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ABSTRACT 

THE ROLE OF CELLULAR AND VIRAL ONCOGENES IN THE REGULATION 
OF HYPOXIA AND GLUCOSE DEPRIVATION IN MALIGNANT BRAIN 

TUMORS 
 

Evan K. Noch 
 

Doctor of Philosophy 
Temple University School of Medicine, 2013 

Doctoral Advisory Committee Chair: Kamel Khalili, Ph.D. 
 

 

Glioblastomas continue to carry poor prognoses for patients despite advances in 

surgical, chemotherapeutic, and radiation regimens.  One feature of glioblastoma 

associated with poor prognosis is the degree of hypoxia and elevated expression levels of 

hypoxia-inducible factor-1 α (HIF-1α).  HIF-1α expression allows metabolic adaptation 

to low oxygen availability, partly through upregulation of vascular endothelial growth 

factor (VEGF) and increased tumor angiogenesis as well as induction of anaerobic 

glycolysis.  In this study, we demonstrate an induced level of astrocyte-elevated gene-1 

(AEG-1) by hypoxia in glioblastoma cells.  AEG-1 has the capacity to promote 

anchorage-independent growth and cooperates with Ha-ras in malignant transformation.  

In addition, AEG-1 was recently demonstrated to serve as an oncogene and can induce 

angiogenesis and autophagy in glioblastoma.  Results from in vitro studies show that 

hypoxic induction of AEG-1 is dependent on HIF-1α stabilization during hypoxia and 

that phosphatidylinositol 3-kinase (PI3K) inhibition abrogates AEG-1 induction during 

hypoxia through loss of HIF-1α stability.  Furthermore, we show that AEG-1 is induced 

by glucose deprivation and that prevention of intracellular reactive oxygen species (ROS) 

production prevents this induction.  Additionally, AEG-1 knockdown results in increased 
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ROS production and increased glucose deprivation-induced cytotoxicity, whereas AEG-1 

overexpression prevents ROS production and decreases glucose deprivation-induced 

cytotoxicity, indicating that AEG-1 induction is necessary for cells to survive this type of 

cell stress.  From studies examining the expression of enzymes involved in glucose 

metabolism, we demonstrate that AEG-1 alters the tumor metabolic profile in a partially 

5’-adenosine monophosphate (AMP)-activated protein kinase (AMPK)-dependent 

manner.  Moreover, glycolytic inhibition modulates the metabolic effects induced by 

AEG-1, and AEG-1 knockdown reduces the growth and alters the metabolic phenotype 

of glioblastoma subcutaneous xenografts.  These observations link AEG-1 

overexpression observed in glioblastoma with hypoxia and glucose metabolic signaling, 

and targeting these physiological pathways may lead to therapeutic advances in the 

treatment of glioblastoma in the future.   

Recent studies have reported the detection of the human neurotropic virus, JC 

Virus (JCV), in a significant population of brain tumors, including medulloblastomas. 

Accordingly, expression of the JCV early protein, T-antigen, which has transforming 

activity in cell culture and in transgenic mice, results in the development of a broad range 

of tumors of neural crest and glial origin. Evidently, the association of T-antigen with a 

range of tumor-suppressor proteins, including p53 and pRb, and signaling molecules, 

such as β-catenin and IRS-1, play a role in the oncogenic function of JCV T-antigen. We 

demonstrate that T-antigen expression is suppressed by glucose deprivation in 

medulloblastoma cells that endogenously express T-antigen.  Mechanistic studies indicate 

that glucose deprivation-mediated suppression of T-antigen is partly influenced by 

AMPK, a critical sensor of the AMP/ATP ratio in cells.  We have found that AMPK 
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activation inhibits T-antigen expression, whereas AMPK inhibition prevents glucose 

deprivation-mediated T-antigen suppression.  In addition, glucose deprivation-induced 

cell cycle arrest in the G1 phase is blocked with AMPK inhibition, which also prevents 

T-antigen downregulation.  Furthermore, T-antigen-expressing medulloblastoma cells, as 

compared to those which do not express T-antigen, exhibit less G1 arrest and an 

increased percentage of cells in the G2 phase of the cell cycle during glucose deprivation.  

On a functional level, T-antigen downregulation is partially dependent on ROS 

production during glucose deprivation.  Additionally, studies indicate that T-antigen 

prevents ROS induction, loss of ATP production, and cytotoxicity induced by glucose 

deprivation.  We have also found that T-antigen is downregulated by the glycolytic 

inhibitor, 2-deoxy-D-glucose (2-DG), and the pentose phosphate inhibitors, 6-

aminonicotinamde (6-AN) and oxythiamine (OT).  Enzyme expression studies also 

indicate that T-antigen upregulates the expression of the pentose phosphate enzyme, 

transaldolase-1 (TALDO1), demonstrating a potential link between T-antigen and 

glucose metabolic regulation.  These studies highlight the potential involvement of JCV 

T-antigen in the proliferation and metabolic phenotype of medulloblastoma and may 

enhance our understanding of the role of viral proteins in tumor glycolytic metabolism, 

thus implicating these proteins as potential targets for the treatment of virus-associated 

tumors. 
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CHAPTER 1 

INTRODUCTION 

 

Classification and Molecular Pathology of Malignant Brain Tumors 

Malignant brain tumors continue to rank among the most lethal human cancers.  

Despite treatment with the most rigorous surgical interventions along with the most 

optimal chemotherapeutic and radiation regimens, brain tumors carry unfavorable 

prognoses, with five-year survivals ranging from 50% in less aggressive forms to just 4% 

for patients with glioblastoma (Central Brain Tumor Registry of the United States, 

CBTRUS).  Malignant astrocytic tumors represent the most prevalent primary brain 

tumor in adults (CBTRUS).  In children, brain tumors represent the most common solid 

tumor, with medulloblastoma being the most prevalent form (CBTRUS).  Though no 

underlying cause has been identified for the development of most malignant brain 

tumors, ionizing radiation remains the only reliably consistent risk factor for the etiology 

of malignant astrocytic tumors (1).  On the other hand, studies examining the association 

between brain tumors and head injury, occupational hazards, exposure to electromagnetic 

radiation, and cell phone use have remained inconclusive (1-3).  There are several 

familial disorders that exist, which predispose to the development of malignant brain 

tumors, and these include Li-Fraumeni syndrome, Turcot’s syndrome, von Hippel-Lindau 

disease, and neurofibromatosis types 1 and 2 (4).   

Adult brain tumors of glial origin are divided into astrocytomas, 

oligodendrogliomas, and mixed oligoastrocytomas.  Astrocytic tumors are further 

classified as benign World Health Organization (WHO) grade I (pilocytic) astrocytoma 
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and grade II (diffuse) astrocytoma and malignant WHO grade III (anaplastic) 

astrocytoma and grade IV astrocytoma (glioblastoma), the most malignant form (Figure 

1).  As a subset of brain tumors, malignant astrocytomas are histologically 

heterogeneous.  Some tumors can exhibit low-grade features, such as highly 

differentiated areas, whereas others can exhibit disorganized cytoarchitecture with mitotic 

nuclei, hyperplastic vasculature, and vast necrotic regions in the case of glioblastoma.  

Medulloblastoma is a form of the primitive neuroectodermal tumor, which likely 

originates from neuronal precursors within the cerebellum and is characterized by tightly 

packed small round blue cells with a high mitotic index.  Medulloblastomas are 

uniformly classified as WHO Grade IV but are divided into unique subgroups based on 

key morphological features, as shown in Figure 1.  For example, the nodular or 

desmoplastic subtype as well as the medulloblastoma with extensive nodularity are 

associated with a more favorable prognosis than the large cell or anaplastic variants, 

which demonstrate aggressive clinical courses along with more extensive metastasis 

within the brain and spinal cord.  However, advances in the molecular classification of 

malignant brain tumors have indicated key differences between tumor subclasses and 

may be indicators of prognosis as well. 

Classification of malignant brain tumors at the molecular level is often based on 

mutations, deletions, or additions of the genes encoding tumor suppressors or growth 

factors or their partners.  Many molecular abnormalities exist in astrocytic tumors, such 

as inactivating p53 mutations that are found in more than 50% of Grade II astrocytomas 

(5), or chromosomal abnormalities that are present in astrocytomas (6), 

oligodendrogliomas (7), or mixed oligoastrocytomas (8).  In addition, many 
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glioblastomas exhibit amplification or activation of epidermal growth factor receptor with 

variant III deletion being present in 20-30% of all primary glioblastomas.  Furthermore, 

defects in the retinoblastoma (Rb) pathway, amplification of the p53 antagonist, murine 

double minute 2 (MDM2), or mutation of the tumor suppressor antagonist of the 

PI3K/Akt/mTOR pathway, phosphatase and tensin homolog (PTEN), have been 

frequently identified in astrocytic tumors (9).  In the case of the PTEN pathway, 

mutations are more common in glioblastomas than low-grade astrocytomas, mostly as a 

result of PTEN loss due to loss of heterozygosity (10).  PTEN haploinsufficiency also 

accelerates the formation of glioblastomas from low-grade astrocytomas (11), indicating 

a potential role of PTEN in astrocytoma progression.  Interestingly, missense mutations 

in the isocitrate dehydrogenase 1 (IDH1) gene, which interferes with its substrate 

interaction and may also influence cell stress signaling pathways, are present in a 

significant number of glioblastomas, indicating a role for metabolic disturbances in 

glioblastoma pathogenesis (12).   

In medulloblastoma, the sonic hedgehog (SHH) pathway has consistently been 

implicated in tumor pathogenesis, whether through inactivating mutations in the SHH 

receptor, patched (PTCH1), or suppressor of fused (SUFU) genes or activating mutations 

in smoothened (SMO) (13-16).  Wnt pathway abnormalities also characterize many 

medulloblastoma samples, as well as amplication of myc, which associates with clinically 

aggressive disease (17, 18).  Though these molecular findings do carry prognostic 

significance in some cases, it is likely that future molecular genotypic analysis of 

astrocytomas and medulloblastomas will include a wider array of cellular markers, 

namely factors that contribute more directly to some of the highly malignant features of 
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these tumors, such as tumor metabolism and response to stress within the tumor 

microenvironment.   

 

 

 
Figure 1 Current World Health Organization (WHO) classifications for diffuse 
glioma and medulloblastoma 
A. Schematic showing the classification of diffuse gliomas of astrocytic and 
oligodendroglial lineages. Representative micrographs for each tumor class are given. 
The hallmark histological features of glioblastoma, microvascular proliferation (black 
arrowhead) and pseudopalisading necrosis (black arrows) are also indicated.  B.  
Representative micrographs of medulloblastoma histological variants. Differentiated 
nodules (black arrows) and mitotic figures (black arrowheads) are indicated.  (Adapted 
from (19)). 
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The Role of Hypoxia and Glucose Regulation in Brain Tumor Pathogenesis 

Hypoxic regulation of growth signaling and glutamate transport 

 The metabolic phenotype that characterizes solid tumors allows these tumor 

masses to proliferate and survive growth inhibitory stimuli in surrounding normal tissues.  

These metabolic alterations, namely that tumor cells rely heavily on anaerobic glycolysis 

to maintain ATP production and energetic demands even in the presence of sufficient 

oxygen supply, were first described by Otto Warburg and are known as the Warburg 

effect (20).  This physiological switch in glycolytic metabolism is mediated by both 

external as well as cellular cues, which culminate in a tumor’s ability to expand and 

invade surrounding tissues.  A unique feature of malignant brain tumors, and many 

tumors in general, is the existence of physiological stressors that exist within the tumor 

mass.  These stressors include decreased availability of oxygen, nutrients, and 

bioenergetic substrates, factors which can halt tumor expansion.  However, through 

regulation of key cellular processes governing substrate utilization and metabolic 

efficiency, tumor cells demonstrate a predilection to grow even in the absence of 

sufficient nutrient and metabolic supplies.  The balance between cell stress signals and 

the tumor’s intrinsic ability to survive these signals can determine the extent of 

proliferation, migration, and invasion of brain tumor masses.   

One of the critical mediators of the response to physiological perturbations within 

the tumor mass is hypoxia-inducible factor-1α (HIF-1α), which acts as a molecular 

switch by turning on pro-survival pathways and adapting tumor cells to a more toxic 

microenvironment (21).  HIF-1α was first described as a gene that is induced in response 

to low oxygen availability, a scenario that leads to its stabilization and nuclear import.  
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Within the nucleus, HIF-1α binds to and transactivates the promoters of target genes 

involved in angiogenesis, cell survival, glucose transport, and glucose metabolism.  As a 

result, HIF-1α was identified as a potent molecule involved in tumor aggressiveness and 

invasion.  Since its initial characterization, HIF-1α has been shown to be regulated by 

internal cues as well, such as other oncogenes and the presence of certain metabolic 

intermediates, including intermediates of glycolysis and the tricarboxylic acid cycle (22).  

In addition, HIF-1α contributes to tumor proliferation through the regulation of key 

oncogenic cascades.  HIF-1α activates the Ras pathway through Redd1, which can lead to 

mTOR inhibition and macro-autophagy, responses that favor tumor survival under cell 

stress conditions (23, 24).  As shown in Figure 2, the phosphatidylinositol 3-kinase 

(PI3K) pathway, through activation of Akt, can also enhance HIF-1α expression under 

both normoxic and hypoxic conditions, which favors metabolic adaptation during times 

of unfettered cellular growth (25).  Moreover, HIF-1α also activates and synergizes with 

the PI3K pathway to enhance tumor progression (26).  The absence or mutation of 

phosphatase and tensin homolog (PTEN) in glioblastoma enhances HIF-1α-mediated 

gene transactivation (27).  PTEN interacts with the phosphatidylinositol-3-kinase (PI3K) 

pathway by directly antagonizing the formation of phosphatidylinositol 3,4,5-

triphosphate (PIP3) by PI3K, which leads to decreased Akt phosphorylation and activity 

and tumor suppression through cell cycle checkpoint activation and eventual apoptosis.  

In glioblastoma, PTEN loss results in Akt elevation (28), a process that enhances the 

malignant characteristics of transformed cells.  For example, Akt activation in 

conjunction with but not in place of Ras can convert anaplastic astrocytoma to 

glioblastoma in a human astrocyte model, resulting in many characteristic features of 
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glioblastoma, including diverse cellular morphology and areas of necrosis (29).  Thus, by 

activating the PI3K pathway, HIF-1α may promote tumor aggressiveness and the 

progression of glioblastoma.   

Hypoxia and HIF-1α also modulate cytokine signaling and release in malignant 

brain tumors.  HIF-1α activation of the tumor necrosis factor-α (TNF-α) pathway may 

lead to divergent effects that depend on the particular downstream effectors involved.  

For example, TNF-α release has been shown to be decreased in glioblastoma compared to 

Grade II astrocytomas (30), which would limit apoptosis in these advanced tumors.  On 

the other hand, other studies have indicated that TNF-α is overexpressed in glioblastomas 

(31) and that this overexpression is associated with increased necrosis and decreased 

survival (32), possibly through enhanced procoagulation in these tumors (33).  Therefore, 

it is the balance between these pro-survival and pro-apoptotic pathways that determines 

malignant potential.  TNF-α-induced NF-κB activation (34) is also inhibited by PTEN, 

which prevents the induction of anti-apoptotic genes by NF-κB.  In the setting of PTEN 

loss, NF-κB activation would promote survival of tumor cells and lead to glioblastoma 

progression.   

The process of hypoxia also plays a key role in regulating tumor glutamate 

transport, a key determinant of tumor aggressiveness, invasive capability, and prognosis.   

Glutamate is the predominant excitatory neurotransmitter in the mammalian CNS and is 

essential for normal neuronal function and neurotransmission.  However, accumulation of 

glutamate in the extracellular space as a result of various pathological processes in the 

brain can lead to glutamate excitotoxicity (35, 36), a phenomenon associated with many 

human diseases, including schizophrenia (37), amyotrophic lateral sclerosis (for review, 
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see (38)), epilepsy (for review, see (39)), and glioblastoma (for review, see (40)).  The 

extracellular concentration of glutamate must be tightly regulated in order to avoid 

neurotoxic effects.  The principal mechanism for the maintenance of low extracellular 

glutamate is through Na+-dependent glutamate transporters that are anchored within the 

cell membranes of astrocytes and neurons.   

Excitatory amino acid transporter 2 (EAAT2), the predominant isoform expressed 

in astrocytes and the form responsible for the majority of glutamate uptake in the human 

brain, is a hexamer transmembrane protein whose downregulation leads to glutamate 

excitotoxicity (41).  The effect of EAAT2 downregulation is that glioma cells are unable 

to control the extracellular glutamate concentration, causing them to accumulate 

glutamate either through decreased uptake (42) or increased release through the Na+-

independent system x-
c  , which exchanges intracellular glutamate for extracellular cystine 

(40, 43).  In addition, the peritumoral fluid surrounding high-grade oligodendrogliomas 

contains increased levels of glutamate (44), and necrotic tissue in glioblastomas shows 

elevated levels of glutamate compared to viable non-necrotic tumor tissue (45).  In 

response to hypoxia, C6 glioma cells demonstrate an initial increase in glutamate 

transporter expression, but this expression is not sufficient to reconstitute functional 

transporter activity or ameliorate hypoxia-induced ATP depletion and mitochondrial 

damage (46).  Moreover, after prolonged periods of hypoxia, functional glutamate uptake 

declines (47), further exacerbating the glutamate-excitotoxic environment.  A possible 

mechanism of EAAT2 downregulation may involve TNF-α (Figure 2), which has been 

shown to specifically downregulate EAAT2 in astrocytes in response to hypoxia (48).  

TNF-α also inhibits glutamate uptake in primary astrocytes (49-51), downregulates 
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glutamine synthetase, the enzyme responsible for converting glutamate to glutamine (52, 

53), activates the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) 

receptor (54), and enhances calcium-dependent glutamate release (55).  Furthermore, 

HIF-1α activation by Akt is facilitated by glutamate-dependent Akt stimulation through 

the AMPA (56) and N-methyl-D-aspartic acid (NMDA) receptors (57).  Thus, tumor cells 

demonstrating enhanced TNF-α expression would experience downregulation of EAAT2 

and an increase in extracellular glutamate, resulting in glutamate excitotoxicity and HIF-

1α activation. 
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Figure 2  Hypoxia exerts control over cellular metabolic processes through HIF-1α 
signaling 
Under hypoxic conditions, hypoxia-inducible factor-1α (HIF-1α) is stabilized and exerts 
control of glucose metabolic processes.  HIF-1α induces release of tumor necrosis factor-
α (TNF-α), which inhibits the glutamate transporter, EAAT2, and causes cytotoxic 
glutamate accumulation in the extracellular space.  Moreover, HIF-1α activates pyruvate 
dehydrogenase kinase 1 (PDK1) in mitochondria, inhibiting oxidative phosphorylation 
and shifting metabolic intermediates to glycolysis.  Metabolites, such as pyruvate and 
lactate, cellular growth proteins, such as phosphatidylinositol 3-kinase (PI3K) and 
mitogen-activated protein kinase (MAPK), and glutamate-dependent PI3K activation, 
stimulate HIF-1α to induce metabolic adaptation to low oxygen conditions.  
 

