is associated with 

vascular endothelial cells, whereas more diffuse and variable staining is nonspecific and 

associated with tumor necrosis.  Microvessel examples are marked by arrows. E) MVD quantified 

from multiple CD31 stained sections for the four treatment groups. Field area = 2x10

Keri Forquer from the OHSU histopathology core assisted in generating 

Tumor tissue obtained with and without cediranib treatment was analyzed using electron 

microscopy for signs of increased autophagic flux (Figure 3.5). Electron microscopy is 

mber of vacuoles 

were found to be present in cediranib treated tumor tissue, which generally contained 

engulfed cytoplasmic material, characteristic of AVs. These results suggest that cediranib 

ediranib treatment results in reduced Mean Vessel Density 

 

Quinacrine/cediranib treatment reduces mean vessel density in tumors. A-D) 
Representative histological tumor sections with CD31 vascular staining (brown) and hematoxylin 

nuclear counter stain (blue) from the four treatment groups.   Discrete staining is associated with 

staining is nonspecific and 

associated with tumor necrosis.  Microvessel examples are marked by arrows. E) MVD quantified 

Field area = 2x10
-3

 mm
2
.  *: 

r from the OHSU histopathology core assisted in generating 
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Histological studies performed after completion of the longitudinal MRI studies 

confirmed the dynamic MRI results, and provided further information regarding tumor 

pathology.  Representative histological tumor sections with CD31 vascular staining are 

shown in Figures 3.6 A-D, and indicate clearly demarcated tumor vessels (see arrows).    

Consistent with the dynamic MRI results, we generally observed a greater prevalence of 

vessels at tumor borders.  Multiple vessels are indicated in Figures 3.6A-C, in sections 

from untreated, quinacrine-treated, and cediranib-treated tumors. In contrast, in Figure 

3.6D, a section from a quinacrine/cediranib treated tumor shows substantial necrosis 

(indicated by nonspecific staining), and fewer vessels. Figure 3.6E indicates mean values 

of MVD that were quantified from multiple CD31 sections. The MVD values were very 

similar for the untreated, cediranib, and quinacrine groups.  In contrast, MVD was 

reduced in the quinacrine/cediranib treated group by nearly 2-fold in comparison to the 

other groups. (p < 0.01 versus untreated).   

 

3.4.5 Treatment with quinacrine/cediranib combination increases tumor necrosis 

In Figure 3.7A-D representative H&E sections from the various treatment groups are 

shown, and clearly indicate regions of tumor necrosis.   While similar levels of necrosis 

were observed in the sections from untreated, quinacrine-treated, and cediranib-treated 

tumors, necrosis was comparatively increased in sections from quinacrine/cediranib 

treated tumors. Figure 3.7E indicates that similar levels of tumor necrosis were observed 

in the untreated, quinacrine, and cediranib groups.  In contrast, necrosis was markedly 

elevated, by approximately 3-fold, in the quinacrine/cediranib group (p < 0.05, one-tailed 

paired t test). That the marked devascularization and reduced tumor growth shown in 



 

Figures 3.1-3.7 occurs in the context of greatly increased tumor necrosis, further 

documents the marked anti

treatment. 

Figure 3.7. Quinacrine/cediranib treatment 

H&E stained sections from the four treatment groups, indicating areas of necrosis, which appear 

as condensed cells in areas of vacuolated tissue.  Insets indicate enlarged areas of the section as 

indicated. E) Percent necrosis, quantified from multipl

treatment groups. *: p<0.05 versus untreated (one

Randall Woltjer laboratory assisted in generating these data.

 

3.5 Discussion 

Malignant glioma remains a frustratingly difficult disease to treat

angiogenesis, proliferation, and inv

often exhibits marked treatment resistance, and despite its elevated vacularity, anti

angiogenic monotherapy 

Rahman, et al. 2010). The current study employed the syngeneic intracranial 4C8 mouse 

glioma model which is characterized by

neovasculature, core necrosis (

hypoxia, as shown in Chapter 2.

100 µm 
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occurs in the context of greatly increased tumor necrosis, further 

documents the marked anti-tumor efficacy of the combined quinacrine/cediranib

. Quinacrine/cediranib treatment induces necrosis in tumors. A-D) Representa

H&E stained sections from the four treatment groups, indicating areas of necrosis, which appear 

as condensed cells in areas of vacuolated tissue.  Insets indicate enlarged areas of the section as 

indicated. E) Percent necrosis, quantified from multiple H&E stained sections, for the four 

: p<0.05 versus untreated (one-tailed paired t test). Sarah Green from the 

Randall Woltjer laboratory assisted in generating these data.   

remains a frustratingly difficult disease to treat, characterized by robust 

angiogenesis, proliferation, and invasion (Gladson, et al. 2010, Rahman, et al.

often exhibits marked treatment resistance, and despite its elevated vacularity, anti

 is of limited utility (Bergers, et al. 2008, Norden

The current study employed the syngeneic intracranial 4C8 mouse 

characterized by aggressive tumor growth with robust 

, core necrosis (Dyer, et al. 1995, Pike, et al. 2009) and regions of 

hypoxia, as shown in Chapter 2. A unique dynamic MRI approach was employed with 

occurs in the context of greatly increased tumor necrosis, further 

/cediranib 

 

D) Representative 

H&E stained sections from the four treatment groups, indicating areas of necrosis, which appear 

as condensed cells in areas of vacuolated tissue.  Insets indicate enlarged areas of the section as 

e H&E stained sections, for the four 

. Sarah Green from the 

characterized by robust 

, et al. 2010). It 

often exhibits marked treatment resistance, and despite its elevated vacularity, anti-

2008, Norden, et al. 2009, 

The current study employed the syngeneic intracranial 4C8 mouse 

aggressive tumor growth with robust 

and regions of 

MRI approach was employed with 
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the 4C8 glioma model in combination with immunohistological approaches to investigate 

the effects of separate and combined treatment with cediranib and quinacrine.  Our 

dynamic MRI results demonstrated that while single agent treatment with cediranib in the 

4C8 glioma model did not decrease mean tumor rCBF in comparison to untreated tumors, 

poorly perfused tumor core regions were prevalent in cediranib treated mice, in 

conjunction with robustly vascularized tumor rim regions.  These findings were 

corroborated by immunohistological determinations of MVD, averaged across the tumor, 

which were found to be unchanged with cediranib treatment alone.  Mean rCBV 

increases were attenuated with cediranib, in conjunction with a tendency to attenuate 

mean rMTT increases.  In combination with the absence of mean rCBF reduction, this 

may suggest an augmented vascular efficiency with cediranib, as has been proposed to 

occur at early stages of anti-angiogenic monotherapy, due to normalization of abnormal 

and dilated tumor vasculature (Goel, et al. 2012, Kamoun, et al. 2009, Rahman, et al. 

2010).  

 

While our study is consistent with previous studies reporting reduced rCBV and vascular 

permeability in cediranib-treated glioma, to our knowledge the current study is the first to 

report mean tumor rCBF measurements in a cediranib-treated preclinical glioma model 

(Bradley, et al. 2009, Farrar, et al. 2011, Kamoun, et al. 2009).  Our results clearly 

demonstrated, with both perfusion MRI and immunohistological approaches, that while 

cediranib may have limited perfusion in localized regions of the tumor core, it did not 

prevent a vigorous neovascularization process in the 4C8 mouse glioma model.  

Cediranib had little effect on tumor growth, and only modest effects on survival, 
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consistent with previous preclinical and clinical studies indicating that cediranib and 

other small molecule anti-angiogenic RTK inhibitors with similar molecular targets, have 

limited efficacy as a single agent cancer therapeutic, particularly with malignant glioma 

(Batchelor, et al. 2007, Bergers, et al. 2008, Gotink, et al. 2010, Rahman, et al. 2010). 

Our study is the first to document that in vivo single agent treatment with quinacrine 

induces no measureable effects on mean rCBF, rCBV, K
trans

, tumor growth or survival in 

malignant glioma. Similarly it did not alter tumor necrosis or MVD.  In contrast, our 

study provides dramatic evidence for a strong synergy between cediranib and quinacrine 

in terms of both anti-vascular and anti-tumor efficacy.  Combined cediranib and 

quinacrine induced markedly reduced tumor perfusion, consistent with the sharply 

reduced histological determinations of MVD. Consistent with this, tumor necrosis was 

found to be 3-fold greater in the combined quinacrine/cediranib than in untreated or 

single agent treated tumors.  Tumor growth was slowed by more than a factor of 2, 

resulting in substantially increased survival.   

 

 Given the known pharmokinetics of the therapeutic agents employed in this study, our in 

vivo results are consistent with the cytotoxicity the agents exhibited in vitro, as 

documented in Chapter 2.  A study by Wang et al. indicates that cediranib reaches 

micromolar concentrations in the blood plasma: a one-time cediranib dose of 5 mg/kg 

resulted in a cediranib plasma concentration of 1.13 µM, ~4 hours post drug 

administration (Wang, et al. 2011). Although concentrations in normal brain tissue were 

found to be much lower, cediranib present in 4C8 tumor tissue is likely to approach 

micromolar concentrations, given its extremely permeable vasculature and the repetitive 
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dosing regimen of mice in our studies (6 mg/kg/day). Quinacrine, has been reported to 

reach brain tissue concentrations (ng/g) of 400-600 and 1500 for doses (mg/Kg/day) of 

37.5 and 75, respectively (Yung, et al. 2004). These translate to concentrations of 1.3 µM 

and 3.2 µM in mouse brain tissue (assuming tissue density to be 1g/ml). Thus, quinacrine 

is likely to be present at micromolar concentrations in 4C8 tumor tissue with the dosing 

regimen of 50 mg/kg/day used in our studies. The in vitro MTS cell viability assays 

described in chapter 2 revealed significant enhancement in cytotoxicity with 

combinations of quinacrine = 2.5 µM and cediranib = 1 µM in hypoxic 4C8 cells.   

