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Recent attempts to analyze human immunodeficiency virus (HIV)-1-induced gene expression 

changes in astrocyte identified a multifunctional oncogene, astrocyte elevated gene-1 (AEG-1), 

as an HIV-1 and tumor necrosis factor-α inducible transcript. Subsequently, due to its homology 

to mouse breast cancer metastasis protein, metadherin, AEG-1 was largely implicated in 

carcinogenesis of diverse cancer types. However, the role of AEG-1 in astrocytes, the original 

cell type in which AEG-1 was first identified, still remains to be investigated. In the present 

study, we identified AEG-1 as a novel modulator of astrocyte function during reactive 

astrogliosis, neuroinflammation and neurodegeneration, and elucidated its implications in 

NeuroAIDS, aging and cancer. Our in vitro and in vivo studies recognized AEG-1 modulation of 

astrocyte migration and proliferation towards the wound site, thereby regulating astrocyte wound 

healing, a fundamental homeostatic function of astrocytes. Further, AEG-1 expression analyses 

in HIV-1+ and HIV-1 encephalitic human brain tissues provided the necessary physiological 

evidence for AEG-1 induction upon HIV-1 neuroinvasion. Herein, we identified AEG-1 as an 

inflammatory response gene and as an important upstream regulator of NF-κB signaling in 

astrocytes. Our results demonstrated AEG-1 cytoplasmic and nuclear interaction with NF-κB p65 

subunit, which was crucial for NF-κB nuclear translocation, thereby regulating astrocyte 

neuroinflammation. In the same study, we also identified AEG-1 as a novel regulator of astrocyte 

glutamate clearance, an important determinant of neurocognitive CNS function, by modulating 



	  

the expression of the key glutamate transporter, excitatory amino acid transporter 2. Analyses of 

AEG-1 expression in the cognitive centers of the brain of aging individuals demonstrated AEG-1 

age-dependent expression in the human brain, which further proposed a role for AEG-1 in 

cellular oxidative stress responses. Herein, we identified a novel antioxidant cytoprotective role 

of AEG-1 in astrocytes and astrocytoma cells. Cellular localization studies by confocal 

microscopy revealed AEG-1 localization to the dense fibrillar components of the nucleolus in 

response to injury or oxidative stress, suggesting AEG-1 implication in ribosomal RNA 

processing. Our results demonstrated AEG-1 regulation of catalase activation and Nrf2 

stabilization in response to oxidative stress and further elucidated AEG-1 modulation of Nrf2 

nuclear translocation, the first step in antioxidant cellular defense mechanisms.  

The results presented in this thesis provide insight into the role of oncogene AEG-1 in 

human astrocytes and ameliorates our understanding of astrocyte-mediated processes in normal 

and disease-relevant pathologies, ranging from HIV-1-associated neurocognitive disorders and 

traumatic CNS injuries to primary neoplasms of the brain.  
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CHAPTER I 

 

INTRODUCTION 

1.1 Role of Astrocytes in Brain Function and Disease 

Once considered as merely supportive cells in the brain, astrocytes are now recognized as 

irreplaceable fundamental cellular counterparts of neurons that are paramount for efficient 

central nervous system (CNS) function.1,2 Astrocytes are the most abundant cell type in the brain, 

occupying 25 to 50% of the brain volume and greatly outnumbering neurons by approximately 

1:10.3 The over-riding importance of astrocytes in brain functions can be aptly exemplified by 

the presence of dysfunctional astrocytes in most CNS disorders and by the neuronal dependence 

on astrocyte-derived thiols, glutathione, for survival.4 Astrocytes are the only cells in the brain 

that contain the energy storage molecule glycogen.5 However, it was the discovery that 

astrocytes express voltage-gated ion channels and neurotransmitter receptors,6,7 suggestive of an 

active role in neuronal signal transmission, which propelled scientific interest into these 

seemingly non-essential cells in the brain. Extensive ground breaking research over the past 

decade have identified several profoundly dynamic roles of astrocytes such as ion homeostasis, 

neurotransmitter synthesis and uptake, axonal guidance and support, metabolic neuronal support, 

modulation of brain vasculature, maintenance of blood brain barrier (BBB) permeability, wound 

healing as well as neurogenesis.8 Concomitantly, dysfunctional astrocytes are implicated in the 

pathogenesis of many chronic CNS disorders such as Parkinson’s disease (PD),9 Alzheimer’s 
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disease (AD),10 Huntington’s disease (HD),11 hepatic encephalopathy (HE),12 

hyperammonemia13 and ischemia.14 It is now clear that astrocytic functional perturbations are 

hallmarks of most CNS disorders and influence the overall CNS health. Therefore understanding 

these astrocytic permutations is crucial to expedite the development of novel therapeutic 

approaches for the treatment of CNS disorders. 

Astrocyte-driven pathophysiological events in the brain have been studied utilizing many gain or 

loss of function experiments in in vivo disease models and post-mortem tissues. These gain or 

loss of function studies provide novel insights into the astrocyte-neuronal cross talk and tripartite 

synaptic complexities within the CNS. Conditional ablating of reactive astrocytes from sites of 

contusion injury resulted in increased infiltration of inflammatory cells and BBB loss, substantial 

neuronal degeneration and inflammation, with greater than 60% loss of cortical tissue.15,16 

Ablation of astrocyte glutamate transporters resulted in increased interneuronal firing and 

enhanced inhibition of CA1 pyramidal neurons in the hippocampus, indicating that astrocyte 

glutamate transporters regulate hippocampal network excitability.17 Another study showed that 

loss of astroglial glutamate transporters in rats resulted in neurodegeneration and paralysis, 

similar to that caused by excitotoxicity.18 A recent study revealed astrocyte regulation of vascular 

integrity in small vessels of deep brain regions, as ablation of astrocytic laminin impaired 

vascular smooth muscle cells function leading to hemorrhagic stroke.19 Conditional ablation of 

astrocyte connexin 43 significantly diminished neurogenesis in the adult mouse hippocampus.20  

Although astrocytes are instrumental for CNS homeostasis, hyperactive astrocytes have been 

recognized as equally detrimental. Transgenic inhibition of astroglial nuclear factor (NF)-κB 

enhances oligodendrogenesis, axonal sparing and sprouting, and other functional outcomes in 

spinal chord injury and experimental autoimmune encephalitis.21,22 Reactive astrogliosis, a 
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gradual hyperproliferative response of astrocytes to injury, is a hallmark of most CNS disorders 

and has both beneficial and detrimental effects on the CNS.23 In AD, overburdened astrocytes 

contribute to disease by depositing amyloid beta (Aβ) plaques in the cerebral cortex.24 Inhibition 

of astrocyte activation in the hippocampus, blunted microglial activation, reduced toxic Aβ 

deposition, improved synaptic function and plasticity, and preserved cognitive function.25 This 

dual functionality of astrocytes is well documented in many CNS anomalies including 

Amyotrophic lateral sclerosis (ALS) and PD, wherein, removal of extracellular glutamate by 

astrocytes confers neuroprotection, whereas astrocytic release of soluble toxic compounds 

promotes neurodegeneration. Recent gene therapy approaches in PD have capitalized on this 

phenomenon, utilizing astrocytes as hosts for localized neurotropic factor delivery.26 

In addition to its implications in normal brain physiology, injury, and aging-associated 

neurocognitive deficits in the CNS, astrocytes are largely being recognized as drivers of many 

CNS inflammatory syndromes. One such example is the pathogenesis of human 

immunodeficiency virus-1 (HIV-1)-associated neurocognitive disorders (HAND), characterized 

by gradual cognitive decline due to dysfunction or loss of neurons ensuing chronic 

neuroinflammation.27 Thus, taking into account the vast yet revocable implications of astrocytes 

in disease, it is pertinent to investigate in detail the astrocytic vicissitudes and their regulatory 

mechanisms. 

1.2 Metabolic Coupling with Neurons and The Concept of “Tripartite Synapse” 

The metabolic relationship between astrocytes and neurons is very dynamic and can be best 

exemplified by the neuronal dependence on astrocytes for metabolites such as glycogen, lactate 

and glutathione.4,5 Astrocyte are organized in non-overlapping spatial domains forming a 

syncytial network with their terminal processes covering 99% of abluminal vascular surface of 
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the capillaries28 and touching approximately 160,000 synapses;29 thereby allowing them to sense 

and regulate synaptic transmission through pervasive lamellar processes that characterize neural 

circuitry. The discovery that astrocytes could propagate intercellular calcium (Ca2+) waves over 

long distances in response to stimulation purported an active role for astrocytes in signal 

transmission.30 Astrocytes are strongly coupled to each other via gap junctions, which play an 

important role in intercellular communication and maintenance of intracellular ion 

concentrations for efficient electrical and biochemical activity31 affecting electric or chemical 

coupling of cells and long distance signal transmission. One of the best-established functions of 

astrocytes is the regulation of brain potassium (K+). Clearance of accumulated extracellular K+ is 

extremely crucial as elevated levels of K+ in the neuronal milieu can trigger neuronal 

depolarization resulting into epileptic neuronal activity.32 Surprisingly, anoxia or ischemia cause 

rapid increases in K+ extracellular concentrations in the grey matter and white matter regions of 

the brain owing to diminished energy supply and astrocyte production of K+.33 Besides playing 

an important role in ion homeostasis in the brain, astrocytes are crucial regulators of 

glutamatergic neurotransmission. Astrocytes not only express transporters for glutamate, the 

most common excitatory neurotransmitter in the brain, but are also the principle source of 

glutamine, the precursor of synaptically released glutamate.34 The glutamate-glutamine shuttling 

is an apt example of metabotropic coupling between astrocytes and neurons. Although, glutamate 

is critical for synaptic neurotransmission, elevated extracellular accumulation is neurotoxic. The 

electrochemical gradients of astrocyte sodium and K+ ions drive glutamate uptake by astrocytes 

via energy-dependent transporter channels, thereby lifting off the metabolic burden on synaptic 

neurons.35 The neurotransmitter-mediated coupling between astrocytes and neurons further 

evokes astrocyte glycolysis, glucose uptake36 and lactate release37 for utilization as 
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Figure 1. Metabolic coupling between astrocytes and neurons at the tripartite synapse 

During the typical process of synaptic transmission, (1) action potentials travelling down the 

presynaptic neuron induces the release of neurotransmitter glutamate, which activates the AMPA 

receptors on the postsynaptic neuron. During this process astrocytes in the tripartite play a major 

role by regulating the metabolic signaling necessary for synaptic transmission. (2) Excess 

glutamate in the synaptic cleft, which is neurotoxic if accumulated, is taken up by the astrocytes 

via the glutamate transporters. (3) This glutamate uptake triggers IP3-mediated elevation in Ca2+ 

stores in astrocytes by inducing Ca2+ ion uptake. (4) This stimulates the release of glutamine 

from astrocytes thereby providing neurons with precursors for glutamate synthesis. At the same 

time, astrocytes buffer extracellular K+, uptake glucose for conversion into lactate and provide 

lactate as an energy source to neurons. (5) Also, astrocytes release other energy precursors like 

ATP, D-Serine and glycogen from the glycogen reserves, to neurons for efficient synaptic 

transmission. (Updated version of Nicola J. Allen et. al. Nature Neuroscience, News and Views, 

2009, 457, 675-677) 
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energy source by neurons. Thus, activated astrocytes have the ability to sense and modulate 

almost all neurotransmitters by releasing multitude of neuromodulatory factors such as 

glutamate, ATP, nitric oxide (NO), prostaglandins (PG), D-serine and lactate, thereby 

influencing neuronal excitability.38 This close association between astrocytes and presynaptic 

and postsynaptic terminals necessary for integration of synaptic activity has been termed as 

“tripartite synapse” (Figure 1); exemplifying the importance of metabolic coupling between the 

neurons and astrocytes for efficient signal transmission.39 

1.3 Astrocytes and CNS Injury 

Astrocytes respond to all forms of CNS injuries by a process commonly known as reactive 

astrogliosis, a graded continuum of progressive alterations in molecular expression, hypertrophy, 

proliferation and in severe cases scar formation.40 The molecular repertoire of reactive astrocytes 

comprising of neurotoxic and neuroprotective mediators vary depending upon the severity of the 

injury; thereby demonstrating both beneficial and detrimental ramifications of reactive 

astrogliotic processes (Figure 2). Glial scar formation is often recognized as a major obstacle in 

regeneration and CNS recovery post traumatic injury due to its potential to inhibit axonal 

regrowth, myelination and neurogenesis; however, it is extremely beneficial for limiting the 

spread of ensuing toxicity and sealing the site of injury for remodeling. In response to injury, 

hypertrophic astrocytes overexpress cytoskeletal proteins such as glial fibrillary acid protein 

(GFAP), vimentin and Nestin, which are vital for wound healing.41 Experimental knockout 

models of GFAP and vimentin demonstrated reduced gliosis and axonal regeneration, and 

exacerbated experimental autoimmune encephalomyelitis (EAE) and stroke by increasing lesion 

size.42 Besides astrocyte cytoskeletal factors, intracellular signaling molecules are also heavily 

implicated in the molecular mechanisms of gliosis; viz. increased expression of NF-κB, cyclic  
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Figure 2. Astrocyte responses to CNS injury (1) Traumatic brain injury leads to rupture of the 

BBB owing to damage or loss of endothelial cells, thereby allowing infiltration of circulating 

blood monocytes/macrophages, neutrophils and lymphocytes into the brain. Owing to the large 

amounts of dead or damaged cell debris and infiltrating immune cells, there is significant 

activation of brain resident microglia and peripheral macrophages, which ensue an inflammatory 

cascade with the release of pro-inflammatory cytokines, chemokines, proteases and ROS. This, 

in turn leads to activation of astrocytes at the injury site resulting into the onset of primary 

response, i.e (2) recruitment to the injury site followed by secondary response, i.e (3) 

proliferation or hypertrophy, resulting into formation of glial scar. (4) Hyperactive astrocytes 

secrete neurotoxic and neuroprotective molecules modulating neuronal survival, regeneration 

and neurogenesis post-recovery. (5) The glial scar tissue isolates the wound site from rest of the 

CNS, thereby limiting the penumbra of damage (yellow) and preventing the further spread of 

injury. (Adapted from Sofroniew MV, Trends Neurosci. 2009 Dec; 32(12): 638-47) 
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adenosine monophosphate (CAMP), Oligodendrocyte transcription factor (Olig)2, Mammalian 

target of rapamycin (mTOR), SOX9 etc.40,43,44 Conditional knockout of signal transducer and 

activator of transcription 3 (STAT3) from reactive astrocytes markedly attenuated several 

aspects of the gliosis processes, including astrocyte hypertrophy, GFAP synthesis, scar formation, 

resulting into increased inflammation, lesion size, demyelination and impaired functional 

recovery.45,46 CNS injury is known to induce 1,4,5-triphosphate (IP3)-dependent Ca2+ signaling 

in astrocytes, which is required for the synthesis of N-cadherin, an indispensible phenomenon for 

subsequent neuroprotection post injury; impairment of this cascade is linked to attenuated gliosis 

and increased injury-associated neuronal death.47 Cytokines, growth factors, glutathione, sodium 

(Na+)/K+ transporters, glutamate, ATP, gap junction proteins, lactate have well defined roles in 

the molecular processes of gliosis. Ablation of astrocytic connexin 43 significantly diminished 

neurogenesis in the adult hippocampus and disrupted the neuroprotective effects of 

preconditioning to hypoxia.40 On the other hand, genetic ablation of astrocytic water channel 

aquaporin 4 (AQP4) significantly reduced cytotoxic edema and improved outcome after stroke.48 

With the increase in the number of overtly active astrocytes at the injury site, there is significant 

clustering of glutamate transporters, which play paramount role in efficient clearing of the 

extracellular neurotoxic glutamate. Ablation of astrocyte glutamate transporters resulted in 

seizures and neurodegeneration,18,49 particularly, ablation of glutamate transporter (GLT)-1 

significantly influenced neural stem cell population, neuronal regeneration and synaptic recovery 

post-injury.50 Subsequent to the molecular dissection of reactive astrogliosis several novel 

therapeutic strategies are under development. Parawexin 1, a molecule capable of augmenting 

the function of astrocyte glutamate transporter excitatory amino acid transporter (EAAT)2, has 

been shown to protect retinal neurons from ischemic degeneration.51,52 Beta-lactam antibiotics 
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have shown therapeutic potential in enhancing glutamate uptake by astrocytes to provide 

neuroprotection in models of stroke and ALS.53 As reactive astrogliosis is a hallmark of all 

known CNS diseases and trauma, understanding its molecular mechanism can provide impetus 

towards identification of novel therapeutic targets and strategies against most CNS anomalies. 

1.4 Astrocytes and Neuroinflammation 

Neuroinflammation is a multifaceted assimilation of cellular responses within the CNS, which 

are orchestrated via the crosstalk between neurons, astrocytes, macroglia, microglia and the 

infiltrating leukocytes.54 Along with reactive astrogliosis, neuroinflammation has long been 

recognized as a homologous hallmark of most CNS infections and diseases.55 In this context, 

astrocytes, as CNS antigen presenting cells perform immunomodulatory roles in addition to their 

BBB functions and cytokine/chemokine production (Figure 3). Reactive astrocytes secret a wide 

variety of pro- and anti-inflammatory neurotropic factors that can potentially mediate 

neuroprotective or neurotoxic effects depending upon the severity of the insult. Astrocytes can 

facilitate immune cell extravasation into the CNS by secreting chemoattractant chemokines and 

by regulating the neuro-vasculature.56 Astrocytes can enhance T cell activation by modulating 

innate immune cell, microglial activity.57,58 Consequent to injury, reactive astrocytes release ATP, 

which has been shown to induce rapid activation of microglial cells, resulting in release of 

inflammatory mediators like interleukin (IL)-1β and tumor necrosis factor (TNF)-α, which in 

turn trigger a cascade of autocrine signaling events in astrocytes thereby amplifying the 

neuroinflammatory barrage within the CNS.59,60 Disrupting the astrocyte-derived inflammatory 

signaling and cytokine productions in a rat model of neuroinflammation resulted in attenuation 

of neuroglial activation.61 In inflammatory demyelinating CNS disorders like multiple sclerosis 

(MS), astrocytic chemokines CCL2 and CXCL10 are recognized as major activators of microglia 
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at the demyelination sites.62 

Dysfunctional release of astrocytic cholesterol complexed with apolipoprotein (Apo) E,63,64 

crucial for axonal growth and synaptogenesis, is implicated in AD; further diffusible factors 

released by astrocytes are now recognized in regulating neuronal apoE expression as well.65 

Recent gain or loss of function studies revealed significant astrocyte tumor growth factor (TGF)-

β-induced modulation of synaptogenesis via alteration of D-serine levels in cerebral cortex 

neurons.66 STAT3 is an important transcriptional regulator in reactive astrocytes that has been 

shown to modulate chemokine expression, and due to its inflammation regulatory potential 

considered as a target for neuroinflammatory pain control.45,67 Astrocytes have been known to 

recycle ascorbic acid (AA) to a form that can scavenge reactive oxygen species (ROS) and 

provide antioxidants such as vitamin E and glutathione (GSH) to neurons, thereby rescuing 

neurons from oxidative stress concomitant to inflammation.68 Similarly, lactate, which is the 

preferred source of energy during synaptic activity, can diffuse through long distant astrocytic 

network to rescue neuronal activity during glucose deprivation at the site of injury or 

inflammation.69 Astrocytes are important producers of extra cellular matrix (ECM) proteins such 

as laminin, vitronectin, fibronectin and tenascin-c, which can significantly alter oligodendrocyte 

maturation and differentiation.22,70 Injection of astrocytic fibronectin into experimental white 

matter lesions induced by lysolecithin, significantly impaired oligodendrocyte remyelination.71 

Among the pro-inflammatory cytokines that have been shown to modulate astrocyte functions, 

IL-1β is the most dramatic, altering astrocyte morphology and function by inducing expression 

of a plethora of chemoattractant proteins. Astrocyte production of IL-17A, IL-6, IL-12 and 

CXCL10 has been previously demonstrated to induce significant neuro-glial activation.72,73 

Astrocytes are heavily implicated in the progression of neuroinflammatory diseases, particularly 
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Aβ toxicity in AD, α-synuclein immunoreactivity in PD and ALS.74 The vast capacities of 

astrocytes to modulate and drive neuroinflammation have afforded astrocytes to be tested as 

therapeutic targets for neuroinflammatory disorders. For example, genetic modification of 

astrocytes to express brain derived neurotropic factor (BDNF) showed enhanced neuroprotective 

effects in mouse model of HD.75 Similarly, pharmacological targeting of inflammatory processes 

in astrocytes using MW01-5- 188WH and ONO-2506, selective inhibitors of inflammation, have 

shown promising neuroprotective results in experimental models of AD and PD.76-78 Thus, it is 

aptly befitting to say as Ben Barres quotes “saving astrocytes from dying in a neurological 

disease is a far more better strategy than saving neurons”.79 

1.5 Astrocytes and Neurodegeneration 

The ultimate functional outcome of the neuroinflammatory cascades, consequent to reactive 

astrogliotic processes ensuing traumatic CNS injuries or infections, is neurodegeneration. 

Neurodegeneration is characterized by rapid or gradual progressive decline in neuronal functions 

or structure, ultimately leading to neuronal loss, which is manifested in the form of cognitive, 

behavioral or motor deficits.80 Since, the principle role of astrocytes, the more resilient neuronal 

counterpart, in the brain is the protection and nourishment of neurons, neurodegenerative 

disorders are also characteristic of astrocyte functional failures and in most cases exacerbation of 

pathology by dysfunctional astrocytic processes (Figure 3). A striking example of unequivocal 

implications of dysfunctional astrocytes in neurodegenerative diseases is Alexander disease 

(AXD), a genetic disorder with mutation in GFAP, characterized by widespread presence of 

intracellular protein aggregates in astrocytes, called Rosenthal fibers, which contain mutant 

GFAP, heat shock protein 27 and αB-crystallin.81 Efficient removal of synaptic neurotransmitter 

glutamate is a vital function of astrocytes, which is often deregulated during reactive 
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neuroinflammatory processes leading to excitotoxic neuronal damage. One example of such 

etiopathology is the HIV-1-associated neuropathies, which develop gradually over time due to 

excitotoxic damage to neurons owing to persistent chronic low-level neuroinflammation.27  

Besides, the metabotropic modulation in the neuronal synaptic clefts, astrocytes supply neurons 

with antioxidants such as glutathione, peroxidase, catalase, superoxide dismutase and ascorbic 

acid that help in maintaining the redox imbalance and protecting the surviving neurons. An apt 

example of this astrocytic functional perturbation is the fatal neurodegenerative disease called 

ALS, caused by familial or sporadic mutations in the superoxide dismutase (SOD)1 gene and 

characterized by loss of motor neurons in the brain stem and spinal cord leading to paralysis and 

muscle atrophy.82 Reduction of the mutant SOD1 expression in neurons had little influence on 

disease progression, however, reduction of mutant SOD1 expression specifically in microglia or 

astrocytes significantly delayed disease progression; thereby highlighting the importance of 

astrocyte in ALS pathogenesis.83 Another classic example of primary astrogliopathy is the 

neuropsychiatric syndrome, HE, which is caused by accumulation of high concentrations of 

ammonia in the brain, thereby burdening the astrocytes to detoxify the ammonia to osmotically 

active glutamine, leading to cytotoxic astrocyte swelling.84,85 Many other deregulated 

homeostatic functions of astrocytes are implicated in HE such as loss of glutamate clearance 

causing excitotoxic damage to neurons, altered glucose metabolism restricting energy supply to 

the neurons and decreased expression of GFAP and AQP4.84 Besides the largely astrocyte driven 

neuropathies, astrocytes modulate the progression of many CNS neurodegenerative diseases and 

are now recognized as valuable therapeutic targets.  

Astrocyte effects on neurodegeneration can be categorized into 2 parts; one an immediate effect 

on neuronal survival post trauma and second a long term or delayed effect influencing neuronal 
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Figure 3. Astrocyte modulation of neuroinflammation and neurodegeneration 

Neuroinflammation, either chronic or subtle is a hallmark of all CNS diseases, injury and aging, 

and is initiated largely by the brain resident microglia. Upon activation, microglia release pro-

inflammatory cytokines and chemokines. Chemokines enhance the BBB permeability and trigger 

immune cell ingress, whereas, the cytokines mediate activation of the astrocytes and other neural 

and non-neural cells. Astrocytes upon activation initiate many paracrine and autocrine signaling 

cascades enhancing the inflammatory mediator pools and hence neuroinflammation. At the same 

time, astrocytes are exposed to many apoptotic stimuli that trigger mitochondrial dysfunction and 

ROS production and altered gene expression, leading to decreased synthesis of neuroprotective 

substances and elevated synthesis of neurotoxic products; the most important being the 

glutamate. Inflammation triggers a loss of function and/or expression of receptor for excitatory 

neurotransmitter, glutamate, on astrocytes, leading to excitotoxicity and death of neurons. 