The effects of hypoxia and HIF-1α on glucose metabolism in tumor cells 

HIF-1α regulation of glucose metabolism is a critical determinant of tumor 

pathogenesis and allows cancer cells to modulate energy utilization in response to 

variable metabolic supplies.  Unlike their normal counterparts, tumor cells preferentially 

utilize enhanced aerobic glycolysis for energy metabolism, a phenomenon first described 

by Otto Warburg in 1925 known as the Warburg effect (20).  This shift towards increased 

glycolytic flux allows tumor cells to produce sufficient ATP to fulfill metabolic demands 

and leads to increased glucose consumption, decreased oxidative phosphorylation, and 

increased lactate production.  Though glycolysis produces much less energy in the form 

of ATP than oxidative phosphorylation, enzymatic regulation in key glycolytic steps are 

highly activated in tumor cells and support enhanced glycolytic activity.  HIF-1α can 

directly affect many of these pathways, both through modulation of glycolytic 

metabolism and inhibition of oxidative phosphorylation, which implicate HIF-1α in the 

induction of the Warburg effect (58).  For example, HIF-1α induces enhanced glucose 

uptake by transactivating the promoter for glucose transporter 1 (GLUT1) and 3 

(GLUT3) (59, 60) and stimulates intracellular glucose breakdown through induction of 

all twelve enzymes necessary for glycolysis (21).  HIF-1α stabilization also results from 



 

 11 

the accumulation of metabolic intermediates, such as lactate, pyruvate, succinate, and 

fumarate (61, 62), in rapidly dividing cells (Figure 2).  In addition, HIF-1α may be 

responsible for the removal of pyruvate and regeneration of the reduced form of 

nicotinamide adenine dinucleotide (NADH) through activation of lactate dehydrogenase 

A (LDHA), which converts pyruvate and NADH to lactate and NAD+, thereby 

facilitating glycolytic flux.  At the same time, HIF-1α downregulates oxidative 

phosphorylation by inducing the pyruvate dehydrogenase kinase 1 (PDK1) (63, 64) and 

MAX interactor 1 (MXX1) genes (65), which reduces the oxygen demand of hypoxic 

tumor masses yet supplies sufficient energy production for growth.   

The effect of decreasing mitochondrial metabolism and reducing oxygen 

consumption is that HIF-1α is able to adapt the metabolic phenotype of hypoxic cells.  As 

the distance from tumor vasculature increases, cells are increasingly starved of oxygen 

and nutrients.  Specifically, tumor cells have been shown to be growth-limited from 

within 10 cells of a blood vessel (66).  This limit is a function of both the oxygen content 

within the blood vessel as well as the rate of oxygen consumption by tumor cells.  Cells 

that are able to reduce oxygen consumption can continue to proliferate and are not 

subjected to anoxia-induced cell death.  In addition, HIF-1α-induced migration and 

invasion of tumor cells can allow starved cells to locate other areas of oxygen enrichment 

within the tumor mass, thereby promoting survival as well as aggressiveness of the tumor 

in general.  On the other hand, cells that continue to depend on oxygen and nutrients are 

forced into cell death, and large areas of necrosis can often develop as a result.   

Necrosis is a hallmark feature of glioblastoma (67), with some studies suggesting 

its presence in over 85% of cases (68-72).  The pathway of necrosis in glioblastoma 



 

 12 

involves cellular ATP depletion as a result of electron transport chain collapse and 

subsequent decreased oxidative phosphorylation, leading to failure of ATP-dependent ion 

channels and pumps.  This process initiates a massive cell volume increase through Na+ 

influx, activation of the Na+-K+-ATPase (which further depletes cellular ATP stores) 

(73), and the opening of non-selective Ca2+ channels, resulting in elevated intracellular 

Ca2+ levels and activation of the Ca2+-ATPase with eventual mitochondrial depolarization 

(73).  As a result, ionic homeostasis is no longer maintained by K+ efflux, leading to 

further Na+ and water influx that precipitate cellular swelling and collapse, which 

releases the contents of the cell into the extracellular space, leading to protease activation 

and a localized inflammatory response.  Though necrosis represents a cytotoxic process 

that is responsible for the death of a large percentage of tumor cells, necrosis can also be 

defined as a process that indicates the presence of highly aggressive cells within the 

tumor mass.  The reason for this set of disparate processes is that as tumor cells 

experience hypoxia, some select populations exhibit stabilization of HIF-1α, which leads 

to elevation of glycolysis, pro-survival signaling, and enhanced migration and invasion.  

Therefore, hypoxia itself induces tumor aggressiveness through enhancing the malignant 

potential of a select group of tumor cells.  As a result, the finding of necrosis within a 

tumor core indicates the contemporaneous growth advantage of certain cell clusters 

which are capable of surviving these cytotoxic processes and relocating to more favorable 

areas, all while expanding and invading increasing layers of normal brain parenchyma.  

Thus, by indicating the extent of tumor malignancy and invasion, necrosis, along with 

HIF-1α expression, are poor prognostic indicators in brain tumors.   
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AEG-1 Involvement in Tumor Pathogenesis 

Astrocyte-elevated gene-1 (AEG-1) was initially cloned and characterized as an 

HIV-1- and TNF-α-inducible gene, whose expression is upregulated in many cancers 

(74).  Since its original description, the role of AEG-1 in tumor pathogenesis has greatly 

expanded, and AEG-1 has been determined to act as a tumor oncogene (75).  Though 

AEG-1 is expressed during normal embryogenesis, when it may influence cellular 

differentiation and proliferation (76), AEG-1 exerts potent effects during tumorigenesis.  

Overexpression of AEG-1 occurs in a multitude of human cancers, including prostate 

cancer (77), esophageal carcinoma (78), gastric cancer (79), lung cancer (80), breast 

cancer (81-83), hepatocellular carcinoma (84), colorectal carcinoma (85), renal cell 

carcinoma (86), neuroblastoma (87), glioblastoma (88), oligodendroglioma (89), and 

ovarian cancer (90), and its expression often correlates with poor prognosis in these 

malignancies.  Interestingly, cytoplasmic expression of AEG-1 has been specifically 

associated with worse prognosis in prostate cancer, an effect that may indicate the 

potential importance of AEG-1 subcellular localization. 

On a molecular level, AEG-1 exerts broad oncogenic effects in a variety of 

systems.  AEG-1 overexpression enhances colony growth in soft agar (91), while AEG-1 

knockdown decreases colony-forming ability in immortalized human adult astrocytes that 

stably express Ha-Ras (92).  AEG-1 also helps to facilitate accelerated growth by 

preventing apoptotic cell death in serum starvation conditions.  AEG-1 overexpression 

significantly prevents serum starvation-induced cell death in normal as well as 

immortalized fetal astrocytes in an Akt-dependent manner (93).  Additionally, AEG-1 

knockdown reduces cell viability under serum starvation conditions in immortalized adult 
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astrocytes, indicating that these transformed cell types require AEG-1 to survive serum 

starvation (93).  AEG-1 also affects the ability of tumor cells to undergo apoptosis due to 

modulation of apoptotic factors.  AEG-1 downregulates the pro-apoptotic factors, 

BCCIPα, FOXO3a, p53, and p21CIP1, and causes phosphorylation of Bad, a pro-apoptotic 

member of the Bcl-2 family (77, 93, 94). Additionally, AEG-1 is a positive regulator of 

Akt and stabilizes c-myc, leading to enhanced growth and proliferation under conditions 

that would normally lead to apoptosis (93).  Aside from its role as an anti-apoptotic gene 

regulating cellular proliferation, AEG-1 also induces chemoresistance in tumor cells (95).  

This process is mediated through AEG-1-dependent stabilization of multidrug resistance 

gene 1 (MDR1), leading to enhanced survival of chemotherapy-treated cells (96).  In 

addition, AEG-1 can also promote a chemoresistant phenotype through chromosomal 

abnormalities, such as 8q22 gain that has been identified in breast cancer (97).  These 

results indicate that the increased expression of AEG-1 observed in glioblastoma may 

provide these tumors with a significant growth potential, may enhance glioblastoma 

formation, and may provide resistance to standard chemotherapeutic agents. 

Additional roles for AEG-1 in cell survival involve the interaction with and trans-

activation of the promoter for the transcription factor, nuclear factor-kappa B (NF-κB) 

(91).  NF-κB is a heterodimer consisting of p65 and p50 and is present in its inactive state 

in the cytoplasm, where it is bound to the inhibitor of kappa B-α (IκB-α).  Upon 

activation by a variety of molecular factors, NF-κB translocates to the nucleus and 

regulates the transcription of many genes, some of which are involved in oncogenesis.  

AEG-1 activates the NF-κB pathway by facilitating IκB-α degradation in the cytoplasm, 

and by increasing binding of the transcriptional activator p50/p65 complex in the nucleus 
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(91).  Importantly, NF-κB activation is prominent in high-grade compared to low-grade 

astrocytomas (98), which indicates a possible function for AEG-1-mediated NF-κB 

activation in tumor progression.   

 AEG-1 has also been shown to downregulate transcription of the glutamate 

transporter, EAAT2 (74), which is already underactive in a methylated state in glioma 

cell lines (99).  AEG-1 overexpression by glioblastomas could affect glutamate 

homeostasis and lead to a glutamate excitotoxic environment, which would result in 

widespread cell death in the peri-tumoral area.  In addition, TNF-α reduces EAAT2 

mRNA and protein expression in primary human fetal astrocytes (PHFA) in an NF-κB -

dependent manner (100), suggesting a common pathway for TNF-α and AEG-1 in NF-

κB-mediated EAAT2 downregulation.  Thus, the culmination of AEG-1 signaling in 

glioblastoma involves the direct activation of NF-κB signaling and the subsequent 

downregulation of EAAT2.  Along with its role in AKT activation through the PI3K 

pathway, AEG-1 stimulates unregulated growth in the absence of an adequate metabolic 

supply, and these pathways together would lead to enhanced malignant potential. 

Recent studies provide a link between AEG-1 expression and the processes of 

hypoxia, angiogenesis, and glucose metabolism in glioblastoma.  Initial reports 

demonstrated that AEG-1 overexpression induced stabilization of hypoxia-inducible 

factor-1α, a master regulator of hypoxia-related processes (75).  In addition, AEG-1 

augments expression of angiogenic molecules, including VEGF, Ang1, and Tie2 (75).  

Moreover, AEG-1 facilitates angiogenesis in both in vitro and in vivo systems (75) and 

upregulates matrix metalloproteinases involved in tumor invasion (101).  In light of the 

role of energy metabolism in tumor promotion, AEG-1 has been shown to deplete cellular 
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ATP stores and to induce protective autophagy through activation of 5’-AMP-activated 

protein kinase (AMPK), a sensor of the [ATP]/[AMP] ratio in cells (102).  In this context, 

autophagy may allow rapidly dividing cells with elevated AEG-1 overexpression to 

recycle metabolic intermediates for future utilization.  

In order to maintain their accelerated growth, glioblastomas must develop the 

ability to counteract cell stress processes within the tumor microenvironments.  This 

occurs through the coordinated regulation of hypoxic, angiogenic, and metabolic 

processes, which allows tumors to proliferate even without fulfilling metabolic demands.  

Together, these results indicate that AEG-1 overexpression in glioblastoma is required for 

cells to survive periods of serum starvation that would limit growth through nutrient 

deprivation and through activation of pro-apoptotic pathways.  Though AEG-1 may be 

necessary for initial tumor propagation in the absence of extensive angiogenesis, AEG-1 

also seems to play a role in the recruitment of vasculature as well as the interaction of 

processes governing tumor expansion, namely hypoxia and glucose metabolism.  By 

preventing nutrient deprivation-induced apoptosis, AEG-1 provides these tumors with 

seemingly infinite growth potential, and therefore, AEG-1 may represent a useful target 

for glioblastoma therapy in the future. 

 

Viral Oncogene Regulation of the Tumor Metabolome 

The course of cellular transformation begins with dysregulation of cell signaling 

pathways induced by genetic, environmental, and/or infectious processes.  These events 

can be set in motion by oncogenes encoded by viruses that are known to induce 

malignant transformation.  In a broad sense, virus-encoded genes disrupt normal cell 
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function by interfering with processes that regulate the cell cycle, growth signaling, 

oxidative stress development, and biosynthetic processes.  On a molecular level, these 

events involve the interaction of oncogenes with nearly every aspect of cell signaling 

pathways.  For example, disruption of the cell cycle checkpoint regulator, p53, by viral 

proteins, such as JC virus Large T-antigen, Epstein-Barr Virus (EBV) nuclear antigen, 

and human papilloma virus (HPV) E6 protein, result in loss of cell cycle control and 

subsequent unchecked proliferation (103-105) (Figure 3).  Additionally, oncogenic 

viruses upregulate cell survival pathways, such as the PI3K, MAPK, and NFκB cascades, 

that allow unregulated proliferation even in the absence of sufficient metabolic supply 

(106-109).  Some viruses, such as HPV, must counteract oxidative stress occurring  
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Figure 3  Oncogenic viruses exert metabolic control through the regulation of 
cellular growth, cell cycle checkpoint proteins, and cell stress signals 
Oncogenic viruses, including Hepatitis C Virus (HCV), Epstein-Barr Virus (EBV), and 
polyoma viruses, induce cellular proliferation through the PI3K and MAPK pathways and 
inhibit cell cycle arrest and DNA damage responses through inhibition of p53 and ATM.  
On the other hand, these viruses induce hypoxia-inducible factor-1α (HIF-1α) expression 
as well as AMP-activated protein kinase (AMPK)-dependent signaling.  As a result, these 
pathways activate oxidative stress and glucose transport.  
 

during viral infection in order to continue the replication cycle (110).  Others, such as 

EBV, human T-lymphotropic virus-1 (HTLV-1), and hepatitis C virus (HCV), can 

significantly influence tumor development and aggressiveness through modulation of the 

cellular oxidant load (110-113).  In addition, in terms of viral transformation, virus-

derived oncogenes can overcome cell death signals induced by DNA damage proteins by 

inactivating the ataxia telangiectasia mutated (ATM) protein (114, 115) (Figure 3).  

Furthermore, many viruses have been shown to induce HIF-1α expression and to utilize 

HIF-1α to regulate viral infection (116-118), which would also have profound 

implications for viral transformation and tumor metabolism.  Thus, the seizure of cell 

cycle control, proliferation, and oxidative stress pathways by oncogenic viral proteins 

promotes viral infection, viral protein expression, and in some cases, subsequent 

transformation.  Though much is known about the molecular signaling involved in 

proliferation and cell survival, little work has been done investigating the involvement of 

oncogenic viruses in the regulation of metabolic activities in relation to cellular 

transformation.  Furthermore, and perhaps more interestingly, the impact of viruses on 

metabolic processes that govern tumor expansion and the feedback of these processes on 

viral protein expression has remained understudied.   
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Oncogenic viruses regulate glucose uptake within transformed cells 

Enhanced glucose uptake is a hallmark feature of transformed cells, which depend 

on glucose for glycolytic metabolism, maintenance of biosynthetic processes, and control 

of cell stress signaling (for review, see (119)).  Cellular processes that aid tumor 

expansion also favor glucose uptake, and many of these processes are controlled by 

molecules, such as HIF-1α, which upregulates membrane glucose transporters in 

response to low oxygen tension (120-122).  By hijacking glucose transport, many 

oncogenic viruses are similarly able to deliver increased amounts of glucose to 

proliferating cells, which enhances their tumorigenic capacity.  Some viruses, such as the 

Fujinama sarcoma virus (FSV), cause glucose transporter upregulation (123), while 

SV40-transformed cells exhibit redistribution of hexose transporters from microsomal 

membranes to the plasma membrane (124), indicating that oncogenic viruses not only 

exhibit transcriptional regulation of glucose transport but also alterations in transporter 

trafficking during transformation.  Additionally, it has been speculated that viruses 

themselves may be able to effect changes in the cell membrane that would facilitate 

increased glucose transport, such as unmasking of glucose transport sites or alterations in 

the rates of glucose uptake reactions (125, 126).  In this case, virus-induced modification 

of cellular glucose uptake would greatly enhance the proliferative capacity of tumor cells 

by boosting cellular glucose stores.   

Elevated glucose transport is also a notable feature of other tumor viruses as well, 

such as EBV and several polyoma viruses (127-130) (Figure 4).  In contrast, the core 

protein of HCV, a major precipitating factor in the development of hepatocellular 

carcinoma (HCC), has been demonstrated to induce decreased glucose uptake in 
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hepatocytes through c-Jun N-terminal kinase (JNK)-dependent serine phosphorylation of 

insulin receptor substrate-1 (IRS-1) (131).  In this context, HCV infection may induce 

global deficits in glucose uptake, which may result in compensatory changes in glucose 

metabolic enzymes.  The involvement of glucose transporters in oncogenic virus 

infection also presents an interesting perspective on their role in glucose metabolism.  

Initial work demonstrating that GLUT-1 is the putative receptor for the human T-

lymphotropic virus type 1 (HTLV-1) expanded on the function of membrane transporters 

as retroviral receptors but also indicated that these receptors could involve transporters 

implicated in glucose signaling pathways (132).  These effects may result from enhanced 

GLUT-1 expression in these cells, which would be beneficial for HTLV-1 infection.  In 

this sense, glucose uptake processes may impact both infection and transformation, 

indicating that functional changes in the membrane transport system may be critical to 

virus-induced oncogenesis.   