Hence, the in vivo therapeutic efficacy may derive from more than just anti-angiogenic 

effects, but also direct tumor cell cytotoxicity.   Our studies described in Chapter 2 

indicate that cediranib drives autophagic flux, which in combination with quinacrine’s 

ability to modulate autophagy, promotes AV accumulation and tumor cell death. 

Autophagy activation by Cediranib may occur via the inhibition of Akt signaling, 

evidence for which was presented in Chapter 2. Our data would also predict autophagy 

activation to be particularly prevalent in the hypoxic regions of the tumors (Hoyer-

Hansen, et al. 2008, Hu, et al. 2012). As indicated in Chapter 2, our EF5 histology 

experiments clearly detected such hypoxic regions in untreated tumors. Our dynamic 

MRI data also indicate that, consistent with its anti-angiogenic capability, cediranib can 

reduce perfusion in tumor core regions, and hence would be expected to exacerbate 

hypoxia in vivo, further activating autophagy (Hu, et al. 2012). An ultrastructural 

investigation of tumor tissue in response to cediranib treatment, using electron 

microscopy, provided evidence for such an in vivo induction of autophagy.  
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In summary, using a novel treatment combination with the intracranial 4C8 mouse 

glioma model, we documented a synergistic increase in anti-vascular/anti-tumor efficacy, 

using a comprehensive DCE/DSC perfusion MRI approach and immunohistology. The 

anti-angiogenic RTK inhibitor cediranib in combination with the autophagy inhibitor 

quinacrine produced a powerful anti-vascular and anti-tumor effect that far exceeded 

treatment with either agent alone, with markedly decreased tumor perfusion, increased 

tumor necrosis, decreased tumor growth, and increased survival. The similarity of 

cediranib’s molecular targets to those of other recently developed RTK anti-angiogenic 

agents (Gotink, et al. 2010), suggests that the novel and effective combination tested in 

the current study could represent an important new combinational paradigm, which could 

greatly increase the utility of this class of agent. Our studies reveal a potentially 

important therapeutic avenue for the treatment of malignant glioma, a disease for which 

prognosis is extremely poor and therapeutic options are limited.
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Chapter 4: Dynamic MRI investigation of cediranib anti-

angiogenic/anti-tumor efficacy when combined with proteasome 

inhibition  

 

*Merryl R. Lobo, Sarah C. Green, Huong Tran, Matthias C Schabel, Yancey G. 

Gillespie, Randall L. Woltjer, *Martin M. Pike 

 

 

 

4.1 Abstract 

The limited sensitivity of gliomas to most conventional chemotherapeutic agents 

contributes to an extremely poor prognosis for this disease. To date, separate anti-

angiogenic and proteasome inhibition anti-tumor strategies have produced disappointing 

results in the treatment of glioblastomas. We hypothesized that the efficacy of the anti-

angiogenic receptor tyrosine kinase (RTK) inhibitor, cediranib is enhanced in intracranial 

glioma by combination with a novel proteasome inhibitor, SC68896. Dynamic MRI 

techniques comprising DCE-MRI and DSC-MRI were implemented to measure vascular 

permeability (K
trans

) and relative cerebral blood flow and volume (rCBF, rCBV).Tumor 

growth was also monitored. We found that while single agent treatment did not alter 

tumor growth or survival, combined SC68896/cediranib significantly delayed tumor 

growth and increased median survival by over 2-fold, compared to untreated (p<0.05). 

Most of the work described in this Chapter is part of a manuscript in preparation. 

*These authors are the sole contributors to the work. 
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This was accompanied by substantially increased tumor necrosis in the combination 

treatment group, not observed with single agent treatment. Although no changes in vessel 

density were observed using immunohistochemical investigations of CD31, dynamic 

MRI revealed that the combination treatment may have exerted a vascular normalizing 

effect by preventing increases in tumor blood vessel inefficiency and permeability. Our 

studies provide the first comprehensive assessment of the in vivo effects of a combination 

of anti-angiogenic treatment with proteasome inhibition for glioblastoma and warrant 

further investigations through clinical trials. 

 

4.2 Introduction 

Studies outlined in chapters 2 and 3 describe a novel therapeutic approach for malignant 

glioma, involving the modulation of Akt signaling and its downstream effects on the 

autophagic pathway. This approach was targeted at improving the anti-angiogenic effects 

as well as the direct cytotoxic effects of cediranib on glioma cells, through a unique 

combination with late stage autophagy inhibitor, quinacrine. Experiments in chapter 4 are 

aimed at investigating the in vivo efficacy of another promising strategy that could also 

exert potent anti-tumor effects through Akt inhibition. Studies presented here assess the 

effects of a combination of cediranib with a novel proteasome inhibitor, SC68896 in 

intracranial mouse glioma and reveal that this therapeutic combination significantly 

delays tumor growth, increases tumor necrosis and improves mouse survival.   

Furthermore, the dynamic MRI suggested that the combination therapy may induce a 

vascular normalization effect.   
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4.3 Background 

A proteasome is a cylindrical multisubunit protein complex lined with proteolytically 

active sites that degrade proteins into shorter peptides, to be re-used by the cell. Proteins 

that need to be degraded are tagged with multiple ubiquitin molecules which are then 

detected by the proteasome (Mani, et al. 2005). This ubiquitin-proteasome pathway, apart 

from playing a role in protein quality control and turnover, controls the presence of many 

regulatory proteins that are critical to a number of cellular functions (Kisselev, et al. 

2012, Mani, et al. 2005). This extends the influence of proteasome activity on critical 

physiological processes such as cell cycle progression, angiogenesis, apoptosis, 

endoplasmic reticulum (ER) stress, oxidative stress and the activation of signaling 

molecules such as NF-κB and Akt (Crawford, et al. 2011, Kisselev, et al. 2012). Thus, 

proteasomes have been proposed to be an attractive target in cancer therapy, leading to 

the development of numerous proteasome inhibitors (Crawford, et al. 2011). Such agents 

generally have a peptide moiety and an electrophillic trap which interacts with, and 

inhibits the proteolytic sites (Kisselev, et al. 2012). Proteasome inhibitors such as 

Bortezomib, a boronic acid dipeptide, have been shown to have significant clinical 

efficacy in multiple hematologic malignancies such as multiple myeloma and mantle cell 

lymphoma (Orlowski, et al. 2008). Bortezomib, unfortunately, only has limited efficacy 

in solid tumors, particularly in glioma. Labussiere et al. showed that bortezomib reduced 

tumor cell growth in vitro but failed to have any therapeutic effect in malignant glioma 

xenografts in vivo (Labussiere, et al. 2008, Roth, et al. 2009, Zhu, et al. 2010). A 

potentially therapeutic strategy would be to combine proteasome inhibition with targeted 

agents such as RTK inhibitors that can collaborate in the effective inhibition of critical 
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survival pathways. Research has shown that combinations of RTK inhibitors and 

proteasome inhibitors have worked well in vitro in a number of tumor types, primarily 

through the combined inhibition of Akt signaling (Chen, et al. 2010, Yeramian, et al. 

2011). Such a combination, to the best of our knowledge, has not been tested in vivo for 

glioblastoma. In the intracranial setting, signaling within glioma cells can be influenced 

by numerous factors and conditions present in the surrounding microenvironment, 

including immune cells, fibroblasts, extracellular matrix, growth factors, hypoxia, 

oxidative stress and pH alterations. These could contribute towards resistance in glioma 

cells, thus compromising therapeutic outcome (Swartz, et al. 2012). The inability of 

agents to cross the blood brain barrier and access the tumor cells could also limit the 

efficacy of treatment (Westphal, et al. 2011). The aim of the present study is to use 

noninvasive dynamic magnetic resonance imaging (MRI) techniques to provide an in 

vivo assessment of the effects of such a drug combination on tumor growth and 

vasculature.  

 

The study uses the syngeneic intracranial mouse 4C8 glioma model, which fosters a 

seamless tumor–host interaction in immunocompetent mice (Dyer, et al. 1995, Pike, et al. 

2009). The drug combination being tested involves a novel small molecule proteasome 

inhibitor, SC68896, that induces cell death in glioma cell cultures and to date has been 

one of the few proteasome inhibitors to show in vivo efficacy in a mouse experimental 

glioblastoma xenograft (Roth, et al. 2009). In the studies described below, we assessed 

the in vivo single agent efficacy of SC68896 with the 4C8 mouse glioma model and its 

combination with the RTK inhibitor, cediranib.  Cediranib targets vascular endothelial 
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growth factor (VEGF), Platelet derived growth factor (PDGF) and stem-cell factor 

receptor (c-kit) signaling and is in multiple clinical trials for malignant glioma (Dietrich, 

et al. 2009). 

 

The comprehensive dynamic MRI approach we used quantifies key vascular biomarkers 

noninvasively, measuring vascular flow, volume, permeability and also tumor growth 

(Pike, et al. 2009).  It employs dynamic contrast enhanced MRI (DCE-MRI), which 

produces high resolution maps of K
trans

, an index of vascular permeability.  Subsequently 

dynamic susceptibility contrast MRI (DSC-MRI) is implemented to determine cerebral 

blood flow (CBF) and cerebral blood volume (CBV).  