Glutamate excitotoxicity is one of the most important mediators of neurodegeneration. 
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recovery and function. In contrast to neurons, astrocytes are capable of surviving and functioning 

for extended periods under hypoxic conditions by glycolytic ATP synthesis and play a major role 

in protecting neurons from ROS; thereby influencing ensuing neurodegenerative processes post 

ischemic insults.86,87 Although the deregulated glutamate-glutamine cycle is at the epicenter of 

most neurodegenerative disorders, purporting that enhancing glutamate uptake by astrocytes 

would be a effective strategy to overcome neuronal loss, it interesting to note that 

pharmacological inhibition of astrocytic glutamine synthetase reduced infarct size in focal 

ischemia model of stroke,88,89 thus suggesting that blocking the glutamine release post glutamate 

uptake by astrocytes could be a therapeutic approach as well. Astrocyte buffering of K+ and H+ 

ions, gap junction coupling, scar tissue formation, modulation of ECM proteins, synthesis of 

neurotropic factors exhibit significant influences on neuronal survival, depolarization, axonal 

regeneration, myelination, plasticity, neurorite outgrowth and neurogenesis, thereby influencing 

neurodegenerative processes. 

1.6 Astrocytes and Aging 

Reactive astrocytes are a common occurrence in aging CNS tissues and hence are often 

considered harmful, aggravating inflammation, releasing cytotoxic cytokines and chemokines 

that serve no purpose but to inhibit axonal regeneration and increase damage. Due to onset and 

increased presence of aging-associated neuropathies, there is increased burden on astrocytes for 

their protective roles, resulting into exacerbation of the disease manifestations by skewed 

astrocytic functions.  Gene expression analyses of aging mouse brains have provided evidence 

for aging associations with astrocyte inflammatory and oxidative stress response pathways 

particularly in the neocortex, hippocampus and cerebellum, similar to that of neurodegenerative 

disorders.90,91 Aging astrocytes show elevated expression of S100β and GFAP, a plausible 
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outcome of the ensuing inflammatory and oxidative stress cascades.92 One characteristic 

observation in aging brains is the increase in number of astrocytes, approximately by 20%,93,94 

implying the need for more astrocytes to provide the same level of neuroprotection that is present 

in a young brain. A hallmark of molecular aging is the dramatic increase in the levels of 

damaging free radicals such as NO, superoxides and peroxynitrites.95 Astrocyte-derived 

antioxidants are the major neuroprotective mechanism against this barrage of oxidative stress 

during aging.4 However, as mentioned earlier the astrocytic functions become subsequently 

tainted during aging and exacerbate the deleterious effects. This is aptly exemplified by the 

overproduction of the antioxidant enzyme heme-oxygenase 1 (HO-1),96 which is otherwise 

crucial for degrading heme to biliverdin, free iron and carbon monoxide,97 leading to iron 

overload and mitochondrial inefficiency, characteristic of many neurodegenerative disorders like 

AD and PD. Although, astrocytes play a role in clearing Aβ-peptides,98 a pathologic hallmark of 

AD, astrocytes are activated by Aβ to decrease glutamate uptake, increase inflammatory 

mediators and hence oxidative stress mediating neuronal loss.99 One study showed that 

prooxidants or Aβ alone was not significantly toxic to astrocytes but a combination of both 

resulted in oxidative stress and apoptosis of astrocytes in vitro and enhanced inflammation and 

degeneration in vivo; thereby indicating that reduced oxidative stress coping mechanism in aging 

astrocytes may contribute towards neuronal death and development of AD.100 

Cognitive impairment is a major functional outcome associated with aging and is largely 

characterized by synaptic deficiency particularly in the hippocampal and neocortical circuits 

owing to loss of dendritic and axonal arborization.101 In humans, age-dependent dramatic 

increase in astrocyte GFAP is mainly reported in the hippocampal formation, indicating the  
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Figure 4. Astrocyte implications in aging Reactive astrocytes are a hallmark of aging alike 

most other CNS disorders. Aging is associated with increase in plethora of stresses such as 

inflammatory, oxidative, proteotoxic, metabolic and oncogenic. Although, reactive astrocytes are 

ubiquitously present, astrocyte functional perturbations with aging are still unclear with very few 

conclusive findings. Astrocytes in aging brain demonstrate significant increase in the expression 

of cytoskeletal proteins like GFAP and vimentin, Ca2+ signaling and metabolizing protein S100β 

and antioxidant enzyme HO-1. At the same time, astrocyte production of myelin proteins myelin 

basic protein (Mbp), myelin oligodendrocyte glycoprotein (Mog) is significantly reduced with 

aging. Production of stem/progenitor cell proliferation factors fibroblast growth factor (FGF)-2, 

insulin-growth factor (IGF)-1 and vascular endothelial growth factor (VEGF) by hippocampal 

astrocytes is significantly reduced upon aging. Ultimately aging is manifested by functional 

decline in many crucial astrocyte driven functions in the brain. (Adapted from Antero Salminen 

et. al European Journal of Neuroscience, Vol. 34, pp. 3–11, 2011) 

 



	   17 

potential role of astrocytes in modulating the age-associated cognitive deficits.102 Although 

mostly, neuroprotective roles have been attributed to astrocytes during aging, there is sufficient 

evidence for astrocyte detrimental functions during aging. A study utilizing GFAP knockout 

mice revealed increased cellular proliferation and neurogenesis in the granular layer of the 

dentate gyrus.103 Similarly, GFAP null astrocytes demonstrated a better capability for supporting 

neuronal survival and neurite outgrowth.104 Thus, astrocytes as equally potent counterparts of 

neurons, play significant roles in the pathogenesis of most neuropathologies associated with 

aging. 

1.7 Astrocytes and Cancer 

Metastasis of systemic cancer cells to the brain or primary brain tumors are an indicator of poor 

prognosis, neurocognitive deterioration and significantly lowered medial survival.105 The 

neurocognitive failures are a consequence of the disruption of the normal brain physiology, 

peritumoral edema, increased intracranial pressure or vascular compromise.106 Astrocyte reactive 

processes have been shown to play an intricate role in the pathogenesis of CNS tumors. 

Microdissection of surgically resected brain tumors revealed large number of astrocytes trapped 

within the inner tumor mass.107 A non-small cell lung cancer (NSCLC) brain metastasis model 

revealed induction of reactive astrocytes merely 7 days post tumor cell injection, and further 

revealed a subsequent increase in GFAP positive cells in the tumor milieu with increase in tumor 

mass.108 Clinical pathology of advanced disease detected pronounced tumor infiltration of 

reactive astrocytes and macrophages. The idea that reactive astrocytes are recruited by cancer 

cells to promote tumor growth in the brain is being questioned by a lot of scientists. A study on 

breast cancer metastasis utilizing several experimental models showed that reactive astrocytes 

are recruited by the breast cancer cells and are required for tumor cell proliferation and 
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colonization.107 Transgenic studies to investigate whether reactive astrocytes could affect tumor 

cell division or survival demonstrated astrocyte-dependent Erk1/2 phosphorylation on tumor 

cells, thereby indicating that astrocytes do play a role in tumor cells survival.108 In similar 

context, gap junction-mediated communication between astrocytes and tumor cells was reported 

to protect the tumor cells from cytotoxic effects of chemotherapy by inducing the expression of 

antioxidant and antiapoptotic proteins such as glutathione S-transferase alpha 5, BCL2-like 1, 

and twist homolog 1 (Drosophila).109 A new study on metastatic breast cancer stem cells 

revealed that reactive astrocytes promoted the growth of these cancer stem cells by upregulating 

Notch signaling in the brain.110 Besides inducing reactive gliosis, cancer cells also modulate 

astrocyte cytokine and chemokine profiles, having profound influence on BBB permeability and 

immunologic response of cancer cells.111 Brain-metastatic lung cancer cells were shown to 

stimulate the production of pro-inflammatory cytokine IL-1β in astrocytes, which was 

recognized as an important factor promoting cancer cell growth.112 Oncogenic effects of reactive 

astrocytes were also demonstrated in metastatic melanoma cells, wherein sequestration of 

intracellular Ca2+ through astrocyte gap junctions protected melanoma cells from 

chemotherapy.113 It is proposed that targeting cellular ionic Ca2+ sequestration out of the tumor 

milieu by oxalate chelation can be a potential treatment strategy for brain metastatic 

melanoma.114 Exploitation of tumor surrounding astrocytes has been noted in gliomas, wherein 

glioma cells induce astrocyte matrix metaloprotease (MMP)-2 expression thereby aiding in 

elevating the invasiveness.115 Metastatic brain tumors are often associated with vasogenic brain 

edema, which is responsible for increase in intracranial pressure.116 Aquaporin-4, a highly 

conserved water channel protein expressed on astrocytes, is an important regulator of brain-water 

homeostasis. Massive upregulation of AQP4 was detected on reactive astrocytes surrounding 
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metastatic adeonocarcinoma, indicating that AQP4 upregulation may facilitate the flow of edema 

fluid.117 Thus, reactive astrogliosis appears to create a favorable environment for cancer 

recurrence as 70% to 95% of tumors recur from the tissues proximate to resection margins,118-121 

thereby indicating that reactive astrogliosis could be a significant phenomenon determining the 

rate of complete tumor clearance following conventional therapeutic interventions. Thus, brain 

tumors harness the neuroprotective effects of reactive astrocytes for their own survival making it 

all the more pertinent to investigate the astrocytic implications in more detail.  

1.8 Astrocytes and HAND 

Despite the advent of combined anti-retroviral therapies (cART), HAND remain a common 

cause of morbidity in the HIV-1 infected sub population.122 With the virus entering the CNS at 

the early stages of the infection, there is substantial perturbation of the brain physiology leading 

to dramatic cellular and molecular catastrophic changes ensuing several neurological 

complications such as HIV-1 acute aseptic meningitis, HIV-1 HAND, HIV-1 distal sensory 

polyneuropathy and vacuolar myelopathy, opportunistic viral or non-viral neurological infections 

such as cytomegalovirus encephalitis, polyradiculomyelitis, toxoplasmosis encephalitis, 

cryptococcal meningitis, and progressive multifocal leukoencephalopathy, primary CNS 

lymphoma, cerebral vascular disease, and nucleoside neuropathy.123,124 Amongst the multitude of 

neurological complications associated with HIV-1 infections in the current cART era, HAND is 

the most prevalent.123 Inflammatory responses orchestrated through activated glia have emerged 

as important mechanisms implicated in HAND pathogenesis. Although astrocytes are non-

productively infected and neurons are not infected, astrocytes are paramount in regulating the 

HIV-1 driven neurotoxic cascades known to debilitate the neurons, thereby influencing the 

ultimate outcome of the disease.125 Macrophages or microglia, the primary targets of productive 
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Figure 5. HIV-1 neuroinvasion and pathogenesis (A) HIV-1 infected monocytes cross the 

BBB and infect the brain resident microglia or perivascular macrophages, which are responsible 

for productive HIV-1 infection in the brain. (B) Productive HIV-1 replication results into 

accumulation of toxic compounds such as Quinolinic acid, Arachidonic acid, NO, PAF, and 

release of proinflammatory cytokines and chemokines, IL-1β and TNF-α and viral proteins like 

Gp120, Tat and Vpr. (C) These deleterious compounds promote activation of infected microglia 

and astrocytes. (D) Reactive astrocytes enhance the BBB permeability to promote increased 

monocyte infiltration into the brain. (E) Simultaneously, reactive astrocytes increase intracellular 

Ca2+ and glutamate levels by reducing the uptake of glutamate, thereby leading to excitotoxic 

conditions and neuronal death. (F) On the other hand, the activated microglia and astrocytes also 

release chemokines and growth factors that are responsible for regulating Ca2+ levels and hence 

providing homeostatic anti-apoptotic conditions and thereby promote neuronal survival. 

(Adapted from González-Scarano and Martín-García, Nature Reviews Immunology 2005; 5:69-

81) 
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HIV-1 infection in the brain, along with astrocytes release several pro-inflammatory cytokines 

such as IL-1β, TNF-α, interferon- gamma (IFN-γ) and viral proteins such as Trans-activator of 

Transcription (Tat), glycoprotein (gp)-120 and negative Regulatory Factor (nef). They also 

release platelet activation factors (PAF) and other neurotoxic compounds like NO, glutamate, 

and inducible NO synthase (iNOS) along with chemokines such as monocyte chemoattractant 

protein-1 (MCP)-1, IL-6 and IL-8, which lead to increase in oxidative stress, BBB permeability 

and extravasation of leukocytes and other immune cells such as infected monocytes and 

macrophages.126 Astrocytes exacerbate the concomitant inflammation by activating many 

autocrine and paracrine signaling nodes for inflammatory cytokine-chemokine production and by 

accumulating extracellular glutamate.127 Persistent CNS inflammation has long been recognized 

as a hallmark of HIV-1 infection and is characterized by CSF pleocytosis and immune 

activation.128 Although, the highly active (HA)ART therapy sub-potently arrests the progression 

to acquired immunodeficiency syndrome (AIDS) by controlling the level of productive HIV-1 

replication in the brain, the level of inflammation in the form of microglial activation is high.129 

In the post-HAART era, the most predominant site of inflammation is the hippocampus and 

surrounding entorhinal and temporal cortex as against to the basal ganglia in the pre-HAART 

era.130 Productive HIV-1 infection of perivascular macrophages and microglial cells induce 

activation of surrounding microglia, which demonstrate increased expression of cell surface 

antigens such as CD14, CD16, CD68 and major histocompatibility complex (MHC) class II and 

induce prominent CD8 T lymphocytic responses, also leading to leucocyte and monocyte 

trafficking into the CNS, a condition primarily implicated in HIV-1 neuropathogenesis.131 HIV-1 

viral proteins, particularly Tat and gp120, have been shown to mediate iNOS production by 

astrocytes via indirect mechanisms of cytokine production.132 IL-1β and TNF-α has been shown 
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to regulate NOS activity in astrocytes. Although, NO is required for normal neuronal function, 

excessive production of NO is detrimental to neuronal survival.133 HIV-1 proteins, Tat and 

gp120 have been shown to affect the concentrations of excitatory amino acids such as glutamate, 

and induce Ca2+ deregulation in astrocytes and neurons. Besides the direct influence of HIV-1 

viral proteins, oxidative stress induced by pro-inflammatory cytokines released in the 

microenvironment by immune cells is a major implicating factor in CNS disease progression. 

Excitotoxicity associated with reactive astrocytes due to lowered glutamate clearance is a major 

source of reactive oxygen species besides inflammatory stimuli such as IL-1β and TNF-α. These 

oxidative stress stimuli have been shown to induce DNA damage and subsequent apoptosis of 

neuronal and non-neuronal cells. HIV-1 infection has been reported to reduce the astrocytic 

manganese (Mn)SOD, the main enzyme for the conversion of superoxide to hydrogen peroxide 

(H2O2).134 These pro-inflammatory, excitotoxic and hypoxic conditions harbor neurotoxicity, 

leading to dysfunction or death of neurons, which is manifested in the form of gradual cognitive 

decline termed as HAND.  

Thus, taking into account the profound importance of astrocytes in normal and abnormal brain 

pathologies, detailed studies on astrocyte function and disease implications are extremely 

warranted. Astrocytes represent an interesting therapeutic target for re-establishing normal CNS 

function or improving neuroprotective pathways. As astrocytes demonstrated pivotal roles in 

HAND pathogenesis, a lot of emphasis was ascertained on isolating HIV-1 induced changes in 

astrocytes.135 One such study investigating gene expression changes in astrocytes consequent to 

HIV-1 exposure identified a gene called Astrocyte elevated gene-1 (AEG-1) as a HIV-1 and 

TNF-α inducible transcript in astrocytes.136 Following its discovery and pertinent evolutionary 

conservativeness and ubiquitous expression in most cell types, over the past decade, AEG-1 was 



	   23 

recognized as an oncogene and implicated in different stages of carcinogenesis of a wide array of 

cancers.137 However, its role in astrocytes and astrocyte driven disease pathologies, including 

HIV-1 CNS disposition, remains elusive to date. 

1.9 Astrocyte Elevated Gene-1 (AEG-1) 

In an attempt to identify HIV-1 modulated genes in astrocytes, AEG-1 was originally identified 

in 2002 as an HIV-1 neuropathology-associated gene whose expression is significantly elevated 

upon HIV-1 or TNF-α exposure.136 Subsequently, mouse AEG-1 was cloned utilizing a phage 

screening approach, which identified AEG-1 as a protein mediating metastasis of breast cancer 

cells to lung;138 AEG-1 protein was thus named as “metadherin (MTDH)” indicating its role as a 

metastasis adhesion protein. Further cloning approaches identified AEG-1 as a tight junction 

protein, hence also named Lysine-Rich CEACAM1 co-isolated (Lyric)/3D3.139 BLAST analysis 

of AEG-1 gene indicated that AEG-1 has a unique gene structure, which does not resemble any 

other gene and is evolutionarily conserved among mammals and higher vertebrates. AEG-1 gene 

is located on Chromosome 8q22, which is a hot spot for genetic alterations in many cancers and 

migraine.140 AEG-1 protein has a predicted molecular weight of 64 kDa and no known structural 

motifs. However, several protein prediction tools have recognized AEG-1 as a single pass 

transmembrane protein with a putative transmembrane domain (TMD) between amino acid (a.a.) 

residues 51 to 72. In addition to the TMD, AEG-1 protein has been recognized to possess three 

putative nuclear localization sequences between a.a. 79-91, 432-451 and 561-580. Embedded 

within these three NLS are three putative nucleolar localization sequences.141 Thus, AEG-1 is 

recognized as a pleiotropic protein localizing in various intracellular locations such as, plasma 

membrane, cytoplasm, nuclear and ER envelope, nucleus and nucleolus. The physiological or 

cellular stimuli responsible for this differential localization are unknown. At the 
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Figure 6. AEG-1 protein structure and protein-protein interaction domains Several proteins 

have been identified as AEG-1 interacting partners and their binding sites are mentioned. 

Proteins in blue have been purported to bind with AEG-1 at the mentioned site; however, the 

precise domain of interaction has not yet been defined. In our current study, we identify yet 

another binding partner of AEG-1, the master regulator of antioxidant gene expression, Nrf2 

(black); however, the precise region of interaction is yet to be identified. (Adapted from Emdad 

L et. al. Adv Cancer Res. 2013; 120:75-111) 
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same time, AEG-1 intracellular localization is considered as a crucial determinant of its cellular 

function as multiple AEG-1 interacting protein/RNA partners have been identified.142-144 

Although, AEG-1 is detected in the nucleus of many cancers as against to the cytoplasmic and/or 

membrane localization in some cancers, no DNA binding site has been identified in the AEG-1 

protein. But, a putative RNA binding site and many protein-protein interaction sites have been 

identified, which hint towards its role as a scaffolding protein or as a transcriptional co-

activator/repressor. 

2.0 AEG-1’s Oncogenic Disposition 

AEG-1 is ubiquitously expressed in all normal tissues with elevated expression in the tissues of 

the skeletal muscle and heart. AEG-1 expression is significantly overexpressed in all or almost 

all cancers and is implicated in the oncogenic progression with a significant effect on disease 

prognosis.145 Thus AEG-1 is slowly emerging as a novel target for pan-cancer therapies that are 

developed to address multiple processes of carcinogenesis by targeting a single protein. Based on 

the studies conducted so far, AEG-1 is overexpressed in all cancer indications such as cervical,146 

gastric,147 prostate,148 tongue,149 hepatocellular (HCC),150 colorectal,151 ovarian,152 breast,153 

salivary gland,154 gallbladder,155 glioblastoma (GBM),156 neuroblastoma,157 oliodendroglioma,158 

esophageal squamous cell carcinoma (ESCC),159 renal cell carcinoma (RCC),160 diffuse large B-

cell lymphoma,161 melanoma,162 NSCLC,163 laryngeal squamous cell carcinoma (LSCC),164 acute 

myeloid leukemia,165 osteosarcoma,166 and T-cell lymphoma167 (Table 1).  

In a clinical study conducted on 225 breast cancer samples, AEG-1 expression was elevated in 

93.3% cases,168 and AEG-1 expression showed a significant correlation to breast cancer grade 

and progression.  Further in triple negative breast cancer, AEG-1 expression showed a significant 

correlation with vascular endothelial growth factor production, microvessel density and clinico- 
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Table 1. Implications for AEG-1 in cancers 
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pathological traits.169 A similar study on HCC showed AEG-1 overexpression in 102 out of 109 

cases with significant correlation to clinico-pathological staging of the liver disease.170 AEG-1 

overexpression was recognized to provide prognosis for Hepatitis B Virus-related HCC.171 

Immunohistochemical analyses of AEG-1 in a cohort of prostate cancer (PC) specimens, 

identified elevated AEG-1 levels in 80% of the samples and further showed significant 

correlation to disease progression in a prostate tissue microarray analyses with 143 PC cases and  

63 benign prostate hyperplasia.141 AEG-1 was found to be predominantly cytoplasmic in PC as 

against nuclear in thyroid and lung cancers. Clinical significance of AEG-1 was also 

demonstrated in ESCC and NSCLC, where low AEG-1 expression significantly correlated to a 

better prognosis and high expression correlated to poor prognosis and disease free survival.172 In 

a recent study on NSCLC, AEG-1 was shown to play a vital role in NSCLC carcinogenesis as a 

significant correlation was noted between AEG-1 expression and clinical staging, differentiation 

and lymph node metastasis. AEG-1 overexpression was identified as an independent prognostic 

marker in gallbladder cancer with AEG-1 expression correlating with differentiation degree and 

liver infiltration.155 AEG-1 was also identified as a prognostic indicator for osteosarcoma 

progression and metastasis. A recent study identified AEG-1 polymorphism (-470G>A) in 

enhancing the susceptibility to ovarian cancer.173 AEG-1 overexpression was recognized as a 

novel indicator for peritoneal dissemination and lymph node metastasis of ovarian cancer cells. 

Immunohistochemical analyses of 200 cervical carcinoma samples revealed positive staining in 

180 of 200 (90%) and statistically significant correlation with the clinical staging of the patients, 

including T, N and M classification as well as tumor differentiation.146 AEG-1 expression 

correlated with the tumor stage, clinical stage, metastasis, recurrence and over-all survival in 

LSCC.164  
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In CNS cancers, AEG-1 expression showed significant elevation in neuroblastoma as compared 

to the normal peripheral nerve tissues.157 A study on 32 archived neuroblastoma patients revealed 

AEG-1 upregulation in all, with AEG-1 commonly detected in the vascular endothelial cells and 

glandula in neuroblastoma samples and a strong correlation of AEG-1 expression with age at 

diagnosis, clinical and tumor histological stage. Also, AEG-1 expression is elevated in more than 

90% cases of brain cancers, including GBM. Positive AEG-1 staining was detected in 265 out of 

296 GBM cases studied, with significant upregulation in 51.7% of the cases.174 Similar 

observations were made in a study conducted on oligodendroglioma cases with 51 showing 

AEG-1 upregulation in the 75 cases studied.158 Elevated AEG-1 levels were reported in 66 out of 

105 cases of gastric cancer,147 82 out of 146 cases of colorectal cancer and 96 out of 102 cases of 

RCC.175 Another study on RCC revealed a significant relationship between increased AEG-

1 staining scores and clear cell and non-clear cell RCC subtypes, tumor capsule invasion and 

lymphovascular invasion.160 Recently, AEG-1 is recognized as a potential immunotherapy target 

for 12 pediatric cancers.176 The high prevalence of AEG-1 overexpression in miscellaneous 

cancer types with poor prognosis strongly advocates that AEG-1 might be employed as a 

universal diagnostic/prognostic marker for cancer. 