 

Glucose metabolism and glycolytic flux are modulated by oncogenic viral proteins 

The Warburg effect is also a critical contributor to the pathogenesis of virus-

derived tumors, and oncogenic viruses demonstrate important interactions with glycolytic 

enzymes, specifically, the M2 isoform of pyruvate kinase (PKM2), the rate-limiting 

enzyme that catalyzes the final step in glycolysis.  The human papilloma virus (HPV) E7 

protein can both bind to PKM2 in the cytoplasm and induce a change in its quaternary 

structure, a switch controlled by fructose 1,6-bisphosphate that regulates glycolytic flux 

in tumor cells (133) (Figure 4).  In addition, cells transformed by Rous sarcoma virus 

(RSV) demonstrate 3-fold higher PKM2 activity (134) and, along with the woodchuck 
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hepatitis virus (WHV), exhibit enhanced activities of the other rate-limiting enzymes in 

glycolysis, hexokinase and phosphofructokinase (135, 136) (Figure 4).  Furthermore, 

HCV inhibits oxidative phosphorylation and allows a concomitant accumulation of 

glycolytic intermediates (137), and these broad effects on mitochondrial, glycolytic, and 

cell proliferation pathways may help to explain the development of HCC in such a large 

percentage of HCV carriers.   

Kaposi’s Sarcoma-associated herpesvirus (KSHV) infection upregulates glucose 

uptake and sensitizes infected cells to glycolytic inhibition (138), which may be mediated 

at least in part through transcriptional activation of key glycolytic enzymes by HIF-1α 

(139).  Glycolytic inhibition can also block transcription of HPV E6/E7, indicating that 

flux through this pathway may be responsible for the expression of HPV-targeted 

transcription factors (140).  SV40-mediated increases in the activity of the transaldolase 

(TALDO1) enzyme, a key toggle switch between the pentose phosphate shunt and 

glycolysis, indicate that SV40 is capable of regulating glycolytic and nucleotide 

precursors and the redox status maintained by pentose phosphate nicotinamide adenine 

dinucleotide (NADPH) production (141).  Additionally, an increased ratio of lactate 

dehydrogenase B (LDHB) to LDHA levels, indicative of enhanced aerobic glycolysis, is 

notable with SV40 transformation (142).  While viruses require increased synthesis of 

nucleotides, fatty acids, and lipid materials for production of progeny, the fact that many 

oncogenic viruses enter a latent state either prior to or subsequent to cellular 

transformation indicates that initial products of glycolysis may be diverted for alternative 

purposes to complete cellular transformation.  In other words, virus-mediated glycolytic 
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regulation may proceed through a metered course that culminates in ultimate 

transformation and a metabolic phenotype that facilitates undisturbed propagation.    

 

Figure 4  Oncogenic viruses regulate glucose uptake and glycolytic flux in 
transformed cells 
Glucose uptake processes are enhanced by Rous sarcoma virus (RSV), and Hepatitis C 
Virus (HCV) and Epstein-Barr Virus (EBV) induce trafficking of the GLUT1 transporter 
to the plasma membrane.  On the other hand, HCV inhibits the promoter for the GLUT2 
transporter, thereby decreasing GLUT2 abundance on the plasma membrane.  Human T-
lymphotropic virus type 1 (HTLV-1) utilizes the GLUT1 transporter to enter and infect 
cells, where it may then induce subsequent tumor formation.  Rous sarcoma virus (RSV) 
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enhances the activities of key glycolytic enzymes, including hexokinase (HK), glucose 6-
phosphate dehydrogenase (G6PDH), and phosphofructokinase-1 (PFK-1), all of which 
contribute to enhanced glycolytic ATP production.  SV40 and other polyoma viruses 
enhance transaldolase (TALDO1) activity, providing nucleotide precursors and sufficient 
NADPH reducing equivalents for cellular demands.  The M2 isoform of pyruvate kinase 
(PKM2) is affected by multiple viruses, such as HPV, RSV, and HCV, which activate 
and induce changes in PKM2 structure.  In addition, HCV enhances lactate production 
while inhibiting mitochondrial oxidative phosphorylation, thus promoting glycolytic flux.  
 

Treatments for oncogenic virus-induced cancers based on glycolysis 

 Based on the importance of virus-encoded oncogenes for metabolic dysregulation 

observed in multiple malignancies, it seems plausible that the development of anti-

glycolytic therapies might represent a worthwhile avenue of exploration in the treatment 

of virus-based cancers.  2-deoxyglucose (2-DG) inhibits glycolysis by interfering with the 

action of glucose after initial phosphorylation by hexokinase.  One proposed benefit of 2-

DG is its potential efficacy against fusogenic viruses through the inhibition of N-

glycosylation of viral envelope proteins.  In this way, 2-DG would prevent initial viral 

infection and resultant oncogenic transformation (143, 144).  Additionally, since tumors 

that are highly reliant on glycolysis are typically more aggressive, it is likely that the use 

of 2-DG would greatly reduce viability of these cells.  Though it is known that 

antiglycolytic drugs, such as 2-DG, can interfere with viral infection through reduction in 

viral-cell and cell-cell fusion (145, 146), these actions may also be helpful in tumor cells 

which proliferate through fusion with nearby clones (147, 148).  This mechanism of 

tumor expansion would be blocked because of decreased glycosylation of surface 

proteins, a step that is critical for the fusion, invasion, and metastasis of tumor cells (149, 

150).  In addition, since many virus-derived tumors exhibit enhanced glucose uptake, 

these tumors would preferentially take up this non-metabolizeable drug and would suffer 
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from glycolytic shutdown.  Though these drugs are not themselves overly toxic to tumor 

cells given alternative means of glucose utilization in the presence of glycolytic 

inhibition, these drugs enhance the efficacy of concomitant chemotherapeutic agents and 

radiation regimens and could be used in this context for virus-mediated malignancy.  The 

use of 2-deoxyglucose with adjuvant radiotherapy has already been indicated for the 

treatment of glioblastoma (151), and compounds used to treat virus-derived cancers, such 

as carboplatin and paclitaxel, have already shown synergistic potential with 2-DG in 

various malignancies (152-154).   

Since pentose phosphate pathway activation mediates many of the protective 

effects against ROS production in virus-transformed cells, inhibition of this pathway may 

also prevent the deleterious outcomes associated with cellular transformation.  

Dihydroepiandrosterone (DHEA), a well known inhibitor of G6PDH, can inhibit EBV 

replication and prevent accelerated biosynthetic processes during EBV infection  (155).  

Additionally, inhibition of the non-oxidative branches of the pentose phosphate cycle 

using the transketolase inhibitor, oxythiamine, results in cell cycle arrest and decreased 

tumor growth, effects which may be recapitulated in virus-derived cancers (156, 157).  

Oncogenic signaling cascades have been shown to be induced by oxidative environments 

(158), and thus, pentose phosphate pathway activity and resultant NADPH production 

may need to be balanced with oncogene activation to provide therapeutic benefit.     

Therapies aimed at interfering with growth signaling pathways have also shown 

benefit in preventing oncogenic transformation in virus-infected cells.  The EBV lytic 

gene product, Na, is unable to bring cells out of viral latency during JNK inhibition (159).  

Furthermore, EBV LMP1-mediated oncogenic transformation and proliferation is 
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dependent on the JNK pathway (160).  Moreover, LMP1 activation of the JNK pathway 

induces ERK-dependent cellular migration, which would allow these cells to survive cell 

stress signals, such as low oxygen and/or nutrient availability, within the tumor 

microenvironment (161).  In the case of HCV-infected cells, JNK inhibition would 

relieve aberrant glucose uptake and subsequent function and may thwart tumor growth.  

Given that HCV replication induces oxidative stress in a JNK-dependent manner, it may 

be possible that by preventing ROS production, JNK inhibition would also halt viral 

replication (162).  JNK inhibition also prevents HCV non-structural protein 3 (NS3)-

mediated cell proliferation, indicating that inhibition of this pathway would halt HCV 

infection on multiple levels (163).  Given ubiquitous PI3K and MAPK activation in 

cancer and the fact that PI3K and MAPK inhibition prevent EBV signaling and growth 

stimulation, inhibitors of these pathways may represent a useful target to prevent EBV-

infected cells from becoming cancerous.  Therefore, whether through direct glycolytic 

inhibition or modification of glucose-regulatory cell signaling pathways, therapies aimed 

at counteracting glycolytic imbalance in tumor cells may reduce the development of 

virus-derived malignancies and could significantly improve the outcomes of 

chemotherapeutic schedules for these cancers. 

 

JC Virus and Oncogenesis 

 JC Virus (JCV) is the causative agent of the fatal demyelinating disease of the 

central nervous system, progressive multifocal leukoencephalopathy (PML), and has also 

been associated with the development of cancer.  JCV is a double-stranded circular DNA 

virus that belongs to the papovaviridae family of viruses (164).  The circular genome of 



 

 26 

JCV consists of bidirectional regulatory and coding regions (Figure 5).  The regulatory 

elements contain the promoter and origin of replication, and the coding regions consist of 

two regions of nearly equal size, the early and late transcription units.  The early region 

encodes the transforming proteins, Large T-antigen and small T-antigen as well as the T’ 

proteins, and the late region encodes the viral structural proteins, VP1, VP2, and VP3, as 

well as the small regulatory protein, agnoprotein.  Aside from their role in promoting the 

viral replication cycle, the T-antigen family of proteins has been linked to critical steps 

necessary for tumorigenesis. 

JCV T-antigen has been shown to regulate the cell cycle (165, 166) as well as cell 

proliferation and metabolic pathways (106, 167).  In particular, T-antigen exhibits 

binding interactions with several proteins through which it exerts its oncogenic functions.  

Through interaction and subsequent inactivation of p53 and pRb, the cell cycle 

checkpoint regulator mutated in over 50% of human cancers, T-antigen promotes 

unimpeded cell proliferation.  In addition, T-antigen also binds to and stabilizes β-catenin 

(168), a key transcriptional activator of the c-myc oncogene that can promote 

oncogenesis (169).  T-antigen binding to the insulin receptor substrate-1 (IRS)-1, the 

signaling molecule for the type I insulin-like growth factor receptor (IGF-1R), promotes 

its nuclear translocation and may contribute to medulloblastoma formation (170).  

Moreover, T-antigen interacts with the tumor suppressor, neurofibromatosis type 2 

protein (NF2), and may prevent Mdm2-driven p53 inhibition (171).     
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Figure 5  Organization of the JCV genome 
The circular JCV genome is composed of regulatory and coding regions.  The regulatory 
region contains the origin of DNA replication, and the coding region contains the viral early 
and late transcription units.  Large T-antigen, small T-antigen, and the T’ proteins are 
encoded by the early region, and VP1, VP2, VP3, and agnoprotein are encoded by the late 
region.  (Adapted from (172)). 

 

The impact of JC viral proteins on cell cycle regulatory machinery led to studies 

to determine whether JCV may be associated with human tumorigenesis.  Many studies 

have detected JCV DNA and proteins in diverse types of brain tumors, including 

glioblastoma, oligodendroglioma, medulloblastoma, astrocytoma, and ependymoma 

(173-176).  JCV DNA may be detectable in as much as 80%, and JCV protein may be 

detectable in as much as 50% of central nervous system tumors (173, 174) (Figure 6).  

The expression of JCV DNA and proteins occurs mostly in the absence of any clinical or 

pathological sign of PML, indicating that JC Virus may exhibit tumorigenic functions in 

the absence of viral replication.  It has been proposed that JC Virus may exhibit a 

multistep “hit-and-run” transformation strategy, whereby JCV T-antigen may be 



 

 28 

necessary for the early but not subsequent steps in transformation.  In other words, once 

cell cycle dysregulation has begun, T-antigen expression is no longer required to sustain 

the transformed phenotype.  However, despite the links between JCV DNA and viral 

protein expression in human brain tumors, a causal role for JCV in human tumorigenesis 

remains to be established. 

To provide evidence for a role of JCV in malignant tumorigenesis, animal models 

of JCV-induced tumors were produced.  Studies have demonstrated that JCV 

intracerebral or intraocular inoculation into the brains of multiple animal species leads to 

the development of an array of brain tumors, including glioblastoma and neuroblastoma 

(177-179).  Interestingly, these animals do not develop PML, however, and virus can 

generally not be recovered from tumor cells (177).  Additionally, many studies have 

utilized JCV transgenic mice to determine the relationship between JCV and tumor 

induction.  Mice that express the JCV early region have been shown to develop a variety 

of central nervous system tumors, including medulloblastoma and pituitary neoplasms 

(180, 181).  Tumors induced through either of these mechanisms have demonstrated the 

expression of Large T-antigen within tumor cells (177, 180) and functional interactions 

of Large T-antigen with p53 and pRb, indicating a potential mechanism of tumorigenesis 

(104). 

In addition to its tumorigenic role in animal models, JCV can also interact with 

pathways mediating tumor metabolism.  For example, HIF-1α transactivates the JCV 

early promoter during viral infection, suggesting that HIF-1α is a positive regulator of 

JCV early proteins, including Large T-antigen (167).  Therefore, in the setting of tumor 

formation, HIF-1α induction during periods of hypoxia may induce T-antigen expression, 
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Figure 6  Immunohistochemical analysis of human glial tumors for JCV T-antigen 
and p53 
Detection of T-antigen demonstrates intense nuclear reactivity in neoplastic cells of an 
oligodendroglioma (B), pilocytic astrocytoma (C), fibrillary astrocytoma (D), 
glioblastoma multiforme (E), and ependymoma (F).  Immunohistochemistry for p53 
shows the same pattern of nuclear positivity (insets).  All panels and insets, X 1000.  
(Adapted from (174)).   
 

which would further promote the tumorigenic phenotype through inactivation of tumor 

suppressor pathways.  In addition, the small T-antigen from SV40 has been demonstrated 

to activate the AMPK pathway, leading to protective autophagy and maintenance of 

energy homeostasis during glucose deprivation (182), implicating polyomavirus T-

antigen proteins in the regulation of tumor metabolism and the metabolic stress response. 
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Hypothesis and Proposed Aims of the Study 

Despite advances in surgical, chemotherapeutic, and radiation regimens, 

glioblastomas continue to carry poor prognoses for patients.  The extent of hypoxia and 

expression levels of HIF-1α are particularly associated with poor prognosis. HIF-1α 

expression allows metabolic adaptation to low oxygen availability, partly through 

upregulation of VEGF and increased tumor angiogenesis.  Moreover, hypoxia results in 

rapid glucose consumption in tumor cells due to upregulation of glucose transport to 

maintain energy production.  Through these processes, glioblastoma cells are able to 

maintain sustained proliferation even in the midst of a decreasing supply of oxygen and 

nutrients.  As a result, these cells also exhibit enhanced migration and invasion in order to 

locate higher levels of metabolic supplies.  Astrocyte-elevated gene-1 (AEG-1) is an 

oncogenic protein that is linked to cell proliferation, survival, apoptosis resistance, 

chemoresistance, and autophagy.  AEG-1 also interacts with cellular proteins, such as 

HIF-1α and VEGF, to promote tumor angiogenesis, migration, and invasion.  These 

features lead to aggressive tumor masses that are able to infiltrate through finger-like 

projections into surrounding brain parenchyma.  In addition, as they expand, these highly 

malignant tumor masses cause widespread cell death in surrounding normal brain in order 

to make room for increased numbers of tumor cells.  Therefore, we wanted to investigate 

the effects of hypoxia and glucose deprivation on AEG-1 expression and the impact of 

AEG-1 on glucose metabolism in glioblastoma.  We hypothesize that AEG-1 is induced 

by hypoxia and glucose deprivation in glioblastoma and that AEG-1 stimulates cell 

survival and enhanced proliferative capacity through coordinated activation of pro-
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survival pathways and regulation of glucose metabolism, processes that may lead to 

enhanced aggressiveness and invasion. 

We will first investigate the impact of hypoxia and glucose deprivation on AEG-1 

expression in glioblastoma cells.  For these experiments, we will use the established 

glioblastoma cell lines, U-87MG and T-98G, as well as primary non-established mixed 

glioblastoma cultures.  The expression level of AEG-1 will be monitored during various 

time-points of hypoxia, and the effect of glucose deprivation in the absence of serum will 

also be studied.  We will examine the mechanism of AEG-1 induction by hypoxia 

through the use of a HIF-1α expression vector and HIF-1 siRNA constructs as well as 

inhibitors of the PI3K pathway.  We will then examine the functional consequences of 

AEG-1 overexpression or down-regulation during glucose deprivation by measuring ROS 

production and subsequent cytotoxicity.   

In order to study the effects of AEG-1 on the glycolytic phenotype, we will 

overexpress AEG-1 in glioblastoma cells and measure changes in the expression of 

glycolytic enzymes.  We will also investigate the impact of AEG-1 on the glycolytic 

phenotype during glucose deprivation and will examine the impact of the AMPK 

signaling pathway on the AEG-1-driven metabolic profile during glucose deprivation 

using activators and inhibitors of this pathway.  We will also examine AEG-1 induction 

of glycolytic enzymes in the presence of glycolytic inhibitors, which may target some of 

the AEG-1-induced pathways.  To study the in vivo impact of AEG-1 on growth and 

metabolism in glioblastoma, we will use a nude mouse subcutaneous glioblastoma 

xenograft model with glioblastoma cells demonstrating stable AEG-1 knockdown.  These 

studies will allow us to understand the impact of AEG-1 on processes mediating 
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glioblastoma aggressiveness and poor prognosis and may indicate therapeutic targets for 

the future.   

 JC Virus (JCV) is the etiological agent of the fatal demyelinating disease of the 

central nervous system (CNS), progressive multifocal leukoencephalopathy (PML), and 

has also been implicated in the process of oncogenesis.  JC viral proteins can impact a 

variety of cellular processes to induce transformation and have been found in association 

with many highly aggressive brain tumors, but the subsequent effects of these proteins on 

tumor metabolism remains unclear.  JCV Large T-antigen interacts with p53, a protein 

that affects the production of ROS, the flux through glucose metabolic pathways, and the 

method of tumor energy utilization.  In addition, the impact of JC Virus on the insulin-

like growth factor receptor (IGF-IR) pathway may indicate a function for JCV on glucose 

transport and utilization in tumors.  In light of known T-antigen partners and data 

demonstrating that HIF-1α can directly activate the JCV early promoter (167), it seems 

plausible that JCV early proteins may play a role in ongoing tumor pathogenesis and not 

merely the initiation of tumorigenic events.  Through the regulation of metabolic 

signaling cascades, T-antigen may promote tumor growth and may allow aggressive 

tumor cells to adapt to cell stress signals within the tumor microenvironment, such as 

periods of hypoxia and nutrient deprivation.  Therefore, we wanted to investigate the 

effects of glucose deprivation on T-antigen expression and the impact of T-antigen on the 

metabolomic profile of brain tumor cells. 