 

4.4 Materials and methods 

4.4.1 Cell culture and Tumor Inoculation 

Mouse studies were conducted with the approval of the Oregon Health and Science 

University Institutional Animal Care and Use Committee and under the supervision of the 

OHSU department of Comparative Medicine.  The 4C8 mouse glioma cells (provided by 

Dr. G. Yancey Gillespie, UAB) were grown in Dulbecco's modified Eagle's 

medium/Ham's F-12 50/50 Mix (Invitrogen, Carlsbad, California), supplemented with 

7% fetal bovine serum (FBS) (Hyclone, Logan, Utah) and 1% L-glutamine (Sigma-

Aldrich, St. Louis, Missouri). Female C57BL/6 × DBA/2 F1 hybrid mice (B6D2F1) were 

purchased from Charles River Laboratories (Wilmington, MA). Brain tumors were 

induced by the intracerebral injection of ~1 × 10
6
 4C8 cells, suspended in DMEM/F12 

(5-10µl) using a stereotaxic frame as previously described (Pike, et al. 2009).  
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4.4.2 MRI procedures 

Starting at 10 days after tumor cell inoculation, mice were routinely imaged using 

contrast-enhanced (Magnevist i.p.) T1 weighted MR imaging to determine when tumor 

growth initiates.  When tumors exceeded a volume of approximately 2 mm
3
, (generally at 

2-3 weeks post inoculation), pretreatment perfusion MRI studies were implemented, after 

which mice were randomized into four treatment groups with treatments starting within 

24 hours: 1) untreated, n = 4 (vehicle: 1% Tween in phosphate buffered saline (PBS), oral 

gavage, daily); 2) cediranib, n = 5 (AZD2171, 6 mg/kg in 1% Tween/PBS, daily, oral 

gavage,  Selleck Chemicals LLC Houston, TX); 3: SC68896, n = 4 (150 mg/kg in 

PBS/DMSO 1:2.5, daily, i.p. injection, ViroLogik, Erlangen, Germany); and 4) cediranib 

+ SC68896, n = 5 (daily).  Dynamic MRI experiments were conducted on days ~ 0, 10 

and 25, and mice were sacrificed when right brain displacement by the tumor was 

reaching a maximum, or when mice showed neurological/behavioral changes, or signs of 

physical deterioration such as excessive weight loss or skull deformation. Mouse brains 

were harvested and stored in 10% formalin for histology.  For dynamic MRI, mice were 

initially anesthetized with a ketamine/xylazine mixture (1.5 mg xylazine/10 mg 

ketamine/100g) and one of the lateral tail veins was cannulated using a 30 gauge needle 

attached to PE 10 tubing, filled with sterile saline containing 15U heparin/ml.  MR 

imaging employed a Bruker-Biospin 11.75T small animal MR system with a Paravision 

4.0 software platform, 9 cm inner diameter gradient set (750 mT/m), and a mouse head 

(20 mm ID) quadrature RF transceiver coil (M2M Imaging Corp.) The mice were 

positioned with their heads immobilized with a specially designed head holder with 
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adjustable ear pieces. Body temperature of the mice was monitored and maintained at 

37°C using a warm air temperature control system (SA instruments). Isoflurane (0.5–2%) 

in 100% oxygen was administered and adjusted while monitoring respiration. 

 

A coronal 25 slice T1 weighted image set was obtained using a spoiled gradient echo 

sequence (Paravision FLASH, 256×256 matrix, 98 µm in-plane resolution, 0.5 mm slice 

width, TR 500 msec, TE 1.4 msec, FA 60°, 1 average) to determine the dynamic MRI 

slice position within the tumor, which was matched to that used in any previous imaging 

sessions using brain/skull anatomical features. A T2 weighted image set (Paravision spin 

echo RARE, same spatial geometry as for multislice T1 weighted, TR 4000 ms, TEeffective 

32 ms, RARE factor 8, 1 average) was obtained to assess tumor volume. A fully relaxed 

(M0) spoiled gradient echo precontrast image (Paravision FLASH, TR 6000 ms, TE 1.2 

ms, FA 90°, 128×128 matrix, 1 slice, 1 mm slice thickness, 195 µm in-plane resolution) 

was obtained at the position of the subsequent DCE T1 weighted image series (450 

images) which used the same parameters except with TR 15.6 msec and FA 20° 

(2.0s/image), and with tail-vein Gd-DTPA injection (Magnevist, Berlex Inc, i.v., 10X 

diluted, 3.0 µL/g, 0.15 mmol/kg).  DSC-MRI was then implemented (150 T2* weighted 

images, Paravision FLASH, TR 8, TE 4.2 ms, FA 5°, 128×128 matrix, 1 slice, 1 mm slice 

thickness, 195 µm in-plane resolution, 1 s/image) employing i.v. Feridex, an SPIO agent 

(Berlex Inc, 4X diluted, 2.4 µl/g, 26.9ug iron/g).  Both injections occurred at 30s after 

initiation of the image series, at 1 mL/min, using a 150 µL saline/heparin chase. 
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4.4.3 Image processing 

DCE-MRI parameters were computed voxelwise using the Extended Tofts-Kety model 

(Sourbron, et al. 2012, Tofts, et al. 1999) using custom pharmacokinetic modeling 

software (developed by M. C. Schabel) written in MATLAB (MathWorks, Natick, 

MA). Fully relaxed M0 image intensities were used to compute pre-injection longitudinal 

relaxation time, enabling quantitative contrast agent concentration measurement and 

K
trans

 (in min
-1

) estimates (Pike, et al. 2009).  The Monte Carlo Blind Estimation (MCBE) 

algorithm was used to determine the arterial input function directly from measured tumor 

curves (Schabel, et al. 2010, Schabel, et al. 2010).  Calculation of DSC-MRI perfusion 

parameters followed the model-independent method described in Ostergaard L. et al 

(Ostergaard, et al. 1996), using the Jim software package (Xinapse Systems LTD, 

Northants, UK). The AIF was determined from 12 non-tumor brain pixels identified by 

an automatic scanning and selection routine which targeted brain parenchymal arterial 

microvessels (Pike, et al. 2009). DSC data analysis was restricted to the first 50 post-

contrast images in the series to bracket the susceptibility bolus intensity changes. 

Parametric maps were generated for cerebral blood flow (CBF in mL blood/100g tissue/ 

minute), cerebral blood volume (CBV in blood volume percentage of total tissue 

volume), and mean transit time (MTT in seconds). Analysis of the DCE/DSC-MRI 

parametric maps, and T2 multislice images employed the Jim software package. Tumor 

volumes were calculated from the multislice T2 weighted images.  The DSC-MRI 

parameters (rCBF, rCBV, rMTT) were reported relative to contralateral values to reduce 

measurement error, and minimize effects from alterations in intracranial pressure, blood 

pressure, and depth of anesthesia.  
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4.4.4 Histology 

At the termination of serial MRI studies, mice were sacrificed and brains were stored in 

10% Formalin. Fixed tissue samples were paraffin embedded and 7 µm sections were 

mounted on slides. The slides were then processed and stained with Hemotoxylin 

(Sigma-Aldrich) and Eosin (Sigma-Aldrich), using standard methodologies. For each 

tumor sample (at least 3 tumor samples/treatment group) a total of three image fields (4X 

magnification) were positioned randomly across a minimum of two stained tumor 

sections and photographed using an Olympus BX50 microscope mounted with a Leica 

camera DFC320 equipped with Leica Firecam Version 3.4.1. Necrotic regions within the 

image fields were quantified using the ROI analysis tool of the Jim software package 

under the supervision of an experienced neuropathogist (RLW) and averaged. In adjacent 

sections from a minimum of three mice per treatment group, immunohistochemical 

vascular staining was performed after deparaffinized sections were subjected to antigen 

retrieval (5 min treatment at room temperature with 95% formic acid followed by 

incubation at 85-90 degrees in citrate buffer, pH 6.0, for 30 min), using mouse 

monoclonal primary antibody to CD31, clone JC70A (Dako), with hematoxylin counter 

stain.  Slides were prepared using the Mouse-On-Mouse (M.O.M) Peroxidase Kit (Vector 

Labs) to prevent non-specific background and the presence of CD31 was investigated 

using the avidin-biotin complex (ABC) method (Vector Labs), with diaminobenzidine. 

Slides were studied at 40x magnification, and the number of CD31 stained vessels was 

counted in 10 random fields across 2 sections for each tumor and averaged to obtain 

mean vessel density (MVD).  
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4.4.5 Cell viability assays 

Cells were plated in 96-well plates at a density of 3000 cells/well and were exposed to a 

range of treatment conditions. To assess cell viability in response to treatment, MTS 

solution (CellTiter 96® AQueous MTS Reagent) was added to cells in 96 well plates (20 

µL/well) and left for 1 hour at 37°C. A negative control of MTS solution and medium 

alone was also included. The absorbance was measured using ELX800 Micro Plate 

Reader (Bio-Tek Instruments, Inc.) at 490 nm. 

 

4.4.6 Statistics 

Values are expressed as mean (± SEM).  For H&E histology results and dynamic MRI 

parameters (except K
trans

), the two-tailed Student’s t test (NCSS Statistical Software, 

(Kaysville, UT) was employed to test for differences at 0, 10(±2) days after tumor growth 

initiation versus untreated (time points corresponding to ≥ 3 surviving mice).  The one-

tailed Students t test was employed in the statistical analysis for K
trans

. Differences in 

median survival were tested using the log-rank test.  

 

4.5 Results 

4.5.1 SC68896/cediranib combination delays tumor growth and improves mouse survival 

Figure 4.1 shows T2 weighted mouse MR images obtained after 7 days of tumor growth 

initiation. Tumor volume assessment using T2 weighted MRI revealed much smaller 

tumor sizes in response to SC68896/cediranib combination treatment whereas each agent 

alone did not alter tumor growth in comparison to untreated mice.  