2.1 Role of AEG-1 in Oncogenesis and Other Non-cancerous Pathologies 

Numerous studies have highlighted the pathophysiological oncogenic role of AEG-1 in 

regulating cell growth, proliferation, anchorage-independent growth, migration, invasion, 

chemoresistance, angiogenesis, in vivo tumorigenesis and metastasis of several cancers.145 

Innately, a unique ability has been attributed to AEG-1 that allowing the modulation of global 

gene expression changes in a cancer cell, thereby allowing oncogenic progression. AEG-1 has 

been shown to induce pro-survival and anti-apoptotic pathways, promoting proliferation of HCC, 



	   29 

ESCC, breast and prostate cancers, GBM and neuroblastoma. AEG-1 has been shown to provide 

protection to normal immortalized melanocytes and astrocytes against serum starvation or 

glucose deprivation-induced apoptosis by activating several survival pathways like NF-κB and 

Phosphoinositide 3-kinase (PI3K/Akt) and also by induction of protective autophagy.177 

AEG-1 knockdown studies in gastric carcinoma revealed inhibition of proliferation and cell 

cycle arrest via modulation of expression of cell cycle related proteins, cyclin-dependent kinase 

(cdk) 2, cyclin D1 and p21.178 AEG-1 regulation of important anti-cancer proteins phosphatase 

and tensin homolog (PTEN), survivin and stathmin in AML indicated its oncogenic role in 

multiple cancers besides acute myeloid leukemia (AML).165 Studies in NSCLC have showed that 

AEG-1 could inhibit apoptosis via upregulation of anti-apoptotic protein B-cell lymphoma 2 

(Bcl2) and by activating the cell survival pathways of PI3K/Akt.163 AEG-1 has been shown to 

promote the proliferation of breast cancer by upregulating human epidermal growth factor 

receptor 2 (HER2)/neu expression179 and by suppressing the transcriptional factor FOXO1.180 

Pro-apoptotic micro RNAs (MIR)-136181 and MIR-375182 have been identified to target AEG-1 

expression in glioma and HCC to suppress cancer growth and progression. Identification of 

staphylococcal nuclease domain-containing protein 1 (SND1) as an interacting partner for AEG-

1 further unraveled the collaborative effect of AEG-1 and SND1 in promoting 

hepatocarcinogenesis by enhancing the RNA-induced silencing complex activity.183 AEG-1 has 

been shown to inhibit FOXO3a activity and to physically interact with and negatively regulate 

the CDKN1A and breast cancer type 2 susceptibility protein (BRCA2)-associated protein, 

BRCA2 and CDKN1A-interacting protein (BCCIP) alpha, which results in cell cycle arrest and 

DNA miss repair in PC cells.184 

AEG-1 has been shown to promote chemotherapeutic resistance in many aggressive cancers. 
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Correlation analyses of AEG-1 expression and chemotherapeutic resistance gene expression in 

HCC have revealed a positive correlation between AEG-1 expression and drug-metabolizing 

enzymes, such as dihy-dropryimidine dehydrogenase, cytochrome P450B6 and dyhydrodiol 

dehydrogenase; ATP-binding cassette transporter (ABCC) 11/MRP8; and the transcription factor 

LSF/TFCP2.170 AEG-1-induced activation of the PI3K/Akt pathway facilitates association of 

multi drug resistance (MDR)1 mRNA to polysomes resulting in accumulation of MDR1 protein 

and increased efflux of doxorubicin from HCC cells.185 AEG-1 has been suggested to impart 

broad-spectrum chemoresistance against 5-flurouracil,186 doxorubicin,187 paclitaxel,188 

cisplatin189 and 4-hydroxycyclophosphamide.188 Recent study on osteosarcoma revealed AEG-1 

mediated regulation of chemoresistance via activation of the endothelin-1/endothelin A receptor 

signaling.166 MTDH/AEG-1-based vaccine has been developed for the treatment of breast cancer, 

wherein the vaccine has been shown to suppress lung metastasis and increase chemosensitivity 

of breast cancer cells to doxorubicin.187 AEG-1 knockdown was reported to inhibit 

neuroblastoma cell proliferation and enhance chemosensitivity to doxorubicin and cisplatin. 

Many in vivo studies have implicated AEG-1 in tumor metastasis and angiogenesis. AEG-1-

induced enhanced production of angiogenic factors such as VEGF, placental growth factor 

(PIGF) and fibroblast growth factor-α (FGF-α) has been recognized to mediate HCC 

angiogenesis and metastasis.190 AEG-1 overexpression showed a significant correlation to other 

angiogenic factors angiopoietin-1 (Ang1), MMP-2 and hypoxia inducible factor (HIF)-1α.191 A 

recent study conducted in proximal tubular epithelial cells showed AEG-1 regulation of TGF-β-

induced epithelial messenchymal transition  (EMT) via activation of the p38 MAPK pathway.192 

Ursolic acid has been extensively used as an anti-cancer compound in the treatment of many 

cancers. A recent study revealed that ursolic acid inhibited EMT in NSCLC by suppressing 
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AEG-1 expression.193 A similar study in HCC showed a positive correlation between AEG-1 

expression and orientation chemotaxis and adhesion of HCC cells.194 In colorectal cancer, yet 

another AEG-1 interacting partner was detected; AEG-1 was shown to interact with β-catenin to 

increase migration and invasion of colorectal cancer.195 AEG-1 has been shown to induce MMP-

9 activity to enhance glioma invasion.196 Recent advances in AEG-1 research have revealed 

novel indications for AEG-1 in other physiological disorders like neurodegeneration, 

neuroinflammation and migraine. Despite the fact that AEG-1 is evolutionarily conserved in 

vertebrates and is expressed ubiquitously in all cell types, with the maximum basal expression in 

cells with muscular actin, AEG-1 expression has not been well explored in CNS cell types 

including neurons and astrocytes. Our preliminary analyses of AEG-1 expression in brain tissues 

showed significant expression in the hippocampal and cerebellar regions of the mouse brain with 

distinct colocalization with neuronal cells (Figure 7). Further studies focusing on neurons are 

therefore warranted. AEG-1, which was primarily identified as a HIV-1-inucible transcript in 

human astrocytes was shown to regulate astrocyte glutamate clearance by regulating the 

expression of the key glutamate transporter, EAAT2.197 In gliomas, AEG-1 was shown to 

downregulate EAAT2 promoter activity and thus decrease glutamate uptake. Consequently, 

AEG-1 was implicated in glutamate neurotoxicity, highlighting its role in other 

neurodegenerative disorders such as ALS, AD, epilepsy, ischemia/stroke, HIV-1-associated 

dementia (HAD), traumatic brain injury and hepatic encephalopathy. Besides, neurodegeneration, 

AEG-1 was suggested to play a major role in neuroinflammation, as studies in cancer had 

recognized AEG-1 as a downstream effector and interacting partner of the key inflammatory 

response pathway, NF-κB.144 Interestingly, AEG-1 has been implicated in mediating 

chemotherapeutic resistance of many cancers by increasing the levels of ABC transporters that 
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Figure 7. AEG-1 expression in mouse hippocampus and cerebellum AEG-1 CNS expression 

in the mouse brain was analyzed by immunohistochemistry using antibodies against AEG-1 

(green), neuronal marker (MAP2, red) and nuclear marker (DAPI, blue). (A1-A3) AEG-1 

expression was detected in the hippocampus, specifically in the dentate gyrus. Higher resolution 

images of the same region are shown in (A1) 10X, (A2) 20X and (A3) 40X. AEG-1 co-localized 

with cell bodies of pyramidal neurons. Similarly, AEG-1 expression was detected in the 

cerebellar region of the mouse brain, (B1) 10X, (B2) 20x and (B3) 40X. The three layers of the 

cerebellum were identified by MAP2 positive staining, the outermost layer of the cerebellar 

cortex (molecular layer), middle layer (Purkinje layer) and the innermost granular layer. AEG-1 

co-localized with the cell bodies of the Purkinje neurons in the cerebellum. 
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increase the efflux of reactive oxygen species. Also, AEG-1 has been shown to be induced by 

hypoxia and glucose deprivation in gliomas198 and thus support gliomas to survive in a toxic 

microenvironment.199 Thus, analysis of the role of AEG-1 in regulating astrocyte responses to 

oxidative stress, injury and neuroinflammation will engender novel mechanisms of treatment 

therapies for most CNS anomalies. 

2.2 Objectives of the Present Study 

Within the CNS, astrocytes are important regulators of energy metabolism, electrochemical 

transmission, immunological perturbation, neuro-vascular transport, homeostasis and etiology or 

pathogenesis of CNS disorders. Interestingly, astrocytes exhibit differential, often contradictory 

roles, depending upon the severity of insult and stage of disease. For example, during HIV-1 

infection the immediate primary response of astrocytes is neurotoxic by eliciting upregulation of 

arachidonic acid and its metabolites, quinolinic acid, chemokines and cytokine secretions. 

However, depending upon the viral load and immune activation, astrocytes can shift the balance 

towards neuroprotective homeostasis by triggering a reactive process culminating in glial scar 

formation. Taking into account the pivotal yet penumbral nature of astrocyte functions in CNS, 

identifying the molecular mechanisms of astrocyte functional perturbations and subsequent 

regulation of astrocyte-mediated reactive processes in the brain is extremely crucial. Ubiquitous 

presence of reactive astrocytes in all forms of neuropathologies emphases the importance of 

finding answers to many outstanding questions such as: Are there similarities in etiopathologies 

of multiple disorders resulting from impaired astrocytic functions? Could these etiopathologies 

be valid broad-spectrum therapeutic targets? If so, could these therapeutic approaches, targeting 

multiple pathways within astrocytes provide additional neuroprotection? One similarity in 

pathogenesis of multiple CNS disorders is strikingly evident in the form of reactive astrogliosis, 
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a common denominator for NeuroAIDS, aging and glioblastoma. However, these commonalities 

have never been investigated. Despite the discovery of AEG-1 as HIV-1 neuropathology-

associated gene in astrocytes with no known function, however with several pleiotropic 

implications in cancers, a hyperproliferative disease resembling gliosis, the identification of 

AEG-1 as an amalgamating factor was never investigated. Therefore, in the current proposal, we 

initiated studies to identify the function of the novel oncogene AEG-1 in astrocytes and 

astrocyte-mediated etiopathologies of the CNS.  Here, we hypothesize that AEG-1 is a novel 

modulator of astrocyte function and an implicating factor in astrocyte-driven CNS 

pathologies. 

We will address our hypothesis through the following specific aims:  

 

1. To analyze the role of AEG-1 in regulating astrocyte responses to CNS injury.  

 

2. To analyze the role of AEG-1 in regulating astrocyte responses to HIV-1-induced 

CNS inflammation.  

 

3. To analyze the role of AEG-1 in regulating astrocyte responses to inflammation-

induced oxidative stress.  
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CHAPTER II 

 

ASTROCYTE ELEVATED GENE-1 REGULATES ASTROCYTE RESPONSES TO 

NEURAL INJURY: IMPLICATIONS FOR REACTIVE ASTROGLIOSIS AND 

NEURODEGENERATION 

 

Vartak-Sharma N, and Ghorpade A. 

J Neuroinflammation. 2012 Aug 11; 9:195. doi: 10.1186/1742-2094-9-195.  

 

ABSTRACT 

 

Reactive astrogliosis is a ubiquitous but poorly understood hallmark of central nervous system 

pathologies such as trauma and neurodegenerative diseases. In vitro and in vivo studies have 

identified proinflammatory cytokines and chemokines as mediators of astrogliosis during injury 

and disease; however, the molecular mechanism remains unclear. In this study, we identify 

astrocyte elevated gene-1 (AEG-1), a human immunodeficiency virus 1 or tumor necrosis factor 

α-inducible oncogene, as a novel modulator of reactive astrogliosis. AEG-1 has engendered 

tremendous interest in the field of cancer research as a therapeutic target for aggressive tumors. 

However, little is known of its role in astrocytes and astrocyte-mediated diseases. Based on its 

oncogenic role in several cancers, here we investigate the AEG-1-mediated regulation of 
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astrocyte migration and proliferation during reactive astrogliosis. An in vivo brain injury mouse 

model was utilized to show AEG-1 induction following reactive astrogliosis. In vitro wound 

healing and cell migration assays following AEG-1 knockdown were performed to analyze the 

role of AEG-1 in astrocyte migration. AEG-1-mediated regulation of astrocyte proliferation was 

assayed by quantifying the levels of cell proliferation markers, Ki67 and proliferation cell 

nuclear antigen, using immunocytochemistry. Confocal microscopy was used to evaluate 

nucleolar localization of AEG-1 in cultured astrocytes following injury. The in vivo mouse 

model for brain injury showed reactive astrocytes with increased glial fibrillary acidic protein 

and AEG-1 colocalization at the wound site. AEG-1 knockdown in cultured human astrocytes 

significantly reduced astrocyte migration into the wound site and cell proliferation.  

Confocal analysis showed colocalization of AEG-1 to the nucleolus of injured cultured human 

astrocytes.	  The present findings report for the first time the novel role of AEG-1 in mediating 

reactive astrogliosis and in regulating astrocyte responses to injury. We also report the nucleolar 

localization of AEG-1 in human astrocytes in response to injury. Future studies may be directed 

towards elucidating the molecular mechanism of AEG-1 action in astrocytes during reactive 

astrogliosis.  
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INTRODUCTION 

 

Astrocytes, as the most abundant cell type in the brain, respond to all forms of central nervous 

system (CNS) pathologies, from infection, injury and ischemia to neurodegenerative diseases, by 

a process commonly referred to as reactive astrogliosis. During this process, astrocytes undergo 

spectrum of changes in their molecular expression patterns and morphology, leading to both 

beneficial and detrimental effects on surrounding neural and non-neural cells. Despite the 

ubiquitous presence of reactive astrocytes at all sites of CNS pathologies, the molecular 

mechanisms, functions and effects of reactive astrocytes are surprisingly poorly understood and 

their roles in specific disease processes are largely unclear.  

Astrocyte elevated gene-1 (AEG-1), a novel human immunodeficiency virus (HIV)-1 and tumor 

necrosis factor-α (TNF-α)-inducible transcript, was identified in primary human fetal astrocytes 

in response to HIV-1 or TNF-α treatment.200 Subsequent to its identification, several studies have 

recognized AEG-1 as an oncogene, whose expression is elevated in many metastatic 

malignancies and is thereby implicated in cancer initiation, metastatic progression and 

chemotherapeutic resistance.174,175,201-203 Although much is known about the role of this 

evolutionarily conserved gene in cancer,204 the role of AEG-1 in normal non-cancerous cells, 

such as astrocytes, has not yet been thoroughly investigated. In this report, we initiate studies to 

assess the role of AEG-1 in human astrocytes for mediating injury responses and further discuss 

their implications for HIV-1 CNS infection.  
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AEG-1 mRNA codes for a single pass transmembrane protein, with predicted molecular weight 

of 64 kDa, identified as a metastasis adhesion protein (metadherin) that enhances migratory 

capacities of cancer cells.205 Despite the evolutionary conservativeness, the three dimensional 

structure and functional motifs in the AEG-1 protein are still unresolved; however, several 

studies have reported multiple post-translational modifications, which might be responsible for 

the detection of this protein in varied intracellular compartments.141 In the context of cancer, a 

transcriptional co-activator role has been attributed to AEG-1144 and multiple AEG-1-interacting 

proteins have been identified.142-144,183 Subsequently, AEG-1 has been shown to localize to the 

cytoplasm, endoplasmic reticulum, nucleus and nucleolus in cancer cells;141 however, its role in 

the different intracellular organelles, often considered a key determinant for its function, remain 

to be investigated, especially in normal non-cancerous cells. The initial discovery of AEG-1 in 

astrocytes following HIV-1 or TNF-α treatment200 implies its role in inflammatory responses of 

astrocytes. One of the major cellular manifestations of astrocyte inflammatory responses is 

reactive astrogliosis, in which activated astrocytes undergo rapid proliferation	   enhanced 

migration towards the site of inflammation and attempt to mitigate collateral damage by isolating 

the damaged area.206-208  

As a hallmark of CNS pathologies, reactive astrogliosis is frequently associated with CNS insults 

such as infection, trauma, ischemia, neurodegeneration and post-neurosurgical healing, 

commonly associated with the management of brain tumors.209-211 Gliosis is accompanied with 

increased expression of inflammatory cytokines and growth factors by surrounding astrocytes, 

which initiates a paracrine loop of signaling, potentiating proliferation, re-colonization and 

migration of surviving cancer cells from the primary site of origin to secondary sites.212-214 

Since 70% to 95% of tumors recur from the tissues proximate to resection margins, reactive 
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astrogliosis appears to create a favorable environment for cancer recurrence.118-121 Thus, reactive 

astrogliosis is a significant phenomenon determining the rate of complete tumor clearance 

following conventional therapeutic interventions. Interestingly, the physiological changes in 

astrocyte behavior, function and outcome during hyperproliferative disorders, such as 

astrogliomas, which express very high levels of AEG-1, resemble those that occur during 

reactive astrogliosis,41 suggesting a common denominator. In spite of AEG-1 expression being 

minimal in non-cancerous adult cells, AEG-1 is highly expressed during the early mouse embryo 

developmental period from E8.5 to E9.5, suggesting a role in neurogenesis.215 As AEG-1 has 

been shown to enhance cancer cell migration and proliferation as an adhesion protein and by 

inducing survival signals, it is likely to modulate astrocyte injury responses and ultimately affect 

the gliosis process and neurogenesis post-glial scar formation. Therefore, taking into account the 

pleiotropic effects of AEG-1 in cancers, here	  we investigate the role of AEG-1 in orchestrating 

astrocytic responses to injury. In this study, we show that AEG-1 is required for migration and 

proliferation of injured astrocytes to the site of injury. Results from this study, for the first time, 

identify AEG-1 as a novel mediator of reactive astrogliosis, implicating its role in 

neuroinflammation, consistent with its original identification in neuroinflammatory disease, 

HIV-1 CNS infection. 
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RESULTS 

 

AEG-1 colocalizes with reactive astrocytes in an in vivo brain injury mouse model 

Reactive astrocytes in surgically resected and inflammatory areas of brain show an altered 

phenotype with increased proliferation and migration by modulating the expression and function 

of significant intracellular molecules.216-218 Therefore, in the present study we analyzed AEG-1 

expression in astrocytes undergoing reactive astrogliosis. An in vivo brain injury mouse model of 

reactive astrogliosis was used to investigate the change in AEG-1 astrocyte expression in 

response to injury in an intact healthy CNS (Additional file 1). The model circumvents one of the 

central caveats for biochemical analyses, cellular heterogeneity, in large batches of in vitro 

primary astrocyte cultures. A stereotactic phosphate buffered saline (PBS) injection (5 µl) into 

the claudate/putamen in the left hemisphere of a non-obese diabetic/ severe combined 

immunodeficiency (NOD/SCID) mouse was compared to the non-injected contralateral 

hemisphere (Figure 1A). Immunostaining with glial fibrillary acidic protein (GFAP, red, 

astrocyte marker) antibody and 4',6-diamidino-2-phenylindole (DAPI) identified activated 

astrocytes comprising a glial scar tissue around the needle tract, 4 days post injection. Overall the 

number of GFAP positive cells increased, indicating reactive astrogliosis (Figure 1B). 

Furthermore, AEG-1 (green) costaining localized to the perinuclear cytoplasmic region of 

astrocytes in the non-injected contralateral hemisphere (inset image, Figure 1C). However, the 

number of AEG-1-GFAP double positive astrocytes (yellow, inset image, Figure 1D) increased 
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Figure 1. 
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Figure 1. Astrocyte elevated gene-1 (AEG-1) colocalizes with reactive astrocytes during 

astrogliosis. AEG-1 expression in activated astrocytes of mouse brain, 4 days post stereotactic 

PBS injection, was analyzed by immunofluorescent microscopy. The non-injected contralateral 

hemisphere was used as a control. (A, B) Immunostaining for GFAP (red, astrocyte marker) and 

DAPI (blue, nuclear marker) identified the needle tract of activated astrocytes. (C) Non-injected 

(inset image) and (D) PBS-injected contralateral hemispheres costained for AEG-1 and GFAP, 

were assessed for AEG-1 expression and colocalization with GFAP (yellow, inset image). (E, F) 

AEG-1 expression is shown. 
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dramatically near the needle tract. AEG-1 induction at the wound site was clearly visible (Figure 

1E, F). Thus, indicating that brain injury/trauma induces AEG-1 expression in astrocytes during 

reactive astrogliosis. 

AEG-1 regulates astrocyte migration and proliferation 

For further mechanistic studies involving the quantification of the dependency of astrocytes on 

AEG-1 for orchestrating cellular responses to trauma, we performed in vitro studies following 

AEG-1 knockdown in human astrocytes. This model allows direct manipulation of astrocyte 

AEG-1 responses and further characterization of its role during injury and inflammation. In order 

to investigate the role of AEG-1 in astrocyte migration, human astrocytes transfected with 

siAEG-1 and siCon were assayed by in vitro OrisTM cell migration assay. Small interfering RNA 

specific towards AEG-1 significantly reduced AEG-1 mRNA levels at 24 h, which were 

sustained through 120 h (P <0.001, Figure 2A), and reduced 48 h AEG-1 protein levels by 

approximately three-fold (P <0.01, Figure 2B) as compared to siCon-transfected astrocytes. 

AEG-1 protein knockdown was sustained though 120 h (data not shown). In the OrisTM cell 

migration assay, a relatively clear cell-free zone of injury was achieved at the beginning of the 

assay following removal of the cell-seeding stopper, in both siAEG-1-transfected and siCon-

transfected astrocytes, which showed progressive healing by migrating astrocytes over 120 h 

(representative images, white box, Figure 2C1-C8). Directional movement of injured astrocytes 

towards the wound site was noted over time via injury-directed orientation of astrocyte nuclei. 

The wound was completely healed by 120 h in siCon-transfected astrocytes as compared to 

siAEG-1-transfected astrocytes. AEG-1 knockdown reduced astrocyte migration into the injury 

site, which was significant at 120 h as compared to siCon (P <0.001, Figure 2D). Thereby 

indicating that AEG-1 is required for astrocyte migration and thus may regulate the progression  
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Figure 2. 
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Figure 2. Astrocyte elevated gene-1 (AEG-1) mediates astrocyte migration during wound 

healing. Human astrocytes were transfected with AEG-1 specific siRNA (siAEG-1) or non-

targeting, scrambled siRNA (siCon) by nucleofection and plated for 48 h. (A) Messenger RNA 

was isolated at 24 h and 120 h post recovery and AEG-1 levels were measured by real-time 

polymerase chain reaction (PCR) (***P <0.001). (B) In parallel experiments, immunoblotting 

was performed for AEG-1 at 48 h; β-actin was used as normalizing loading control (**P <0.001). 

Transfected astrocytes were plated to confluence for 48 h into OrisTM migration assay plates and 

then injured by removal of the cell-seeding stopper. Migrating astrocytes were visualized with 

Hoechst nuclear stain at various time points. (C1, C3, C5, C7) Micrographs are shown for 

siCon-transfected and (C2, C4, C6, C8) siAEG-1-transfected astrocytes. (C1-C8) The number in 

the lower right corner of the white box show number of cells in the area of the injury. (D) 

Separate images from four replicate wells were analyzed to quantify the number of cells present 

(***P <0.001). Representative data from three individual donors assayed in triplicate is shown.	  
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of wound healing. The decrease in the number of Hoechst positive cells at the injury site 

following AEG-1 knockdown can also be accounted for by a change in astrocyte proliferation in 

addition to astrocyte migration. Therefore, to assess AEG-1 regulation of astrocyte proliferation, 

the expression of cell proliferation markers Ki67 and PCNA was assayed following AEG-1 

knockdown in human astrocytes. Immunofluorescent staining for Ki67 (green, Figure 3A1-D1) 

or PCNA (green, Figure 3A2-D2) and GFAP (astrocyte marker, red) decreased in siAEG-1- 

transfected astrocytes as compared to controls. Nuclear Ki67 and PCNA staining was detected 

consistently in all controls. The Ki67 (arrow, Figure 3A1,D1) or PCNA (arrow, Figure 2A,D2) 

staining intensity as well as the number of Ki67 or PCNA positive astrocytes significantly 

decreased following AEG-1 knockdown as compared to controls (P  <0.001, Figure 3E,F). These 

data demonstrate that astrocyte proliferation requires AEG-1. 

AEG-1 localizes to the astrocyte nucleolus during reactive astrogliosis 

Next, we sought to identify possible injury-induced changes in the intracellular localization of 

AEG-1 in astrocytes using an in vitro wound-healing model. In this model, live phase contrast 

images of the wound showed complete healing by 48 h (Figure 4A1-F1). Migration of astrocytes 

into the wound site from either sides of the scratch/wound could be detected starting from 24 h. 

In response to injury, astrocyte morphology was altered with extensive processes protruding 

from their soma towards the wound site with dense staining for GFAP (red) and altered AEG-1 

(green) intracellular localization (Figure 4A2-E2). Injury-induced activation of astrocytes was 

observed clearly in GFAP micrographs at 24 h (Additional file 2). Interestingly, AEG-1 was also 

detected in areas within the migrating astrocyte nucleus, which showed an increase in intensity in  
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Figure 3. 
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Figure 3. Astrocyte proliferation requires astrocyte elevated gene-1 (AEG-1). Astrocytes 

transfected with AEG-1 specific siRNA (siAEG-1) or non-targeting, scrambled siRNA (siCon) 

were immunostained with Ki67 or PCNA (green, proliferation marker) and GFAP (red, astrocyte 

marker) antibodies. Untransfected and mock-transfected astrocytes were stained in parallel. 