 In order to examine the impact of glucose deprivation on T-antigen expression, 

we will expose the JCV T-antigen-expressing cell lines, BsB8 and HJC-2, as well as the 

SV40 T-Ag-expressing cell line, SVG-A, to glucose deprivation for various time points 
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and measure alterations in T-Ag expression.  We will then examine the potential 

mechanism of T-Ag downregulation through the AMPK pathway using specific 

activators and inhibitors of this pathway, and we will examine AMPK activation in both 

T-antigen-expressing and non-expressing cell lines.  The effect of T-antigen levels on cell 

cycle distribution during glucose deprivation in the context of AMPK activation will then 

be assessed.  In order to investigate the role of T-antigen on ROS production and cell 

death during glucose deprivation, we will compare T-antigen-expressing cells to non-

expressing cells and measure ROS production and cell viability during periods of glucose 

starvation.   

 Since T-antigen may impact the glycolytic phenotype, we will analyze the effects 

of glycolytic inhibition on endogenous T-antigen expression and the glycolytic signature 

in T-antigen-expressing versus non-expressing cells.  We will then investigate the effect 

of glucose deprivation on endogenous T-antigen expression in an ex vivo brain tumor 

slice culture model to determine whether T-antigen expression is regulated by glucose 

starvation in brain tumor tissue. 

Through these aims, we will assess the effects of metabolic stress signals on the 

expression and activity of two separate oncogenic proteins, AEG-1 and JCV T-antigen, in 

two separate systems.  These studies may indicate new functions for these oncogenes in 

the regulation of the tumor metabolome and the phenotypic characteristics resulting from 

this regulation.  In addition, these studies will provide useful information into pathways 

that mediate adaptation to hypoxia and glucose deprivation in the growing tumor mass 

and may indicate potential therapeutic targets that may improve patient prognosis in the 

future.   
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CHAPTER 2 

MATERIALS AND METHODS 

 

Cell Culture 

The human glioblastoma cell lines, U-87MG and T98-G, were obtained from ATCC and 

were maintained in Dulbecco's modified Eagle's medium (DMEM) containing 10% fetal 

bovine serum and 100 units/mL penicillin and 100 ug/mL streptomycin.  Primary 

glioblastoma cell cultures were created as previously described.  Briefly, fresh 

glioblastoma tissue was separated with mechanical disruption using sterile scalpels.  

After tissue dissociation, cells were subjected to further separation using cell culture 

membrane inserts and by passing cells through fire-polished Pasteur pipettes.  Cells were 

cultured in 1:1 DMEM/F12 mix (Gibco) supplemented with 10% FBS, 2 mM L-

glutamine, 2.5 µg/mL insulin, 50 µg/mL gentamycin, and 50 µg/mL amphotericin-B.  

Astrocytic lineage was verified by immunofluorescent detection of GFAP (DAKO).  The 

mouse medulloblastoma cell lines expressing T-antigen, BsB8, as well as those not 

expressing T-antigen, Bs1a and Bs1f, were previously described (180).  HJC-2  cells 

were derived from glioblastomas generated in hamsters intracerebrally inoculated with 

JCV (183).  SVG-A cells were derived from primary human fetal brain cells transfected 

with an origin-defective mutant of simian virus 40 (SV40) (184).   

 

Expression Vectors, Reagents, and Preparation of Stable Cells 

CMV-HIF-1α was a kind gift from Dr. Steve McKnight (University of Texas 

Southwestern Medical Center, Dallas).  The construction of CMV-cyclin E was described 
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previously (185).  Dr. D. E. Britt (Brown University, Providence, RI) kindly provided 

CMV-AEG-1, which was then subcloned into pcDNA6 under the CMV promoter with a 

blasticidin resistance cassette.  U-87MG cells stably overexpressing AEG-1 were 

prepared by transient transfection of these cells with pcDNA6/AEG-1 and selection of 

single cell clones using selection with 5 µg/mL blasticidin (Sigma).  AEG-1 shRNA 

lentiviral plasmids were purchased from Sigma, and lentiviral particles were produced by 

transfection of HEK293T cells with 5 µg of scrambled shRNA plasmid or AEG-1 shRNA 

plasmid and 7.5 µg of lentiviral packaging mix containing pLP1, pLP2, and pLP/VSVG.  

Lentiviral supernatants were then collected after 48 hours.  U-87MG cells with stable 

knockdown of AEG-1 were prepared by transduction of these cells with a ratio of 1:8 

lentiviral AEG-1 shRNA supernatants to normal medium.  Cells were then selected with 

1 µg/mL puromycin (Sigma).  Wortmannin (EMD Biosciences) was used at a final 

concentration of 25 µM.  N-acetylcysteine (Sigma) was used at a final concentration of 

24 mM, and pyruvate (Gibco) was used at a final concentration of 1 mM.  Fenofibrate 

(Sigma), 2-deoxy-D-glucose (Sigma), sodium oxamate (Sigma), 6-aminonicotinamide 

(Cayman Chemical), and oxythiamine (MP Biomedicals) were used at the indicated 

doses. 

 

Construction of adenoviral vector capable of expressing JCV T-antigen 

Cloning of an intronless JCV T-antigen (186) as a glutathione S-transferase (GST) fusion 

protein in the pGEX2T plasmid was described earlier (187).  Adenoviral vector 

construction was performed by Satish Deshmane using a commercially available kit from 

Microbix Inc. (Ontario, Canada).   JCV T-antigen DNA coding sequences were PCR-
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amplified, digested with EcoRI, and cloned into the EcoRI site of pDC515io, an 

adenoviral shuttle plasmid with an MCMV promoter.  Recombinant clones were 

sequenced to confirm authenticity and proper orientation.  This recombinant plasmid and 

another plasmid named pBHGfrt(del)E1,3FLP that provided an adenovirus type-5 

genomic-backbone with E1 and E3 gene deletion were further used to co-transfect  HEK 

293 IQ cells.  A recombinant adenovirus generated as a result of site-specific 

recombination was isolated, amplified, and further purified by cesium chloride density 

equilibrium banding.  The construction of Ad-Null, a control adenovirus without any 

transgene, was described earlier (188).   

 

Hypoxia Treatment and Glucose Deprivation 

To achieve hypoxia, cells were placed in a modular incubator chamber (Billups 

Rothenberg, Inc., Del Mar, CA) and flushed for 15 minutes with a gas mixture of 5% 

CO2/95% N2 at a flow rate of 3 L/minute as previously described (189).  The chamber 

was then sealed and placed at 37°C in an incubator with 7% CO2.  For serum starvation 

and glucose deprivation, cells were first washed 3 times with PBS.  For experiments 

using no serum or glucose, DMEM lacking only serum or lacking both serum and 

glucose was added to the cells.  For experiments with glucose deprivation alone, DMEM 

containing 10% dialyzed FBS with either 1 g/L glucose or no glucose was added to the 

cells.   

 

Cell Extraction and Western Blot Analysis  

Whole-cell, cytoplasmic, and nuclear protein extraction and western blot were performed 
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as previously described (190).  Antibodies used were as follows: AEG-1 antibody 

(Sigma), Phospho-Akt (Cell Signal), Akt (Cell Signal), Phospho-GSK-3β (Cell Signal), 

GSK-3β (Cell Signal), HIF-1α (BD Biosciences), lamin A/C (Cell Signal), SV40 Large 

T-antigen (Calbiochem), Phospho-AMPK (Thr172) (Cell Signal), AMPK (Cell Signal), 

cyclin B1 (Santa Cruz), Cdc2 p34 (Santa Cruz), cyclin E (Calbiochem), cyclin A (Santa 

Cruz), G6PDH (Sigma), PKM2 (Cell Signal), TALDO1 (Cell Signal), and α-tubulin 

(Sigma).  Immunoblots were developed using the appropriate secondary horseradish 

peroxidase-coupled antibodies and an enhanced chemiluminescence plus (ECL) kit (GE).    

 

ATP Measurement 

ATP measurement was performed according to the manufacturer’s instructions (Roche).  

Briefly, cells were lysed and were then incubated with a luciferase reagent, which 

converts D-luciferin, ATP, and oxygen to oxyluciferin, AMP, diphosphate, carbon 

dioxide, and light.  Luciferase values were measured on a tube luminometer (Zylux 

Corporation), and values were plotted on an ATP standard curve to obtain the 

concentration of ATP within cells.  All values were normalized to total protein levels in 

each sample, and each experiment was conducted in triplicate. 

 

Reactive Oxygen Species (ROS) Detection 

Cells were plated in chamber slides in either control media or glucose deprivation media 

as described before, washed, and then labeled with 25 µM carboxy-H2-DCFDA for 30 

minutes at 37°C according to the manufacturer’s instructions (Molecular Probes).  In the 

presence of ROS, the reduced carboxy-DCFH is converted to carboxy-DCF and 
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fluoresces green.  Cells were counterstained with Hoechst 33342 dye during the last 5 

minutes of incubation.  Cells were then mounted in warm buffer and analyzed by 

fluorescence microscopy on a Nikon Eclipse TE300 microscope with Slidebook 5 

software (Intelligent Imaging Innovations).   

 

Cell Cycle Analysis 

Floating cells in medium were collected, and remaining cells were then trypsinized and 

collected.  The cell cycle was measured using Guava Cell Cycle reagent (Guava 

Technologies).  The percentage of cells in each phase of the cell cycle was calculated 

according to the manufacturer’s instructions.  Each experiment was conducted in 

triplicate.   

 

Measurement of Cell Viability 

Floating cells in medium were collected, and remaining cells were then trypsinized and 

collected.  For trypan blue assays, approximately 400 cells were counted in 3 separate 

fields per treatment condition.  The total number of cells as well as the total number of 

non-viable cells was counted.  Each experiment was conducted in triplicate.  For flow 

cytometric evaluation of cell viability, Guava ViaCount reagent was used (Guava 

Technologies).  The total number of cells as well as the total number of viable cells was 

counted.  Each experiment was conducted in triplicate.   

 

Immunocytochemistry and Immunohistochemistry  

For immunocytochemical analysis, cells were plated in chamber slides and were then 
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treated with glucose deprivation.  Subsequently, cells were fixed in 4% formaldehyde in 

PBS for 15 minutes at room temperature.  Cells were blocked in 5% normal goat serum 

for 2 hours at room temperature before staining with the appropriate primary antibodies 

overnight at 4°C.  Cells were incubated with 1:500 dilution of the appropriate secondary 

antibody and were then mounted with Vectashield mounting medium containing DAPI 

(Vector Laboratories).  Cells were then analyzed by fluorescence microscopy on a Nikon 

Eclipse TE300 microscope with Slidebook 5 software (Intelligent Imaging Innovations).   

For immunohistochemical analysis, brains were fixed in 4% buffered formalin, 

embedded in paraffin, and sectioned at 4 µm for histological and immunohistochemical 

analysis.  Sections were deparaffinized in xylene and were rehydrated through successive 

incubations in decreasing concentrations of ethanol.  Light microscopy was then 

performed on sections stained with hematoxylin and eosin (H&E).  For 

immunohistochemical analysis, nonenzymatic antigen retrieval in citrate buffer was then 

performed for all antibodies by heating the slides to 95°C in 0.01 M citrate (pH 6.0) for 

30 min.  The sections were then rinsed in water followed by PBS and incubated in 

methanol containing 6% H2O2 for 20 minutes to quench endogenous peroxidase.  

Sections were then blocked using 5% normal goat serum and were incubated with the 

appropriate primary antibodies overnight at room temperature in a humidified chamber. 

Immunohistochemistry was then performed using the avidin–biotin–perioxidase complex 

system according to the manufacturer's instructions (Vectastain Elite ABC-Peroxidase 

Kit, Vector Laboratories).  Images were acquired on an Olympus AX70 microscope with 

cellSens Entry software (Olympus).   
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Nude Mouse Tumor Studies 

All experiments were conducted in accordance with the Temple University 

Institutional Care and Animal Use Committee (IACUC).   For intracranial tumor 

implantation, one-million HJC-2 cells were implanted intracranially into the brains of 

nude mice at the following stereotaxic coordinates relative to Bregma: -1.5P, +2.5L,         

-3.5V.  Animals were weighed twice a week to monitor changes in weight and appetite.  

Three weeks later, animals were euthanized, and brains were sectioned at 400 µm in ice-

cold sectioning buffer consisting of Gey’s balanced salt solution, 15% D-glucose, 50 

µg/mL gentamycin, and 50 µg/mL amphotericin-B.  Following sectioning, slices were 

kept in ice-cold sectioning buffer for 30 minutes.  Slices were then placed on microfilters 

(0.4 um Millicell-CM, Millipore, Inc., Bedford, MA) in 6-well plates in 1 mL/well of 

slice culture medium consisting of 25% OPTIMEM, 25% fetal bovine serum (FBS), 50% 

Hanks Balanced Salt Solution (HBSS), 50 µg/mL gentamycin, and 50 µg/mL 

amphotericin B.  After two days, slice cultures were treated with glucose deprivation or 

control medium for the indicated time points.  Subsequently, sections were snap-frozen 

for whole-cell extraction or processed for histological evaluation.   

For nude flank tumor implantation, five million U-87MG cells expressing the 

indicated lentiviral constructs were implanted bilaterally into the flanks of nude mice.  

Tumors were monitored every two days for growth and were measured using calipers.  At 

the end of the experiment, sections were snap-frozen for whole-cell extraction or 

processed for histological evaluation.   
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Statistical Analysis 

All experiments were conducted in triplicate, and results were analyzed using a two-

tailed Student’s t-test where indicated.  Results with a p-value < 0.05 were assigned 

statistical significance. 
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CHAPTER 3 

ASTROCYTE-ELEVATED GENE-1 (AEG-1) IS INDUCED BY HYPOXIA AND 

GLUCOSE DEPRIVATION AND REGULATES THE GLYCOLYTIC PROFILE 

IN GLIOBLASTOMA 

 

Introduction 

Glioblastomas continue to rank among the most lethal primary human tumors.  

Despite treatment with the most rigorous surgical interventions along with the most 

optimal chemotherapeutic and radiation regimens, the median survival is just 12-15 

months for patients with glioblastoma.  Among the histological hallmarks of 

glioblastoma, areas of hypoxia and necrosis have been demonstrated to be powerful 

predictors of poor patient prognosis.  Necrosis is induced within glioblastoma 

subpopulations by oxygen and nutrient deprivation, which result in cellular migration 

away from oxygen- and nutrient-deprived areas and necrotic death in remaining cells.  

Both hypoxia and glucose deprivation have been demonstrated to induce necrotic cell 

death in vitro (191, 192) as well as enhanced aggressiveness in tumor cell populations 

able to withstand these cell stress signals.  Over the years, there have been many 

advances in our understanding of the molecular mechanisms underlying glioblastoma 

formation, yet the mechanisms that regulate tumor metabolism and tumor necrosis remain 

unclear.   

Recent studies show that the TNF-α-inducible gene, astrocyte-elevated gene-1 

(AEG-1), is overexpressed in more than 95% of human brain tumors (74) and is involved 

in many features of oncogenesis, including increased tumor proliferation (193), invasion 
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(193), and augmentation of cellular transformation (193).  Furthermore, AEG-1 has been 

shown to be significantly upregulated and to correlate with decreased patient prognosis in 

esophageal cancer (78), breast cancer (81), prostate cancer (94), non-small cell lung 

cancer (80), and hepatocellular carcinoma (194).  Recently, AEG-1 has also been shown 

to be pro-angiogenic both in vitro and in vivo, and can also augment expression of key 

angiogenesis molecules, such as angiopoietin-1, matrix metalloprotease-2, and HIF-1α 

(193).  In addition, it was recently shown that AEG-1 expression is increased in high-

grade astrocytomas (88), which are marked by focal areas of hypoxia and necrosis.  

These studies indicate that the increased expression of AEG-1 observed in glioblastoma 

may provide these tumors with a significant growth potential and may lead to decreased 

patient survival. 

Though there are many studies that have investigated the effect of AEG-1 on 

signaling pathways, cell survival, and oncogenesis in glioblastoma (74, 75, 91, 92), there 

have not been many studies investigating regulation of endogenous AEG-1 expression.  

In light of previous studies in glioblastoma, we investigated the regulation of AEG-1 in 

glioblastoma by the physiological processes of hypoxia and glucose deprivation.  We 

found that AEG-1 is induced by hypoxia and glucose deprivation in glioblastoma cells 

and that AEG-1 regulates ROS production, the expression of glucose metabolic enzymes, 

and glucose deprivation-induced cytotoxicity, implicating AEG-1 as a pivotal mediator of 

cell survival during glucose starvation.  By better understanding the function of AEG-1 in 

glioblastoma pathogenesis, it may be possible to investigate the role of AEG-1 as a novel 

biomarker in glioblastoma and to identify therapeutic targets of the AEG-1 pathway to 

improve patient prognosis in the future. 
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Results 

Astrocyte-elevated gene-1 (AEG-1) correlates with astrocytoma grade and associates 

with necrotic blood vessels in glioblastoma 

 Given findings of AEG-1 overexpression in many types of tumors (78-80, 83, 85-

87, 89, 94), we investigated the expression of AEG-1 in low-grade versus high-grade 

astrocytomas.  Using a brain tumor tissue array, we found that there was a trend of 

increased AEG-1 expression in glioblastoma versus Grade II and Grade III astrocytoma, 

indicating that AEG-1 correlates with the grade of astrocytic tumors (Figure 7a and b).  

We also found increased expression of AEG-1 in multiple glioblastoma cell lines and 

primary mixed glioblastoma cell cultures compared to primary human fetal astrocytes 

(PHFA) (Figure 7c).  Furthermore, we identified intense expression of AEG-1 in necrotic 

blood vessels in anaplastic astrocytoma tissue (Figure 7d).  These findings may indicate 

that blood vessels upregulate AEG-1 expression in order to proliferate and deliver 

enhanced blood supply or that as these blood vessels become hypoxic, they induce AEG-

1 expression to survive periods of stress.  