 

Figure 4.1. Combined SC68896/cediranib treatment results in smaller tumor sizes

Representative T2 weighted coronal mouse brain MR images obtained at 

growth initiation for the four treatment groups: A) untreated, B) 

SC68896/cediranib treated. 

 

Tumor growth curves derived

shown in Figure 4.2A, with tu

growth. Treatment of mice began on Day 1. 

with untreated mice and no 

tumor growth.  Mice treated w

significant delays in tumor growth.  An increase of ~830% in tumor volume within the 

first 10 days of growth observed in untreated mice was restricted to ~350% in the 

combination treated mice. 

from exponential fits to individual tumor growth curves 

± 0.01 and 0.14 ± 0.01 for untreated, cediranib, SC68896 and combination treated mice, 

respectively (p < 0.05, for 
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Combined SC68896/cediranib treatment results in smaller tumor sizes

weighted coronal mouse brain MR images obtained at 7 days after tumor 

growth initiation for the four treatment groups: A) untreated, B) SC68896, C) cediranib, and D) 

 

derived from multislice T2 weighted images obtained biweekly 

, with tumor volume plotted against time from initiation of tumor 

growth. Treatment of mice began on Day 1. These plots indicate rapidly growing tumors 

with untreated mice and no therapeutic effects of cediranib or SC68896 treatment 

tumor growth.  Mice treated with SC68896/cediranib combination however had 

significant delays in tumor growth.  An increase of ~830% in tumor volume within the 

first 10 days of growth observed in untreated mice was restricted to ~350% in the 

combination treated mice. Mean exponential growth rate constants, (days)

from exponential fits to individual tumor growth curves we 0.21 ± 0.02, 0.19 ± 0.03, 0.21 

± 0.01 and 0.14 ± 0.01 for untreated, cediranib, SC68896 and combination treated mice, 

for combination group versus untreated). Mice given the 

Combined SC68896/cediranib treatment results in smaller tumor sizes. 

days after tumor 

ediranib, and D) 

obtained biweekly are 

mor volume plotted against time from initiation of tumor 

indicate rapidly growing tumors 

treatment on 

ediranib combination however had 

significant delays in tumor growth.  An increase of ~830% in tumor volume within the 

first 10 days of growth observed in untreated mice was restricted to ~350% in the 

growth rate constants, (days)
-1

 obtained 

we 0.21 ± 0.02, 0.19 ± 0.03, 0.21 

± 0.01 and 0.14 ± 0.01 for untreated, cediranib, SC68896 and combination treated mice, 

ice given the 



 

SC68896/cediranib combination also survived much longer than other treatment groups

(Figure 4.2B), with a median survival (days) of 26

compared to mice treated with cediranib

(13.5 ± 0.47). 

Figure 4.2. SC68896/cediranib treatment delays tumor growth and increases mouse 
survival. A) Tumor growth curves are shown for the four treatment groups, in tumor volume 

versus time after tumor growth initiation. 

3 surviving mice.  *: p < 0.05 versus untreated. B) 

treatment groups (in days from tumor growth initiation) 

80 

ediranib combination also survived much longer than other treatment groups

, with a median survival (days) of 26 ± 0.91 (p < 0.05, versus untreated)

treated with cediranib (13 ± 0.75), SC68896 (13 ± 1.49) or untreated 

 

SC68896/cediranib treatment delays tumor growth and increases mouse 
A) Tumor growth curves are shown for the four treatment groups, in tumor volume 

mor growth initiation. Curves are indicated for time points corresponding to 

: p < 0.05 versus untreated. B) Kaplan-Meier survival curves for the four 

treatment groups (in days from tumor growth initiation) *: p < 0.05 versus untreate

ediranib combination also survived much longer than other treatment groups 

(p < 0.05, versus untreated) 

1.49) or untreated 

 

 

SC68896/cediranib treatment delays tumor growth and increases mouse 
A) Tumor growth curves are shown for the four treatment groups, in tumor volume 

indicated for time points corresponding to ≥ 

Meier survival curves for the four 

0.05 versus untreated. 
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4.5.2 Combined SC68896/cediranib prevents increases in mean tumor DCE/DSC 

pharmacokinetic parameters with tumor growth.   

Figure 4.3 shows representative K
trans

 and rCBF mouse brain parametric maps using the 

dual bolus-tracking DCE/DSC perfusion MRI approach, obtained from the 4 treatment 

groups at the final MRI evaluation time point.  In the normal brain tissue, the intact blood 

brain barrier prevented contrast agent extravasation, resulting in negligibly small K
trans

 

values.  In contrast, tumor tissue exhibited elevated and heterogeneously distributed K
trans

 

values, indicating a compromised blood brain barrier integrity (Figure 4.3A).  The areas 

of elevated K
trans

 were particularly prevalent within tumors in SC68896 treated mice.  

Cediranib treatment generally decreased K
trans

 values in the tumor core, but failed to have 

an effect along the rim, consistent with our previous studies. In contrast, the combined 

administration of SC68896/cediranib resulted in substantially lower K
trans

 values. Figure 

4.3B indicates that as with K
trans

, the tumor rCBF maps also exhibited elevated and 

heterogeneously distributed values, in contrast to normal brain. Analogous to what was 

observed on the K
trans

 maps, the rCBF maps indicated the presence of a resistive 

angiogenic tumor rim in response to cediranib treatment.  Both single agent SC68896 

treatment and the combined SC68896/cediranib treatment decreased overall tumor rCBF. 



 

Figure 4.3. SC68896/cediranib treatment prevents increases in K
across the tumor section. A)

masked)  obtained from representative tumors from each treatment group during t

MRI evaluation (CBF color scale is relative: contralateral hues set to ~unity.)

 

A) 

B) 
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SC68896/cediranib treatment prevents increases in K
trans

 and rCBF values 
across the tumor section. A)K

trans
 (min

-1
) and B) rCBF parametric maps (non-brain regions 

masked)  obtained from representative tumors from each treatment group during t

olor scale is relative: contralateral hues set to ~unity.) 

 

 

and rCBF values 
brain regions 

masked)  obtained from representative tumors from each treatment group during the final week of 
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Figure 4.4 shows the variation of mean tumor rCBF, rCBV, rMTT and K
trans

 with time 

from the start of tumor growth, for the four treatment groups.  On day 0, mean tumor 

rCBF values of between 2.2-2.6 were observed for the four treatment groups, which in 

untreated mice continued to increase with tumor growth (Figure 4.4A).  Figure 4.4B 

shows that the rCBV increased faster than rCBF in untreated tumors, which suggests a 

progression to a more chaotic and inefficient vascular network.   Further supporting this 

is that rMTT, a parameter which is inversely related to vascular efficiency, also increased 

over time (Figure 4.4C). Also consistent with a progressive development of abnormal 

tumor neovasculature is the increasing K
trans

 (Figure 4.4D) observed in untreated tumors. 

As K
trans

 is proportional to the permeability-surface area product per unit volume of 

tissue, an increasing K
trans 

is indicative of an increasing vascular permeability, and/or an 

increasing vessel surface area.  We found that cediranib treatment alone did not produce 

significant changes in mean rCBF, rCBV, or rMTT, from those observed in vehicle 

treated mice. Consistent with our previous findings, cediranib also tended to decrease 

mean tumor K
trans

, which is likely due at least in part to a decreased vascular 

permeability, consistent with its anti-angiogenic action. Notably, single agent SC68896 

treatment significantly decreased rCBF in comparison to untreated. This occurred without 

concomitant reductions in rCBV, a trend consistent with an exacerbation of vessel 

inefficiency, as further suggested by the large increase in rMTT.  In contrast the 

combined SC68896/cediranib treatment largely restricted increases in mean tumor rCBF, 

rCBV, rMTT and K
trans

, suggesting a prevention of the transition to an irregular tumor 

phenotype.    



 

Figure 4.4. SC68896/cediranib treatment prevents increases in mean tumor rCBF, rCBV, 
rMTT and K

trans
. Mean tumor  A) rCBF, B) rCBV,  C) rMTT and  D) K

plotted versus the time from tumor growth initiation for the four different treatment groups

Untreated, ■-SC68896, ■-cediranib ,

corresponding to ≥ 3 surviving mice

 

4.5.3 Combined SC68896/c

(MVD) 

Figure 4.5A and B show the results of immunohistochemical

expression in tumor sections derived from mice belonging to the 4 treatment groups, after 

the completion of the longitudinal MRI studies. CD31 positive tumor vessels were 

equally prevalent in tumor sections from all treatment groups

difference was observed in MVD. 

84 

SC68896/cediranib treatment prevents increases in mean tumor rCBF, rCBV, 
Mean tumor  A) rCBF, B) rCBV,  C) rMTT and  D) K

trans
 (min

plotted versus the time from tumor growth initiation for the four different treatment groups

cediranib , ■-SC68896/cediranib).  Curves are indicated for time points 

3 surviving mice.  *: p < 0.05 versus untreated. 

SC68896/cediranib treatment has no effects on Mean Vessel Density 

A and B show the results of immunohistochemical investigations of CD31 

expression in tumor sections derived from mice belonging to the 4 treatment groups, after 

the completion of the longitudinal MRI studies. CD31 positive tumor vessels were 

equally prevalent in tumor sections from all treatment groups and no significant 

difference was observed in MVD.  

 

SC68896/cediranib treatment prevents increases in mean tumor rCBF, rCBV, 
(min

-1
) values 

plotted versus the time from tumor growth initiation for the four different treatment groups ( ■-

indicated for time points 

Mean Vessel Density 

investigations of CD31 

expression in tumor sections derived from mice belonging to the 4 treatment groups, after 

the completion of the longitudinal MRI studies. CD31 positive tumor vessels were 

and no significant 



 

Figure 4.5. SC68896/cediranib treatment causes no change in tumor mean vessel density.