Micrographs at 20 × original magnification of Ki67 or PCNA with GFAP costaining for (A1, 

A2) non-transfected control, (B1, B2) mock-transfected, (C1, C2) siCon-transfected and (D1, 

D2) siAEG-1-transfected astrocytes are shown. (E) This panel shows the number of Ki67 

positive cells in ten micrographs from replicate wells for each condition (***P <0.001). (F) This 

panel shows the number of PCNA positive cells in ten micrographs from replicate wells for each 

condition (***P <0.001). All micrographs are 20 × original magnification, unless otherwise 

noted. Immunostaining data is representative of three individual donors assayed in triplicate. 
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a time-dependent manner. Upon complete wound healing (48 h), AEG-1 clearly localized to 

nuclear pockets of migrated astrocytes (Figure 4G). These five to six dense AEG-1 positive areas 

in the nucleus of injured astrocytes differed significantly from the cytoplasmic and nuclear 

localization in non-wounded astrocyte cultures where AEG-1 appears more prominent in the 

perinuclear region, less so in the nucleoplasm, and is diffuse throughout the cytoplasm 

(Additional file 3). The injury-induced changes in AEG-1 intracellular localization were 

quantified by immunoblotting cytoplasmic and nuclear extracts of injured astrocytes for AEG-1 

(Figure 4H). Injury induced higher cytoplasmic AEG-1 levels and significantly reduced nuclear 

AEG-1 levels as compared to non-injured astrocytes (Figure 4I,J). However, immunoblotting of 

astrocyte whole cell lysates, 48 h after injuries of increasing severity, did not indicate changes in 

AEG-1 protein levels (Additional file 4). The interesting observation of subnuclear AEG-1 being 

detected in injured astrocytes hinted towards nucleolar localization and initial 

immunocytochemical studies showed AEG-1 colocalization with nucleolin within the nuclei of 

astrocytes during wound healing (Additional file 5). The injury-induced specific subnuclear 

compartmentalization of AEG-1 in astrocytes was thus assayed by immunostaining for fibrillarin 

(nucleolar marker, red, Figure 5A) and AEG-1 (green, Figure 5B). Analysis revealed significant 

colocalization between fibrillarin and AEG-1 (P = 1.0; Figure 5C-F), signifying movement of 

AEG-1 to the nucleolus during wound healing. 
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Figure 4.  
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Figure 4. Astrocyte elevated gene-1 (AEG-1) localizes to nuclear pockets during wound 

healing in cultured human astrocytes. Confluent astrocyte cultures were scratched to mimic 

injury and subsequent wound healing by migrating astrocytes was monitored for up to 48 h. (A1-

F1) Phase-contrast images of the wound tract are shown from 0 to 48 h. (A2-E2) In parallel, 

starting from 8 h post injury, cells were periodically fixed and immunostained with GFAP (red, 

astrocyte marker) and AEG-1 (green) antibodies. (G) Higher resolution micrograph of AEG-1 

and GFAP costaining in migrated astrocytes is shown (40 ×). All images are 20 × original 

magnification, unless otherwise noted. (H) Cytoplasmic and nuclear protein extracts of 

astrocytes following wound healing were immunoblotted for AEG-1 and (I, J) fold change to 

non-scratched controls was plotted (*P <0.01). Cytoplasmic GAPDH and nuclear lamin A/C 

were used as subcellular fraction normalizing controls. Representative data from three individual 

donors assayed in triplicate. Immunoblotting data is representative of three individual donors. 
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Figure 5. 
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Figure 5. Astrocyte elevated gene-1 (AEG-1) localizes to the astrocyte nucleolus during 

wound healing. At 48 h post injury astrocytes were immunostained for  (A) fibrillarin (red, 

nucleolar marker), (B) AEG-1 (green) and (C) DAPI (blue, nuclear marker) and micrographed 

by confocal microscopy. (D) Z-stack micrographs of fibrillarin fluorescence were overlaid upon 

AEG-1 and DAPI. (E) Higher magnification micrograph of AEG-1 and fibrillarin costaining is 

shown. (F) A scatter plot of overlapping AEG-1 and fibrillarin pixels was generated (P = 1). 

Representative confocal images are 200 × original magnification from 2 individual donors 

assayed in triplicate. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   54 

 

 

 

DISCUSSION 

 

The present work identifies AEG-1 as a novel modulator of astrocyte injury responses by 

regulating astrocyte migration and proliferation. Our in vivo brain injury mouse model and in 

vitro cell migration assays provides evidence for the induction of AEG-1 expression during 

gliosis in injured astrocytes and a subsequent alteration in subcellular distribution consequent to 

injury. We also report the nucleolar localization of AEG-1 during astrocyte wound healing, 

which provides direction for future mechanistic studies.  

Reactive astrogliosis, a prerequisite for CNS wound healing, orchestrates events that lead to glial 

scar formation, which is critical for maintaining CNS homeostasis.40 While AEG-1 was first 

described as an HIV-1-inducible transcript in astrocytes,200 this is the first report that describes a 

critical role of AEG-1 in reactive astrogliosis, the first line of defense for any CNS injury.118 The 

in vivo brain injury mouse model provides evidence for the induction of AEG-1 expression 

during gliosis, however, AEG-1 levels in injured astrocytes remained unchanged in the in vitro 

wound-healing model. This distinction may be due to the difference in the complexities of the 

two models. In the intact CNS brain injury model there are elevated levels of AEG-1-inducing 

agents, such as TNF-α and interleukin 1β (IL-1β), secreted by other non-neural cells such as 

activated microglia,219 in contrast to the confluent layer of pure astrocyte cultures 
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of the in vitro wound-healing model. AEG-1 induction at the wound site in the in vivo brain 

injury mouse model colocalized with reactive astrocytes, indicating a possible involvement of 

AEG-1 in the injury responses of astrocytes.  

During gliosis, astrocytes undergo multitude of changes in their gene expression patterns, 

secretion profiles and morphological traits that lead to a reactive phenotype capable of mediating 

wound healing.209,220,221 AEG-1 induction following injury can alter many intracellular signaling 

pathways, such as nuclear factor (NF)kB,144,205 Wnt,170 cyclic adenosine monophosphate,174,180 

mitogen activated protein kinases (MAPK)170 and phosphatidylinositol 3-kinases-AKT.159 It is 

interesting to note that AEG-1 expression in astrogliomas has been shown to induce CXCL8 

expression205 and matrix metalloproteinase-9 production,174 both of which show a dramatic 

increase during gliosis.222,223 Reactive astrogliosis is often associated with deregulated glutamate 

clearance, which is responsible for toxicity to neurons.18,224 Interestingly, AEG-1 has been shown 

to suppress the expression of EAAT-2 in astrogliomas.197,225,226 Besides the altered secretory 

profiles of reactive astrocytes, structural changes such as elevated expression of GFAP, vimentin 

and nestin are observed during reactive astrogliosis.227 These can also be modulated by AEG-1, 

by functioning as a co-activator for signaling molecules, such as NFκB and MAPK. AEG-1 has 

been reported to physically interact with NFκB p65 subunit and activate NFκB responsive genes, 

most of which are overexpressed during gliosis.21,144 

Recruitment of astrocytes to the site of injury is an important primary step for initiation of 

reactive astrogliosis.40 Here, we report for the first time AEG-1-mediated regulation of human 

astrocyte migration. As a metastasis adhesion protein, increased cytoplasmic AEG-1 expression 

has been shown to promote augmented migration, invasion and metastasis of cancer cells such as 

neuroblastoma and malignant gliomas, facilitating anchorage-independent growth and survival in 
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the secondary site.200,228 The in vitro wound-healing assay utilized in this study allows 

characterization of the innate injury-induced subcellular changes in AEG-1 localization 

excluding the confounding factors present in an intact CNS. Here, we report higher cytoplasmic 

AEG-1 levels and significantly reduced nuclear levels following injury, which is similar to AEG-

1 localization in highly invasive cancer cells.141 While AEG-1 has been shown to mediate 

metastasis as an adhesion protein, the interacting counterpart on other cells has yet to be 

identified and further mechanistic studies are lacking.138 However, AEG-1 was previously 

reported to induce matrix metalloproteinase production in glioma cells, thereby facilitating 

glioma invasion.174 A study in breast cancer revealed that AEG-1 promotes epithelial-

mesenchymal transition and enhanced migration by upregulating mesenchymal markers, 

downregulating epithelial markers, and inducing nuclear accumulation of NFκB.174,229 It has 

been reported that ectopic expression of AEG-1 could augment anchorage-independent growth 

of non-tumorigenic melanocytes and immortalized astrocytes,159 whereas AEG-1 knockdown 

reduced cell viability and promoted apoptosis in prostate cancer cells.184 

Our study demonstrated reduced astrocyte migration following AEG-1 knockdown. The decrease 

in migratory capacities was sustained over 5 days indicating that AEG-1 may also have 

influenced astrocyte proliferation. Astrocytic hyperproliferation is yet another hallmark of 

reactive astrogliosis.41 AEG-1 knockdown also reduced astrocyte proliferation as assayed by 

change in Ki67 and PCNA expression. Nuclear protein Ki67 is expressed in all cell cycle phases 

except G0, whereas nuclear protein PCNA levels are highest during the G1/S phase of the cell 

cycle.230 Therefore, the decrease in both Ki67 and PCNA positive astrocytes following AEG-1 

knockdown reported here implies G1/S phase cell cycle arrest following AEG-1 knockdown, 

indicating a plausible role of AEG-1 during these cell cycle phases, and further studies are 
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warranted. It remains to be seen whether overexpression of AEG-1 will enhance the ability of 

astrocytes to participate in gliosis.  

Although, a number of AEG-1-interacting proteins have been identified,142-144 a complete 

understanding of the biological functions and biochemical characteristics, particularly the 

molecular triggers for differential sub-cellular localization and its subsequent effects on cellular 

mechanisms remains elusive to date. AEG-1 localization to the nucleolus has been reported in a 

few isolated cancer types, but is most frequently detected either in the nucleoplasm or cytoplasm 

of many metastatic tumors.141,145 Here, we report injury-induced colocalization of AEG-1 with 

nucleolar protein fibrillarin, a component of the small nuclear ribonucleoprotein complex that is 

required for processing of the pre-rRNA molecules.231,232 This suggests a novel role of AEG-1 in 

pre-rRNA processing and assembly. Aberrant ribosome biogenesis leads to p53-dependent G1 

arrest, and therefore is crucial for cell survival and proliferation.233-235 Recently, cytoplasmic 

AEG-1 has been identified as a RNA-binding protein, which provides survival advantage to 

cancer cells under conditions of stress by blocking Rad51 nuclear accumulation.183,236 

Furthermore, AEG-1 has been shown to physically interact with Staphylococcal nuclease 

domain-containing protein 1, a component of the RNA-induced silencing complex assembly, and 

to regulate microRNA processing and function in hepatocellular carcinoma.183 However, 

proteomic studies failed to identify a DNA-binding domain on the AEG-1 protein. Together 

these findings imply a potential role as a scaffolding protein of the small nuclear 

ribonucleoprotein complex mediating either transcription and/or processing of the pre-rRNA 

molecules. The role of AEG-1 in the nucleolus has not been investigated to date in either cancer 

or non-cancerous cells. Therefore, the current finding of AEG-1 colocalization with fibrillarin 

provides a physiological basis for future studies. Additional studies into the physical interaction 
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between AEG-1 and nucleolar-processing complex components and mechanism of participation 

in pre-rRNA processing are necessary to determine the role of AEG-1 in astrocytic wound-

healing responses.  

Restricted HIV-1 infection of astrocytes contributes to HIV-1-associated neuropathies via 

multiple mechanisms, including reactive astrogliosis and glutamate excitotoxicity.237 In 

conjunction to the previous findings on AEG-1, as a mediator of glutamate excitotoxicity, this 

study identifies yet another mechanism of AEG-1-mediated regulation of HIV-1-associated 

neuropathies, via regulation of reactive astrogliosis. In addition, we have previously reported that 

disruption of astroglial-neuronal interactions and secretion of neurotoxic cytokines and 

chemokines during astrogliosis can also contribute towards neuronal cell atrophy.238 Hence, 

further studies on AEG-1-induced alterations in the astrocyte secretary profiles are currently 

ongoing. 

The oncogenic Ha-Ras pathway has been implicated to induce AEG-1 expression in cancers;239 

however, the pathway involved in the induction of AEG-1 in normal non-cancerous cells such as 

astrocytes has yet to be investigated. We are currently investigating many of the molecular 

triggers and modulators of reactive astrogliosis as plausible inducers of AEG-1 in human 

astrocytes, including cytokines and growth factors, ischemia-associated mediators like 

hypoxia,198 glucose-deprivation, and mediators of innate immunity such as lipopolysaccharide 

(LPS)240 and other toll-like receptor agonists. Thus, additional works to elucidate the molecular 

pathways involved in AEG-1 induction in human astrocytes during reactive astrogliosis are 

warranted. 
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CONCLUSION 

 

The present work identifies AEG-1 as a novel modulator of astrocyte injury responses by 

regulating astrocyte migration and proliferation. CNS insults of varying severities induce 

molecular mediators of reactive astrogliosis, which trigger induction and/or subcellular 

compartmentalization of AEG-1 protein in activated astrocytes to mediate enhanced migration 

and proliferation; thereby engendering the preliminary astrocytic responses to injury (Figure 6). 

The present finding of the potential function of AEG-1 in modulating the response of normal 

astrocytes surrounding injury site, can impact diverse outcomes in cancers, neuroinflammation 

and neurodegenerative diseases by determining the potential for tumor recurrence, healing of 

injuries as well as recovery from degenerative processes. Thus, the characterization of the 

involvement of AEG-1 during reactive astrogliosis has opened multiple avenues of investigations 

in neuropathology focused on the impact of surrounding astrocytes in regulating the response to 

disease progression as well as conventional therapeutic interventions. 
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Figure 6. 
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Figure 6. Role of astrocyte elevated gene-1 (AEG-1) in reactive astrogliosis. CNS insults 

ranging from mild cellular disturbances to severe tissue damage and cell death lead to release of 

molecular mediators of reactive astrogliosis such as inflammatory cytokines IL-1β, TNF-α and 

molecules of oxidative stress such as ROS. These mediators in turn activate the local healthy 

astrocyte population by inducing a spectrum of changes in the microenvironment and 

intracellular signaling pathways resulting into reactive astrogliosis. Injury triggers increased 

AEG-1 localization to the cytoplasmic regions and the dense fibrillar nuclear regions of the 

astrocyte. This change in intracellular localization of AEG-1 in astrocytes undergoing reactive 

astrogliosis is a plausible mechanism of AEG-1-mediated regulation of astrocyte proliferation 

and migration during reactive astrogliosis. 
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MATERIALS AND METHODS 

 

Non-obese diabetic-severe combined immunodeficiency mouse model of brain injury 

Male, 4-week-old NOD-C.B-17 SCID mice were purchased from the Jackson Laboratory (Bar 

Harbor, ME, USA). Animals were maintained in sterile microisolator cages under pathogen-free 

conditions in accordance with the ethical guidelines for laboratory animals as set forth by the 

National Institute of Health. All animal manipulations, including stereotactic injections, were 

performed in a laminar flow hood. Briefly, the animal was anesthetized and placed in a 

stereotaxic apparatus (Stoetling, Wood Dale, IL, USA) and intracranially injected as previously 

described.241 Briefly, the animal’s head was secured with ear bars and mouthpiece. A 10 µl 

syringe injector was used to deliver a total of 5 µl of PBS into the left hemisphere of the animal 

and the contralateral right hemisphere was used as control. Mice were killed 4 days post injection. 

Each brain was formalin fixed, embedded in paraffin and cut into 5 µm sections. The sections 

through the needle tract were identified by staining every eighth section with GFAP and DAPI 

(Life Technologies, Carlsbad, CA, USA). Adjacent sections surrounding the needle tract were 

stained by immunohistochemistry with primary antibodies specific to AEG-1 (1:100, rabbit 

monoclonal, Life Technologies) and GFAP (1:200, chicken polyclonal, Covance Inc., 

Emeryville, CA, USA) and Alexa Fluor® secondary antibodies, anti-rabbit (488 nm, green) and 

anti-chicken (594 nm, red) (1:100, Life Technologies), respectively. DAPI (1:800) was used to 

visualize the nuclei. Fluorescent images were visualized with an ECLIPSE Ti-4 using the NLS-
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Elements BR. 3.0 software (Nikon, Melville, NY, USA). 

Isolation and cultivation of primary human astrocytes 

Human astrocytes were isolated from elective abortus specimens procured in full compliance 

with the ethical guidelines of the National Institute of Health, University of Washington and 

North Texas Health Science Center, as previously described.242 Briefly, brain tissues were 

dissected and mechanically dissociated. Cell suspensions were centrifuged, suspended in media 

and plated at a density of 20 × 106 cells/150 cm2 flasks. The adherent astrocytes were treated 

with trypsin and cultured under similar conditions to enhance the purity of replicating astroglial 

cells. The astrocyte preparations were routinely >99% pure as measured by 

immunocytochemistry staining for GFAP and microglial marker, CD68, to determine microglial 

content and possible contribution of microglia in inflammatory responses. 

RNA extraction and gene expression analysis 

RNA was isolated (as described in243) from astrocytes treated as described in subsequent sections 

and gene expression was assayed by real-time polymerase chain reaction (PCR). TaqMan 5’ 

nuclease real-time PCR was performed using a StepOnePlus sequence detection system (Life 

Technologies). Commercially available TaqMan® Gene Expression Assays were used to 

measure AEG-1 (Life Technologies, cat. no. 4331182) and glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH) mRNA levels (Life Technologies, cat. no. 4310884E). GAPDH, a 

ubiquitously expressed housekeeping gene was used as internal normalizing control. The 30 µl 

reactions were carried out at 48°C for 30 minutes, 95°C for 10 minutes, followed by 40 cycles of 

95°C for 15 s and 60°C for 1 minute in 96-well optical, real-time PCR plates.	  	  

Immunofluorescent cytochemical analysis 

Cultured human astrocytes were fixed, at experiment-specific time points, with 1:1 acetone: 
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methanol (V/V) solution for 20 minutes at -20°C and blocked with blocking buffer (2% bovine 

serum albumin containing 0.1% Triton X-100) for 1 h. Cells were then incubated with primary 

antibodies specific to AEG-1 (1:200) or Ki67 (1:200, Abcam, Cambridge, MA, USA) or PCNA 

(1:200, Cell Signaling Technologies, Danvers, MA, USA) and GFAP (1:400) in blocking buffer 

for 2 h. Cultures were then washed and stained with Alexa Fluor® secondary antibodies, anti-

rabbit (488 nm, green), anti-mouse (488 nm, green) and anti-chicken (594 nm, red) (1:100). 

Nuclei were visualized with DAPI (1:800, Life Technologies). Micrographs were obtained on an 

ECLIPSE Ti-4 using the NLS-Elements BR. 3.0 software. 

Wound-healing assay 

A well-established in vitro wound-healing model previously characterized to study migration of 

cells in culture was utilized.244 Briefly, human astrocytes were plated at a density of 0.1 × 106 

cells per 48-well or 2.0 × 106 cells per 6-well tissue culture plate, and grown to confluence for 48 

h. The medium was then aspirated and carefully, a thin stretch of the confluent layer was 

scratched using sterile 10 µl pipette tip to induce injury. Fresh astrocyte medium was added and 

the wound was allowed to heal. The wound healing and intracellular localization of AEG-1 in the 

migrating cells was evaluated at 8, 24, 36 and 48 h by fixing and performing immunostaining 

with anti-AEG-1 and anti-GFAP antibodies as described above. Live images of migrating cells 

were obtained using a phase contrast microscope (Zeiss Invertoscope 40C) (Carl Zeiss 

Microscopy, LLC, Thornwood, NY, USA) at 8, 24, 36 and 48 h. For protein analysis following 

wound healing, cells were plated to confluence into six-well tissue culture plates and injured by 

three equidistant parallel scratches/well, using a sterile 10 µl pipette tip. To ensure sufficient 

protein for analysis, multiple wells were scratched and combined protein pulled down for 

cytoplasmic and nuclear analysis. 
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Confocal analyses 

Human astrocytes were grown to confluence in glass bottom 48-well tissue culture plates 

(MatTek Corp., Ashland, MA, USA) at a density of 0.1 × 106 cells/well for 48 h. The cells were 

then scratched, as described above, and carefully fixed and stained with antibodies specific to 

AEG-1, fibrillarin (1:200, mouse monoclonal, Abcam), GFAP and DAPI at 48 h post scratch. 

Micrographs were obtained on an Olympus IX71 Microscope (Olympus America Inc., Center 

Valley, PA, USA). Confocal colocalization analysis and two-dimensional histogram was 

performed using BioimageXD software (Free Software Foundation Inc., Boston, MA, USA). A 

P value >0.95 was accepted as statistically significant colocalization. 

 siRNA transfection of astrocytes 

Cultured human astrocytes were transfected with ON-TARGETplus® small interfering RNA 

(siRNA) specific to AEG-1 (siAEG-1), scrambled non-targeting siRNA (siCon, Thermo 

Scientific, Waltham, MA, USA) and without siRNA (mock) using the AmaxaTM P3 primary cell 

96-well nucleofector kit (Lonza, Walkersville, MD, USA) according to the manufacturer’s 

instructions. Briefly, 1.6 million astrocytes were suspended in 20 µl nucleofector solution 

containing siCon or siAEG-1 (100 nM) and transfected using a Nucleofector/Shuttle (Lonza) 

device. Transfected cells were supplemented with astrocyte media and incubated for 30 minutes 

at 37°C prior to plating. After 48 h, cells were washed and used experimentally. 

In vitro cell migration assay 

The siRNA-transfected astrocytes were plated in 96 well OrisTM cell migration assay plates 

(Platypus Technologies, Madison, WI, USA) with adherent cell-seeding stopper at a density of 

7.5 × 104 cells/well and incubated at 37°C for 48 h. Following growth to confluence, the cell-

seeding stopper was removed and cells were washed with sterile PBS. Live cell imaging of cell 
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migration into the stopper/wound zone was performed by treating cells in phenol-free astrocyte 

media with Hoechst, a nuclear dye (1:1,000, Life Technologies) at 37°C for 20 minutes prior to 

imaging daily for 5 days. Cell migration was quantified by counting the number of Hoechst 

positive cells in the center of the wound at each time point. Separate images from four replicate 

wells were assayed from 0 to 120 h and the average numbers of migrated cells were plotted. 

According to manufacturer’s instructions, an OrisTM detection mask was kept intact to ensure the 

quantification of cells only in the detection zone (wound site). 

Measurement of cell proliferation 

Non-transfected and transfected (mock, siAEG-1 or siCon) human astrocytes were plated in 48-

well tissue culture plates for 48 h. The cells were fixed and immunostained for Ki67 or PCNA 

and GFAP as described above. Positive cells in ten micrographs of different quadrants in each of 

three replicate wells were counted. 

Western blot analyses 

Confluent astrocyte cultures in six-well tissue culture plates were injured as described above. At 

48 h after injury, cytoplasmic and nuclear protein extracts were isolated using the NE-PER 

nuclear and cytoplasmic extraction kit (Thermo Fisher Scientific). Cytoplasmic and nuclear 

protein samples (10 and 20 µg, respectively) were boiled with 4 × NuPAGE LDS loading sample 

buffer at 100°C for 5 to 10 minutes, resolved by NuPAGE 4% to 12% Bis-Tris gel and 

subsequently transferred to a polyvinyldifluoride (PVDF) membrane using i-Blot (Life 

Technologies). The membrane was incubated with anti-AEG-1 antibody (1:300) overnight at 

4°C, washed and then incubated with anti-rabbit goat antibody IgG conjugated to horseradish 

peroxidase (1:10,000, Bio-Rad, Hercules, CA, USA) for 2 h at room temperature. The membrane 

was then developed with SuperSignal West Femto substrate (Thermo Fisher Scientific) and 
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imaged in a Fluorochem HD2 Imager (Proteinsimple, Santa Clara, CA, USA). β-Actin (1:4,000, 

Sigma Aldrich, St. Louis, MI, USA), GAPDH (1:1,000, Santa Cruz Biotechonology, Santa Cruz, 

CA, USA) and Lamin A/C (1:3,000, Cell Signaling Technology) were used as loading controls 

for cytoplasmic and nuclear extracts, respectively. 

Statistical analyses 

Statistical analyses were performed using Prism 5.0 (GraphPad Software, La Jolla, CA, USA), 

with one-way analysis of variance (ANOVA) and Newman-Keuls post test for multiple 

comparisons. Statistical analyses with a paired t test were used for comparisons between siCon 

and siAEG-1, and between no scratch and scratch. A two-way ANOVA was used for statistical 

analyses of comparison between siCon and siAEG-1 treatments. Significance was set at P <0.05 

and data represents means ± SEM. Presented data are representative of a minimum of three 

independent replicates repeated in two or more independent donors. 
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Supplementary figure 1. 