 

Astrocyte-elevated gene-1 (AEG-1) is induced by hypoxia in glioblastoma 

Astrocyte-elevated gene-1 (AEG-1) is an oncogene involved in many aspects of 

tumorigenesis, including enhanced anchorage-independent growth (195), angiogenesis 

(193), protection from serum starvation-induced apoptosis (93), and downregulation of 

pro-apoptotic factors (93), and AEG-1 has also been shown to be induced by HIF-1α in  

vitro (193).  However, there have been few studies examining the regulation of 
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Figure 7  AEG-1 correlates with astrocytoma grade and is localized to necrotic 
blood vessels in glioblastoma 
A.  Staining for AEG-1 was performed in diffuse astrocytoma, anaplastic astrocytoma, 
and glioblastoma.  B.  Staining for AEG-1 was performed in a brain tumor tissue array 
and was quantified immunohistochemically.  C.  AEG-1 expression in various 
glioblastoma cell lines, T98G, U-87MG, GLI87, GLI81, and GLI812, as well as primary 
human fetal astrocytes (PHFA) and primary human adult astrocytes (PHAA).  D.  AEG-1 
staining in anaplastic astrocytoma tissue was performed as described in A.    
 

endogenous AEG-1 under various pathophysiological conditions, and the impact of 

hypoxia on AEG-1 expression remains unknown.  To investigate the effect of hypoxia on 

AEG-1 expression in glioblastoma, we exposed the glioblastoma cell line, U-87MG, as 

well as a non-established mixed primary glioblastoma cell culture, GLI87, to a 24 hour 

time-course of hypoxia.  We found that AEG-1 was significantly upregulated following 

16- and 24-hour hypoxia in U-87MG cells and following 24-hour hypoxia in GLI87 cells 
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(Figure 8a-d).  We found similar results in the T98-G and U118-MG cell lines (data not 

shown).  This upregulation appeared to occur mostly at the post-transcriptional level 

since levels of AEG-1 mRNA were unchanged under hypoxic conditions (data not 

shown).   

 

 

Figure 8  Hypoxia induces AEG-1 expression in vitro 

A. AEG-1 expression during 24-hour time-course of hypoxia in vitro.  U87MG cells were 
exposed to 8, 16, or 24 hours of hypoxia or normoxia.  Hypoxia was achieved by placing 
cells in a sealed chamber and then flushing the chamber with a mixture of 95% N2, 5% 
CO2 mixture for 15 minutes.  Cells were then placed in 37oC for the indicated time-
points, after which whole-cell extracts were collected.  HIF-1α staining was used to 
ensure that hypoxia was achieved.  B. Quantification of hypoxic induction of AEG-1.  C.  
The primary, non-established mixed glioblastoma cell culture, GLI87, was exposed to 
hypoxia or normoxia for 24 hours, and the expression of AEG-1 was assessed.  D.  
Quantification of hypoxic induction of AEG-1 in GLI87 cells.  E.  Analysis of the sub-
cellular localization of AEG-1 during hypoxia.  U87MG cells were treated with hypoxia 
or normoxia as before, and whole-cell, cytoplasmic, and nuclear extracts were collected.  
Lamin A/C expression was used to confirm nuclear extract purity.  C, control; H, 
hypoxia. 
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We also investigated the cellular localization of AEG-1 during hypoxia to determine 

whether hypoxia alters AEG-1 trafficking.  AEG-1 has been shown to be localized 

predominantly in a perinuclear distribution and associated with the ER membrane (74), 

though some groups have also found AEG-1 in the nucleus (196).  Though the nuclear 

import of AEG-1 is stimulated by TNF-α, a downstream target of hypoxia, through three 

putative nuclear localization signals (91), we found that hypoxia induces cytoplasmic 

accumulation of AEG-1 rather than increased AEG-1 nuclear import (Figure 8e).  This 

corresponded to an increase in nuclear HIF-1α, which binds to promoters containing 

hypoxia response elements (HREs) (197).  Interestingly, it has been demonstrated that 

cytoplasmic accumulation of AEG-1 is significantly associated with tumorigenic and 

metastatic disease (198).  Therefore, it appears that cytoplasmic AEG-1 may play a role 

in the response to cellular hypoxia in a potentially TNF-α-independent manner and may 

indicate poor prognosis in glioblastoma patients as well.   

 

AEG-1 upregulation during hypoxia depends on signaling through the HIF-1α pathway 

We then sought to identify some of the mediators of hypoxia-induced AEG-1 expression.  

One feature of glioblastoma associated with poor prognosis is the degree of hypoxia and 

expression levels of HIF-1α.  HIF-1α stabilization during hypoxia allows metabolic 

adaptation to low oxygen availability, partly through upregulation of VEGF and 

increased tumor angiogenesis.  HIF-1α is one of the best studied downstream effectors of 

hypoxia, and HIF-1α has been associated with necrosis in a variety of tumors.  Therefore, 

we analyzed the effect of HIF-1α on the expression of AEG-1 in U-87MG cells.  We 

found that AEG-1 is slightly upregulated at 24 hours after transfection with HIF-1α 

A. 
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(Figure 9a and b).  We then sought to determine whether HIF-1α is required for AEG-1 

upregulation by hypoxia.  We transfected U87-MG cells with HIF-1α siRNA or non-

targeting siRNA, and 24 hours later, we exposed these cells to hypoxia for 24 hours.  We 

found that HIF-1α is required for AEG-1 induction upon hypoxia, since HIF-1α siRNA 

prevented AEG-1 upregulation following hypoxia (Figure 9c).  These data indicate that 

HIF-1α may not be sufficient but is necessary for AEG-1 induction following hypoxia.  

Interestingly, though the AEG-1 promoter contains three HREs, which are HIF-1α 

binding sequences in the promoters of its target genes (197), we did not observe any 

changes in the transcriptional activity of the AEG-1 promoter by HIF-1α using luciferase 

assays (data not shown).  Since the PI3K pathway has been demonstrated to regulate 

AEG-1 expression in glioblastoma cells (88) and because inhibition of this pathway 

prevents HIF-1α stabilization during hypoxia (199), we investigated the role of the PI3K 

pathway in AEG-1 induction during hypoxia.  Incubation of U-87MG cells with a 

specific inhibitor of PI3K, wortmannin (25 uM), during hypoxia partially prevented its 

induction and completely prevented HIF-1α induction (Figure 9d).  Therefore, it may be 

possible that hypoxic induction of AEG-1 depends on either HIF-1α stabilization or 

alternative HIF-1α-independent, PI3K-dependent pathways.  

 

AEG-1 is induced by glucose deprivation in glioblastoma cells 

Since hypoxic cells utilize glucose at an increased rate through upregulation of 

membrane glucose transporters, we hypothesized that hypoxic upregulation of AEG-1 

may be mediated through alterations in glucose metabolism in glioblastoma cells.  To 

investigate this hypothesis, we treated U-87MG cells, T98G cells, and GLI87 
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Figure 9  HIF-1α is necessary but not sufficient for AEG-1 induction during hypoxia 
A. U-87MG cells were transfected with HIF-1α or empty vector for 24 hours, and the 
expression of AEG-1 was analyzed by western blot.  B. Quantification of AEG-1 
expression in A.  C.  U-87MG cells were transfected with either non-target siRNA or 
HIF-1α siRNA and after 24 hours were placed in normoxia (C) or hypoxia (H) for an 
additional 24 hours.  D.  U-87MG cells were incubated with the PI3K inhibitor, 
wortmannin (25 uM), just before 24-hour hypoxia or normoxia.  AEG-1 expression as 
well as the phosphorylated and total levels of Akt and GSK3β were evaluated.  HIF-1α 
expression was used to monitor hypoxic induction.  C, control; H, hypoxia. 
 

glioblastoma cells with medium lacking serum or with medium lacking both serum and 

glucose.  We found that AEG-1 was significantly upregulated in each of these cell types 

by glucose deprivation but not to a large extent by serum starvation (Figure 10a-c).  

These data indicate that AEG-1 expression may be influenced by shifts in energy 
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metabolism due to glucose deprivation and that AEG-1 may represent a direct or indirect 

sensor of low glucose in glioblastoma cells. 

 

 

Figure 10  AEG-1 is induced by glucose deprivation in glioblastoma cells 
A. U-87MG cells, B. T98G cells, and C. GLI87 cells were treated with DMEM 
containing 1 g/L glucose and 10% FBS or no FBS, or DMEM without FBS and without 
glucose for 8 hours.  AEG-1 expression was assessed in each cell line as well as the 
phosphorylated and total amounts of the members of the PI3K signaling pathway, Akt 
and GSK3β. 
 

AEG-1 induction during glucose deprivation impacts reactive oxygen species (ROS) 

production and resultant cellular viability 

The process of glucose deprivation has been shown to induce production of ROS, 

which can impact oncogene expression through decreased production of NADPH and a 

loss of reductive potential in the cell (200).  Therefore, we hypothesized that ROS 

production during glucose deprivation may play a role in AEG-1 induction.  Treatment of 

U-87MG cells with the thiol antioxidant, N-acetylcysteine (NAC), completely prevented 

AEG-1 upregulation by glucose deprivation (Figure 11a).  However, treatment of these 

cells with physiological levels of sodium pyruvate (1mM), which has also been shown to 

act as an intracellular scavenger of ROS (201), did not prevent AEG-1 induction.  

Pyruvate is likely a weaker anti-oxidant than NAC and thus may not reduce ROS 
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production to the same extent.  These data demonstrate that the induction of ROS during 

glucose deprivation is critical for the observed increase in AEG-1 expression, implicating 

AEG-1 as a sensor of metabolic stress.   

To examine the importance of AEG-1 expression on ROS production during 

glucose deprivation, we exposed U-87MG cells stably overexpressing AEG-1 to glucose 

deprivation for 16 hours and measured resultant ROS production.  Using these cells, we 

found that ROS production was significantly reduced as compared to wild-type or empty 

vector-transfected cells (Figure 11b).  In addition, in U-87MG cells with stable 

expression of AEG-1 shRNA mediated by lentivirus, we found increased ROS production 

by 9 hours of glucose deprivation as compared to non-transduced and lentiviral 

scrambled-transduced controls (Figure 11c).  These findings suggest that AEG-1 

induction during glucose deprivation serves to prevent ROS accumulation that would 

lead to subsequent cytotoxicity.   
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Figure 11  AEG-1 upregulation during glucose deprivation is dependent on reactive 
oxygen species production 
A.  U87-MG cells were incubated with 24 mM N-acetylcysteine (NAC), 1 mM pyruvate 
(Pyr), or were untreated and then exposed to glucose deprivation or control medium for 8 
hours.  The expression of AEG-1 was assessed in whole-cell extracts.  B.  Wild-type U-
87MG cells, or U-87MG cells stably expressing AEG-1 or empty vector were exposed to 
glucose deprivation or control medium for 16 hours, and ROS production was measured 
using the fluorescent dye, 25 µM carboxy-H2-DCFDA.  Hoechst staining was also 
performed to label nuclei.  C.  Non-transduced, lentiviral scrambled shRNA (LVshScr)-
transduced, or lentiviral AEG-1 shRNA (LVshAEG-1)-transduced U-87MG cells were 
exposed to 9 hours of glucose deprivation, and ROS production was measured as in B.   
 

We next wanted to investigate the functional significance of glucose deprivation on 

glioblastoma cell survival.  Since glucose deprivation induces rapid cytotoxicity because 

of the resulting lack of reductive capacity within the cell, we investigated the impact of 

AEG-1 modulation on glucose deprivation-induced cell death.  We found that AEG-1 

knockdown using lentiviral AEG-1 shRNA significantly increased cytotoxicity as 

compared to non-transduced and scrambled shRNA-transduced cells (Figure 12a-c).  In 

addition, we found that U-87MG cells stably overexpressing AEG-1 exhibited 

significantly less glucose deprivation-mediated cytotoxicity than empty vector-

transfected or wild-type cells (Figure 12d-f).  These findings suggest that AEG-1 

induction during glucose deprivation may be protective against rapid cell death and may 

select for highly resistant glioblastoma cells that are able to withstand various cellular 

stressors. 

 

AEG-1 regulates the expression of glycolytic enzymes in glioblastoma cells 

 Since AEG-1 is induced by hypoxia and glucose deprivation and regulates cell 

survival during glucose deprivation, we wanted to investigate the effects of AEG-1 on the 

glycolytic phenotype of glioblastoma cells.  AEG-1 overexpression in U-87MG cells 
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resulted in enhanced phosphorylation of AMPK and elevation of the transaldolase-1 

(TALDO1) enzyme (Figure 13a).  Similar findings were observed with AEG-1 

overexpression in the mixed primary glioblastoma cell culture, GLI87, which also 

exhibited overexpression of the M2 isoform of pyruvate kinase (PKM2) (Figure 13b).  

When U-87MG cells were exposed to glucose deprivation, AEG-1 overexpression 

prevented further AMPK phosphorylation (Figure 13c) but also increased levels of the 

M2 isoform of pyruvate kinase (PKM2).  Similar results were obtained in GLI87 cells, 

which also exhibited sustained PKM2 and TALDO1 overexpression with AEG-1 during 

glucose deprivation (Figure 13d).  These findings suggest that AEG-1 may trigger 

enhanced glycolytic and potentially pentose phosphate flux through TALDO1 induction 
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Figure 12  AEG-1 overexpression prevents glucose deprivation-induced cytotoxicity   
A.  Non-transduced U-87MG cells or U-87MG cells stably expressing either lentiviral 
scrambled shRNA (LVshScr) or lentiviral AEG-1 shRNA (LVshAEG-1) were exposed to 
glucose deprivation for 16 hours and were then counted by trypan blue exclusion assay.  
The total number of cells as well as the number of non-viable cells were counted in each 
field.  400 cells were counted in 3 separate fields per plate, and each experiment was 
conducted in triplicate.  Values are presented as the number of viable cells divided by the 
total number of cells for each field.  Asterisks indicate statistically significant differences 
where indicated (p < 0.05).  B.  Phase-contrast images of non-transduced, LVshScr-
transduced, and LVshAEG-1-transduced U-87MG cells exposed to glucose deprivation in 
A.  C.  Western blot for AEG-1 expression in non-transduced, LVshScr-transduced, and 
LV-shAEG-1-transduced U-87MG cells.  D.  Wild-type U-87MG cells or U-87MG cells 
stably expressing either AEG-1 or empty vector were exposed to glucose deprivation for 
10 hours and were then counted by trypan blue exclusion assay as in A.  E.  Phase-
contrast images of wild-type, empty vector-expressing, and AEG-1-expressing U-87MG 
cells exposed to glucose deprivation in D.  F.  Western blot of AEG-1 expression in wild-
type, empty vector-expressing, and AEG-1-overexpressing U-87MG cells.   
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to provide cells with sufficient nucleotide precursors for continued proliferation.  In 

addition, by preventing further AMPK phosphorylation during glucose deprivation, 

AEG-1 may lower the effects of cell stress in order to maintain a homeostatic 

environment for tumor growth and survival.     

 

AMPK inhibition modulates the AEG-1-induced glycolytic profile in glioblastoma cells 

 Since glucose deprivation and AEG-1 overexpression both induce 

phosphorylation of AMPK, a positive regulator of the AMPK pathway, we wanted to 

investigate the role of the AMPK pathway in the AEG-1-induced glycolytic profile.  For 
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Figure 13  AEG-1 regulates the expression of glycolytic enzymes in glioblastoma 
U-87MG cells (A) or GLI87 cells (B) were transfected with AEG-1 or empty vector or 
were transduced with lentivirus expressing either scrambled shRNA or AEG-1 shRNA 
and were harvested 48 hours later for western blot analysis.  U-87MG cells (C) or GLI87 
cells (D) were transfected with AEG-1 or empty vector, and 24 hours later, they were 
placed in glucose deprivation or control media for 8 hours before harvesting whole-cell 
lysates for western blot.  C, control; GD, glucose deprivation. 
 

these studies, we used the reversible ATP-competitive inhibitor of the AMPK pathway, 

Compound C, or AICAR, which activates AMPK by mimicking AMP in the cell.  We 

applied these chemicals to U-87MG cells transfected with AEG-1 or empty vector under 

control or glucose deprivation conditions.  We found elevated AMPK phosphorylation 

with AEG-1 overexpression, but in the presence of Compound C, AMPK 

phosphorylation was similar among AEG-1- and empty vector-transfected controls. 

(Figure 14a).  We also found slight elevation of PKM2 expression with AEG-1 

overexpression, but these effects were abrogated in the presence of Compound C.  Using 

AICAR, we found elevated AMPK phosphorylation, which was further enhanced in the 

presence of AEG-1 (Figure 14b).  Furthermore, AEG-1 and AICAR both induced 

TALDO1 expression.  Based on these data, AEG-1 and AMPK may be interconnected 

pathways that together drive tumor metabolism and the increased demand for cellular 

energy production.  In response to metabolic stressors, AEG-1 and AMPK both seem to 

promote the expression of glycolytic enzymes, and therefore, they may synergize in 

regulating the survival of glioblastoma cells from stress within the tumor 

microenvironment.   
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Figure 14  Modulation of the AMPK pathway alters AEG-1 induction of glycolytic 
enzymes 
A.  U-87MG cells were transfected with AEG-1 or empty vector, and 48 hours later, cells 
were treated with 2.5 uM Compound C or vehicle under control or glucose deprivation 
conditions for 10 hours.  Western blot analysis was then performed on whole-cell 
extracts.  B.  U-87MG cells were transfected with AEG-1 or empty vector, and 24 hours 
later, cells were treated with 2 mM AICAR (A) for an additional 24 hours before whole-
cell extracts were harvested for western blot analysis.  C, control; GD, glucose 
deprivation. 
 

Glycolytic inhibition modulates the AEG-1-induced glycolytic profile in glioblastoma 

cells 

 Since glycolytic inhibition is used as a therapeutic treatment strategy for 

glioblastoma and given the chemoresistant phenotype produced by AEG-1 

overexpression, we wanted to investigate the effect of glycolytic inhibition on AEG-1 

expression and the metabolomic profile in glioblastoma cells.  We first used the 

glycolytic inhibitor, 2-deoxyglucose (2-DG), which inhibits the function of glucose after 

initial phosphorylation by hexokinase.  We also utilized oxamate, which inhibits the 

conversion of pyruvate to lactate by lactate dehydrogenase (LDH).  In addition, we used 

the inhibitor of the non-oxidative branch of the pentose phosphate pathway, oxythiamine 
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(OT).  We found that treatment with 2-DG resulted in elevations in the expression of 

AEG-1 and produced synergistic phosphorylation of AMPK with AEG-1 (Figure 15a).  

On the other hand, AEG-1 elevated AMPK phosphorylation but not to the same extent as 

oxamate alone (Figure 15b).  Like 2-DG, oxythiamine resulted in synergistic AMPK 

phosphorylation with AEG-1 (Figure 15c).  These studies indicate that the metabolic 

effects induced by AEG-1 may not be influenced by some glycolytic inhibitors (such as 

2-DG and OT) but may be targeted by others, such as oxamate, which seems to inhibit 

further AEG-1-mediated AMPK phosphorylation.  Therefore, the pathway by which 

AEG-1-enhances AMPK activation may be sensitive to anti-metabolic therapies that 

induce glycolytic inhibition.   