Representative histological tumor sections with CD31 vascular staining (brown) and hematoxylin 

nuclear counter stain (blue) f

CD31 stained sections for the four treatment groups.

the OHSU histopathology core assisted in generating these data.

 

4.5.4 Treatment with SC68896/c

Representative H&E sections from the various treatment groups indicate regions of tumor 

necrosis in all tumor sections (Figure 4.6 A). 

50 µm 
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SC68896/cediranib treatment causes no change in tumor mean vessel density.

Representative histological tumor sections with CD31 vascular staining (brown) and hematoxylin 

ear counter stain (blue) from the four treatment groups. B) MVD quantified from multiple 

CD31 stained sections for the four treatment groups. Field area = 2x10
-3

 mm
2
. Keri Forquer from 

the OHSU histopathology core assisted in generating these data.   

SC68896/cediranib combination increases tumor necrosis

epresentative H&E sections from the various treatment groups indicate regions of tumor 

in all tumor sections (Figure 4.6 A). While similar levels of necrosis were 

 

 

SC68896/cediranib treatment causes no change in tumor mean vessel density. A) 
Representative histological tumor sections with CD31 vascular staining (brown) and hematoxylin 

) MVD quantified from multiple 

. Keri Forquer from 

ediranib combination increases tumor necrosis 

epresentative H&E sections from the various treatment groups indicate regions of tumor 

While similar levels of necrosis were 



 

observed in the sections from untreated, 

SC68896/cediranib combination resulted in significant increases in tumor necrosis 

(Figure 4.6 A and B).  

Figure 4.6. SC68896/cediranib treatment 

stained sections from the four treatment groups, indicating areas of necrosis, which appear as 

condensed cells in areas of vacuolated tissue.  

stained sections, for the fou

Randall Woltjer laboratory assisted in generating these data.

 

100 µm 

86 

d in the sections from untreated, SC68896, and cediranib treated mice

SC68896/cediranib combination resulted in significant increases in tumor necrosis 

/cediranib treatment induces necrosis in tumors. A) Representative H&E 

stained sections from the four treatment groups, indicating areas of necrosis, which appear as 

condensed cells in areas of vacuolated tissue.  B) Percent necrosis, quantified from multiple H&E 

stained sections, for the four treatment groups. *: p<0.05 versus untreated. Huong Tran from the 

Randall Woltjer laboratory assisted in generating these data.  

mice, the 

SC68896/cediranib combination resulted in significant increases in tumor necrosis 

 

 
) Representative H&E 

stained sections from the four treatment groups, indicating areas of necrosis, which appear as 

) Percent necrosis, quantified from multiple H&E 

. Huong Tran from the 



 

4.5.5 SC68896 in vitro cytotoxicity and combined treatment efficacy with cediranib is 

modulated by hypoxia.  

Figure 4.7. Hypoxia decreases SC

interaction with cediranib.

viability in response to treatment, normalized to untreated samples. Assays we

cells were exposed to treatment for 72 hours, under 

conditions. Results are mean ± SEM of three independent experiments, performed in triplicate. 

 

A preliminary study to assess the direct anti

SC68896/cediranib combination was conducted using MTS cell viability assays (Figure 

A) 

B) 
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SC68896 in vitro cytotoxicity and combined treatment efficacy with cediranib is 

. Hypoxia decreases SC68896 cytotoxicity but promotes a greater than additive 

ediranib. Results from MTS cell viability assays showing mean 4C8 cell 

viability in response to treatment, normalized to untreated samples. Assays were performed after 

cells were exposed to treatment for 72 hours, under A) normoxic or B) hypoxic (0.5% O

conditions. Results are mean ± SEM of three independent experiments, performed in triplicate. 

A preliminary study to assess the direct anti-glioma effects of SC68896 and the 

SC68896/cediranib combination was conducted using MTS cell viability assays (Figure 

SC68896 in vitro cytotoxicity and combined treatment efficacy with cediranib is 

 

 

promotes a greater than additive 

Results from MTS cell viability assays showing mean 4C8 cell 

re performed after 

hypoxic (0.5% O2) 

conditions. Results are mean ± SEM of three independent experiments, performed in triplicate.  

effects of SC68896 and the 

SC68896/cediranib combination was conducted using MTS cell viability assays (Figure 
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4.7). 4C8 cells were exposed to varying concentrations of SC68896, cediranib and the 

combination of both agents under normoxic and hypoxic conditions. SC68896 had a dose 

dependant cytotoxic effect on 4C8 cells with a half maximal inhibitory concentration 

(IC50) of ~1µM under normoxic conditions, which increased to ~3 µM under hypoxic 

conditions. These data suggest that hypoxia compromises SC68896 glioma cytotoxicity. 

One of the important mechanisms through which proteasome inhibitors exert their anti-

tumor effects is through the generation of reactive oxygen species (ROS) (Ling, et al. 

2003, Ohshima-Hosoyama, et al. 2011, Perez-Galan, et al. 2006). A reduction in ROS 

production under hypoxic conditions could explain the reduced toxicity of SC68896 in 

Figure 4.7B. As observed in Chapter 2, hypoxia did not affect cediranib anti-glioma 

effects. Despite the reduced SC68896 cytotoxicity under hypoxic conditions, we 

observed that the combined SC68896/cediranib efficacy was relatively unchanged 

between the normoxic and hypoxic conditions. The more than additive interaction 

demonstrated at lower drug concentrations under hypoxic conditions suggests an 

enhancement of treatment effects with the combination. 

 

4.5 Discussion 

The ubiquitin-proteasome system has been shown to be a useful target for cancer therapy 

as it regulates the degradation of a number of cellular proteins involved in proliferation, 

cell cycle and apoptosis (Crawford, et al. 2011, Kisselev, et al. 2012, Mani, et al. 2005).  

A particular advantage to such an approach is an increased dependence of neoplastic cells 

on intact and functional proteasomes, which confers unique sensitivity among tumor cells 

to proteasome degradation while mostly sparing normal or non-transformed cells. This 
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increased dependence has been attributed to high proliferation rates among tumor cells 

which require an increased amount of protein synthesis and turnover (Crawford, et al. 

2011).  

 

Although Bortezomib has had excellent success rates in hematological malignancies, 

proteasome inhibitors have yet to show promising results among solid tumors (Honma, et 

al. 2013). SC68896 belongs to the family of peptide aldehydes and presents an exciting 

addition to the new generation of proteasome inhibitors (Kisselev, et al. 2012, Leban, et 

al. 2008, Roth, et al. 2009).  A study by Roth et al. in 2009 showed that treatment of 

glioma cell cultures with SC68896 resulted in the accumulation of p21 and p27, cell 

cycle arrest and induction of apoptosis. Moreover, the study also showed smaller tumors 

and an improvement in survival in response to treatment with SC68896, asserting the 

agent to be the first proteasome inhibitor to exert antiglioma activity in an experimental 

glioma model in vivo (Roth, et al. 2009). 

 

Recent studies have reported synergistic interactions between proteasome inhibitors and 

the RTK inhibitor, Sorafenib (targets include raf, PDGFR, VEGFR) in a variety of solid 

tumor models in vitro including renal cell carcinoma, breast cancer and glioma (Yu, et al. 

2006). Chen et al. have shown that this combination also causes a delay in tumor growth 

in vivo in hepatocellular carcinoma (Chen, et al. 2010). Another study found that the 

RTK inhibitor, Sunitinib (targets include PDGFR, VEGFR) can effectively sensitize 

metastatic melanoma cell cultures to Bortezomib treatment and cause a synergistic 

reduction in cell viability (Yeramian, et al. 2011). Each of these studies has shown that a 
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combined inhibition of the pro-survival Akt signaling pathway by the two agents plays an 

important role in synergistic activity. We proposed to assess the in vivo efficacy of a 

related, yet novel therapeutic combination, SC68896 and cediranib, for the treatment of 

malignant glioma. We used the syngeneic intracranial 4C8 mouse glioma model and a 

unique dynamic MRI approach to quantitatively investigate the in vivo anti-tumor and 

anti-vascular effects of the SC68896/cediranib combination. 

 

We found that SC68896 treatment alone had no observable effects on 4C8 tumor growth 

and mouse survival. Our results are in contrast with those from Roth et al. who have 

demonstrated an increase in median survival of ~10 days with SC68896 treatment (Roth, 

et al. 2009). The discrepancy between the observations made in the two studies could be 

related to the difference in the tumor model chosen. While the 4C8 cell line is a 

syngeneic glioma model and utilizes immunocompetent mice, the induction of LNT-229 

tumors used in the studies of Roth. et al requires athymic nude mice. Since untreated 

mice inoculated with LNT-229 cells seemed to survive much longer than mice with 4C8 

gliomas, it is possible that the 4C8 glioma model is much more aggressive, with higher 

vascularization and growth rate. Also, in the study by Roth et al., survival was expressed 

in terms of days from glioma implantation, which does not account for the generally 

variable period of time taken post implantation for the tumor to start growing (Roth, et al. 

2009). We also observed no significant delays in tumor growth with cediranib treatment, 

which is in agreement with previous clinical and preclinical studies (Kamoun, et al. 2009, 

Rahman, et al. 2010). Our study is the first to demonstrate that while treatment with 

SC68896 or cediranib individually did not show significant therapeutic effects in vivo, 
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combined treatment resulted in substantial delays in tumor growth and a 2 fold increase 

in mouse survival (Figure 4.2).   

 

Dynamic MRI revealed that SC68896 treated tumors had reduced blood flow and also 

showed a tendency towards increased vascular permeability, suggesting an increase in 

vascular inefficiency.  The precise mechanisms underlying these effects require further 

study but could be related to the inhibitory action of proteasome inhibitors on vascular 

remodeling, in connection to their effects on NF-κB and VEGF signaling (Wang, et al. 