 
 
In vivo brain injury mouse model. A stereotactic PBS injection (5 µl) into the 

claudate/putamen in the left hemisphere of a NOD/SCID mouse was performed under anesthesia. 

The non-injected contralateral hemisphere was used as a control. Following injection, the mice 

were recovered for 7 days and then sacrificed to obtain the brain, which was further dissected, 

sectioned and fixed for analyses. 
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Supplementary figure 2. 

 

In vitro wound-healing model demonstrates reactive astrocytes at the wound site. Confluent 

astrocyte cultures scratched to mimic injury were immunostained for GFAP to assay subsequent 

wound healing. At 24 h post injury, astrocytes near the wound site show dense GFAP staining 

with extensive protrusions arising from the stoma (white arrow) as against the relatively flat 

morphology of non-motile astrocytes away from the injury site (yellow arrow). Representative 

micrograph, 10 × original magnification, from three individual donors assayed in triplicate. 
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Supplementary figure 3.  

 

Astrocyte elevated gene-1 (AEG-1) localizes to the cytoplasm and nucleus in cultured 

human astrocytes under unstressed conditions. Human astrocytes were plated for 24 h in 48 

well tissue culture plates at a density of 0.1 × 106 cells/well. At 24 h post plating, cells were 

immunostained for (A) AEG-1 (green), (B) GFAP (red, astrocyte marker) and (C) DAPI (blue, 

nuclear marker) and 20 × original magnification micrographs were (D) overlaid. Cytoplasmic 

(50 µg/lane) and nuclear (20 µg protein/lane) protein extracts from astrocyte cultures were 

immunoblotted for AEG-1 (E). Representative data from three individual donors. 
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Supplementary Figure 4. 

 

Astrocyte elevated gene-1 (AEG-1) protein levels remained unchanged following in 

vitro injury to human astrocytes. Human astrocytes were plated to confluence in six-well tissue 

culture plates and scratched to mimic injury using 10 µl pipette tips with increasing number of 

scratches (0, 1, 2, 3, 4, and 6). (A) At 48 h post injury, whole cell lysates were immunoblotted for 

AEG-1. (B) β-Actin was used as normalizing control and normalized AEG-1 levels were plotted 

following band analysis. Representative data from two individual donors. 
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Supplementary Figure 5. 

 

Astrocyte elevated gene-1 (AEG-1) colocalizes with nucleolar protein nucleolin. At 48 h post 

injury astrocytes were immunostained for (A) AEG-1 (green), (B) nucleolin (red, nucleolar 

marker, 1:200, Abcam) and (C) DAPI (blue, nuclear marker) and 20 × original magnification 

micrographs were (D) overlaid (yellow, inset). Representative data from two individual donors 

assayed in triplicate. 

 

 

 



	   73 

 

 

 

CHAPTER III 

 

ASTROCYTE ELEVATED GENE-1 (AEG-1) IS A NOVEL MODULATOR OF HIV-1-

ASSOCIATED NEUROINFLAMMATION VIA REGULATION OF NUCLEAR 

FACTOR-κB SIGNALING AND EXCITATORY AMINO ACID TRANSPORTER-2 

REPRESSION 

 

Vartak-Sharma N1, Gelman B B2 and Ghorpade A1. 

1University of North Texas Health Science Center, Fort Worth, TX, 76107 

2Departments of Pathology and Neuroscience & Cell Biology, University of Texas Medical 

Branch, Galveston, TX 77555 

 

Under revision in Journal of Biological Chemistry 

*Running title: AEG-1 is a novel regulator of HIV-1 neuropathogenesis 

 

ABSTRACT 

 

Astrocyte Elevated Gene-1 (AEG-1), a novel HIV-1 and TNF-α inducible oncogene, has 

generated significant interest in the field of cancer research as a therapeutic target for many 

metastatic aggressive tumors. However, little is known about its role in astrocyte responses 

during HIV-1 CNS infection, and whether it contributes towards the development of HIV-1-
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associated neurocognitive disorders (HAND). Therefore, in this study, we investigated changes 

in AEG-1 CNS expression in HIV-1 infected brain cells and tissues, and elucidated a potential 

mechanism of AEG-1-mediated regulation of HIV-1-associated neuroinflammation. 

Immunoblotting and immunohistochemical analyses of HIV-1 seropositive and HIV-1 

encephalitic human brain tissues revealed significantly elevated levels of AEG-1 protein. 

Immunohistochemical analyses of HIV-1Tat transgenic mouse brain tissues also showed a marked 

increase in AEG-1 staining. In cultured human astrocytes, HAND-relevant stimuli, TNF-α, IL-

1β and HIV-1 significantly induced AEG-1 expression and nuclear translocation via activation of 

the nuclear factor (NF)-κB) pathway. Co-immunoprecipitation studies demonstrated IL-1β or 

TNF-α-induced AEG-1 interaction with NF-κB p65 subunit. AEG-1 knockdown decreased NF-

κB activation, nuclear translocation and transcriptional output in TNF-α-treated astrocytes. 

Moreover, IL-1β treatment of AEG-1 overexpressing astrocytes significantly lowered expression 

of excitatory amino acid transporter-2 (EAAT2), increased expression of EAAT2 repressor, YY1, 

and reduced glutamate clearance, a major transducer of excitotoxic neuronal damage. Findings 

from this study identify a novel transcriptional co-activator role of AEG-1 and further implicate 

AEG-1 in HIV-1-associated neuroinflammation. 

 

 

 

 

 

 

 



	   75 

INTRODUCTION 

 

HIV-1 infection is a pandemic affecting 25-40 million people worldwide.245-247 Despite the 

advent of combined antiretroviral therapy, neurological complications of HIV-1 infection of the 

CNS remain a common cause of morbidity. Ranging from mild to severe forms, collectively, 

these neurological deficits are termed as HIV-1-associated neurocognitive disorders (HAND). 

248,249 In many cases HAND is associated with the accumulation of infected and/or activated 

macrophages/microglia in the CNS that secrete pro-inflammatory cytokines, such as IL-1β and 

TNF-α, chemokines, infectious virions and potentially neurotoxic viral proteins. These HAND-

relevant stimuli can affect neural function and survival by producing excitotoxic damage.250,251 

The molecular mechanisms driving HAND have, however, not been completely elucidated 

particularly with regards to the role of non-neural cells, and the influence of antiretroviral 

therapy (ART) on the process.  

In an attempt to identify novel proteins involved in mediating HIV-1-associated 

neurodegeneration, astrocyte elevated gene-1 (AEG-1), a multifunctional oncogene, was 

identified as an HIV-1 and TNF-α inducible transcript in astrocytes.200 Following this discovery, 

AEG-1 has been extensively studied in the field of cancer research and is recognized as an 

oncogene implicated in tumor initiation, proliferation, metastasis, angiogenesis and 

chemotherapeutic resistance of many metastatic malignancies.157,174,175,180,201,202 Thus far, the role 

of AEG-1 in HIV-1-stimulated astrocytes has not been investigated. 

Currently, neuroinflammation associated with low-level HIV-1 CNS infection is considered as 

an important histopathological correlate of HAND.207,252,253 Although HIV-1-associated 

neuroinflammation is triggered by brain resident microglia and infiltrating macrophages, it is 
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tightly regulated by astrocytes, the most abundant cell type in the brain.237,252,254 Interestingly, 

HIV-1-infected astrocytes themselves do not strongly support virus replication, but are important 

responders and mediators of HAND pathogenesis.237 Upon exposure to HAND-relevant factors, 

such as IL-1β, TNF-α and/or HIV-1, astrocytes initiate multiple autocrine and paracrine 

inflammatory signaling nodes, leading to elevated levels of cytokines and chemokines. In turn, 

these factors can enhance immune cell ingress across the blood brain barrier, thereby 

contributing towards immune activation. However, the most important functional perturbation in 

astrocytes, responsible for HIV-1-associated neurotoxicity, is the deregulation of extracellular 

glutamate clearance.255,256 Astrocytes in HAND positive brain tissues show reduced levels of 

glutamate transporter, excitatory amino acid transporter (EAAT)2 and high levels of extracellular 

glutamate.257-259 Despite the ubiquitous presence of such dysfunctional astrocytes in the regions 

of most neuroinflammatory CNS disorders, the intracellular modulatory mechanisms responsible 

for EAAT2 loss and for driving the interplay between the astrocytes and the neurons during 

HAND remains largely enigmatic.  

Recent studies, in malignant gliomas that express very high levels of AEG-1, have implicated 

AEG-1 in glioma-associated necrosis and neurodegeneration by downregulation of EAAT2 

promoter activity.137,197 However, AEG-1 induction and regulation of glutamate clearance in 

non-cancerous astrocytes has not been investigated. In this report, we assessed the role of AEG-1 

in astrocyte-mediated neurotoxicity and neuroinflammation in response to HIV-1 neuroinvasion 

and discuss the implications for HIV-1 CNS infection.  
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RESULTS 

 

HIV-1 CNS infection induces AEG-1 expression in the brain  

Although AEG-1 was originally identified as an HIV-1 and TNF-α-inducible transcript in human 

astrocytes,200 its expression in the brain of HIV-1 seropositive and encephalitic individuals has 

not been examined. Therefore, we first analyzed AEG-1 expression in the dorsolateral prefrontal 

cortex and frontal white matter regions of the brain tissues of 23 HIV-1 seropositive patients 

with or without encephalitis; 11 HIVE and 12 non-encephalitic HIV-1+. Additionally 12 age-, 

race- and gender-matched uninfected controls were analyzed in parallel. Immunoblotting for 

AEG-1 detected the reported AEG-1 doublet at size 74 kDa molecular weight and an additional 

band at 65 kDa (Fig. 1A1-A3). Densitometry analyses showed a significant induction of AEG-1 

65 kDa protein in HIV-1+ brains (*P<0.05, Fig. 1B1) and of 74 kDa protein in both HIV-1+ and 

HIVE brain tissues lysates (Fig. **P<0.01, 1B2). Total AEG-1 protein levels were significantly 

elevated in HIV-1+ brain tissues (**P<0.01, Fig. 1B3). Immunohistochemical staining of tissues 

for CD68, a mononuclear phagocyte marker, demonstrated macrophage/microglial infiltration 

across the blood brain barrier into the brain parenchyma in HIV-1+ and HIVE brain tissues but 

not in control brain tissues (Fig. 1C1-C3). In parallel, AEG-1 immunostaining demonstrated 

AEG-1 induction and colocalization with GFAP positive astrocytes in HIV-1+ and HIVE brain 

tissue compared to control (Fig. 1D1-D3). Basal and elevated levels of AEG-1 staining 

intensities were detected in the astrocyte cytoplasmic regions in tissue sections. To further 
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Figure 1. 
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Figure 1. AEG-1 expression is elevated in HIV-1+ brain tissues with and without HIV-1 

encephalitis (HIVE). Brain tissues from age, race and gender matched (A1) non-infected 

controls, (A2) HIV-1+ and (A3) HIV-1 encephalitic individuals were analyzed for AEG-1 

expression by immunoblotting. (B1-B3) AEG-1 protein expression was elevated in HIV-1+ and 

HIVE brain tissues (**P<0.01, *P<0.05). GAPDH was used as loading control. 

Immunohistochemical analyses of control, HIV-1+ and HIVE human brain tissues for (C1-C3) 

CD68 (green) and (D1-D3) AEG-1 (green) revealed HIV-1-induced neuroinflammation and 

elevated AEG-1 expression. AEG-1 colocalized with GFAP positive reactive astrocytes (inset). 

GFAP (red) was used as an astrocyte marker and DAPI (blue) was used as a nuclear marker. All 

micrographs are representative of two individuals from each group (200Χ original 

magnification). AEG-1 and GFAP immunofluorescence staining of wild type and doxycycline-

inducible HIV-1Tat transgenic mouse brain tissues; (E1) wild type with doxycycline (Wt + Dox), 

(E2) HIV-1Tat transgenic without doxycycline (GT-tg – Dox) and (E3) HIV-1Tat transgenic with 

doxycycline (GT-tg + Dox), four days post-HIV-1Tat induction is shown. AEG-1 increased 

expression and reactive astrogliosis was observed with HIV-1Tat induction. All micrographs are 

representative of three individual mice from each group (400Χ original magnification).  
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confirm the HIV-1-induced upregulation of AEG-1, we utilized a previously well-characterized 

HIV-1Tat transgenic mouse model (GT-tg), where HIV-1Tat is expressed under the control of the 

astrocyte specific GFAP promoter and doxycycline. To determine HIV-1Tat-induced AEG-1 

expression, immunohistochemical analyses of the brain tissues of wild type and GT-tg mice with 

or without doxycycline treatment were performed. The HIV-1Tat transgenic mouse model has 

been previously reported to ensue significant neurotoxicity demonstrating alteration in brain 

morphology and histology with a clearly visible loss of neurons and neuronal processes and an 

increase in reactive astrocytes.260,261 The increase in reactive astrogliosis was clearly visible upon 

doxycycline treatment compared to controls (Fig. 1E1-E3). A marked increase in AEG-1 staining 

intensity was detected in GT-tg + Dox mouse brain tissues expressing HIV-1Tat compared to the 

wild type + Dox and Gt-tg − Dox (Fig. 1E3). Thus, these data demonstrate that AEG-1 

expression is elevated in the CNS of HIV-1 infected individuals and correlates with the levels of 

HIV-1Tat protein in the brain. 

HAND-relevant stimuli induce AEG-1 expression in human astrocytes 

Next, to determine whether HIV-1 could induce AEG-1 expression specifically in astrocytes, and 

to identify the molecular mechanisms involved we performed in vitro studies. HIV-1 

neurovirulence is largely dependent upon the differential ability of the virus to replicate in brain 

tissue macrophages versus macrophages in other tissues.262 Therefore, we first analyzed AEG-1 

induction in cultured human astrocytes following treatment with a panel of HIV-1 isolates; HIV-

1ADA, a peripheral blood mononuclear cell isolate, HIV-1JRFL or HIV-1DJV, both brain isolates.262 

Of all the three HIV-1 isolates tested, HIV-1ADA treatment alone showed a significant increase in 

AEG-1 mRNA levels (*P<0.05, Fig. 2A). However, HIV-1DJV treatment showed a significant 

increase in AEG-1 protein levels (Fig. 2B) and was therefore used for further mechanistic studies. 
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Figure 2. 
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Figure 2. HAND-relevant stimuli induced AEG-1 expression in cultured human astrocytes. 

(A, B) Astrocytes were treated with three HIV-1 isolates, (HIV-1ADA, HIV-1JFRL and HIV-1DJV) 

and mRNA and proteins were isolated at 8 h and 24 h, respectively. (A) AEG-1 mRNA levels 

were quantified by real-time RT-PCR and fold changes to untreated control were calculated. 

HIV-1ADA significantly induced AEG-1 at the mRNA level (*P<0.05). (B) Changes in AEG-1 

protein level upon treatment were determined by immunoblotting and normalized to β-actin 

protein levels. HIV-1DJV significantly induced AEG-1 expression (*P<0.05). (C, D) Astrocytes 

were treated with HAND-relevant stimuli, HIV-1DJV, IL-1β (20 ng/ml), TNF-α (50 ng/ml), alone 

or in combination, and mRNA and proteins were isolated at 8 h and 24 h post-treatment. (C) 

Interleukin-1β and TNF-α alone and in combination with HIV-1 DJV significantly induced AEG-1 

mRNA levels (**P<0.01). (D) HIV-1 DJV alone and in combination with IL-1β and TNF-α 

significantly induced AEG-1 expression at the protein level (*P<0.05, P**<0.01). GAPDH and 

β-actin levels served as normalizing controls for real-time RT-PCR and immunoblotting 

experiments, respectively. Representative (A and C) and cumulative (B and D) data from three 

individual donors. 
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In combination with HIV-1 virions, IL-1β and TNF-α are the major pro-inflammatory cytokines 

detected in the brain of HIV-1 seropositive individuals,263-265 these are referred to as HAND-

relevant stimuli. Therefore, to mimic the disease pathology in vitro and to characterize the effects 

of these HAND-relevant factors on AEG-1 expression, human astrocytes were treated with HIV-

1DJV, IL-1β and TNF-α, alone and in combination. IL-1β and TNF-α in combination with HIV-

1DJV treatment induced a significant increase in AEG-1 mRNA and protein levels (**P<0.01, Fig. 

2, C and D). Thus, these data show that HAND-relevant stimuli induce AEG-1 expression in 

human astrocytes both at RNA and protein levels. 

AEG-1 intracellular localization is a key determinant of its cellular function.141-143 Thus, we next 

investigated whether HAND-relevant stimuli induced AEG-1 differential localization in 

astrocytes. AEG-1 remained largely cytoplasmic following HIV-1DJV treatment and translocated 

to the nucleus upon treatment with IL-1β and TNF-α (**P<0.01, Fig. 3A). Further confirmation 

by immunocytochemistry showed largely cytoplasmic/perinuclear localization of AEG-1 (green) 

in untreated control astrocytes (red), which showed an increase in staining intensity following 

HIV-1DJV treatment (yellow; Fig. 3, B and C). HIV-1DJV, IL-1β and TNF-α co-treatment induced 

AEG-1 translocation to the nucleus (Fig. 3D). 

HIV-1DJV and TNF-α  induce AEG-1 expression in astrocytes via NF-κB pathway  

Since our data showed that HAND-relevant stimuli, HIV-1DJV, IL-1β and TNF-α, upregulate 

AEG-1 in astrocytes, we next focused on investigating specific intracellular signaling pathways 

that regulate astrocyte AEG-1. IL-1β and TNF-α are canonical activators of NF-κB pathway that 

phosphorylate NF-κB p65 subunit at Ser536 leading to nuclear translocation. Therefore, we 

investigated whether HAND-relevant stimuli induce AEG-1 expression through the NF-κB 

pathway. For this, we treated astrocytes with a pharmacological inhibitor of NF-κB pathway, 
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Figure 3. 
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Figure 3. HAND-relevant inflammatory stimuli mediated AEG-1 nuclear localization in 

human astrocytes. Astrocytes were treated with HIV-1DJV alone or in combination with IL-1β 

(20 ng/ml) and TNF-α (50 ng/ml) for 24 h and AEG-1 intracellular localization was analyzed by 

immunoblotting. (A) AEG-1 protein levels were quantified in the cytoplasmic and nuclear 

compartments of astrocytes and fold changes to untreated controls were calculated. HAND-

relevant stimuli significantly induced AEG-1 nuclear localization (**P<0.01). Cytoplasmic 

GAPDH and nuclear lamin A/C were used as subcellular fraction normalizing controls. 

Following treatment, astrocytes were fixed and immunostained for GFAP (astrocyte marker, red) 

and AEG-1 (green), and AEG-1 intracellular localization was analyzed by immunofluorescence 

microscopy. AEG-1 localized to the cytoplasm in (B) untreated control astrocytes and in (C) 

HIV-1DJV-treated astrocytes but localized to the nucleus in (D) HAND-relevant stimuli-treated 

astrocytes. Representative data from three individual donors assayed in triplicate. 

Immunoblotting data is cumulative of three individual donors. 

 

 

 

 

 

 

 

 

 

 



	   86 

SN50, prior to activation and determined AEG-1 induction. Treatment with HAND-relevant 

stimuli significantly induced AEG-1 mRNA and protein expression but NF-κB inhibition with 

SN50 abrogated the HAND-relevant stimuli-induced AEG-1 expression at both mRNA and 

protein levels (***P<0.001, Fig. 4A, B). Thus, these data show that HAND-relevant stimuli 

induce AEG-1 expression in human astrocytes via the NF-κB pathway.  

Endogenous AEG-1 regulates NF-κB signaling in reactive astrocytes  

AEG-1 has been previously reported to physically interact with the p65 subunit of NF-κB in 

gliomas. However, whether HAND-relevant stimuli induce AEG-1 interaction with NF-κB, and 

whether AEG-1 can then regulate NF-κB signaling has not been investigated. Since astrocytes 

mainly respond to pro-inflammatory cytokines IL-1β and TNF-α via activation of the NF-κB 

pathway ultimately leading to a reactive phenotype that is characteristic of HAND pathology, we 

analyzed AEG-1 interaction with NF-κB in response to IL-1β and TNF-α. While AEG-1 is both 

cytoplasmic and nuclear in untreated astrocytes, TNF-α treatment enhanced AEG-1 nuclear 

localization. Under unstimulated conditions, cytoplasmic NF-κB was bound to AEG-1, and upon 

activation with IL-1β and TNF-α, AEG-1-NF-κB complex translocated to the nucleus (Fig. 5A). 

Next, to determine whether AEG-1 regulates NF-κB signaling, we analyzed TNF-α-mediated 

NF-κB pathway signaling in siAEG-1 transfected astrocytes. NF-κB activator kinase IKKβ 

expression and nuclear NF-κB protein levels were evaluated following TNF-α treatment in 

siAEG-1 transfected astrocytes. Although, AEG-1 silencing alone significantly reduced IKKβ 

mRNA levels, it did not affect the TNF-α induction of IKKβ mRNA expression (*P<0.05, Fig. 

5B). However, AEG-1 silencing abrogated the TNF-α-induced IKKβ protein levels and  
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Figure 4. 
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Figure 4. HAND-relevant stimuli signal via the NF-κB pathway to induce AEG-1 

expression. Astrocytes were pre-treated with NF-κB inhibitor (SN50) or vehicle control for 4 h 

and AEG-1 expression was analyzed following 24 h treatment with HAND-relevant stimuli. (A) 

Real-time RT-PCR analysis showed significant induction in AEG-1 mRNA levels upon HAND-

relevant stimuli treatment and a complete abrogation of the HAND-relevant stimuli-induced 

AEG-1 mRNA levels in SN50-pretreated astrocytes. (***P<0.001). (B) Similarly, 

immunoblotting analysis for AEG-1 protein showed significant induction in AEG-1 protein 

levels upon treatment with HAND-relevant stimuli and a complete abrogation of AEG-1 

induction in SN50-treated conditions. GAPDH mRNA and protein levels were used as 

normalizing controls. 
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significantly reduced nuclear NF-κB levels in response to TNF-α treatment (***P<0.001, Fig. 

5C, D). These data show that AEG-1 regulates NF-κB activation as well as nuclear translocation. 

AEG-1 overexpression alters astrocyte signaling and responses to inflammation  

Since AEG-1 is upregulated in astrocytes following HAND-relevant stimuli treatment, we next 

investigated downstream effects of AEG-1 upregulation on astrocyte function. For this purpose, 

exogenous expression of AEG-1-GFP was utilized to model AEG-1 overexpression conditions in 

human astrocytes. Unlike Control-GFP that was generally distributed in the cell body, exogenous 

AEG-1-GFP localized to the cytoplasmic perinuclear regions in astrocytes, similar to normal or 

induced AEG-1 expression in astrocytes (Fig. 6A). Nuclear expression of AEG-1-GFP was also 

detected under untreated conditions, which showed an increase upon TNF-α treatment 

(Supplementary Figure 1). AEG-1-GFP overexpression significantly increased AEG-1 

expression (*P<0.05, Fig. 6A). IL-1β-induced IKKβ expression and chemokine production was 

utilized to test the functional outcomes of AEG-1 overexpression. AEG-1-GFP transfection 

significantly induced AEG-1 expression, which was further elevated upon IL-1β treatment 

(***P<0.001, Fig. 6B). AEG-1-GFP transfection alone induced IKKβ protein expression, which 

was further elevated upon IL-1β stimulation (Fig. 6C). To further test AEG-1-GFP-induced NF-

κB activation we investigated the effect of AEG-1-GFP expression on CXCL8 production, an 

NF-κB responsive chemokine. AEG-1-GFP significantly exacerbated the IL-1β-induced CXCL8 

production (*P<0.05, Fig. 6D), demonstrating the functional efficacy of the model. Therefore, 

this model was used for further characterization of the effect of AEG-1 overexpression on 

astrocyte responses to IL-1β.  
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Figure 5. 
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Figure 5. AEG-1 regulated NF-κB signaling in astrocytes. Astrocytes were treated with IL-1β 

(20 ng/ml) or TNF-α (50 ng/ml) for 24 h and whole cell, cytoplasmic and nuclear extracts were 

isolated. Co-immunoprecipitation analyses were employed to study AEG-1 interaction with NF-

κB p65 subunit in the subcellular astrocyte compartments. (A) Lysates were immunoprecipitated 

with anti-AEG-1 antibody and immunoblotted for NF-κB p65 subunit. Under untreated 

conditions, cytoplasmic AEG-1 interacted with the cytoplasmic NF-κB p65 subunit. Interleukin-

1β and TNF-α stimulation induced nuclear translocation of NF-κB p65 subunit and AEG-1, and 

an increase in NF-κB p65 subunit and AEG-1 interaction within the astrocyte nucleus. 