 

 

 
Figure 15  Glycolytic inhibition modulates the AEG-1-mediated glycolytic profile 
U-87MG cells were transfected with AEG-1 or empty vector, and 24 hours later, they 
were treated with 2.5 mM 2-deoxyglucose (2-DG) (A), 25 mM oxamate (Ox) (B), 100 



 

 59 

µM oxythiamine (OT) (C), or 100 µM 6-aminonicotinamide (6-AN) (D) for an additional 
24 hours.  AEG-1 expression and the expression of glycolytic enzymes were measured by 
western blot.  C, vehicle control. 
 

AEG-1 is overexpressed in areas surrounding cell death 

 In order to examine the localization of AEG-1 expression in relation to hypoxic 

and necrotic cell death in glioblastoma, we implanted U-87MG cells into the flanks of 

nude mice and observed tumor size just until signs of ulceration were externally visible.  

We then performed immunohistochemical analysis on tumor tissue.  In the resulting 

tumor tissue, we found many pockets of cell death that stained positive for single-

stranded DNA (ssDNA), a marker of cell death (Figure 16) (202).  Interestingly, we 

identified AEG-1 overexpression in ring-like distributions surrounding these regions of 

cell death, indicating that AEG-1 may promote survival and migration away from these 

areas.  This AEG-1 expression correlated with HIF-1α expression, indicating potential 

interaction between these pathways.  In addition, areas of cell death were relatively 

devoid of glycolytic enzyme expression, whereas AEG-1-positive regions exhibited 

strong staining of glycolytic enzymes.  Though these areas of cell death may have lost 

expression of many cellular markers due to late-stage cytotoxicity and protein 

degradation, it is also conceivable that AEG-1 may correlate with the expression of both 

hypoxic and glycolytic markers, thereby assuring survival and growth of remaining tumor 

cells.  In this way, it is possible that AEG-1 may induce metabolic adaptation in response 

to metabolic stressors within the tumor microenvironment and may assist in migration 

away from these cytotoxic stimuli.  
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Figure 16  AEG-1 is localized around areas of cell death in glioblastoma 
subcutaneous xenografts 
U-87MG cells were implanted into the flanks of nude mice and were allowed to grow 
until external ulceration was visible.  Subsequently, tissues were sectioned and 
immunohistochemical analysis was performed.  AEG-1, astrocyte-elevated gene-1; 
GFAP, glial fibrillary acidic protein; HIF-1α, hypoxia-inducible factor-1α; VEGF, 
vascular endothelial growth factor; G6PDH, glucose 6-phosphate dehydrogenase; PKM2, 
pyruvate kinase M2; ssDNA, single-stranded DNA.  (40X objective).   
 

AEG-1 knockdown reduces glioblastoma growth in nude mice and alters the metabolic 

phenotype of the xenograft 

 Given findings of AEG-1 overexpression in glioblastoma, we wanted to 

determine whether AEG-1 downregulation impacts glioblastoma growth and metabolism.  

To study the role of AEG-1 in glioblastoma pathogenesis, we used wild-type U-87MG 

cells or U-87MG cells stably transduced with lentivirus expressing scrambled or AEG-1 

shRNA in a glioblastoma xenograft model in nude mice.  Resulting glioblastoma 

xenografts were analyzed for their size as well as their glycolytic enzyme expression 

profile by western blot and immunohistochemistry.  We found that tumors with AEG-1 

knockdown were significantly smaller than wild-type or scrambled-transduced controls 

(Figure 17a).  In addition, we found increased AMPK phosphorylation, increased G6PDH 

expression, and increased PKM2 expression by western blot in U-87MG xenografts with 

stable AEG-1 knockdown (Figure 17B).  AEG-1 downregulation was observed in tumor 

tissue expressing AEG-1 shRNA, but changes in G6PDH and PKM2 were not 

appreciable by this technique (Figure 17c).  Interestingly, we observed decreased GFAP 

expression in AEG-1-silenced xenografts (Figure 17c).  These findings indicate that 

while these tumors were of smaller size, they maintained glycolytic enzyme expression 

and potentially produced more pyruvate than control cells.  In addition, the finding of 
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elevated AMPK phosphorylation may indicate that these xenograft tumor masses were 

attempting to bypass AEG-1 knockdown and produce enough energy to maintain tumor 

proliferation.  This same increase in AMPK phosphorylation was also evident with AEG-

1 downregulation in vitro.  In this sense, there may be compensation by the AMPK 

signaling pathway that may potentially bypass reductions in oncogene expression.  

Alternatively, in vitro and in vivo conditions are distinct, and other cells present in tumor 

tissue, such as AEG-1-expressing endothelial cells, may alter AMPK activation in tumor 

cells.  Given our findings of reduced AMPK phosphorylation with AEG-1 overexpression 

during glucose deprivation, cells expressing AEG-1 shRNA may be less proficient at 

metabolic adaptation during glucose deprivation.  This metabolic rigidity may render 

these cells less likely to upregulate pro-angiogenic and pro-survival signaling, with 

resultant increased vulnerability to metabolic stressors within the tumor 

microenvironment.   

 

Discussion 

The oncogenic role of AEG-1 has been indicated by its activation of NFκB signaling 
(91), upregulation through the Ha-Ras pathway in an Akt-dependent manner (92), and 
activation of angiogenesis (193).  On a functional level, AEG-1 has been shown to 
mediate cell survival under serum starvation conditions (93), prevent chemo-sensitivity to 
chemotherapeutic agents (96), and induce migration, anchorage-independent growth, and 
tumor formation in nude mice (193) .  We now show that hypoxia, another process 
associated with tumorigenesis and malignant transformation, leads to AEG-1 induction in 
glioblastoma cells.  Our data demonstrate that hypoxia induces enhanced AEG-1 
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Figure 17  AEG-1 knockdown reduces the growth of glioblastoma xenografts and 
alters the glycolytic phenotype of resulting tumor masses 
A.  5 x 106 U-87MG cells with stable expression of lentiviral scrambled shRNA 
(LVshScr) or AEG-1 shRNA (LVshAEG-1) were implanted bilaterally into the flanks of 
nude mice, and the tumor diameter was measured over time.  B.  Western blot analysis of 
whole tissue lysates obtained from the resulting LVshScr or LVshAEG-1 tumor masses.  
C.  Immunohistochemical analysis of AEG-1, GFAP, and glycolytic enzyme expression 
in tissue resulting from LVshScr or LVshAEG-1 tumor masses.  (n = 6 tumors/group).   
 

expression in glioblastoma cells, a process that is dependent on HIF-1α stabilization.   

Furthermore, since tumoral hypoxia leads to rapid utilization of glucose stores, we show 

that glucose deprivation likewise leads to AEG-1 induction.  Therefore, in our model, 

AEG-1 induction in glioblastoma likely occurs through coordinated control by hypoxia-

regulated gene expression as well as by key intermediates in glucose metabolism during 

periods of glucose starvation.  Since AEG-1 was recently shown to induce HIF-1α as well 

as Tie2 and VEGF (193), it is likely that AEG-1 overexpression can further enhance the 

effects of hypoxia in glioblastoma cells, thereby creating a positive feedback loop.  As a 

result, AEG-1 expression may allow survival and continued cell growth in the midst of 

diminishing oxygen, nutrient, and energy supplies, processes which would render cells 

without AEG-1 overexpression more susceptible to oxygen- and nutrient deprivation- 

mediated cell death. 

Critical to the physiological process of hypoxia is stabilization of HIF-1α.  During 

hypoxia, HIF-1α is stabilized and translocates to the nucleus.  Within the nucleus, HIF-1α 

binds to hypoxia response elements (HREs) in the promoters of target genes and 

promotes enhanced tumor growth, angiogenesis, migration, and alterations in energy 

metabolism.  Our findings showing that HIF-1α activity is crucial for AEG-1 induction 

during hypoxia place HIF-1α at the center of this pathway.  Previous studies have shown 
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that knockdown of HIF-1α prevents migration of glioblastoma cells (203).  Therefore, the 

association of AEG-1 with enhanced migration and invasion may be due to upregulation 

by HIF-1α.  As a result, this pathway of AEG-1 induction may be a pivotal mediator of 

the aggressive phenotype of glioblastoma and could represent a strong therapeutic target 

as well.  The central role of phosphatidylinositol 3-kinase (PI3K) in AEG-1 induction 

during hypoxia lends further support to the importance of this pathway in the regulation 

of AEG-1 expression.   This pathway has been shown to be involved in AEG-1-mediated 

survival pathways (93) as well as the transformed phenotype (75).  Studies demonstrating 

that PI3K activity is essential for HIF-1α stabilization also suggest that in our studies, 

either PI3K independently stabilizes AEG-1 during hypoxia or PI3K-dependent 

stabilization of HIF-1α is critical for AEG-1 induction.  Nonetheless, PI3K appears to be 

a key mediator of AEG-1 induction during hypoxia and supports previous suggestions 

that targeting this pathway may help to reduce AEG-1 activation in glioblastoma as well.  

However, during glucose deprivation, it is likely that there are pathways other than the 

PI3K signaling pathway involved in the regulation of AEG-1.  During glucose 

deprivation, we observed AEG-1 induction as well as enhanced phosphorylation of 

GSK3β, a process that would shift glucose away from glycogen formation and towards 

immediate utilization.  The loss of phosphorylated Akt during this process indicates that 

this pathway may be independent of PI3K and may likely involve other upstream 

activators of GSK3β, perhaps intermediates in anaerobic glycolysis.  Since we also 

observed ROS-dependent induction of AEG-1 upon glucose deprivation, it is also likely 

that there are other enzymes that can regulate AEG-1 activity, such as those involved in 

ROS neutralization and mitochondrial functioning.   
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The functional significance of AEG-1 activation during glucose deprivation may 

be that this pathway is necessary for cells to survive periods of glucose withdrawal.  To 

support this possibility, we have found that knockdown of AEG-1 potentiates whereas 

overexpression reduces cytotoxicity induced by glucose depletion.  Therefore, it is likely 

that AEG-1 induction may serve several purposes.  For example, AEG-1 may simply 

activate growth signaling pathways that serve to resist glucose deprivation-mediated 

shutdown.  Alternatively, in light of the connection of AEG-1 with apoptosis resistance 

(204), AEG-1 may prevent the induction of apoptosis that may be activated during 

glucose depletion.  However, AEG-1 may itself alter the way that tumor cells utilize 

glucose and may even possess anti-oxidant activity or interact directly with anti-oxidant 

molecules.  Interestingly, in its initial characterization, AEG-1 was shown to be 

associated with the endoplasmic reticulum (ER) membrane (74), the location of many 

glycolytic enzymes, including the glucose-6-phosphate transporter (G6PT),  Because 

G6PT has been shown to regulate glioblastoma cell survival and to function as a 

bioswitch between apoptosis and necrosis (205), it is possible that AEG-1 may interact 

with or regulate such an enzyme during hypoxia and glucose deprivation.  This 

modulation may be important in a variety of tumor-associated processes, such as the 

switch from aerobic to anaerobic metabolism or the tumoral demand for increased 

NADPH production through activation of the pentose phosphate shunt pathway.  Our 

findings of elevated AMPK phosphorylation by AEG-1 that is accentuated during periods 

of glucose starvation lends further support to the idea that AEG-1 may act as a sensor of 

metabolic stress and that reducing AEG-1 expression may render these cells more 

vulnerable to this type of stress.  
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Given findings of AEG-1 overexpression in highly malignant glioblastoma 

samples and in many other tumor types, AEG-1 may serve as a poor prognostic indicator 

in glioblastoma.  In addition, AEG-1 induction by hypoxia in a HIF-1α-dependent 

manner and by glucose deprivation in vitro suggests that tumoral hypoxia, increased HIF-

1α expression, and nutrient deprivation within developing areas of necrosis may lead to 

AEG-1 induction and tumor progression.  This process could also occur through AEG-1-

mediated downregulation of EAAT2 transcription and resultant pro-necrotic glutamate 

excitotoxicity, which may select for highly resistant cell subpopulations able to withstand 

stress signals within the local tumor microenvironment (206).  By better understanding 

the mechanism of AEG-1 induction by hypoxia and glucose deprivation and the 

biological significance of this AEG-1 upregulation, it may be possible to conduct high-

throughput chemical screens for small molecule inhibitors of the AEG-1 pathway to 

improve the overall prognosis of patients diagnosed with glioblastoma. 
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CHAPTER 4 

JCV T-ANTIGEN IS DOWNREGULATED BY GLUCOSE DEPRIVATION AND 

REGULATES GLYCOLYSIS IN GLIOBLASTOMA 

 

Introduction 

JC Virus (JCV) is the causative agent of the fatal demyelinating disease, 

progressive multifocal leukoencephalopathy (PML), and has also associated with the 

development of multiple tumors of the central nervous system, including astrocytomas, 

glioblastomas, neuroblastomas, and medulloblastomas (179, 180, 207).  These tumors 

can be marked by highly aggressive courses, with five-year survivals ranging from 50% 

in less aggressive forms to just 4% for patients with glioblastoma (Central Brain Tumor 

Registry of the United States, CBTRUS).  Though there are many ongoing studies 

involved in the discovery of genetic factors underlying malignant tumorigenesis, 

especially pathways involved in cell survival and angiogenesis, there has been relatively 

limited research pertaining to the role of oncogenic viruses in the progression of solid 

tumors.   

One of the key viral regulatory proteins of JCV, large T-antigen, has been shown 

to be associated with human brain tumor formation.  For example, JCV T-antigen protein 

expression can be detected in as many as 50% of human brain tumors (173, 174).  

Additionally, some studies demonstrate the presence of T-antigen DNA in as many as 

70% of human brain tumors (174).  Furthermore, JCV T-antigen-mediated transformation 

is known to occur in cells of neural origin, further implicating this oncogene in the 

pathogenesis of malignant brain tumors.  On a molecular level, cells expressing large T-
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antigen exhibit properties of immortalization, such as morphological changes, rapid 

doubling time, anchorage-independent growth, and production of flank tumors in nude 

mice (208).  Moreover, JCV T-antigen has been shown to deregulate cell cycle 

machinery through binding and inactivation of the tumor suppressors, p53 and pRb (165, 

209, 210), and can augment expression of c-myc through β-catenin and LEF-1 (211).  

Though these studies have provided useful insight into the transforming abilities of T-

antigen, there have been few studies examining the regulation of endogenous T-antigen 

expression in brain tumors and the effect of tumoral physiological processes on this 

expression.  Moreover, there have not been any studies examining the effect of T-antigen 

on glycolysis or metabolic pathways utilized during tumor pathogenesis.   

Glucose metabolism regulates the growth of many solid tumors, and the widely 

known observation that tumor cells exhibit much-enhanced glycolytic rates to satisfy the 

need for increased ATP demand, known as the Warburg effect (20), underlies much of a 

tumor’s growth potential.  Tumor cells also utilize glucose at an increased rate to 

maintain reducing equivalents of the reduced form of nicotinamide adenine dinucleotide 

(NADPH) and to limit the production of reactive oxygen species (ROS).  As a result of 

enhanced dependence on glycolysis for growth, tumor cells also utilize large amounts of 

glucose to produce energy and to maintain nucleotide stores.  In this way, the Warburg 

effect can induce a relatively low glucose state in the tumor microenvironment that 

necessitates the recruitment of vasculature and enhanced uptake of oxygen and nutrients.  

In order to study the interaction between T-antigen and glucose metabolism, we chose to 

investigate the effect of glucose deprivation on T-antigen expression and cell cycle 

regulatory and metabolic control mediated by T-antigen under these conditions.  In this 
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study, we have found that T-antigen is downregulated under conditions of glucose 

deprivation in various cell lines endogenously expressing JCV T-antigen and that T-

antigen interacts with the 5’-adenosine monophosphate (AMP)-activated protein kinase 

(AMPK) pathway and exerts control over cell cycle and glucose metabolic pathways.  

These findings expand our current knowledge regarding mechanisms of T-antigen 

transformation and implicate this oncogene in metabolic pathways underlying 

tumorigenesis.  

 

Results 

JCV T-antigen is downregulated by glucose deprivation in T-antigen-expressing cells 

JC Virus Large T-antigen is a potent oncogene that has been shown to regulate 

many key pathways involved in tumorigenesis, including the β-catenin, p53/pRb, and 

IRS-1 pathways.  However, there have been few studies examining the regulation of 

endogenous T-antigen under various pathophysiological conditions, and the relationship 

of T-antigen with tumor metabolism remains unknown.  Since tumor cells utilize glucose 

at an increased rate to maintain reducing stores of NADPH, we chose to study how low 

glucose affects the expression status of T-antigen.  To investigate the effect of glucose 

deprivation on T-antigen expression, we used the mouse medulloblastoma cell line, 

BsB8, which was isolated from medulloblastoma tumors induced in transgenic mice that 

express the JCV early region.  BsB8 cells express JCV T-antigen under the control of the 

JCV early promoter and maintain their tumorigenic capacity in vitro and in vivo.  Using 

both western blot and immunocytochemistry for T-antigen, we found that glucose 

deprivation significantly downregulated T-antigen protein expression in these cells after 
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24-hour treatment (Figure 18a, b, and g).  We found similar results in HJC-2 cells (Figure 

18c, d, and g) and SVG-A cells (Figure 18e and g).  SVG-A cells are SV40-transformed 

glial cells that express SV40 T-antigen under the control of the CMV promoter, 

suggesting that downregulation of T-antigen may occur at the post-transcriptional level.  

To reinforce these findings, we also observed downregulation of exogenous JCV T-

antigen by glucose deprivation in U-87MG cells transduced with an adenovirus 

expressing JCV T-antigen (Figure 18f and g) under the control of the CMV promoter.  

Furthermore, this glucose deprivation-mediated T-antigen downregulation was able to be 

rescued by placing these cells into normal glucose-containing medium (1 g/L glucose) for 

an additional 24 or 48 hours (Figure 18h and i).  In BsB8 cells, transcriptional studies 

using luciferase assays demonstrated an approximately 2-fold decrease in the activity of 

the JCV early promoter that controls T-antigen expression (data not shown).  Therefore, 

it appears that the decrease in T-antigen protein expression during glucose deprivation is 

a result of post-transcriptional or post-translational processing.  These results indicate that 

T-antigen expression may be regulated by pathways involved in glucose metabolism 

under various stress conditions.   