2013). While cediranib treated tumors showed only a tendency towards reduced blood 

volume and permeability, the combination of the two agents completely prevented the 

increases in all dynamic MRI perfusion parameters throughout the period of tumor 

growth (Figure 4.4). Because our immunohistochemical investigations of CD31 in tumor 

tissue revealed no reductions in MVD with combined treatment, it is possible that the 

main anti-vascular action of the SC68896/cediranib combination could be directed 

towards vascular normalization, by enabling the tumor vascular network to adopt a more 

normal phenotype, by being more efficient and less permeable. 

 

Previous reports have shown that apart from anti-vascular therapeutics such as 

bevacizumab and cediranib, cytotoxic agents such as trastuzumab (antibody against 

human epidermal growth factor receptor-2 [HER2]) can also have normalizing effects on 

the tumor vasculature through an indirect anti-angiogenic effect (Fukumura, et al. 2007, 

Izumi, et al. 2002). A number of studies have shown that proteasome inhibitors have an 

indirect inhibitory effect on VEGF signaling (Boccadoro, et al. 2005, Orlowski, et al. 
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2008, Zhu, et al. 2010) and it is possible that cediranib and SC68896 together exert a 

stronger normalizing effect on the tumor vasculature as evidenced by a combined 

reduction in vascular permeability, tumor blood flow and improvement in vascular 

efficiency. Measurements of rMTT suggest that the tumor vasculature efficiency 

remained comparable to normal brain vasculature up to at least 10 days of treatment. 

Further studies are required to validate the presence of normalized tumor vessels through 

features such as increased pericyte coverage and reduced intratumor hypoxia levels as 

well as to accurately determine the exact duration during which normalization may have 

occurred (Fukumura, et al. 2007). Such a process may have contributed to the observed 

increased survival in the SC68896/cediranib treatment group through a reduction of 

peritumor edema and intracranial pressure. Less permeable tumor vasculature could have 

prevented increases in interstitial fluid pressure, which, accompanied by improved 

vascular efficiency, may have facilitated improved interstitial penetration of the drugs 

(Fukumura, et al. 2007, Winkler, et al. 2004). This could have allowed for a stronger 

effect of the two agents resulting in an increase in necrosis seen through H&E staining of 

tumor tissue with combined treatment, not observed with single agent treatment or 

untreated mice (Figure 4.6).  

 

The in vitro experiments with SC68896 and cediranib revealed interesting effects which 

in some ways differed from the patterns observed in vivo.  Potent cytotoxicity was 

documented with SC68896 in vitro.  However, under normoxic conditions the efficacy of 

the SC68896/cediranib combination appeared to be less than additive. In contrast, under 

hypoxic conditions, single agent SC68896 treatment efficacy markedly decreased, but 
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notably, its combination with  cediranib induced a greater than additive effect. Thus, the 

overall combined efficacy of the agents was relatively unchanged between with normoxia 

and hypoxia. The differences in levels of synergistic interaction observed in vitro and in 

vivo are at least partly related to the fact that in vitro systems are not a completely 

accurate representation of the in vivo tumor microenvironment. These data further justify 

the use of intracranial tumor models for an effective preclinical assessment of therapy. 

These data could also suggest that the effects of the drugs on tumor vasculature through 

vascular normalization and the possible improved penetration of drugs within the tumor 

may be criticial to the in vivo efficacy observed. Future studies will probe into the 

mechanistic effects of the agents on glioma cells and endothelial cells, required for a 

synergistic interaction between SC68896 and cediranib.  

 

Collectively, our results suggest that combined SC68896/cediranib treatment effectively 

reduced tumor growth, improved survival and increased tumor necrosis in vivo. While a 

potent devascularization was not observed, the therapeutic combination may have exerted 

a normalizing effect on the tumor vascular network by preventing increases in leakiness 

and vascular inefficiency. Our studies provide a rationale for further exploration of this 

unique therapeutic approach in the clinical setting for malignant glioma. 
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Studies described in this thesis were aimed at improving the anti-tumor and anti-

angiogenic efficacy of the receptor tyrosine kinase (RTK) inhibitor cediranib in the 

treatment of the worst form of brain tumor, glioblastoma multiforme, for which prognosis 

has remained extremely poor (Westphal, et al. 2011). Cediranib is a small molecule RTK 

inhibitor targeting all vascular endothelial growth factor receptors (VEGFR), platelet 

derived growth factor receptors (PDGFR) and c-kit (Rahman, et al. 2010). Research 

efforts were focused on two novel therapeutic combinations with cediranib, which 

exhibited enhanced therapeutic effects, possibly through the inhibition of certain critical 

survival promoting mechanisms in tumor cells such as the Akt signaling pathway (Chen, 

et al. 2010, Yeramian, et al. 2011, Yu, et al. 2006). The Akt pathway (Figure 5.1) 

receives activating signals from PDGFR expressed in glioma cells, among other growth 

factor receptors such as VEGFR and epidermal growth factor receptor (EGFR).  It  plays 

important roles in regulating autophagy, tumor cell survival, proliferation and 

angiogenesis through several downstream targets including mammalian target of 

rapamycin (mTOR) (Burris 2013). This thesis centers on studying two innovative 

treatment combinations, each of which can collaboratively inhibit this pathway and its 

downstream targets to create a synergistic anti-glioma effect. The 4C8 syngeneic glioma 

model was used for all studies described in this thesis.  

 

The first therapeutic strategy studied in Chapters 2 and 3 evaluated a combination of 

cediranib with the late stage autophagy inhibitor quinacrine in the treatment of malignant 

glioma. We observed a synergistic increase in glioma cell death with the treatment 

combination under hypoxic conditions.  These same conditions produced the maximum 
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levels of autophagic vacuole (AV) formation and accumulation (Figures 2.2 and 2.3). 

Experiments were also conducted to establish that AV accumulation plays a causal role in  

the observed cytotoxicity (Figure 2.4). Both agents were found to potently inhibit Akt 

phosphorylation in hypoxic glioma cells, presenting a mechanism for cediranib induced 

autophagy and also suggesting that quinacrine may not only block AV degradation 

through its lysosomotropic action, but may also trigger autophagy in the tumor cells 

(Figure 2.5). The potential importance of this unique capability of quinacrine was evident 

when, unlike with quinacrine,  potentiation of glioma cytotoxic effects was not  observed 

under hypoxic conditions with the Bafilomycin A1/cediranib combination. Bafilomycin 

A1 was shown to have no effects on Akt (Figure 2.6 and Figure 2.7). An in vivo 

evaluation of this treatment strategy described in Chapter 3 revealed an over 2 fold 

reduction in tumor growth, increased median survival (2 fold) and increased tumor 

necrosis (3 fold), in comparison to untreated and single agent treatment groups. We also 

documented a potent devascularization indicated by strong reductions in dynamic 

magnetic resonance imaging (MRI) parameters such as vascular permeability, cerebral 

blood flow and blood volume as well as mean vessel density (MVD) measured through 

immunohistochemical detection of CD31.  

 

The second therapeutic strategy studied in chapter 4 assesses the in vivo efficacy of a 

combination of cediranib with the proteasome inhibitor, SC68896, in the treatment of 

malignant glioma. Proteasome inhibitors have been shown to inhibit Akt 

phosphorylation, which may be through the stabilization of the protein phosphatase, 

PP2A (Chen, et al. 2008, Lin, et al. 2012). Further studies are required to assess the 
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effects of SC68896 on Akt. Combinations of proteasome inhibitors and anti-angiogenic 

RTK inhibitors studied so far have been shown to exert anti-tumor effects through the 

combined inhibition of Akt (Chen, et al. 2010, Yeramian, et al. 2011, Yu, et al. 2006). 

Because such a combination to date has not been evaluated in vivo for glioblastoma, 

experiments in chapter 4 aimed at assessing the efficacy of the SC68896/cediranib 

combination in intracranial mouse glioma. We observed a significant delay in tumor 

growth using the 4C8 intracranial glioma model, accompanied by a substantial increase 

in tumor necrosis and improvement in survival. In the absence of a decrease in tumor 

vascularization, a stabilization of dynamic MRI parameters during the period of tumor 

growth indicated a possible normalizing effect on the tumor vasculature, as exhibited by 

restriction of  the increases in vascular permeability and inefficiency.  Future studies will 

be dedicated to dissecting underlying mechanistic interactions as mentioned in Section 

5.3, verifying the involvement of the Akt pathway in the improved efficacy of the 

therapeutic combination.  

 

The two therapeutic combinations studied in this thesis present novel and innovative 

strategies to overcome resistance mechanisms involving the Akt pathway and its 

downstream effects that compromise the efficacy of RTK inhibitors such as cediranib. 

Despite the extensive vascularization of such tumors and the development of potent and 

specific anti-angiogenic agents, patients with glioblastoma only have an average survival 

of 12-14 months (Lim, et al. 2011). The treatment strategies studied here cause not only 

an over 2 fold increase in mouse survival but also substantially slow down tumor growth 

and progression, and could potentially provide new hope to glioblastoma patients through 



98 

 

significant improvements in clinical outcome. The therapeutic concepts of autophagy and 

proteasome inhibition could possibly be used to improve the efficacy of a range of other 

RTK inhibitors as well and can also be extended to other tumor types known to be 

resistive to treatment. Taken together, the preclinical studies described in this thesis 

provide a rationale for the clinical evaluation of two novel treatment combinations that 

have shown considerable efficacy in a tumor type which is resistive to most conventional 

forms of therapy.  