Immunoprecipitation for AEG-1 using control mouse IgG1 was used as a control for the 

experiment. (B) AEG-1-mediated regulation of the NF-κB pathway was analyzed by measuring 

IKKβ expression post-TNF-α treatment and AEG-1 knockdown. Astrocytes were transfected 

with siAEG-1 or siCon and recovered for 48 h. Post-recovery, cells were treated with TNF-α and 

IKKβ mRNA and protein levels were analyzed by real-time RT-PCR and immunoblotting. TNF-

α-induced IKKβ protein upregulation was reduced in AEG-1 knockdown cells. (C) AEG-1 

regulation of the TNF-α-mediated NF-κB pathway activation was analyzed by immunoblotting 

for NF-κB p65 subunit in the cytoplasmic and nuclear astrocyte compartments. TNF-α-induced 

Nuclear NF-κB levels were significantly reduced in AEG-1 knockdown cells (***P<0.001). (D) 

NF-κB levels were normalized to subcellular loading controls and fold changes to untreated 

control were calculated. Cytoplasmic GAPDH and nuclear lamin A/C were used as loading 

controls. Representative data from three individual donors. 
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AEG-1 reduces astrocyte glutamate clearance  

IL-1β significantly reduced EAAT2 mRNA and protein levels. IL-1β-induced EAAT2 

downregulation was exacerbated by AEG-1 overexpression (***P<0.001, Fig. 7A, B). AEG-1 

overexpression-mediated decrease in EAAT2 mRNA and protein levels translated into reduced 

glutamate clearance by astrocytes (*P<0.05, Fig. 7C). To further investigate the AEG-1-

mediated EAAT2 regulation, we determined the effect of AEG-1 overexpression on YY1, an 

upstream transcriptional repressor of EAAT2. AEG-1 overexpression alone and in combination 

with IL-1β significantly increased YY1 mRNA and protein levels (**P<0.01, Fig. 7D, E). Thus, 

here we show that HAND-relevant stimuli, IL-1β, induced AEG-1 expression that lead to YY1 

upregulation and loss of EAAT2 transcription, which in turn slows the rate of extracellular 

glutamate clearance (Fig. 7F). 
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Figure 6. 
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Figure 6. Development of AEG-1 overexpression model. Astrocytes were transfected with 

AEG-1-overexpression construct (AEG-1-GFP) or vehicle control (Con-GFP) and recovered for 

48 h. Ectopically expressed AEG-1-GFP localization was assessed by phase contrast and 

fluorescent microscopy. (A) Ectopically expressed AEG-1 localized to the perinuclear 

cytoplasmic regions. Representative phase-contrast and fluorescent microscopy overlay 

photomicrographs are 200X original magnification. Immunoblotting analysis upon AEG-1-GFP 

transfection showed significantly elevated AEG-1 levels (*P<0.05). β-actin was used as 

normalizing control. (B, C, D) To determine the functionality of the model, AEG-1-GFP or Con-

GFP-transfected astrocytes were treated with IL-1β for 24 h and changes in IKKβ levels and 

CXCL8 production were quantified by immunoblotting and ELISA, respectively. (B) AEG-1 

overexpression increased total AEG-1 mRNA levels significantly (***P<0.001). (C) AEG-1 

overexpression induced IKKβ protein expression with or without IL-1β. (D) AEG-1 

overexpression significantly upregulated the IL-1β-induced CXCL8 production (*P<0.05). 

GAPDH mRNA and protein levels were used as normalizing controls for real-time RT-PCR and 

immunoblotting analyses. MTT was used to normalize CXCL8 protein levels. Representative 

data from two individual donors assayed in triplicate. 
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Figure 7. 
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Figure 7. AEG-1 overexpression in astrocytes reduced EAAT2 levels and glutamate 

clearance by regulating YY1 expression. Astrocytes transfected with AEG-1-GFP or Con-GFP 

constructs were treated with IL-1β for 24 h and changes in EAAT2 mRNA and protein levels 

were analyzed by real-time RT-PCR and immunoblotting. (A) AEG-1 overexpression alone 

significantly reduced EAAT2 mRNA levels and further amplified the IL-1β-mediated loss in 

EAAT2 expression (**P<0.01, ***P<0.001). (B) AEG-1 overexpression alone significantly 

reduced EAAT2 protein levels and further augmented the IL-1β-mediated decrease in EAAT2 

protein levels. (C) Effect of AEG-1 overexpression on glutamate clearance by astrocytes was 

studied by fluorometric assay. AEG-1 overexpression alone significantly reduced glutamate 

clearance and further augmented the IL-1β-mediated impairment in glutamate clearance 

(***P<0.001, **P<0.01, *P<0.05). (D, E) AEG-1 regulation of EAAT2 was analyzed by real-

time RT-PCR and immunoblotting for YY1. AEG-1 overexpression alone significantly elevated 

YY1 mRNA and protein levels (**P<0.01). GAPDH was used as a normalizing control for 

mRNA and protein quantification. Representative data from two individual donors. (F) Proposed 

mechanism of AEG-1 regulation of EAAT2. IL-1β signals via the IL-1β receptor and NF-κB 

pathway to induce AEG-1 expression. AEG-1 further upregulates YY1 expression and leads to 

EAAT2 knockdown. 
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DISCUSSION 

 

The present work identifies AEG-1 as a novel modulator of HAND pathogenesis by regulating 

astrocyte responses to HAND-associated neuroinflammation, and further implicates AEG-1 in 

HIV-1-associated glutamate excitoxicity. Analyses of AEG-1 expression in HIV-1 seropositive 

and encephalitic human brain tissues and HIV-1Tat transgenic mouse brain tissues provide 

evidence for AEG-1 induction upon HIV-1 neuroinvasion. Here, we report AEG-1-mediated 

regulation of NF-κB signaling in astrocytes, and demonstrate the downstream consequences of 

AEG-1 overexpression on astrocyte inflammatory responses relevant to HAND.  

HIV-1 neuroinvasion, an early event in HIV-1 disease pathogenesis, triggers a low level of 

chronic neuroinflammation due to release of pro-inflammatory cytokines and chemokines by 

infected and activated cells within the CNS.54,55 Here, we report AEG-1 induction in the 

dorsolateral prefrontal cortex and frontal white matter of HIV-1 seropositive and encephalitic 

human subjects. These brain regions are known to drive many of the HIV-1-associated 

neurocognitive deficits that occur in patients with HAND. CD68 staining demonstrated 

macrophage infiltration indicated increasing levels of neuroinflammation in response to HIV-1 

neuroinvasion. Corresponding AEG-1 expression analyses revealed a similar increase with the 

disease pathogenesis. The data from the in vivo HIV-1Tat transgenic mouse model of HIV-1 CNS 

infection generally support the observations made using HIV-1 infected human brain specimens. 

HIV-1Tat has been previously reported to induce TNF-α,266 an inducer of AEG-1, thus validating 
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the use of the HIV-1Tat transgenic mouse model in the current study. It is to be noted that we also 

observed AEG-1 staining in cells other than astrocytes in the human and HIV-1Tat mouse brain 

tissues; however, we decided to pursue astrocyte AEG-1, as it has not been investigated so far 

and represents a significant gap in literature. Further studies to investigate AEG-1 expression 

and/or function in other neural or non-neural cell types is extremely warranted. Treatment of 

cultured astrocytes with common HIV-1-induced pro-inflammatory cytokines, IL-1β and TNF-

α,263-265 and exogenous HIV-1 virions mimicked the astrocyte microenvironment within the CNS 

of HIV-1 seropositive individuals and provided an appropriate model for AEG-1 analyses as in 

the current cART era, low level neuroinflammation is a better histopathological correlate of 

HIV-1 neuropathogenesis than HIV-1 virions alone. Of the different HIV-1 tissue isolates tested, 

brain-derived isolate HIV-1DJV showed maximum AEG-1 induction at the protein level in 

astrocytes. However, co-treatment with IL-1β and TNF-α showed a greater increase in AEG-1 

mRNA levels as compared to HIV-1DJV alone. While HIV-1DJV did not significantly change 

AEG-1 mRNA levels, it significantly increased AEG-1 protein levels. This may be explained by 

a possible stabilization effect of HIV-1 on AEG-1 protein at the post-translational level as 

against induction at the transcriptional level. Further, significant induction of AEG-1 in 

astrocytes by both IL-1β and TNF-α indicates that AEG-1 is an inflammation-inducible gene in 

astrocytes, and that HAND-relevant stimuli alone and in combination are capable of inducing 

AEG-1 expression.  

AEG-1 nuclear translocation in response to HAND-relevant stimuli and retention in the 

cytoplasmic compartment of the astrocytes in response to HIV-1DJV indicates a differential 

mechanism of AEG-1 regulation by HIV-1 and HIV-1-induced inflammation. However, under 

physiological conditions, the two phenomena are indistinguishable as HIV-1 infection and 
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neuroinflammation go hand-in-hand. Therefore, AEG-1 nuclear translocation in astrocytes will 

likely depend on the level of inflammation in the astrocyte microenvironment. Interestingly, our 

immunoblotting studies in human brain tissues detected an additional AEG-1 band at 65 kDa, 

which has been reported previously in certain cell types,139,267 but the origin of which is 

enigmatic. The 65 kDa protein could be a splice variant or a truncated version of the AEG-1 

protein or could indicate plausible post-translational modifications. 

In cancer cells, intracellular AEG-1 localization is an important determinant of its subsequent 

functional perturbation and is utilized as a biomarker for disease progression.141-143 Here, we 

report astrocyte nuclear AEG-1 translocation in response to HAND-relevant stimuli, which 

further documents a potential role in transcriptional regulation of astrocyte function. Astrocytes 

respond to inflammation via activation of many inflammatory response pathways; with NF-κB 

being the most frequently activated signaling cascade.268 Thus, pharmacological inhibition of the 

NF-κB pathway abrogated AEG-1 induction in response to HAND-relevant stimuli. Recent 

studies on AEG-1 have proposed a transcriptional co-activator function for AEG-1, and have 

identified numerous AEG-1 binding partners.141,142 The interaction between AEG-1 and the p65 

subunit of NF-κB in response to TNF-α stimulation has been reported previously in cancer cells. 

144 However, whether AEG-1 is capable of regulating the NF-κB signaling in other disease 

settings needs to be further elucidated. Here, we show the interaction and binding of AEG-1 with 

the regulatory cytoplasmic subunit of NF-κB, p65 in unstimulated astrocytes. As well, we 

illustrate that nuclear translocation of the AEG-1-NF-κB p65 complex occurs in response to 

TNF-α. Studies in cancer cells have reported a similar type of interaction between AEG-1 and 

NF-κB p65 subunit after TNF-α treatment.144 In human astrocytes, we find that cytoplasmic 

AEG-1 is largely bound to NF-κB p65 in the cytoplasm, which then translocates to the nucleus 
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upon inflammatory stimulation. AEG-1 interaction with NF-κB p65 increases upon activation of 

the NF-κB signaling cascade, which further suggests a novel role for AEG-1 in regulating NF-

κB signaling. AEG-1-mediated regulation of NF-κB intracellular signaling was demonstrated by 

reduced levels of cytoplasmic IKKβ and nuclear NF-κB p65 in TNF-α stimulated astrocytes, 

which also had lower levels of AEG-1. These results suggest an autocrine model of AEG-1 

induction in which HAND-relevant stimuli increase AEG-1 expression via NF-κB pathway 

activation; and in turn, AEG-1 regulates NF-κB pathway signal transduction by regulating 

nuclear translocation of NF-κB p65. 

Since our studies reveal AEG-1 induction in astrocytes following HAND-relevant stimuli 

treatment, it is essential to study the downstream effects of AEG-1 upregulation, and can be best 

deciphered with AEG-1 ectopic overexpression. Hence, we established AEG-1 overexpression 

model in cultured astrocytes and analyzed astrocyte responses to inflammation. Here, we report 

that AEG-1 overexpression increases the basal levels of IKKβ, an important upstream activator 

of the NF-κB pathway. Thus, AEG-1 overexpression primes the astrocytes towards HAND-

relevant stimuli-mediated NF-κB activation. Further downstream, AEG-1 overexpression 

increases the expression of NF-κB responsive gene CXCL8, which plays an important role in the 

recruitment of immune cells across the BBB and also provide a proliferative stimulus for the 

immune cells and astrocytes.269-272 

Besides chemokine and cytokine production, glutamate clearance is a critical function of 

astrocytes, which is frequently dysregulated during HIV-1 CNS infection and is thus implicated 

in HIV-1-associated neurodegeneration. Earlier studies have reported the toxicity associated with 

extracellular glutamate.273 Excitatory amino acid transporter-2 is an important transporter on 

astrocytes and a major regulator of extracellular glutamate levels.274-276 Our studies identify 
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AEG-1 as an important regulator of EAAT2 expression, and they suggest a novel role of AEG-1 

overexpression in regulating glutamate clearance by astrocytes. AEG-1 overexpression increases 

the expression of YY1, a transcriptional repressor of EAAT2 and reduces the glutamate 

clearance or uptake by astrocytes. In turn, impaired astrocytic glutamate clearance can contribute 

to HIV-1-associated excitotoxicity on neurons. AEG-1-mediated loss of EAAT2 is an important 

phenomenon implicated in glioma-associated necrosis as well.197 The AEG-1-induced reduced 

glutamate clearance by astrocytes in the tumor microenvironment contributes to the necrotic and 

neurodegenerative effects associated with glial neoplasms. Our studies provide evidence for 

inflammation-induced AEG-1 expression in astrocytes with subsequent loss of EAAT2, which 

could contribute to neurodegeneration in a variety of clinical settings including 

neuroinflammation associated with HIV-1 infection. 

 

 

 

 

 

 

 

 

 

 

 

 



	   102 

 

 

 

CONCLUSION 

 

HIV-1 neuropathogenesis is characterized by presence of inflammatory cytokines and 

chemokines such as IL-1β and TNF-α along with HIV-1 virions and proteins in the astrocyte 

microenvironment. These HAND-relevant stimuli activate intracellular signaling cascades 

leading to impaired glutamate clearance, EAAT2 loss, and increased CXCL8 production. 

Intracellularly, HAND-relevant stimuli activate the NF-κB pathway and induce increased 

interaction of NF-κB p65 subunit with cytoplasmic AEG-1, which then translocates to the 

nucleus to induce the expression of NF-κB responsive genes such as CXCL8. HAND-relevant 

stimuli-induced AEG-1 downregulates EAAT2 by upregulating YY1 expression, thereby leading 

to reduced glutamate clearance (Fig. 8). Thus, here we identify AEG-1 as a novel regulator of 

HIV-1-associated neuroinflammation and neurodegeneration via activation of the NF-κB 

pathway and repression of EAAT2 expression in astrocytes.	  

Results from our previous study identified a novel role of AEG-1 in regulation of astrocyte 

responses to neural injury, by regulating astrocyte migration and proliferation during wound 

healing 277. This report identifies yet another novel facet of AEG-1-mediated regulation of 

astrocyte function, astrocyte glutamate clearance and chemokine synthesis. The results from this 

study implicate AEG-1 as a potential regulator of astrocyte-driven neuroinflammatory processes 

in patients with HAND.  
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Figure 8. 
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Figure 8. AEG-1 regulation of HIV-1 neuropathogenesis. HIV-1 neuropathogenesis is 

characterized by presence of inflammatory cytokines and chemokines along with HIV-1 virions 

and proteins in the microenvironment of astrocytes. These HAND-relevant stimuli activate 

several intracellular signaling cascades in astrocytes, which modulate the astrocyte 

microenvironment by impairing their glutamate clearance and/or chemokine and cytokine 

production. Intracellularly, TNF-α activates the NF-κB pathway and induces increased 

interaction of NF-κB p65 subunit with cytoplasmic AEG-1, which then translocates to the 

nucleus to induce the expression of NF-κB responsive genes such as CXCL8, and down-

regulates the expression of EAAT2 by upregulating the expression of YY1, an EAAT2 

transcriptional repressor, thereby impairing the glutamate clearance. Thus, here we show that 

AEG-1 is a novel regulator of HAND pathogenesis by modulating NF-κB signaling driven 

cellular processes such as glutamate clearance and chemokine and cytokine production. 
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MATERIALS AND METHODS 

 

Human postmortem tissues 

Brain tissue sections and lysates from dorsolateral prefrontal cortex and frontal white matter of 

12 HIV-1 seropositive, 11 HIV-1 encephalitic, and 12 age, race and gender matched control 

subjects were provided by the National NeuroAIDS Tissue Consortium. The selected autopsy 

cohort characteristics, brain dissections and protein extraction have been described previously.278 

Out of the total 12 HIVE postmortem tissues in the cohort, 11 were analyzed due to exclusion of 

one owing to low protein quantities. The controls and HIV-1 tissues were selected based on 

matching age, race and gender and excluding the subjects with confounding pathological 

findings such as, bacterial and/or viral infection, cancer or CNS disease. 

HIV-1 trans-activator of transcription (HIV-1Tat) transgenic mice 

Paraffin-embedded brain tissue specimens of wild type and HIV-1Tat transgenic (GT-tg) mice 

with or without doxycycline treatment, HIV-1Tat positive (GT-tg + Dox) or HIV-1Tat negative 

(GT-tg – Dox), described previously, were provided by Dr. Johnny J. He 260,261. Briefly, HIV-1Tat 

is expressed under the regulation of the astrocyte-specific GFAP promoter and is inducible with 

doxycycline, permitting astrocyte-specific expression. 
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Immunohistochemistry 

Formalin-fixed, paraffin-embedded tissue slices (5 µm) were deparaffinized in xylene, and 

rehydrated through decreasing grades of alcohol up to water. Immunohistochemical analyses 

were performed by 

Immunofluorescent staining. Briefly, deparaffinized sections, maintained in a humidifier 

chamber, were blocked at room temperature in 10% normal horse serum containing 0.1% triton 

X-100 for 30 min and incubated overnight at 4°C in blocking buffer with primary antibodies 

specific to AEG-1 (1:100, rabbit monoclonal, Life Technologies), CD68 (1:100, mouse 

monoclonal, clone KP-1, Carpinteria, CA) and GFAP (1:200, chicken polyclonal, Covance Inc., 

Emeryville, CA). Alexa Fluor® secondary antibodies, anti-rabbit (488 nm, green) and anti-

chicken (594 nm, red) (1:100, Life Technologies), were utilized to develop the sections. DAPI 

(1:800, Life Technologies) was used to visualize the nuclei. Fluorescent images were visualized 

with an ECLIPSE Ti-4 microscope using the NLS-Elements BR. 3.0 software (Nikon, Melville, 

NY). 

Isolation, cultivation and treatment of primary cultured human astrocytes 

Human astrocytes were isolated from first- and early second-trimester aborted specimens, 

obtained from the Birth Defects Laboratory, University of Washington, Seattle, WA in full 

compliance with the ethical guidelines of the NIH. The institutional review boards of both the 

Universities of Washington and North Texas Health Science Center approved the collection of 

human tissues for research. The Birth Defects Laboratory obtained written consent from all 

tissue donors. Human astrocytes were isolated as previously described.242 Briefly, brain tissues 

were dissected and mechanically dissociated. Cell suspensions were centrifuged, suspended in 

media, and plated at a density of 20×106 cells/150 cm2. The adherent astrocytes were treated with 
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trypsin and cultured under similar conditions to enhance the purity of replicating astroglial cells. 

The astrocyte preparations were routinely >99% pure as measured by immunocytochemical 

staining for GFAP and microglial marker CD68 to determine possible microglial contamination 

and contribution of microglia in inflammatory responses. Astrocytes were treated with IL-1β (20 

ng/ml), TNF-α (50 ng/ml), or HIV-1ADA (p24 10 ng/ml), HIV-1JRFL (p24 40 ng/ml) or HIV-1DJV 

(p24 20 ng/ml) alone or in combination for 24 h in astrocyte medium [DMEM: nutrient mixture 

F-12 supplemented with 10% FBS, pen/strep/neo and fungizone (Life Technologies)].262 

RNA extraction and gene expression analyses 

RNA was isolated [as described in 243] from astrocytes after 8 h treatment, reverse-transcribed 

into cDNA as per the manufacturer’s instructions (Life Technologies, Carlsbad, CA) and gene 

expression was quantified by TaqMan® 5ʹ′ nuclease real-time RT-PCR in 30 µl reactions, using a 

StepOnePlus sequence detection system according to the manufacturer’s protocol (Life 

Technologies). The 30 µl reactions were carried out at 48°C for 30 min, 95°C for 10 min, 

followed by 40 cycles of 95°C for 15 s and 60°C for 1 min in 96-well optical, real-time RT-PCR 

plates (Life Technologies). The following TaqMan® gene expression assays were used: AEG-1 

(Cat. # Hs00757841_m1), IkappaB kinase (IKK) β (Cat. # Hs00233287_m1), EAAT2 (Cat. # 

Hs00188189_m1), (yin-yang) YY1 (Cat. # Hs009987_m1) and GAPDH (Cat. # 4310884E). 

GAPDH, a ubiquitously expressed housekeeping gene, was used as internal normalizing control. 

Transcripts were quantified by the comparative CT method, and are represented as fold-change of 

control.  

Immunofluorescent cytochemical analyses 

Cultured human astrocytes were fixed after 24 h treatments, with 1:1 acetone: methanol (V/V) 

solution for 20 min at -20°C and blocked with blocking buffer (2% BSA in 1X PBS containing 
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0.1% Triton X-100) for 1 h. Cells were then incubated with primary antibodies specific to AEG-

1 (1:200, Life Technologies) and GFAP (1:400, Covance Inc.) in blocking buffer overnight at 

4°C, washed and incubated with Alexa Fluor® secondary antibodies, anti-rabbit (488 nm, green) 

and anti-chicken (594 nm, red) (1:100, Life Technologies). Nuclei were visualized with DAPI 

(1:800, Life Technologies). Micrographs were obtained on an ECLIPSE Ti-4 using the NLS-

Elements BR. 3.0 software. 

Transfection of astrocytes 

Human astrocytes were transfected with ON-TARGETplus® siRNA specific to AEG-1 (siAEG-

1) or scrambled non-targeting siRNA (siCon, Thermo Scientific, Waltham, MA) or Control-GFP 

or AEG-1-GFP (TrueORF cDNA Clones with C-term GFP tag, PrecisionShuttle Vector System, 

Origene Technologies Inc., Rockville, MD) using the AmaxaTM P3 primary cell 96-well 

nucleofector kit (Lonza, Walkersville, MD, USA). Briefly, 1.6 million astrocytes were 

suspended in 20 µl nucleofector solution containing siCon or siAEG-1 (100 nM) or Control-GFP 

or AEG-1-GFP (0.125 µg/106 cells) and transfected using a Nucleofector/Shuttle (Lonza) device. 

A transfection efficiency of 80% was observed. Transfected cells were supplemented with 

astrocyte media and incubated for 30 min at 37°C prior to plating. Cell were then cultured in 25 

cm2 flasks and allowed to recover for 48 h prior to experimental use.  

Western blot analyses 

Non-transfected or transfected astrocytes were cultured as adherent monolayers in 25 cm2 flasks 

at a density of 4 × 106 cells/flask and allowed to recover for 24 or 48 h, respectively. Following 

recovery, cells were treated for 24 h with varying stimuli and whole cell or cytoplasmic and 

nuclear protein extracts were isolated using mammalian extraction buffer (Life Technologies) or 

nuclear and cytoplasmic extraction kit (NE-PER, Thermo Fisher Scientific, Pittsburgh, PA). 
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Cells were collected by scraping in sterile ice-cold PBS to avoid alteration of protein expression 

on surface of cell membranes. Cytoplasmic and nuclear protein extracts (15 µg) were boiled with 

4X NuPAGE lithium dodecyl sulfate loading sample buffer at 100°C for 5-10 min, resolved by 

NuPAGE 4-12% bis tris gel and subsequently transferred to nitrocellulose membranes using i-

Blot (Life Technologies). The membranes were incubated with antibodies against AEG-1 (1:500, 

Life Technologies) or nuclear factor (NF)-κB or EAAT2 or YY1 (1:1000, Cell Signaling 

Technology, Danvers, MA) or IKKβ (1:1000, Santa Cruz Biotechonology, Santa Cruz, CA) 

overnight at 4°C, washed and then incubated with anti-rabbit goat antibody IgG conjugated to 

horseradish peroxidase (1:10,000, Bio-Rad, Hercules, CA) for 2 h at room temperature. The 

membrane was then developed with SuperSignal west femto substrate (Thermo Fisher Scientific) 

and imaged in a Flourochem HD2 Imager (Proteinsimple, Santa Clara, CA). Beta-actin (1:4,000, 

Sigma Aldrich, St. Louis, Missouri), GAPDH (1:1000, Santa Cruz Biotechonology) and Lamin 

A/C (1:3000, Cell Signaling Technology) were used as loading controls for whole cell, 

cytoplasmic and nuclear extracts, respectively. 