 

AMPK activation mediates T-antigen downregulation, and T-antigen suppresses AMPK 

activation during glucose deprivation 

Since it is known that glucose deprivation leads to an increase in the 

[AMP]/[ATP] ratio and subsequent activation of AMP-activated protein kinase (AMPK) 

(212), which activates downstream AMPK effectors, we investigated the involvement of 

this pathway in glucose deprivation-mediated T-antigen downregulation.  We first 
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Figure 18  JCV T-antigen is downregulated by glucose deprivation in vitro 
Endogenous JCV T-antigen expression was monitored in the cell lines, BsB8 (A and B) 
and HJC-2 (C and D), after 24-hour glucose deprivation by both western blot and 
immunocytochemical detection of T-antigen.   SVG-A cells expressing SV-40 T-antigen 
(E) as well as U-87MG cells transduced with adenovirus expressing T-antigen (F) were 
exposed to glucose deprivation for 24 hours, and T-antigen expression was measured by 
western blot.  G.  Expression of T-antigen during conditions of glucose deprivation in the 
above cell lines was quantified.  H.  BsB8 cells were exposed to glucose deprivation for 
24 hours and were then exposed to a subsequent time-course of control medium, after 
which T-antigen expression was measured by western blot (H) and immunocytochemistry 
(I).  C, control; GD, glucose deprivation. 
 

demonstrated that BsB8 cells exhibit a decreased level of ATP during glucose deprivation 

(Figure 19a).  We found that treatment of BsB8 cells with an activator of AMPK, 

AICAR, resulted in significant T-antigen downregulation (Figure 19b and c).  

Additionally, treatment of these cells with fenofibrate, a peroxisome proliferator-
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activated receptor (PPAR)α agonist that also activates the AMPK pathway, resulted in T-

antigen downregulation (Figure 19d).  Furthermore, we demonstrated that treatment with 

a specific AMPK inhibitor, Compound C, resulted in rescue of T-antigen expression 

under glucose deprivation conditions (Figure 19e and f).  These data demonstrate that 

AMPK activation is required for T-antigen downregulation during periods of low glucose 

and that activation of AMPK is sufficient to induce downregulation of T-antigen 

expression.  Since it has been shown that SV40 T-antigen can induce AMPK activation 

during periods of glucose starvation (182), we also wanted to investigate the role of JCV 

T-antigen in glucose deprivation-induced AMPK activity.  For these studies, we used 

BsB8 cells as well as the clones, Bs1a and Bs1f, which were derived from the same 

original medulloblastoma tumor tissue but which do not express T-antigen.  Though Bs1a 

and Bs1f cells are not identical to BsB8 cells with respect to the extent of their 

tumorigenic activity, they provide a useful model to study the impact of T-antigen 

expression on the metabolic phenotype as well as potential reasons for the lack of T-

antigen expression in these cells.  We found less phosphorylation of AMPK in BsB8 cells 

as compared to Bs1a or Bs1f cells, indicating that T-antigen can suppress activation of 

AMPK under periods of glucose deprivation (Figure 19g).  We also confirmed 

downregulation of T-antigen during glucose deprivation by transducing U-87MG cells 

with an adenovirus expressing either T-antigen or a Null construct.  Similarly to T-

antigen-endogenously expressing cells, U-87MG cells expressing T-antigen exhibited 

less AMPK phosphorylation during glucose deprivation than Null- or non-transduced 

controls (Figure 19h).  Together, these findings indicate a potential negative feedback 
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loop between JCV T-antigen and AMPK activation, a pathway that may regulate 

metabolic utilization of glucose in T-antigen-positive tumors. 

 

 

Figure 19  T-antigen and AMPK exhibit reciprocal repression during glucose 
deprivation 
A.  BsB8 cells were treated with glucose deprivation for 24 hours, and ATP levels were 
quantified.  Results are presented as the concentration of ATP and are normalized to the 
total protein content of each sample.  The experiment was conducted in triplicate.  B. 
BsB8 cells were treated with the indicated doses of the AMPK activating agent, AICAR, 
for 24 hours, and T-antigen expression was measured by western blot.  C.  Quantification 
of T-antigen expression in B.  D.  BsB8 cells were treated with fenofibrate at the 
indicated doses for 24 hours, and T-antigen and phosphorylated AMPK levels were 
determined by western blot.  E.  BsB8 cells were treated with various doses of the 
inhibitor of AMPK activation, Compound C, or DMSO, under conditions of glucose 
deprivation for 24 hours, and T-antigen expression was measured by western blot.  F.  
Quantification of T-antigen expression in E.  G.  Bs1a, Bs1f, and BsB8 cells were 
exposed to glucose deprivation for 24 hours, and T-antigen expression and AMPK 
phosphorylation were measured by western blot.  H.  U-87MG cells that were transduced 



 

 75 

with adenovirus expressing T-antigen, Null, or were non-transduced were exposed to 
glucose deprivation for 24 hours, and T-antigen and phosphorylated AMPK levels were 
measured by western blot.  C, control; GD, glucose deprivation. 
 

AMPK activation induces G1 and G2 cell cycle arrest and reduced cyclin expression, 

which modulates cell cycle phase-regulated T-antigen expression 

The link between AMPK activation and cell cycle regulation has been 

investigated in many studies involving tumor pathogenesis (213, 214).  Specifically, it 

has been demonstrated that AMPK activation results in decreased levels of cyclin A, 

cyclin B1, and cyclin E, but these changes may depend on the particular method of 

activation (215, 216).  During glucose deprivation, we found that BsB8 cells exhibit 

downregulation of cyclin B1, cyclin E, cyclin A, Cdk1, and Cdk2 (Figure 20a).  AMPK 

activation using AICAR alone was able to mimic the effects of glucose deprivation on 

cyclin regulation as well, with similar downregulation of cyclin B1 and Cdk1 (Figure 

20b).  Interestingly, AMPK inhibition during glucose deprivation using Compound C, 

which prevented T-antigen downregulation, also prevented loss of cyclin expression and 

caused BsB8 cells to maintain their normal morphological phenotype (Figure 20c and d).  

This cyclin regulation also led to concomitant alterations in cell cycle phase control.  

Whereas glucose-deprived cells exhibited arrest in the G1 phase and less G2 

accumulation, AMPK inhibition prevented G1 arrest and caused increased G2 

accumulation, which was associated with T-antigen rescue (Figure 20e).  Previous studies 

have noted that JCV tends to preferentially arrest cells in the G2 phase of the cell cycle in 

order to replicate (217), so AMPK inhibition-mediated T-antigen rescue during glucose 

deprivation would enhance T-antigen signaling to proliferate under cell stress conditions 

in the tumor microenvironment.  BsB8 cells transfected with cyclin E, which acts as an 
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inducer of G1 arrest, caused T-antigen downregulation, indicating that conditions that 

favor G1 arrest result in reduction in T-antigen expression (Figure 20f). 

 

 

Figure 20  T-antigen downregulation during glucose deprivation is associated with 
AMPK-mediated cell cycle control 
A. BsB8 cells were exposed to glucose deprivation for 24 hours, and the expression of T-
antigen levels and cell cycle regulators was monitored by western blot.  B.  BsB8 cells 
were exposed to the indicated doses of AICAR, and the expression of T-antigen and cell 
cycle regulators was measured by western blot.  C.  BsB8 cells were treated with 5 uM 
Compound C (CC) or DMSO (D) and exposed to glucose deprivation for 24 hours, and 
the expression of cell cycle regulators was monitored by western blot.  D.  Phase-contrast 
images of cells from C.  E.  Cell cycle analysis using Guava cell cycle reagent was 
performed in cells from C.  F.  BsB8 cells were transfected with CMV-cyclin E, and T-
antigen expression was monitored by western blot.  C, control; GD, glucose deprivation.  
 

 

 



 

 77 

T-antigen induces expression of cyclin B1 and leads to enhanced G2 accumulation 

 Because T-antigen is downregulated by glucose deprivation, which has been 

shown to induce G1 arrest, we wanted to determine the effect of T-antigen on cyclin 

expression and the functional consequences on cell cycle distribution.  For these studies, 

we used the T-antigen-expressing BsB8 cells and the T-antigen non-expressing cells, 

Bs1a and Bs1f, described above.  When we compared the cell cycle expression profile of 

these cells under glucose deprivation, we found that BsB8 cells expressed higher levels of 

cyclin B1 and cyclin A relative to Bs1a and Bs1f cells (Figure 21a).  Furthermore, when 

we compared the cell cycle distribution of these cells under glucose deprivation, we 

found that BsB8 cells were significantly more resistant to G1 arrest and exhibited 

significantly higher percentages of cells in the G2 phase than Bs1a and Bs1f cells (Figure 

21b).  These findings indicate that T-antigen maintains cells in the G2 phase of the cell 

cycle, even in the midst of G1-arresting cell stress signals. 

 

Figure 21  T-antigen prevents G1 arrest and preferentially arrests cells in the G2 
phase in glucose-deprived cells  
A.  Bs1a, Bs1f, and BsB8 cells were treated with glucose deprivation or control medium 
for 16 hours and were subsequently processed for whole-cell protein extraction for 
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western blot analysis of cell cycle regulatory proteins.  B.  Identical samples from A. 
were processed for cell cycle analysis using Guava cell cycle reagent.  (* = control 
compared to GD, p<0.05; ** = BsB8 compared to Bs1a and Bs1f cells, p<0.05).  C, 
control; GD, glucose deprivation. 
 

T-antigen reduces ROS accumulation, prevents decreased ATP levels, and prevents 

cytotoxicity during glucose deprivation 

It is known that glucose deprivation induces production of reactive oxygen 

species (ROS) through decreased production of NADPH, the reduced form of 

nicotinamide adenine dinucleotide phosphate (NADP+), and a loss of reductive potential 

in the cell (200).  Therefore, we hypothesized that ROS production during glucose 

deprivation may play a role in T-antigen downregulation.  Treatment of BsB8 cells with 

the thiol antioxidant, N-acetylcysteine (NAC), completely prevented T-antigen 

downregulation by glucose deprivation (Figure 22a).  However, treatment of these cells 

with pyruvate, a weaker anti-oxidant than NAC which has also been shown to act as an 

intracellular scavenger of ROS (201), did not prevent T-antigen downregulation.  These 

data demonstrate that the induction of ROS during glucose deprivation may be important 

for the observed decrease in T-antigen expression.   

To examine the importance of T-antigen expression on ROS production during 

glucose deprivation, we used BsB8 cells as well as the T-antigen non-expressing clones, 

Bs1a and Bs1f.  We found that ROS production was significantly reduced in BsB8 cells 

as compared to Bs1a or Bs1f cells (Figure 22b).  These findings suggest that T-antigen is 

able to prevent ROS accumulation that would lead to subsequent cytotoxicity during 

glucose deprivation.  During glucose deprivation, cells produce decreased ATP as a result 

of reduction in glycolytic rates and subsequent decline in intermediates to be used in the 
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mitochondrial electron transport chain.  We wanted to investigate whether T-antigen 

affects the production of ATP during periods of glucose starvation.  As compared to Bs1a 

and Bs1f cells, which demonstrated reductions in ATP levels under conditions of low 

glucose, BsB8 cells were more resistant to diminished ATP production (Figure 22c).  

Furthermore, BsB8 cells produced significantly less ATP under control conditions, 

indicating that these cells may demonstrate a different metabolic phenotype and may 

utilize cellular energy stores in alternative manners.   

We next wanted to investigate the functional significance of glucose deprivation on 

survival of cells expressing endogenous T-antigen.  Since glucose deprivation induces 

rapid cytotoxicity because of the resulting lack of reductive capacity within the cell, we 

investigated the impact of T-antigen expression on glucose deprivation-induced cell 

death.  We found that BsB8 cells exhibited significantly less glucose deprivation-

mediated cytotoxicity than Bs1a or Bs1f cells (Figure 22d and e).  These findings suggest 

that the presence of T-antigen during glucose deprivation may be protective against rapid 

cell death, potentially as a result of T-antigen-mediated alterations in energy metabolism 

and ROS production under periods of cell stress.   

 

T-antigen is downregulated through specific glycolytic pathways during glucose 

deprivation and regulates the glycolytic enzyme expression profile in medulloblastoma 

cells 

Given our findings of T-antigen downregulation by glucose deprivation and 

functional implications for cell survival, we wanted to study the regulation of T-antigen 

at the glycolytic level.  For these studies, we used inhibitors of several key glycolytic 

A. 
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Figure 22  T-antigen prevents glucose deprivation-induced ROS production, 
reduction in ATP levels, and cytotoxicity   
A.  BsB8 cells were incubated with 24 mM N-acetylcysteine (NAC), 1 mM pyruvate, or 
were untreated and then exposed to glucose deprivation or control medium for 24 hours.  
The expression of T-antigen was assessed in whole-cell extracts.  B.  Bs1a, Bs1f, or BsB8 
cells were exposed to glucose deprivation or control medium for 16 hours, and ROS 
production was measured using the fluorescent dye, 25 µM carboxy-H2-DCFDA.  
Hoechst staining was also performed to label nuclei.  C.  Bs1a, Bs1f, or BsB8 cells were 
exposed to glucose deprivation for 16 hours, and ATP levels were then measured.  The 
levels of ATP per cell were measured and were normalized to the total protein present in 
each sample.  D.  Bs1a, Bs1f, or BsB8 cells were exposed to glucose deprivation or 
control medium for 24 hours, and cell viability was measured using Guava ViaCount 
reagent.  E.  Phase-contrast images of cells treated with glucose deprivation in D.  (* = 
control compared to GD, p<0.05; ** = BsB8 compared to Bs1a and Bs1f cells, p<0.05).  
C, control; GD, glucose deprivation. 
 

enzymes to determine the role of glycolysis in the regulation of endogenous T-antigen 

expression.  Treatment of BsB8 cells with 2-deoxy-D-glucose (2-DG), which inhibits 
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glycolysis after initial phosphorylation by hexokinase, induced T-antigen downregulation 

in a dose-dependent manner (Figure 23a).  To further identify glycolytic regulation of T-

antigen, we used oxamate, an inhibitor of the enzyme lactate dehydrogenase.  We did not 

observe any appreciable changes in T-antigen expression at varying doses of oxamate, 

indicating that T-antigen regulation likely occurs upstream of lactate production (Figure 

23b).  In light of our findings demonstrating T-antigen prevention of ROS production 

during glucose deprivation, a process ameliorated by NADPH production from pentose 

phosphate pathway activity, we used inhibitors of this pathway to determine the T-

antigen expression status with pentose phosphate pathway inhibition.  Treatment of BsB8 

cells with 6-aminonicotinamide (6-AN), an inhibitor of glucose 6-phosphate 

dehydrogenase (G6PDH), the rate-limiting enzyme in the pentose phosphate pathway, 

resulted in marked downregulation of T-antigen in a dose-dependent manner (Figure 

23c).  Similarly, inhibition of the transketolase enzyme, which catalyzes the production 

of fructose 6-phosphate and glyceraldehyde 3-phosphate from pentose phosphate 

intermediates, with oxythiamine (OT) resulted in T-antigen downregulation in a dose-

dependent manner (Figure 23d).  Therefore, it appears that T-antigen expression may be 

controlled through various metabolic pathways that regulate glucose breakdown. 

In order to investigate whether T-antigen affects glycolytic metabolism in 

medulloblastoma cells, we compared the expression of glycolytic enzymes in the T-

antigen-expressing BsB8 cells to the T-antigen non-expressing Bs1a and Bs1f cells 

during glucose deprivation.  While we found no changes in the expression of G6PDH or 

of the M2 isoform of pyruvate kinase (PKM2), which has been implicated in tumor 

metabolism and proliferation (218), we found significant upregulation of transaldolase-1 
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(TALDO1) expression in BsB8 cells as compared to Bs1a and Bs1f cells, under control 

conditions as well as during glucose deprivation (Figure 23e).  In addition, we found that 

BsB8 cells do not exhibit upregulation of hexokinase-2, as occurs in Bs1a and Bs1f cells, 

during glucose deprivation.  As a result, T-antigen-mediated alterations in the expression 

of glycolytic enzymes may lead to subsequent modulation of glycolytic flux within tumor 

cells. 

 

Figure 23  T-antigen is downregulated by glycolytic inhibition and influences the 
glycolytic enzyme expression profile of medulloblastoma cells 
BsB8 cells were treated with the indicated doses of 2-deoxy-D-glucose (2-DG) (A), 
oxamate (B), 6-aminonicotinamide (6-AN) (C), and oxythiamine (D) for 24 hours, and T-
antigen expression was measured by western blot.  E.  Bs1a, Bs1f, and BsB8 cells were 
exposed to glucose deprivation for 24 hours, and glycolytic enzyme expression was 
measured by western blot.  G6PDH, glucose 6-phosphate dehydrogenase; PKM2, M2 
isoform of pyruvate kinase; TALDO1, transaldolase-1; HK1 and 2, hexokinase-1 and 2; 
C, control; GD, glucose deprivation. 
 

T-antigen is downregulated by glucose deprivation in ex vivo tumor slice cultures  

 JCV T-antigen is a potent oncogenic protein that can interact with a variety of 

cellular proteins to promote tumorigenesis.  In light of our findings of T-antigen 
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downregulation by glucose deprivation, we wanted to examine the metabolic regulation 

of T-antigen in a semi-in vivo system.  For these studies, we used an ex vivo tumor slice 

culture model with HJC-2 glioblastoma xenografts implanted into the brains of nude 

mice.  Following tumor growth, brain slices containing tumor were prepared and were 

then grown in vitro.  Tumor slice cultures were then exposed to various time-courses of 

glucose deprivation or rescue in normal medium before harvesting for western blot or 

immunohistochemical analysis.  To reinforce our previous findings, we found that T-

antigen is downregulated by 1 hour and 8 hours of glucose deprivation only appreciably 

after 24 hours of rescue in normal medium (1 g/L D-glucose) (Figure 24a).  We were also 

able to identify reduction in T-antigen expression in HJC-2 tumor tissue exposed to 1 

hour and 8 hours glucose deprivation plus rescue (Figure 24b).  These data indicate that 

T-antigen is also downregulated by glucose deprivation within tumor tissue and may 

provide useful information to develop strategies against T-antigen-positive brain tumors. 