 

5.2 Evaluate the efficacy of EGFR inhibition with autophagy modulation 

In chapters 2 and 3, experiments demonstrated that although 4C8 tumors were mostly 

resistant to cediranib treatment, a modulation of the autophagic pathway using quinacrine 

significantly improved the anti-vascular and anti-tumor efficacy. Since autophagy has 

been shown to contribute to resistance to a range of treatments, it would be very useful to 

test if this strategy can enhance the therapeutic efficacy of other potentially promising 

agents that glioma cells are known to be relatively resistant towards. 

 

Signaling through the epidermal growth factor receptor (EGFR) in tumor cells, has been 

shown to contribute towards proliferation, invasion, angiogenesis and evasion of 

apoptosis through certain critical survival promoting pathways such as the Akt/mTOR 

pathway (Figure 1.1) (Rich, et al. 2004). The EGFR gene is altered in over 40% of 

glioblastomas and has been proposed to get tumors “addicted” to the extent that blocking 

this signal triggers tumor cell death (Joshi, et al. 2012, Mellinghoff, et al. 2005). RTK 

inhibitors designed to target the EGFR receptors, such as Erlotinib (Tarceva, Genentech) 



99 

 

and Gefitinib (Iressa, AstraZeneca), have been successfully incorporated into standard 

clinical treatments for non-small cell lung cancer but have failed Phase II trials for 

glioblastoma as monotherapy (Han, et al. 2011, Kesavabhotla, et al. 2012, Rich, et al. 

2004). Thus, despite the deregulation of this pathway in a majority of malignant gliomas, 

the EGFR target has not been very therapeutically useful so far. Recently, glioma cells 

treated with an EGFR kinase inhibitor were shown to exhibit signs of autophagy 

(Ghildiyal, et al. 2012) and in other tumor types, autophagy was shown to contribute to 

resistance to this treatment (Fung, et al. 2012, Han, et al. 2011, Li, et al. 2010, Zou, et al. 

2013). Han et al. also showed that human lung cancer cell lines that were relatively 

resistant to EGFR RTK inhibition had increased autophagic flux relative to sensitive cell 

lines, suggesting that autophagy could impair the sensitivity of cancer cells to EGFR 

targeting. We hypothesize that an inhibition of autophagy using the late stage autophagic 

inhibitor, quinacrine will sensitize glioma cells to EGFR inhibition and trigger a 

synergistic increase in tumor cell death. We propose to initially test this hypothesis using 

the 4C8 cell line which was developed through the over-expression of the c-neu 

oncogene. Since the neu oncogene encodes a tyrosine kinase receptor which exhibits 

considerable homology to EGFR, the 4C8 glioma model serves as a relevant platform to 

test the proposed treatment combination (Ross, et al. 1998).  

 

Preliminary studies were conducted to test the sensitivity of 4C8 glioma cells to two 

EGFR inhibitors: erlotinib and gefitinib, through MTS cell viability assays (Figure 5.2). 

The results suggest that these agents are cytotoxic to 4C8 cells in culture, providing a 

sensitive system to test for treatment effects. Future studies will be designed to test for 
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These studies will determine if the innovative strategy of autophagy modulation to 

improve therapeutic outcome, used in chapters 2 and 3, can be expanded to other forms 

of targeted therapy.  Since EGFR is the most commonly activated growth stimulating 

molecule in malignant glioma, an improvement in treatment efficacy of EGFR inhibitors 

will prove to be highly advantageous to improving the prognosis of patients. 

 

5.3 Determine the mechanistic interactions underlying the synergy between 

SC68896 and cediranib 

Studies described in chapter 4 demonstrated a potent in vivo anti-tumor and possibly 

vascular normalizing effect of the SC68896/cediranib in malignant glioma. While our 

studies provide an understanding of the potential of this innovative drug combination as a 

new therapy for malignant glioma, experiments to establish some of the underlying 

mechanistic interactions are yet to be conducted.  

 

Proteasome inhibition has been maintained as an attractive therapeutic strategy for cancer 

because of its wide array of anti-tumor effects (Boccadoro, et al. 2005, Zhu, et al. 2010). 

Proteasome inhibition has been shown to inhibit the NF-κB pathway and stabilize the p53 

tumor suppressor pathway instead.  It has been shown to trigger cell cycle arrest and 

apoptosis through stabilizing proteins such as p21 and p27. Proteasome inhibitors have 

also shown to potently inhibit the Akt pathway and its downstream effects (Figure 5.1). 

They can aggravate endoplasmic reticulum (ER) stress by preventing the degradation of 

unfolded and misfolded proteins as well (Zhu, et al. 2010). An increase in oxidative 
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stress is another anti-tumor effect of proteasome inhibition (Ling, et al. 2003, Perez-

Galan, et al. 2006). Although glioma cells are relatively resistant to proteasome inhibitors 

as monotherapy (Labussiere, et al. 2008), we have shown in chapter 4 that a combination 

of cediranib and SC68896 can have synergistic anti-glioma effects.  Preclinical studies 

evaluating a combination of Bortezomib with RTK inhibitors such as Sunitinib or 

Sorafenib in other tumor models have shown that a combined inhibition of the Akt 

signaling pathway plays a role in anti-tumor effects (Chen, et al. 2010, Yeramian, et al. 

2011, Yu, et al. 2006).  

 

Preliminary studies have revealed a dose dependant cytotoxic effect of SC68896 on 4C8 

cells in culture, with a half maximal inhibitory concentration of ~1µM under normoxic 

conditions (Figure 4.7A). Future studies will determine if these effects are mediated 

through Akt inhibition or the other pleiotropic effects of proteasome inhibitors (Figure 

5.1). Future experiments will also probe into changes in ROS generation, in relation to 

reduced SC68896 cytotoxicity observed under hypoxic conditions (Figures 4.7B and 5.1). 

Since the protein phosphatase PP2A, which dephosphorylates Akt, is sensitive to 

proteasomal degradation, a possible mechanism through which SC68896 might block Akt 

signaling is through the stabiliziation of PP2A. In support of this argument, recent 

evidence shows that OP449 (Oncotide Pharmaceuticals, NC), a PP2A activator, inhibits 

Akt in multiple pancreatic tumor cell lines (Figure 5.3). Future experiments will thus 

determine if SC68896 cytotoxic effects are PP2A dependant. Experiments will also be 

designed to assess the involvement of PP2A, the Akt pathway and other pleiotropic 

effects in the synergistic anti-glioma effects of the SC68896/cediranib combination 
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derived glioblastomas to assess the sensitivity of this treatment strategy in a wide range 

of glial tumors.  

Figure 5.3. PP2A activator represses Akt
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prevented from increasing, as opposed to untreated and single agent treatment groups, 

suggesting a vascular normalizing effect.  We have shown that 4C8 glioma cells are 

sensitive to quinacrine, cediranib and SC68896 (Figure 2.2 and Figure 4.7). Because 

there are strong communication links between tumor cells and endothelial cells in vivo 

(Swartz, et al. 2012), it is presently unclear if the anti-angiogenic effects documented for 

these combinations are caused indirectly through a toxicity to glioma cells or a direct 

toxic insult to the tumor vascular endothelium.   

 

Typical human endothelial cells are mostly quiescent and tend to proliferate only once in 

many months. Tumor endothelial cells, on the other hand, constantly receive mitogenic 

signals from the surrounding environment and are stimulated to form new blood vessels 

(Drexler, et al. 2000). Thus therapeutic strategies that can selectively target proliferating 

endothelial cells would be extremely useful for targeting tumor angiogenesis. It is already 

known that endothelial cell proliferation is inhibited by cediranib treatment at nanomolar 

concentrations (Wedge, et al. 2005). It has also been shown that endothelial cells are 

sensitive to proteasome inhibitors as well as to lysosomotropic agents similar to 

quinacrine such as chloroquine (Belloni, et al. 2009, Drexler, et al. 2000, Inyang, et al. 

1990). We hypothesize that both therapeutic combinations: quinacrine/cediranib and 

SC68896/cediranib exert direct cytotoxic effects on proliferating endothelial cells and 

that these effects play a role in the enhanced in vivo efficacy. Future studies will use 

human umbilical vein endothelial cells (HUE; ATCC CRL-1730) in culture, to test this 

hypothesis. Cytotoxic effects of each drug and the combinations will be assessed on 

quiescent endothelial cells (contact-inhibited or confluent), naturally proliferating cells 
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(subconfluent) and fibroblast growth factor (FGF) triggered proliferating cells in culture 

(Belloni, et al. 2009). These studies will involve the use of cell viability assays and 

caspase 3 western blotting. The involvement of the Akt/mTOR signaling pathway and its 

downstream effects will also be assessed. These studies will provide a clearer 

understanding of the specific anti-angiogenic effects of the two novel therapeutic 

combinations and provide further insights into the role of these effects in the overall in 

vivo anti-tumor efficacy documented in Chapters 3 and 4.  

 

5.5 Determine if loss of PTEN function in glioblastoma contributes to resistance to 

quinacrine/cediranib or SC68896/cediranib combination treatment. 

Studies described in this thesis focus on two novel therapeutic combinations with 

cediranib which exhibit enhanced therapeutic effects, possibly through the inhibition of 

the Akt signaling pathway (Chen, et al. 2010, Yu, et al. 2006). In tumors that have an 

activated Akt pathway through the over-expression of growth factors, the tumor 

suppressor, phosphatase and tensin homolog (PTEN) can effectively reverse this effect 

and regulate Akt activation (Figure 5.1). Inactivating mutations or deletions of PTEN can 

contribute to oncogenesis (Burris 2013). Studies have shown that even a 20% reduction 

in PTEN gene dosage can increase susceptibility to cancer (Alimonti, et al. 2010). The 

PTEN gene is altered in 37% of glioblastomas (Joshi, et al. 2012). Alterations in PTEN 

signaling can cause a hyperactivation of Akt and an uncoupling of the Akt pathway from 

upstream growth factors including PDGFR and EGFR (She, et al. 2003). This can greatly 

limit the efficacy of therapeutic agents that target such growth factors (Chen, et al. 2011, 

Fenton, et al. 2012, Mahimainathan, et al. 2004, Mellinghoff, et al. 2005, Morgillo, et al. 