Co-immunoprecipitation 

Twenty-four hours after treatment (as described above), whole cell and cytoplasmic-nuclear 

extracts were obtained and quantified by Precision Red Protein Assay (cytoskeleton). Cell 

lysates (50 µg) were then processed for immunoprecipitation using manufacturer’s protocol 

(Protein G magnetic beads #8740, Cell Signaling). Mouse control IgG1 magnetic bead conjugate 

(Cell Signaling) was used as an experimental control. 

Glutamate clearance assay 

Transfected astrocytes were plated in 48-well tissue culture plates at a density of 0.15 × 106 

cells/well and allowed to recover for 48 h prior to treatment with IL-1β (20 ng/ml) for 24 h. 
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Following treatment, glutamate (400 µM) dissolved in phenol-free astrocyte medium was added 

into each well and clearance was assayed at 24 h. The assay was performed and analyzed 

according to manufacturer’s guidelines (Amplex Red Glutamic Acid/Glutamate Oxidase Assay 

Kit, Life Technologies). Each treatment condition was run in triplicate. 

CXCL8 ELISA 

Transfected astrocytes were plated in 48-well tissue culture plates at a density of 0.15 × 106 

cells/well and allowed to recover for 48 h prior to treatment with IL-1β (2 ng/ml) for 24 h. 

Following treatment, CXCL8 production was quantified in the cell culture supernatants 

according to manufacture’s instructions (R&D Systems). A 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay was performed (as previously described in 279) to 

measure cell viability, and MTT values were used to normalize cytokine and chemokine 

quantities. 

Statistical analyses 

Statistical analyses were performed using Prism 5.0 (GraphPad Software, La Jolla, CA), with 

one-way analysis of variance (ANOVA) and Newman-Keuls post-test for multiple comparisons. 

Statistical analyses with a paired t-test were used for comparisons between siCon and siAEG-1. 

A two-way ANOVA was used for statistical analyses of comparison between siCon and siAEG-1 

treatments. Significance was set at P < 0.05 and data represents means +/- standard error of the 

mean. 
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Supplementary figure 1. 

 

AEG-1-GFP translocated to astrocyte nucleus upon TNF-α  treatment. Astrocytes 

transfected with AEG-1-GFP or Con-GFP constructs were treated with TNF-α for 24 h and 

AEG-1-GFP intracellular localization was analyzed by immunoblotting. An increase in nuclear 

AEG-1-GFP was detected following TNF-α treatment.  
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ABSTRACT 

 

Astrocyte elevated gene-1 (AEG-1) is a novel human immunodeficiency virus (HIV)-1-inducible 

oncogene implicated in HIV-1 neuropathogenesis and oncogenesis of multiple cancers. We have 

previously reported that AEG-1 regulates reactive astrogliosis and modulates astrocyte responses 

to injury and inflammation, molecular events that are often dysregulated during aging. Thus, 

although there is an indirect implication for AEG-1 in aging, the role of AEG-1 in astrocyte- 

antioxidant processes during aging remains elusive. Therefore, to investigate the role of AEG-1 
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in aging, we measured AEG-1 expression in aging human brain tissues and examined its 

antioxidant function. AEG-1 showed an age-dependent expression in the pre-frontal cortex or 

frontal white matter regions of the brain. In cultured human astrocytes, oxidative stress did not 

induce AEG-1, however, dramatically altered AEG-1 intracellular localization by mediating 

AEG-1 translocation to the astrocyte nucleolus. AEG-1 over-expression or silencing in human 

astrocytes or astrocytoma cell line U87MG, respectively, revealed AEG-1-mediated protection 

against oxidative stress. AEG-1 protected against oxidative stress-induced protein carbonylation 

as well as DNA fragmentation. AEG-1 overexpression enhanced the antioxidant cellular 

responses such as catalase activation and transcription factor nuclear factor (erythroid-derived 

2)-like 2 (Nrf2) stabilization. Further, in response to oxidative stress, AEG-1 interacted with 

Nrf2 and regulated Nrf2 nuclear translocation, a crucial step for antioxidant gene expression. In 

conclusion, activation of antioxidant pathways mediated via AEG-1 induction or redistribution 

may play an important role in protecting astrocytes against oxidative stress during aging. 
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INTRODUCTION 

 

Age-dependent increase in oxidative stress is implicated in the pathogenesis of several adult 

neurodegenerative and neuroinflammatory disorder.280-283 Although the molecular mechanisms 

driving oxidative stress are very well characterized, the underlying etiopathology of aging 

remains largely enigmatic. Astrocytes, the most abundant cell type in the brain, have recently 

immerged as important primary responders and modulators of stress stimuli, thereby regulating 

the progression of several central nervous system (CNS) disorders including stroke, trauma and 

seizures.4,284,285 Here, we critically evaluated the aging-induced changes in expression of a novel 

oncogene, Astrocyte elevated gene-1 (AEG-1), and elucidated the effect of AEG-1 elevated 

levels on astrocyte responses to oxidative stress, a hallmark of aging. 

AEG-1 is a multifunctional oncogene, identified as a human immunodeficiency virus (HIV-1) 

and tumor necrosis factor (TNF)-α-inducible transcript in astrocytes.200 AEG-1 has been 

implicated in oncogenesis, specifically tumor initiation, proliferation, metastasis, angiogenesis, 

chemoresistance, protective autophagy of many metastatic malignancies.174,177,180,229,286,287 

However, the role of AEG-1 in astrocytes and astrocyte-driven pathophysiological processes has 

not been well characterized. More recently, we have reported elevated AEG-1 levels in 

astrocytes undergoing reactive astrogliosis277 and in response to neuroinflammation, and have 

implicated AEG-1 in HIV-1-associated neurodegeneration. AEG-1 has been shown to regulate 

astrocyte migration and proliferation, a decisive step in wound recovery post CNS injury,277 a 
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phenomenon that is often dysregulated in an aging brain.285 Also, astrocyte modulation of 

neuronal milieu via glutamate clearance and cytokine production, which plays a crucial role in 

maintaining neuronal function and health is regulated by astrocyte AEG-1. Thus, AEG-1 is 

largely implicated in reactive astrogliosis, neuroinflammation and neurodegeneration, an 

increase in all of which are characteristic hallmarks of aging.288-290 A common denominator 

underlying all these physiological events is the production of reactive oxygen species (ROS) that 

are both the causal and auxiliary factors mediating enhanced susceptibility towards most 

neurological deficits.283,291 Therefore, here we investigated the role of AEG-1 in aging, 

particularly in modulating astrocyte responses to oxidative stress, and elucidated the effects of 

AEG-1 on antioxidant mechanisms driving the process of aging. 

Among the ROS, hydrogen peroxide (H2O2) is the most ubiquitous with the strongest oxidizing 

potential,292-294 causing damage to cellular membranes following carbonylation of proteins and 

lipids295 and ultimately leading to apoptosis and/or necrosis subsequent to double stranded DNA 

fragmentation, considered as the most significant nuclear lesion.294 Cellular antioxidant enzymes, 

particularly, catalases are among the key enzymatic defenses against H2O2.296 The well-studied, 

heme-dependent catalases possess the highest rate of dismutation of peroxide to molecular 

oxygen and water compared to all other antioxidant enzymes.293,297 Since the identification of 

catalases, there has been overwhelming research on its role in cellular antioxidant mechanisms 

and has been proposed as a therapy for ischemic injuries or stroke.298 However, the regulatory 

mechanisms driving catalase activity in astrocytes, the primary responders and suppliers of 

antioxidants to neurons,299 has not been investigated in detail. A master regulator of cellular 

antioxidant responses, including catalases, is the transcription factor nuclear factor (erythroid-

derived 2)-like 2 (Nrf2).300,301 Under normal or unstressed conditions, Nrf2 is ubiquitinated and 
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proteosomally degraded by a cluster of repressor proteins, Keap1 and Cullin 3. Following 

oxidative stress, Nrf2 is disassociated from this repressor complex and hence stabilized in the 

cytoplasm.302 Nrf2 then translocates to the nucleus and binds to the Antioxidant Response 

Element (ARE) in the upstream promoter region of many antioxidant genes; thereby initiating 

transcription and synthesis of cytoprotective proteins, leading to protection against oxidative 

stress. AEG-1 has been shown to play an important role in development of chemotherapeutic 

resistance in cancer cells by harboring protection against hypoxic conditions.185,287 However, 

whether AEG-1 plays a role in Nrf2 nuclear shuttling, the most important step in cellular 

antioxidant response has not been investigated. Also, the underlying mechanism of AEG-1-

mediated cytoprotection, especially in astrocytes, remains elusive. Therefore, here, we first 

analyzed AEG-1 expression in aging human brain tissues, quantified AEG-1 antioxidant 

potential and further elucidated the mechanism of AEG-1-mediated cytoprotection. 

 

 

 

 

 

 

 

 

 

 

 



	   117 

 

 

 

RESULTS 

 

AEG-1 demonstrates an age-dependent expression in the human brain. 

Aging of the brain is histopathologically demonstrated by increase in the number of reactive 

astrocytes and inflammatory processes leading to oxidative stress and gradual 

neurodegeneration.288,303 The on-going inflammatory processes and the changing 

microenvironment of the brain induce gene expression alterations in glial and non-glial 

cells.304,305 Here, we investigated the consequent effect of aging on AEG-1 expression in 

astrocytes. We analyzed AEG-1 protein expression in the prefrontal cortex and frontal white 

matter regions of the brains of 22 aging individuals within the age group of 21-90 years. In 

addition to the canonical 74 kDa AEG-1 band, AEG-1 was also detected at 65 kDa (Fig. 1A). 

Densitometry and correlation analyses demonstrated a significant correlation between the total 

AEG-1 protein and age (Fig. 1B). AEG-1 mRNA levels showed a similar correlation to age in 48 

aging individuals (Fig. 1C). 

Oxidative stress induces AEG-1 translocation to the astrocyte nucleolus. 

Increasing oxidative stress in the cellular microenvironment is a hallmark of aging. It is 

characterized by elevated levels of ROS such as H2O2, the most physiologically abundant ROS 

in the aging brain. Therefore, to identify whether H2O2 induces AEG-1 expression in astrocytes 

during aging and to mimic the molecular events consequent to aging in vitro, we investigated the 

effect of H2O2 on human astrocytes. Astrocytes exposed to  
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Figure 1. 
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Figure 1. AEG-1 demonstrated an age-dependent expression in the human brain. (A) AEG-

1 expression in the prefrontal cortex and frontal white matter regions of the brains of 22 aging 

individuals, ranging from 21-90 years, were analyzed by immunoblotting. (B) Total AEG-1 

proteins levels showed a significant correlation to age (R2=0.36, **P<0.001). (C) AEG-1 mRNA 

levels showed a significant correlation to age (R2=0.16, *P<0.05). 
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varying concentrations of H2O2 did not demonstrate any effect on AEG-1 mRNA and protein 

levels (Fig. 2A).  However, H2O2 induced AEG-1 nuclear localization in a dose-dependent 
manner (Fig. 2B). To further confirm the H2O2-induced AEG-1 nuclear localization, we 

performed immunocytochemical analyses. In naïve untreated astrocytes, AEG-1 localized to the 

astrocyte cytoplasm (Fig. 3A). H2O2 treatment induced AEG-1 localization to the astrocyte 

nucleus in a dose-dependent manner (Fig. 3B, C) but AEG-1 was detected only in certain dense 

nuclear compartments or pockets (Fig. 3D). To further identify the nuclear compartments of 

AEG-1 localization, we performed confocal analyses with nucleolar marker, fibrillarin (Fig. 3E). 

H2O2 treatment induced AEG-1 (Fig. 3F) and fibrillarin co-localization inside the astrocyte 

nucleus (Fig. 3G, H); thereby, confirming AEG-1 localization to the astrocyte nucleolus upon 

oxidative stress. 

Human high-grade astrocytoma cell line U87MG overexpress AEG-1 and demonstrates 

higher tolerance to oxidative stress compared to human astrocytes. 

Since AEG-1 expression demonstrated a positive correlation to age, we next sought to 

investigate the effect of elevated AEG-1 on astrocytes. For this, we utilized AEG-1 over-

expressing high-grade astrocytoma cell line U87MG. Comparison of AEG-1 expression in 

human glioblastoma tissues and orthotropic mouse glioma tissues revealed significant AEG-1 

overexpression compared to surrounding normal tissues (Fig. 4A-D). Further comparison of 

AEG-1 expression in glioblastoma derived U87MG cells and primary astrocytes revealed a 

significantly higher expression in U87MG cells than in astrocytes (Fig. 4E). 

Immunocytochemical analyses further revealed marked cytoplasmic localization of AEG-1 with 

stronger fluorescent signals in U87MG cells than in astrocytes (Fig. 4F, G). Next, we analyzed  
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Figure 2. 
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Figure 2. Oxidative stress modulated AEG-1 intracellular localization in human astrocytes. 

Astrocytes were treated with H2O2 at the given doses for 8 and 24 h and AEG-1 expression and 

intracellular localization was analyzed by real time RT-PCR and immunoblotting, respectively. 

(A) AEG-1 mRNA and protein levels did not change upon H2O2 treatment. (B) H2O2 induced 

AEG-1 nuclear translocation in a dose-dependent manner. Cytoplasmic GAPDH and nuclear 

lamin A/C were used as subcellular fraction normalizing controls. Representative data from three 

individual donors. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   123 

the tolerance of U87MG cell and astrocytes towards oxidative stress. Human astrocytes treated 

with increasing concentrations of H2O2 significantly induced lactate dehydrogenase (LDH) 

activity, loss of plasma membrane integrity, in a dose-dependent manner, and concentrations at 

or above 100µM were significantly toxic (Fig. 5A). A subsequent increase in double stranded 

DNA fragmentation, an early hallmark of oxidative stress-induced apoptosis, was detected at 25 

and 50µM (Fig. 5B). In parallel, U87MG cells treated with increasing concentrations of H2O2 

demonstrated a significant increase in LDH activity only at concentrations at or above 1500µM; 

whereas lower H2O2 concentrations did not significantly alter the plasma membrane integrity 

(Fig. 5C). Similarly, DNA was significantly fragmented at 1000 and 1500µM and concentrations 

below 1000µM showed insignificant results (Fig. 5D). These data demonstrate that U87MG cells 

possess significantly higher tolerance to oxidative stress than astrocytes, and that this higher 

tolerance could be due to the high levels of AEG-1 expression in these cells. 

AEG-1 modulates oxidative stress-induced catalase activity. 

Therefore, next we investigated the role of AEG-1 in cellular responses to oxidative stress. For 

this, we ectopically overexpressed AEG-1 in human astrocytes and transiently silenced AEG-1 

expression in U87MG cells prior to H2O2 exposure. Previously characterized exogenous AEG-1-

GFP construct significantly elevated AEG-1 mRNA and protein levels in human astrocytes 

compared to empty vector (Con-GFP, Fig. 6A). AEG-1-GFP expressing cells demonstrated 

significantly higher induction in catalase activity in response to 8 and 24 h of H2O2 treatment, 

compared to Con-GFP expressing cells (Fig. 6B, C). The higher catalase activity in AEG-1-GFP 

expressing cells remained consistently higher than Con-GFP expressing cells at all increasing 

concentrations of H2O2. In parallel, siRNA targeted towards AEG-1 (siAEG-1) significantly 

reduced AEG-1 mRNA and protein expression in U87MG cells as compared to the control 
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Figure 3.  
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Figure 3. Oxidative stress induced AEG-1 translocation to the astrocyte nucleolus. 

Astrocytes treated with (A) 0µM, (B) 100µM, and (C) 200µM H2O2 were fixed and 

immunostained for GFAP (astrocyte marker, red) and AEG-1 (green), and AEG-1 intracellular 

localization was analyzed by immunofluorescence microscopy. AEG-1 localized to the 

cytoplasm under (A) untreated conditions and (B, C) translocated to astrocyte nuclear pockets in 

a dose-dependent manner. (D) DAPI (nuclear marker) was used to identify the astrocyte nucleus. 

AEG-1 nuclear translocation was further analyzed by confocal microscopy. Astrocytes treated 

with 200µM H2O2 were immunostained for (E) fibrillarin (nucleolar marker, red), (F) AEG-1 

(green) and (G) DAPI (nuclear marker, blue), and micrographed by confocal microscopy. (H) Z-

stack micrographs of fibrillarin, AEG-1 and DAPI. Representative confocal images are 

200 × original magnification from 2 individual donors assayed in triplicate. 
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(siCon, Fig. 6D). Transient silencing of AEG-1 significantly reduced induction of catalase 

activity in response to 8 and 24 h treatment of H2O2 in siAEG-1-transfected U87MG cells 

compared to siCon-transfected U87MG cells (Fig. 6E, F). The abrogation of H2O2-induced 

catalase activity in siAEG-1-transfected U87MG cells was sustained till high toxic H2O2 

concentrations. Taken together, these data demonstrate the AEG-1-mediated regulation of 

catalase-activity in response to oxidative stress. 

AEG-1 protects human astrocytes and U87MG cells from oxidative stress by regulating Nrf2 

protein stability. 

To further elucidate the role of AEG-1 in cellular responses to oxidative stress, we quantified 

oxidative stress responses following modulation of AEG-1 expression in human astrocytes and 

U87MG cells. Transient AEG-1 knockdown significantly increased the production of protein 

carbonyls in response to sub-toxic to toxic concentrations of H2O2 treatment in U87MG cells as 

compared to control (Fig. 7A). Sub-toxic H2O2 treatment at 750µM demonstrated significant 

increase in protein carbonylation in siAEG-1-transfected U87MG cells compared to siCon-

transfected U87MG cells. Similarly, U87MG cells with AEG-1 knockdown demonstrated 

significantly higher DNA fragmentation in response to H2O2 treatment compared to siCon (Fig. 

7B). In parallel, AEG-1 overexpressing human astrocytes demonstrated significantly reduced 

DNA fragmentation upon treatment with sub-toxic to toxic concentrations of H2O2 compared to 

controls. Toxic concentrations of H2O2 induced significant DNA fragmentation in Con-GFP 

expressing astrocytes. AEG-1 overexpressing cells demonstrated increase in DNA fragmentation 

but were significantly lower compared to control (Fig. 7C). Since, AEG-1 demonstrated a 

protective role against oxidative stress, we investigated whether AEG-1 regulates stabilization of 

the transcription factor Nrf2, a master regulator of anti-oxidant mechanisms via modulation of 
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Figure 4. 
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Figure 4. AEG-1 is overexpressed in human high-grade astrocytoma. AEG-1 (green) 

expression was analyzed in (A) patient human glioblastoma grade IV tissues and (B) orthotropic 

mouse glioma tissues by immunostaining. (C, D) AEG-1 is overexpressed in gliomas compared 

to surrounding normal tissues. DAPI (blue) was used as a nuclear marker and GFAP (red) as 

astrocyte marker. AEG-1 expression was analyzed in human astrocytes and U87MG cells by 

immunoblotting and immunostaining. (E) AEG-1 protein levels were significantly higher in 

U87MG cells compared to astrocytes. (F, G) Immunostaining analyses demonstrated higher 

AEG-1 cytoplasmic expression in U87MG cells compared to astrocytes. GAPDH was used as a 

loading control. Representative data from three individual astrocyte donors. 
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anti-oxidant gene expression. Human astrocytes transfected with AEG-GFP or Con-GFP 

expression vectors and U87MG cells transfected with siAEG-1 or siCon were treated with sub-

toxic concentrations of H2O2 and lysates immunoblotted for Nrf2. Sub-toxic H2O2 treatment 

stabilized Nrf2. However, AEG-1 silencing prevented Nrf2 stabilization in U87MG cells 

whereas AEG-1 overexpression enhanced Nrf2 stability in human astrocytes (Fig. 7D). These 

data suggest AEG-1 is a positive regulator of anti-oxidant mechanisms and that the regulation 

might be via modulation of Nrf2 stability or function. 

AEG-1 interacts with Nrf2 and regulates Nrf2 nuclear translocation in response to oxidative 

stress. 

In our previous studies, we have identified a transcriptional co-activator function of AEG-1 and 

many others have demonstrated the physical interaction between AEG-1 and transcriptional 

factors such as nuclear factor (NF)-B144 and yin yang 1 (YY1).197 Therefore, here we 

investigated whether AEG-mediated regulation of anti-oxidant cellular mechanisms is via a 

physical interaction with Nrf2. Co-immunoprecipitation of U87MG cell lysates with or without 

H2O2 treatment revealed a physical interaction between AEG-1 and Nrf2 (Fig. 8A). Next, to 

determine whether AEG-1 regulated Nrf2 nuclear translocation in response to oxidative stress, a 

crucial step in Nrf2 anti-oxidant function, we investigated Nrf2 intra-cellular localization upon 

H2O2 treatment in AEG-1 silenced U87MG cells. Toxic concentrations of H2O2 induced Nrf2 

nuclear translocation, however, silencing AEG-1 prevented Nrf2 nuclear translocation, but an 

increase in Nrf2 cytoplasmic expression. These data suggest that AEG-1 might regulate Nrf2 

stability and nuclear localization in response to oxidative stress and thus, might modulate cellular 

anti-oxidant responses. 
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Figure 5. 
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Figure 5. U87MG cells demonstrated higher tolerance to oxidative stress compared to 

astrocytes. Tolerance of human astrocytes and U87MG cells towards H2O2 stress was analyzed 

by measuring Lactate dehydrogenase (LDH) activity and double-stranded DNA fragmentation. 

In astrocytes, a dose-dependent increase in (A) LDH activity and (B) DNA fragmentation was 

detected in response to H2O2 stress (***P<0.001), and concentrations at or above 100µM were 

significantly toxic. In parallel, U87MG cells demonstrated substantial toxicity only at or above 

1000µM with significant (C) LDH activity at 1500µM and (D) DNA fragmentation at 1000µM 

H2O2 concentration (***P<0.001). Representative data from three individual astrocyte donors 

assayed in triplicate.  
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Figure 6. 
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Figure 6. AEG-1 modulated oxidative stress-induced catalase activity. Astrocytes transfected 

with AEG-1-overexpression construct (AEG-1-GFP) or vehicle control (Con-GFP) were treated 

with given concentrations of H2O2 and catalase activity was quantified at 8 and 24 h. (A) 

Immunoblotting analyses demonstrated significant AEG-1 over-expression in human astrocytes 

(***P<0.001). At (B) 8 h and (C) 24 h following H2O2 exposure, AEG-1-GFP expressing cells 

showed significantly higher catalase activity compared to Con-GFP expressing cells 

(***P<0.001). In parallel, U87MG cells transfected with AEG-1 specific siRNA (siAEG-1) or 

non-targeting, scrambled siRNA (siCon) were treated with given concentrations of H2O2 and 

catalase activity was quantified at 8 and 24 h. (D) Immunoblotting analyses demonstrated 

significant AEG-1 knockdown (**P<0.01). At (E) 8 h and (F) 24 h following H2O2 exposure, 

siAEG-1-transfected cells showed significantly reduced catalase activity compared to siCon-

transfected cells (***P<0.001). For immunoblotting analyses, GAPDH was used as a loading 

control. Representative data from three individual experiments assayed in triplicates. 
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Figure 7.  
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Figure 7. AEG-1 protected human astrocytes and U87MG cells from oxidative stress by 

regulating Nrf2 protein stability. U87MG cells transfected with siCon or siAEG-1 were treated 

with H2O2 for 24 h and oxidative stress responses were analyzed by measuring protein 

carbonylation and DNA fragmentation. (A) siAEG-1-transfected cells showed significantly 

higher protein carbonylation as compared to siCon-transfected cells (**P<0.01). (B) AEG-1 

knockdown significantly increased DNA fragmentation in response H2O2 treatment as compared 

to siCon (**P<0.01). Similarly, astrocytes transfected with AEG-1-GFP or Con-GFP were 

treated with H2O2 for 24 h and oxidative stress responses were quantified by DNA fragmentation. 

(C) AEG-1 over-expression significantly reduced H2O2-induced DNA fragmentation (**P<0.01). 