 

Discussion 

JC Virus (JCV) has the ability to induce multiple types of brain tumors in 

experimental animal models.  On a molecular level, JCV can bind to and inactivate β-

catenin as well as regulate key modulators of oncogenesis, including IRS-1 and p53 (165, 

168, 170).  In this study, we have shown that T-antigen is downregulated by glucose 

deprivation in multiple types of JCV-transformed cell lines and that this downregulation 

is a product of glucose deprivation-mediated AMPK activation.  This T-antigen 

downregulation is mimicked by AMPK activation and is blocked by AMPK inhibition.  

Since JCV T-antigen may interact with multiple members of the AMPK pathway, it is  
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Figure 24  JCV T-Antigen is downregulated by glucose deprivation in ex vivo 
glioblastoma xenograft slice cultures 
A.  HJC-2 brain xenografts were sectioned and cultured in vitro and were then treated 
with control medium or glucose deprivation or were untreated for the indicated time-
points and were harvested for whole tissue lysates.  Subsequently, western blot analysis 
for T-antigen expression was performed.  B.  Hematoxylin and eosin (H&E) staining as 
well as immunohistochemical analysis for T-antigen expression were performed in tissue 
samples obtained from the xenograft slice cultures described in A.  GD, glucose 
deprivation. 
 

likely that signaling through this pathway may alter the stability of T-antigen protein, 

leading to subsequent degradation.  Given findings of AMPK-activated cell cycle arrest 

in the G1 phase of the cell cycle, our data support the possibility that T-antigen 

expression status may be linked to the phase of the cell cycle.  Our data indicate that T-

antigen-expressing BsB8 cells preferentially accumulate in the G2 phase of the cell cycle 

and that deviation from this cell cycle phase, which occurs through the process of glucose 

deprivation, induces T-antigen downregulation.  Interestingly, this downregulation is lost 

if AMPK activation is inhibited, which causes G2 re-accumulation during glucose 

deprivation, further connecting T-antigen expression to the G2 phase.  These findings are 

supported by publications demonstrating that several viruses preferentially induce G2 cell 

cycle arrest, such as HIV (219), HBV, (220), and HPV (221).  Our results from studying 

the AMPK pathway are reinforced by our findings that T-antigen-expressing BsB8 cells 

exhibit significantly greater cyclin B1 expression and a greater percentage of cells in the 

G2 phase than the similar T-antigen non-expressing cells.  In the context of glucose 

deprivation, T-antigen preferential arrest in the G2 phase may help to prevent G1 arrest 

and G1-mediated apoptosis, processes that can occur with a multitude of other cell 

stressors, such as UV exposure, hypoxia, and various chemotherapeutic agents.  
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Therefore, cells expressing T-antigen may resist cytotoxic processes that are activated 

during the G1 phase.   

Though T-antigen has previously been shown to induce tumor cell growth 

through regulation of multiple tumor suppressor pathways, these studies implicate T-

antigen in the metabolic regulation of medulloblastoma cells.  We observed that glucose 

deprivation reduced ATP levels in all cells tested, but BsB8 cells exhibited lower basal 

levels of ATP and less change in ATP levels during glucose starvation than Bs1a or Bs1f 

cells.  Therefore, it appears that BsB8 cells produce less ATP under normal conditions, 

perhaps due to other pathways that fuel the metabolic needs of these cells.  Alternatively, 

BsB8 cells may have evolved ways to develop more efficient pathways of energy 

utilization so that periods of starvation do not as greatly affect their growth as T-antigen 

non-expressing cells.  Enhanced metabolic efficiency may also help to reduce the 

production of ROS, which do not accumulate to as great an extent in BsB8 as Bs1a and 

Bs1f cells.  Our findings of reduced hexokinase-2 expression levels in BsB8 cells relative 

to Bs1a and Bs1f cells during glucose deprivation indicate that BsB8 cells may therefore 

import less glucose under starvation conditions.  In this sense, BsB8 cells may be less 

glucose-dependent than their T-antigen non-expressing counterparts, which undergo 

more rapid cell death when their critical energy source is depleted.   

Given our observations that T-antigen-expressing cells exhibit increased 

expression of transaldolase-1 (TALDO1) but similar levels of glucose 6-phosphate 

dehydrogenase (G6PDH) and the M2 isoform of pyruvate kinase (PKM2), T-antigen may 

simultaneously support both glycolysis and the pentose phosphate pathway.  This 

scenario has been shown for SV40-transformed cells, which demonstrate redistribution of 
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membrane glucose transporters (124), increases in aerobic glycolysis (142), and increases 

in the activity of the transaldolase enzyme (141), indicating that SV40 is capable of 

regulating glycolytic precursors and the redox status maintained by pentose phosphate 

NADPH production.  In one instance, enhanced TALDO1 expression may allow the 

maintenance of elevated ATP production to fulfill the needs of cells undergoing 

metabolic stress.  On the other hand, enhanced TALDO1 expression could also rapidly 

deplete pentose phosphate intermediates and NADPH, thereby shifting more glucose 6-

phosphate towards this pathway to sustain NADPH for reducing equivalents.  The net 

effect of T-antigen would then be the acceleration of ATP production with concomitant 

maintenance of NADPH levels to counteract resultant ROS production, a complement of 

features that would greatly enhance the malignant potential of tumor cells. 

The regulation of T-antigen expression by glycolytic inhibition also highlights the 

significant impact of viral oncoproteins on glycolytic metabolism.  Many oncogenic 

viruses, including hepatitis C virus (HCV), human T-lymphotropic virus type 1 (HTLV-

1), and human papilloma virus (HPV) have been implicated in alterations in glucose 

transport and glycolytic enzyme expression and activity (132, 222, 223).  In addition, 

similar results with glycolytic inhibition have been demonstrated with HPV E6/E7 

proteins, whose transcription is blocked with the use of 2-DG, indicating that flux 

through this pathway may be responsible for the expression of HPV-targeted 

transcription factors (140).  Furthermore, since 2-DG induces a reduction in viral-cell and 

cell-cell fusion (145, 146), this compound may also be protective against JCV infection, 

reactivation, and potentially JCV-associated malignancies.  2-DG has also been indicated 

for the treatment of glioblastoma (151) and other advanced solid malignancies and 
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synergizes with compounds used to treat virus-derived cancers, such as carboplatin and 

paclitaxel (152-154).  Therefore, 2-DG in combination with currently approved 

chemotherapeutic regimens may be a useful therapeutic compound for the treatment of 

JCV-associated brain tumors.   

Regulation of glucose metabolism continues to represent one of the most 

significant alterations in tumor cells as compared to normal cells.  By increasing 

production of ATP and at the same time maintaining NADPH equivalents, tumor cells 

have evolved pathways to rapidly proliferate while avoiding many of the negative 

consequences of such uninhibited growth.  In this study, we show that JC Virus T-antigen 

is downregulated by glucose deprivation through AMPK-dependent pathways, which also 

regulates cell cycle control under these conditions.  Additionally, we indicate a new 

potential role for T-antigen in the regulation of the metabolic profile of tumor cells, 

which may have implications for human brain tumors that exhibit T-antigen expression.  

By better understanding the mechanism of T-antigen-mediated glycolytic regulation, it 

may be possible to develop novel therapeutics that would target T-antigen in select 

human tumors, which could potentially influence both initial transforming events as well 

as continued growth in the midst of metabolic stress signals within the tumor 

microenvironment. 
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CHAPTER 5 

CONCLUSIONS AND FUTURE DIRECTIONS 

 

Hypoxia and glucose metabolic regulation by AEG-1 in glioblastoma 

 Glioblastomas represent a significant public health burden because of their highly 

aggressive phenotypic characteristics and because of their resistance to standard 

chemotherapeutic and radiation regimens.  Much research has focused on the 

involvement of growth signaling pathways.  However, there has been little connection 

between oncogenic signaling and metabolic profiles in glioblastoma cells.  In these 

studies, we have demonstrated that AEG-1 is induced by hypoxia through a HIF-1α- and 

PI3K-dependent pathway.  Furthermore, we have demonstrated AEG-1 induction by 

glucose deprivation in glioblastoma cells, a process which is dependent on the production 

of ROS.  Moreover, AEG-1 modulates functional parameters associated with glucose 

deprivation, including the production of ROS and resultant cytotoxicity.  To add to these 

findings, AEG-1 also modulates the expression of key glycolytic enzymes in 

glioblastoma cells in an AMPK-dependent manner.  Animal studies with stable 

knockdown of AEG-1 in glioblastoma xenografts demonstrate significantly smaller 

tumor masses with an altered metabolic profile.   These findings indicate that AEG-1 

bridges the gap between growth signaling pathways and metabolic regulation in 

glioblastoma and confers an aggressive phenotype to glioblastoma through cellular 

signaling pathways, such as HIF-1α and AMPK (Figure 25). 

 To expand on these studies, we will use a quantitative RT-PCR array of glucose 

metabolism to determine the effects of AEG-1 overexpression on the majority of 
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enzymes involved in glucose metabolism.  This information will provide us with a global 

perspective of the significant alterations in glycolysis, glucose transport, and oxidative 

phosphorylation mediated by AEG-1.  This study will also yield important clues about 

the specific level of involvement of AEG-1 in glycolytic regulation.  Future studies will 

also investigate the mechanism of AEG-1-mediated glycolytic modulation.  We have 

demonstrated that AEG-1 induces AMPK phosphorylation and the expression of specific 

glycolytic enzymes, such as PKM2 and TALDO1, in certain glioblastoma cell types.  

However, the mechanism of this induction remains unclear.  Since AEG-1 interacts with 

NFκB and its target promoters in the nucleus and since AEG-1 induces expression of 

HIF-1α (75), which induces all twelve glycolytic enzymes, AEG-1 may be mediating its 

glycolytic effects through either of these pathways.  By knocking down each of these 

mRNAs, we will be able to determine the impact of these pathways on the AEG-1-

induced glycolytic profile.  These studies will provide more information on the 

mechanisms of glycolytic inhibition, specifically with 6-AN, that prevent AEG-1-induced 

AMPK phosphorylation.  Additionally, future studies will examine the outcome of 

glycolytic regulation by AEG-1.  We will measure glycolysis by comparing levels of 

pyruvate production in AEG-1-overexpressing or wild-type cells.  In addition, we will 

measure oxidative phosphorylation by examining oxygen consumption and the activity of 

specific complexes involved in electron transport.  Together, these studies will provide 

information on the outcome of AEG-1 overexpression in glioblastoma cells and 

alterations in cellular metabolism as a result.   

From our studies, it seems plausible that small molecular inhibitors of AEG-1 

may provide benefit in glioblastoma.  This has recently been indicated through efficacy 
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Figure 25  AEG-1 upregulation by hypoxia and glucose deprivation induces 
migration, invasion, and tumor progression 
During rapid cell growth within the tumor mass, the tumor core becomes hypoxic and 
receives less glucose.  As a result, low oxygen and glucose deprivation activate HIF-1α, 
AMPK, and AEG-1, which stimulates proliferation even during these periods of cell 
stress.  With extreme stress, AEG-1 induces migration away from hypoxic areas and 
invasion into surrounding normal tissues, thus conferring an aggressive phenotype to the 
tumor mass. 
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of AEG-1 DNA vaccines against lung metastasis and chemoresistance in breast cancer 

(224).  However, the effect of this DNA vaccination strategy against the glycolytic 

activation exhibited by glioblastoma cells remains unknown.  These inhibitors could be 

used to prevent glioblastoma growth in nude mice, and the resulting metabolic effects 

could be compared to the findings of our studies.  In addition, the effect of glycolytic 

inhibition in vivo, using the agents discussed in this study, could be tested against the 

growth of glioblastoma xenografts overexpressing AEG-1.  Moreover, combination 

therapy of the AEG-1 DNA vaccine and glycolytic inhibition could be performed to 

determine the maximal therapeutic strategy against glioblastoma progression.  Though 

the role of AEG-1 in the promotion of tumor growth and chemoresistance has been 

thoroughly studied, more intensive examination of its role in tumor metabolism may 

yield improved targeted therapies for glioblastoma. 

   

The impact of JCV T-antigen on glucose metabolic machinery and glycolytic enzyme 

expression in malignant brain tumors  

Despite new vaccination strategies and improvements in chemotherapeutic and 

radiation regimens, oncogenic virus-derived malignancies continue to pose a challenge in 

terms of treatment strategies.  Though many of these viruses rely on the control of 

cellular growth to induce the malignant transformation, many oncogenic viruses also 

utilize components of cellular metabolism to promote tumor progression.  JC Virus has 

been implicated in the development of many types of tumors in experimental animal 

models and its oncogenic proteins have been detected in association in a variety of human 

brain tumors.  In our studies, we demonstrate T-antigen downregulation by glucose 
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deprivation in an AMPK-dependent manner.  In addition, we show that T-antigen is 

reduced during periods of G1 arrest, a property that is rescued by AMPK inhibition.  

Moreover, we demonstrate that T-antigen-expressing cells produce less ATP and less 

ROS than T-antigen non-expressing cells and exhibit less cytotoxicity during glucose 

deprivation.  We also demonstrate that T-antigen upregulates TALDO1 and is 

downregulated by glycolytic inhibition and that T-antigen expression is reduced in ex 

vivo tumor slice cultures, indicating that glucose metabolism can regulate endogenous T-

antigen expression (Figure 26).   

Because we have shown that T-antigen increases expression of the transaldolase-1 

enzyme, T-antigen may increase glycolytic flux to enhance ATP production for metabolic 

needs.  In future studies, we will measure the expression of other key enzymes involved 

in glycolysis in T-antigen-expressing versus non-expressing tumor cells using a glucose 

metabolism qRT-PCR array.  We will also measure enzyme expression by 

immunohistochemistry in T-antigen-positive cells within medulloblastoma tumor tissue 

These studies will also include mass spectrometric analysis of genes up- and down-

regulated during glucose deprivation in T-antigen-expressing versus non-expressing cells.  

We will then examine the mechanism of T-antigen-mediated glycolytic enzyme 

regulation through molecular studies aimed at identifying the level of enzyme regulation.  

We will identify transcriptional effects of T-antigen through the use of promoter assays to 

determine whether enzyme promoter activity is altered in the presence of JCV T-antigen.  

We will also utilize inhibitors of various steps in glycolysis that will reveal levels of 

regulation by T-antigen in our model.  T-antigen expression results in increased 
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glycolytic flux in medulloblastoma cells, which leads to increased glucose utilization and 

ATP production and facilitates tumor survival and proliferation.  To examine this 

 

Figure 26  JCV T-antigen regulates tumor metabolism, cell cycle, and glycolysis 
JCV T-Antigen is downregulated by glucose deprivation in an AMPK-dependent manner.  
During periods of glucose deprivation, T-Antigen inhibits AMPK phosphorylation, which 
prevents the induction of reactive oxygen species (ROS) and subsequent cytotoxicity.  
Additionally, T-Antigen relieves AMPK-mediated cyclin B1 and cyclin A inhibition, 
leading to decreased G1 arrest.  Glucose deprivation induces both enhanced glycolytic 
flux to maintain high levels of ATP production as well as enhanced pentose phosphate 
pathway activation to supply reducing equivalents in the form of reduced nicotinamide 
adenine dinucleotide phosphate (NADPH) to counteract ROS production produced by 
glycolysis.  T-Antigen upregulates transaldolase-1 (TALDO1) expression to shift 
intermediates from the pentose phosphate pathway towards glycolysis to enhance ATP 
production and also prevents hexokinase-2 (HK2) upregulation during glucose 
deprivation. 
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possibility, we will identify the level and mechanism of glycolytic regulation by JCV T-

antigen and the biological relevance of T-antigen-mediated glycolytic regulation in 

medulloblastoma cells.  These experiments will reveal the way in which T-antigen 

impacts glucose metabolism in tumor cells and will help us to further decipher the role of 

T-antigen in brain tumor pathogenesis and progression.  Furthermore, these studies may 

enhance our understanding of the role of viral proteins in glycolytic tumor metabolism 

and may provide useful targets for the treatment of virus-induced tumors. 

Since we have shown that T-antigen is downregulated during glucose deprivation, 

a phenomenon that can often enhance a tumor’s growth potential, we hypothesize that T-

antigen regulates key enzymes involved in glucose breakdown and storage and alters the 

metabolic phenotype of growing tumors.  To test this hypothesis, we will identify 

changes in glycolytic enzyme expression and activity during glucose deprivation and the 

way in which T-antigen impacts expression levels.  In addition, we will also examine the 

expression and activity of enzymes involved in the pentose phosphate pathway, as well as 

critical pathways influenced by AMPK activation in light of our studies demonstrating 

interaction of T-antigen and AMPK signaling.  In parallel to these studies, we will also 

employ an ex vivo brain tumor slice culture model to study T-antigen-mediated glycolytic 

regulation.  As a corollary to our results demonstrating downregulation of T-antigen by 

glycolytic inhibition, we will use a medulloblastoma brain tumor model in nude mice to 

study the effects of glycolytic inhibition on T-antigen-mediated tumorigenesis. We will 

treat tumor-containing mice with each of the glycolytic inhibitors employed in our studies 

to determine the growth of T-antigen-expressing tumor cells in this model.  We will also 

employ an shRNA directed against JCV T-antigen to determine the role of T-antigen in 



 

 96 

initial tumorigenesis and tumor propagation.  With these studies, we will also be able to 

determine the phenotype in shRNA-treated tumor cells. 

Because T-Antigen may increase glycolytic flux in tumor cells and alter glucose 

metabolism during periods of glucose deprivation, we will measure glucose utilization as 

well as lactate and pyruvate production in vitro in T-Antigen-expressing versus non-

expressing cells to directly examine the effects of T-Antigen on cellular glucose 

metabolism.  We will also measure glucose utilization as well as lactate and pyruvate 

production in vivo through microdialysis techniques in the brain tumor model described 

above.  It is possible that T-antigen-mediated glycolytic regulation facilitates the growth 

and survival of T-antigen-positive tumor cells under physiological conditions in the 

tumor microenvironment.  To test this hypothesis, we will knock down T-antigen 

expression in medulloblastoma cells with a JCV-specific shRNA construct and measure 

brain tumor formation as well as the glycolytic parameters described above.  These 

studies will allow us to identify the glycolytic phenotype adopted in T-antigen-expressing 

versus non-expressing tumor cells and will provide useful information into the metabolic 

regulation of tumor pathogenesis by JCV T-antigen.  In addition, these studies will 

broaden our understanding of the metabolic regulation of tumor proliferation by viral 

oncogenes and may indicate new potential targets for therapeutic advances.   
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