 

2011, She, et al. 2003). Because the two therapeutic combinations

and SC68896/cediranib involve the RTK inhibition of PDGFR
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functional PTEN.  

Figure 5.4. The quinacrine/cediranib combination does not 

cytotoxicity in the PTEN null U87 glioma model

MTS cell viability assays showing mean 

to untreated samples. Assays were performed after cells were exposed to treatment for 72 hours, 

under hypoxic (0.5% O2) conditions. 

performed in triplicate. 
 

Experiments in chapters 2,

PTEN protein expression

efficacy with both therapeutic combinations

the sensitivity of a PTEN null glioma cell line

combination using MTS cell viability assays 

performed under hypoxic (0.5% O

cell viability in response to cediranib and quinacrine treatment. 

however, were less sensitive to cediranib treatment compared to the 4C8 glioma cell line 
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. Because the two therapeutic combinations, quinacrine/

involve the RTK inhibition of PDGFR, it is essential to 

determine if the efficacy of these combinations is compromised in tumors tha

The quinacrine/cediranib combination does not have enhanced glioma 

xicity in the PTEN null U87 glioma model, under hypoxic conditions.

MTS cell viability assays showing mean U87 cell viability in response to treatment, normalized 

to untreated samples. Assays were performed after cells were exposed to treatment for 72 hours, 

) conditions. Results are mean ± SEM of three independent experiments, 

ents in chapters 2, 3 and 4 utilized the 4C8 glioma model which has 

PTEN protein expression and demonstrated an enhanced anti-tumor and anti

efficacy with both therapeutic combinations. Preliminary studies were conducted to test 

PTEN null glioma cell line, U87, to the quinacrine/cediranib 

using MTS cell viability assays (Figure 5.4). These experiments were 

performed under hypoxic (0.5% O2) conditions and reveal a dose dependant reduction in 

y in response to cediranib and quinacrine treatment. The U87 glioma cells, 

however, were less sensitive to cediranib treatment compared to the 4C8 glioma cell line 

, quinacrine/cediranib 

, it is essential to 

determine if the efficacy of these combinations is compromised in tumors that lack a 

 

have enhanced glioma 

. Results from 

response to treatment, normalized 

to untreated samples. Assays were performed after cells were exposed to treatment for 72 hours, 

Results are mean ± SEM of three independent experiments, 

3 and 4 utilized the 4C8 glioma model which has a wild-type 

tumor and anti-vascular 

Preliminary studies were conducted to test 

to the quinacrine/cediranib 

These experiments were 

) conditions and reveal a dose dependant reduction in 

The U87 glioma cells, 

however, were less sensitive to cediranib treatment compared to the 4C8 glioma cell line 
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(Figures 2.2 and 5.4). We also observed that the combination of the two agents exhibited 

no potentiation of cytotoxic effects under hypoxic conditions (Figure 5.4). These results 

are in contrast to the significantly enhanced anti-glioma efficacy observed with the 4C8 

glioma model under hypoxic conditions (Figure 2.2). These preliminary results suggest 

that the lack of functional PTEN protein expression in U87 glioma cells could be 

compromising the efficacy of the quinacrine/cediranib combination. Further studies will 

be performed to assess the sensitivity of other PTEN null tumor models such as U251, 

U373 and also PTEN wild type tumor models such as LN229 to this treatment 

combination. Studies will also be conducted to determine the levels of Akt 

phosphorylation and autophagic vacuole (AV) accumulation in response to treatment. 

The efficacy of the SC68896/cediranib therapeutic combination will also be investigated 

using these glioma models.  

 

These future studies may not only provide a better understanding of the mechanistic 

effects of these novel therapeutic combinations, but will also help assess their limitations. 

If these future experiments reveal that treatment efficacy is limited in the absence of a 

functional PTEN protein, and that this is brought about by a constitutive activation of the 

Akt pathway, studies would be conducted to test for improved efficacy through co-

treatment with specific inhibitors of the Akt pathway, downstream of PTEN (She, et al. 

2003). In the clinical setting, the incorporation of these treatment strategies for 

glioblastoma might warrant a personalized medicine approach, involving a screening of 

patient tumor biopsies for the PTEN protein.  
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5.6 Obtain a more sensitive assessment of microvascular permeability compared to 

K
trans

. 

Studies described in this thesis focus on two novel therapeutic combinations with 

cediranib that exert strong effects on K
trans

, a measure of vascular permeability-surface 

area product per unit volume of the tissue. The quantification of K
trans

 using the DCE-

MRI technique revealed significant decreases in this parameter as a result of 

quinacrine/cediranib and SC68896/cediranib treatment, while single agent treatment did 

not cause any substantial differences from untreated mice (Figure 3.4D and 4.4D). The 

reductions in K
trans

 values could be a result of a decreased presence of tumor vasculature 

(reduced blood vessel surface area) and/or decreased microvascular permeability.  

�5.1�:             �	
��
 = ���. � 

where PCA is microvascular permeability to contrast agent and S is the capillary surface 

area per unit volume of tissue. To determine if microvascular permeability specifically 

was affected by treatment, we propose to use a ratio of K
trans

 to rCBV as a more sensitive 

assessment of changes in endothelial permeability, using the following derivation by our 

collaborator, Dr. Charles Springer (Senior scientist, Advanced Imaging Research Center, 

Oregon Health & Science University, Portland, OR):  

Assume capillaries are cylinders of radius r and length L 

�5.2�:            � = 2��� 

�5.3�:            � =  ���� 

where A and V refer to capillary surface area and volume. Using equations 5.2 and 5.3, 

�5.4�:           � =  2
� � 

�5.5�:            � = � �
�� � =  !� 
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where n is the number of capillaries, Vt is the volume of tissue and ρ is the capillary 

density number.  

 

Using equations 5.4 and 5.5,  

 

�5.7�:            � =  2
� !� 

 

�5.8�:           $%� =  !� 
 

Using equations 5.7 and 5.8,  

 

�5.9�:             � =  2
� $%� 

 

Thus,  

 

�5.10�:            $%� =  2
� � 

 

Using equations 5.1 and 5.10, 

 

�5.11�:               �
	
��


$%� =  �
2 ��� 

 

 

Thus, 

 

�5.12�:            �
	
��


$%� = $. ��� 

 

where C is a coefficient that depends on the mean tumor vascular r value.  

 

Figure 5.5 A and B show the variations of mean tumor K
trans

/rCBV during the treatment 

period in response to treatment with single agent or combination of quinacrine and 

cediranib, and SC68896 and cediranib, respectively. Figure 5.5A reveals that cediranib 

treatment resulted in significant reductions in ratios of K
trans

 to rCBV, suggesting that 

microvascular permeability was reduced by cediranib. This is in agreement with the anti-

angiogenic action of cediranib, through the inhibition of VEGFR signaling.  



 

 

 

Figure 5.5. Assessment of treatment effects of quinacrine/cediranib and SC68896/cediranib 
combinations on microvascular permeability, as assessed by ratios of K

tumor K
trans

/rCBV in response to treatment with single agent and combination of A) quinacrine 

and cediranib, and B) SC68896 and cediranib. Values plotted versus the time from tumor growth 

initiation for the four different treatment groups.

Statistical Software, (Kaysville, UT) was employed to test for differences

time-point within each group.

 

A) 

B) 
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Assessment of treatment effects of quinacrine/cediranib and SC68896/cediranib 
combinations on microvascular permeability, as assessed by ratios of K

trans
 

in response to treatment with single agent and combination of A) quinacrine 

and cediranib, and B) SC68896 and cediranib. Values plotted versus the time from tumor growth 

initiation for the four different treatment groups. The two-tailed Unpaired Student’s

(Kaysville, UT) was employed to test for differences from the pre

point within each group. *: p < 0.05 versus untreated. 

 

 

Assessment of treatment effects of quinacrine/cediranib and SC68896/cediranib 
 to rCBV. Mean 

in response to treatment with single agent and combination of A) quinacrine 

and cediranib, and B) SC68896 and cediranib. Values plotted versus the time from tumor growth 

tailed Unpaired Student’s t test (NCSS 

from the pre-treatment 
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Quinacrine/cediranib treatment may have also resulted in reductions in microvascular 

permeability, but these changes were not consistent throughout the treatment period. 

Treatment with SC68896/cediranib did not cause any changes in microvascular 

permeability. These data suggest that the significant reductions in K
trans

 in response to 

quinacrine/cediranib and SC68896/cediranib combination treatment, seen in Chapters 3 

and 4, were most likely due to reductions in capillary surface area. 

 

We propose that future studies employing the ratio of K
trans

 to rCBV will provide a more 

accurate assessment of changes in endothelial permeability. The quantification of this 

parameter provides an excellent assessment of blood brain barrier integrity. 

Microvascular permeability has been shown to correlate with brain tumor grade and is 

also used to monitor treatment effects. It is known that reductions in tumor microvascular 

permeability has a number of advantages such as reduction in edema, inflammation, 

intravasation and metastatic spread of tumor cells, and tumor interstitial fluid pressure. 

Since changes in K
trans

 may not always reflect changes in microvascular permeability, the 

more specific assessment of changes in this parameter through ratios of K
trans

 to rCBV 

may prove to be very useful. 
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