U87MG cells and astrocytes transfected with siCon or siAEG-1 and Con-GFP or AEG-1-GFP, 

respectively, were treated with H2O2 for 24 h and immunoblotted for Nrf2. (D) Silencing AEG-1 

in U87MG cells decreased the level of H2O2-stabilized Nrf2 and over-expressing AEG-1 in 

human astrocytes increased the level of H2O2-stabilized Nrf2. GAPDH was used as a loading 

control. Representative data from three individual experiments assayed in triplicates. 
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Figure 8. 
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Figure 8. AEG-1 interacted with Nrf2 and regulated Nrf2 nuclear translocation in response 

to oxidative stress. Lysates of U87MG cells treated with or without H2O2 (1mM) for 24 h were 

co-immunoprecipitated with anti-AEG-1 or anti-Nrf2 antibodies and immunoblotted for AEG-1 

and Nrf2. (A) AEG-1 interacted with Nrf2 under untreated control conditions, and upon H2O2 

treatment demonstrated an increase in AEG-1 bound Nrf2. The heavy chain of antibodies used to 

pull-down was used as loading control (B) U87MG cells transfected with siCon or siAEG-1 were 

treated with H2O2 (1mM) and cytoplasmic/nuclear extracts were analyzed for Nrf2. AEG-1 

silencing increased cytoplasmic Nrf2 levels and reduced the H2O2-induced nuclear Nrf2 levels. 
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DISCUSSION 

 

This is the first study to measure AEG-1 expression in the brain of aging individuals and to 

correlate AEG-1 expression to oxidative imbalance within the brain, a fundamental hallmark of 

aging. The brain regions, prefrontal cortex or frontal white matter, utilized for AEG-1 expression 

analyses have been implicated in regulating executive functions such as cognitive behavior, 

personality expression, decision making and moderating social behavior;306-308 these functions 

are impaired during aging.309,310 Here, we report an age-dependent AEG-1 expression in the 

brain, thereby implicating AEG-1 in several age-related CNS disorders. Although an increase in 

AEG-1 protein was noted with increasing age, changes in AEG-1 mRNA levels were not 

proportionately significant, suggesting that AEG-1 expression may not be induced significantly 

at the transcriptional level but may be modulated mainly at the post-translational level increasing 

the protein stability. Analyses of AEG-1 mRNA levels in males versus females revealed similar 

correlation to age suggesting that AEG-1 expression is not gender dependent (Supplementary Fig. 

1A, B). In parallel, analyses of AEG-1 mRNA levels in abnormal brain tissues with variable 

pathophysiological anomalies revealed a higher significant correlation to age as compared to 

normal brain (Supplementary Fig 1C, D). Thus, these data are indicative of a strong correlation 

between AEG-1 expression and aging. AEG-1 is a multifunctional oncoprotein with many 

proposed post-translational modifications,137,141 which can explain the two distinct molecular 

weight bands identified during immunoblotting; both of which individually or in total show 
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similar correlation to aging (supplementary Fig. 2). To further assess the molecular mechanisms 

of AEG-1 induction and its effect on the aging brain, we performed in vitro studies.  

Some of the hallmarks of aging include increase in excitotoxic microenvironment due to reduced 

glutamate clearance, elevated pro-inflammatory pathways and loss of neural circuits and brain 

plasticity owing to Ca2+ dysregulation.305,311 Amongst all, oxidative stress arising from 

inflammatory reactions and changes in the cerebral microvasculature has been implicated as a 

major attributing factor for age-associated cognitive impairments.303 Oxidative stress is the most 

controllable risk factor for aging disorders and hence a target of immense research.312 Therefore, 

it is pertinent to investigate its effect on the largest non-neural cell population in the CNS, the 

astrocytes, which are the primary suppliers of antioxidants to neurons.293,313 Hydrogen peroxide-

mediated oxidative stress is a physiologically relevant stress stimulus in the brain, which has 

been shown to induce astrocyte gene expression changes promoting several CNS disorders.314 

However, acute exposure of human astrocytes to varying concentrations of H2O2 did not alter 

astrocyte AEG-1 mRNA and protein levels. In our previous studies, we have identified AEG-1 as 

an inflammatory response gene and have shown that inflammatory mediators such as interleukin 

(IL)-1β and TNF-α induce AEG-1 expression in astrocytes via the NF-κB pathway (Submitted to 

JBC). Since these inflammatory mediators are often upregulated during aging owing to aging-

associated neuroinflammation or neurodegeneration, they may be driving AEG-1 expression 

instead of oxidative stress.  

AEG-1 is a pleiotropic oncoprotein, capable of translocating across the nuclear membrane and 

localizing in several nuclear and extra-nuclear compartments within the cell.141 Although, acute 

exposure of astrocytes to H2O2 did not modulate AEG-1 expression, it induced AEG-1 nucleolar 

localization in a dose-dependent manner. Nucleolus being the site for pre-ribosomal RNA 
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transcription, processing and ribosome biogenesis,233,315 AEG-1 nucleolar localization 

demonstrates an acute response to oxidative stress and is suggestive of a potential role for AEG-

1 in DNA/RNA repair mechanisms. Astrocyte AEG-1 expression pattern and intracellular 

localization in response to chronic H2O2 exposure remains to be investigated and would be 

crucial in further understanding the role of AEG-1 in astrocyte oxidative stress responses within 

the nucleolus. Stress often leads to reorganization of nuclear architecture, owing to simultaneous 

inhibition of major nuclear pathways such as replication and transcription, and activation of 

specific stress responses like repair mechanisms. Nucleolus senses stress and is a central hub for 

coordinating stress responses, leading to dramatic changes in its organization and composition316. 

One such change is the nucleolar accumulation of 5.8S rRNA in response to oxidative 

stress.315,317 Therefore, the present finding of oxidative stress-induced AEG-1 colocalization with 

fibrillarin, a nucleolar small nuclear ribonucleoprotein particle known to participate in the first 

step in processing pre-rRNA,231,318 is vital for further understanding the cellular stress response 

pathways. 

Next, to further assess the role of AEG-1 in oxidative stress responses of astrocytes, we utilized a 

high-grade human astrocytoma cell line over-expressing AEG-1, U87MG. AEG-1 primarily 

localized to the cytoplasmic regions in both human astrocytes and U87MG cells. Comparison of 

oxidative stress tolerance levels between human astrocytes and U87MG cells revealed an 

approximate 100-fold difference. Human astrocytes showed significant loss of plasma membrane 

integrity upon treatment with 100-200µM H2O2, thereby indicating that concentrations above 

100-200µM were extremely toxic and resulted in necrosis as against apoptosis, an organized 

form of cell death. On the other hand, U87MG cells tolerated concentrations as high as 1000-

1500µM H2O2 and showed significant loss of membrane integrity at 1500µM H2O2. Yet another 
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subtle readout of cell death and a biochemical hallmark of late apoptosis is DNA fragmentation. 

A significant dose-dependent increase in DNA fragmentation was detected in response to H2O2 

treatment till the concentration of 50µM, beyond which the DNA fragmentation was lost. This 

suggests that astrocytes can tolerate H2O2 concentrations as high as 100-200µM, beyond which 

cells undergo necrosis and release the cellular components without DNA fragmentation. In 

parallel, U87MG cells revealed significant DNA fragmentation at H2O2 concentration 1000µM. 

At concentrations higher than 1000µM, cells lost their adhesion potential due to lose of cadherin 

junctions, thereby peeling off the plate and demonstrating minimal DNA fragmentation values. 

Thus, in summary, U87MG cells showed higher tolerance towards oxidative stress, undergoing 

DNA fragmentation at 1000µM and complete necrosis at 1500-2000µM, compared to human 

astrocytes, which showed DNA fragmentation at 50µM and complete necrosis at 100-200µM 

H2O2 concentrations. Next, we investigated whether the higher H2O2 tolerance of U87MG cells 

compared to astrocytes was due to higher AEG-1 expression levels.  

For this, we ectopically over-expressed AEG-1 in human astrocytes and transiently silenced 

AEG-1 expression in the U87MG cells and determined the stress responses to H2O2. One of the 

major antioxidant pathways that form the first line of defense against oxidative stress is the 

antioxidant enzyme catalase.293 Catalases break down the H2O2 molecule into water and oxygen 

by an alternating oxidation and reduction of the heme iron at its active site.297 In the present 

study, we evaluated the AEG-1-mediated modulation of catalase activity induced in response to 

H2O2 treatment. H2O2 treatment failed to induce catalase activity in human astrocytes expressing 

empty vector at both early 8 h and late 24 h time point. However, astrocytes over-expressing 

AEG-1 demonstrated a significant dose-dependent induction in catalase activity, which was 

sustained through 8 to 24 h time point. This revealed the AEG-1-mediated elevation of 
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antioxidant responses of human astrocytes. Similarly, AEG-1 knockdown significantly reduced 

the H2O2-induced catalase activation in U87MG cells at both 8 h and 24 h time points. Also, 

AEG-1 knockdown reduced the basal catalase activity in U87MG cells and AEG-1 over- 
expression increased the basal catalase activity in human astrocytes, thereby demonstrating that 

AEG-1 is an important regulator of catalase activity. Thus, the present data recognizes a 

cytoprotective role of AEG-1 in human astrocytes and astrocytoma cells, by enhancing the 

antioxidant responses against oxidative stress. 

To further elucidate the protective function of AEG-1 and to determine whether the protection 

was at the early or late stages of cellular antioxidant responses, we quantified protein 

carbonylation, an early event in oxidative stress,319,320 measured DNA fragmentation, a late event 

in oxidative stress,294,321 and analyzed the intracellular signaling changes in response to oxidative 

stress. Oxidative stress induced protein carbonylation in a dose-dependent manner in both siCon 

and siAEG-1 expressing U87MG cells, but protein carbonylation was significantly higher in 

siAEG-1 expression cells versus siCon expressing cells. Also, significant protein carbonylation 

was detected in siCon expressing cells upon exposure to 1000µM H2O2. However, siAEG-1 

expressing cells showed significant protein carbonylation at a much lower H2O2 concentration 

(750µM), thereby indicating that AEG-1 silencing significantly reduced the tolerance capacities 

of the U87MG cells. Similarly, siAEG-1 expressing cells demonstrated significantly higher DNA 

fragmentation than siCon expressing cells in response to H2O2 stress. In parallel, AEG-1 over-

expression significantly reduced the H2O2-induced DNA fragmentation in human astrocytes, 

thereby indicating that AEG-1 protection is both at the early and late stages of oxidative stress.  

A master regulator of antioxidant cellular responses is a transcription factor Nrf2, which is 

known to regulate the expression of hundreds of antioxidant enzymes including catalases.300 
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Under unstressed conditions, Nrf2 is kept in the cytoplasm and degraded quickly by 

ubiquitination. Oxidative or electrophilic stress disrupts critical cysteine residues in Keap1, an 

adaptor protein binding Nrf2 to its ubiquitinating partner Cullin 3, thereby relieving it from the 

ubiquitination process and allowing Nrf2 stabilization in the cytoplasm. Nrf2 then translocates to 

the nucleus and mediates the transcription of many cytoprotective genes.302 Thus, Nrf2 stability 

is an important determinant of cellular antioxidant responses. In the present study, we noted 

AEG-1 localization to the nucleus/nucleolus in response to oxidative stress, a phenomenon 

similar to Nrf2, therefore, we investigated whether AEG-1 modulated Nrf2 stability and/or 

localization in the cell. AEG-1 silencing in U87MG cells abrogated H2O2-mediated Nrf2 stability 

whereas AEG-1 over-expression in human astrocytes enhanced the Nrf2 stability in response to 

H2O2 exposure. These data identify AEG-1 as a positive regulator of Nrf2 stability.  

Next, we investigated whether AEG-1 regulates Nrf2 nuclear localization following stabilization, 

a crucial determinant of its cellular function. Co-immunoprecipitation studies on U87MG cells 

revealed AEG-1 physical interaction with Nrf2. AEG-1 interaction was noted in both naïve and 

H2O2-treated conditions, indicating that AEG-1 may play a role in regulating Nrf2 nuclear 

translocation in response to oxidative stress. Whether the interaction is direct or indirect remains 

to be investigated. However, AEG-1 precipitation with Nrf2 following H2O2 exposure proposes 

that AEG-1 directly interacts with free Nrf2, as Nrf2 is released from the inhibition complex. 

Also, AEG-1 silencing did not affect Keap1 interaction with Nrf2 under naïve conditions 

(Supplementary Fig. 3) suggesting that AEG-1 interacts with stabilized Nrf2. Further, AEG-1 

silencing abrogated the nuclear translocation of Nrf2 and sustained Nrf2 in the cytoplasm, 

thereby indicating that AEG-1 is crucial for Nrf2 nuclear translocation. 
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CONCLUSION 

 

In conclusion, AEG-1 expression increased with age in the human brain. This elevated AEG-1 

may serve a protective function in human astrocytes by increasing their antioxidant responses, 

thereby protecting them against aging-associated oxidative damage (Fig. 9). This is the first 

study to report age-dependent changes in oncogene AEG-1 expression in human brain, which 

may help in initiating new studies to further investigate the role of AEG-1 in the aging process 

and oncogenic predisposition. Together, these finding identify AEG-1 as a novel modulator of 

astrocyte antioxidant responses and propose that AEG-1 is a plausible new target for aging 

disorders of the brain. 
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Figure 9.  
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Figure 9. AEG-1 is a novel modulator of anti-oxidant pathways in human astrocytes and 

U87MG cells. Presence of ROS such as free radicals (O3) and H2O2, in the astrocyte 

microenvironment triggers several anti-oxidant mechanisms for survival. The master regulator of 

anti-oxidant responses is the protein Nrf2, a transcription factor controlling expression of 

important anti-oxidant genes. The canonical primary cellular defense (shown in heavy black 

arrows) against oxidative stress is initiated by stabilizing Nrf2; releasing Nrf2 from its inhibitory 

ubiquitinase, Keap1. The stabilized Nrf2 protein translocates to the nucleus and mediates the 

transcription of anti-oxidant genes. Here, we report that (A) following oxidative stress, AEG-1 

translocates to the astrocyte nucleolus. We demonstrate that (B) AEG-1 interacts with Nrf2, (C) 

increases Nrf2 stability and plays a protective role. We further elucidate the protective function 

of AEG-1 by exhibiting (D) AEG-1 regulation of Nrf2 nuclear translocation in response to H2O2 

treatment and by increasing the anti-oxidant responses; (E) reduced H2O2-induced protein 

carbonylation, DNA fragmentation and by (F) elevated H2O2-induced catalase activation. Thus, 

here we identify a novel protective function of AEG-1 against oxidative stress in human 

astrocytes. 
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MATERIALS AND METHODS 

 

Human postmortem tissue protein and RNA real-time RT-PCR 

Postmortem brain tissue lysates and RNA from prefrontal cortex and frontal white matter of 22 

aging individuals within the age group 20-90 years were provided by the National NeuroAIDS 

Tissue Consortium. The selected autopsy cohort characteristics, brain dissections and protein 

extraction have been described previously278 RNA was reverse-transcribed into cDNA as per the 

manufacturer’s instructions (Life Technologies, Carlsbad, CA). AEG-1 mRNA levels were 

quantified by TaqMan® 5ʹ′ nuclease real-time RT-PCR in 10 µl reactions, using a StepOnePlus 

sequence detection system according to the manufacturer’s protocol (Life Technologies). The 10 

µl reactions were carried out at 48°C for 30 min, 95°C for 10 min, followed by 40 cycles of 95°C 

for 15 s and 60°C for 1 min in 96-well optical, real-time RT-PCR plates (Life Technologies). 

The following TaqMan® gene expression assays were used: AEG-1 (Cat. # 4331182) and 

glyceraldehyde 3-phosphate dehydrogenase (GAPDH, Cat. # 4310884E). GAPDH, a 

ubiquitously expressed housekeeping gene, was used as internal normalizing control. Transcripts 

were quantified by the comparative CT method, and are represented as fold-change of a primary 

astrocyte donor chosen as a control322. 

Isolation, cultivation and treatment of primary cultured human astrocytes 

Human astrocytes were isolated from first- and early second-trimester aborted specimens, 

obtained from the Birth Defects Laboratory, University of Washington, Seattle, WA in full 
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compliance with the ethical guidelines of the NIH. The institutional review boards of both the 

Universities of Washington and North Texas Health Science Center approved the collection of 

human tissues for research. The Birth Defects Laboratory obtained written consent from all 

tissue donors. Human astrocytes were isolated as previously described.242 Briefly, brain tissues 

were dissected and mechanically dissociated. Cell suspensions were centrifuged, suspended in 

media, and plated at a density of 20×106 cells/150 cm2. The adherent astrocytes were treated with 

trypsin and cultured under similar conditions to enhance the purity of replicating astroglial cells. 

The astrocyte preparations were routinely >99% pure as measured by immunocytochemical 

staining for glial fibrillary acidic protein (GFAP) and microglial marker CD68 to determine 

possible microglial contamination and contribution of microglia in inflammatory responses. 

Astrocytes were treated with varying concentrations of H2O2 in phenol free astrocyte medium 

[DMEM: nutrient mixture F-12 supplemented with 10% FBS, pen/strep/neo and fungizone (Life 

Technologies)].262 

RNA extraction and gene expression analyses 

RNA was isolated [as described in243] from astrocytes after 8 h treatment (as discussed above) 

and gene expression was assayed by real-time RT-PCR in 30 µl reactions as described above. 

The following TaqMan® gene expression assays were used: AEG-1 (Cat. # Hs00757841_m1) 

and GAPDH (Cat. # 4310884E). Transcripts were quantified by the comparative CT method, and 

are represented as fold-change of control.  

Western blot analyses 

Astrocytes were cultured as adherent monolayers in 25 cm2 flasks at a density of 4 × 106 

cells/flask and allowed to recover for 24 h. Following recovery, cells were treated for 24 h with 

varying concentrations of H2O2 and whole cell or cytoplasmic and nuclear protein extracts were 
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isolated using mammalian extraction buffer (Life Technologies) or nuclear and cytoplasmic 

extraction kit (NE-PER, Thermo Fisher Scientific, Pittsburgh, PA). Cells were collected by 

scraping in sterile ice-cold PBS to avoid alteration of protein expression on surface of cell 

membranes. Cytoplasmic and nuclear protein extracts (15 µg) were boiled with 4X NuPAGE 

lithium dodecyl sulfate loading sample buffer at 100°C for 5-10 min, resolved by NuPAGE 4-

12% bis tris gel and subsequently transferred to nitrocellulose membranes using i-Blot (Life 

Technologies). The membranes were incubated with antibodies against AEG-1 (1:500, Life 

Technologies) or Nrf2 (1:200, Santa Cruz Biotechonology, Santa Cruz, CA) overnight at 4°C, 

washed and then incubated with anti-rabbit goat antibody IgG conjugated to horseradish 

peroxidase (1:10,000, Bio-Rad, Hercules, CA) for 2 h at room temperature. The membrane was 

then developed with SuperSignal west femto substrate (Thermo Fisher Scientific) and imaged in 

a Flourochem HD2 Imager (Proteinsimple, Santa Clara, CA). Lamin A/C (1:3000, Cell Signaling 

Technology) and GAPDH (1:1000, Santa Cruz Biotechonology) were used as loading controls 

for nuclear extracts and whole cell-cytoplasmic extracts, respectively. 

Co-immunoprecipitation 

Twenty-four hours after treatment (as described above), whole cell extracts were obtained and 

quantified by Precision Red Protein Assay (cytoskeleton). Cell lysates (50 µg) were then 

processed for immunoprecipitation using manufacturer’s protocol (Protein G magnetic beads 

#8740, Cell Signaling). Mouse control IgG1 magnetic bead conjugate (Cell Signaling) was used 

as an experimental control. 

Immunofluorescent cytochemical analyses 

Cultured human astrocytes were fixed after 24 h treatments, with 1:1 acetone: methanol (V/V) 

solution for 20 min at -20°C and blocked with blocking buffer (2% BSA in 1X PBS containing 
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0.1% Triton X-100) for 1 h. Cells were then incubated with primary antibodies specific to AEG-

1 (1:200, Life Technologies) and GFAP (1:400, Covance Inc.) in blocking buffer overnight at 

4°C and washed incubated with Alexa Fluor® secondary antibodies, anti-rabbit (488 nm, green) 

and anti-chicken (594 nm, red) (1:100, Life Technologies). Nuclei were visualized with 4’,6-

Diamidino-2-Phenylindole, Dihydrochloride (DAPI, 1:800, Life Technologies). Micrographs 

were obtained on an ECLIPSE Ti-4 using the NLS-Elements BR. 3.0 software (Nikon, Melville, 

NY). 

Confocal analyses 

Human astrocytes were grown to confluence in glass bottom 48-well tissue culture plates 

(MatTek Corp., Ashland, MA, USA) at a density of 0.1�×�106 cells/well for 48�h. The cells 

were then treated, as described above, and carefully fixed and stained with antibodies specific to 

AEG-1, fibrillarin (nucleolar marker, 1:200, mouse monoclonal, Abcam), GFAP and DAPI. 

Micrographs were obtained on an Olympus IX71 Microscope (Olympus America Inc., Center 

Valley, PA, USA). Confocal colocalization analyses were performed using BioimageXD 

software (Free Software Foundation Inc., Boston, MA, USA). 

Transfection of astrocytes 

Cultured human astrocytes were transfected with AEG-1 overexpression constructs AEG-1-GFP 

or empty vectors Control-GFP (TrueORF cDNA Clones with C-term GFP tag, PrecisionShuttle 

Vector System, Origene Technologies Inc., Rockville, MD) using the AmaxaTM P3 primary cell 

96-well nucleofector kit (Lonza, Walkersville, MD, USA). Briefly, 1.6 million astrocytes were 

suspended in 20 µl nucleofector solution containing Control-GFP or AEG-1-GFP (0.125 µg/106 

cells) and transfected using a Nucleofector/Shuttle (Lonza) device. Transfected cells were 

supplemented with astrocyte media and incubated for 30 min at 37°C prior to plating. Cell were 
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then cultured in 25 cm2 flasks and allowed to recover for 48 h prior to experimental use. 

Human high-grade astrocytoma cell line U87MG 

U87MG cell line was obtained from the American Type Culture Collection. Cells were 

maintained in culture medium (MEM/10% fetal bovine serum/1% L-glutamine) in a humidified 

atmosphere containing 7% CO, at 37Â°C. For AEG-1 knockdown studies, U87MG cells were 

transfected with ON-TARGETplus® siRNA specific to AEG-1 (siAEG-1) or scrambled non-

targeting siRNA (siCon, Thermo Scientific, Waltham, MA) using the AmaxaTM P3 primary cell 

96-well nucleofector kit (Lonza, Walkersville, MD, USA) as described earlier.   

Cytotoxicity analyses 

LDH assay, a colorimetric assay for detection of loss of plasma membrane integrity was 

performed for cell death detection according to the manufacturer’s directions. DNA 

fragmentation was assayed using the dsDNA ELISA (Roche Diagnostics, Indianapolis, IN, USA) 

according to the manufacturer's directions. Oxidative damage to cells was assessed by measuring 

protein oxidative modifications, specifically carbonylation, using the OxiSelectTM protein 

carbonylation ELISA (Cell Biolabs, Inc., San Diego, CA) according to the manufacturer’s 

instructions.  

Catalase assay 

Catalase activity was measured using the Amplex Red Catalase Assay (Molecular Probes, 

Invitrogen) according to the manufacturer’s instructions. 

Statistical analyses 

Statistical analyses were performed using Prism 5.0 (GraphPad Software, La Jolla, CA), with 

ANOVA and Newman-Keuls post-test for multiple comparisons. Significance was set at P < 

0.05 and data represents means +/- standard error of the mean. 
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Supplementary figure 1. 

 

AEG-1 age-dependent expression is gender-independent and shows similar correlation to 

age in normal or abnormal pathologies. AEG-1 mRNA levels in the prefrontal cortex and 

frontal white matter regions of the brains of 48 aging individuals, 35 males and 13 females 

ranging from 21-90 years, were analyzed by real time RT-PCR. In both (A) males as well as (B) 

females, AEG-1 showed significant correlation to age, (males, R2=0.158, *P<0.05, females, 

R2=0.19). AEG-1 showed significant correlation to age in both (C) normal and (D) abnormal 

brain tissue specimens, (normal, R2=0.17, *P<0.05, abnormal, R2=0.17). 
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Supplementary figure 2. 

 

Supplementary Figure 2. Both 65 and 74 kDa AEG-1 proteins demonstrated a significant 

correlation to age in the human brain. AEG-1 expression in the prefrontal cortex and frontal 

white matter regions of the brains of 22 aging individuals, ranging from 21-90 years, were 

analyzed by immunoblotting. (A) AEG-1 proteins of 65 kDa molecular weight showed a 

significant correlation to age (R2=0.28, **P<0.01). (B) AEG-1 proteins of 74 kDa molecular 

weight showed a significant correlation to age (R2=0.56, ***P<0.001). 
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Supplementary figure 3. 

 

Supplementary Figure 3. AEG-1 silencing did not significantly affect the interaction 

between Nrf2 and Keap1 under unstressed conditions. Lysates of U87MG cells transfected 

with siAEG-1 or scrambled siRNA, siCon, were immunoprecipitated with anti-Keap1 or Control 

IgG antibody and immunoblotted for Keap1 or Nrf2. Immunoprecipitated Keap1 was identified 

at 69 kDa and Nrf2 at 57 kDa. 
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SUMMARY AND DISCUSSION 

 

This study advances our knowledge about the oncogenic and cellular functions of AEG-1 in 

astrocytes. AEG-1 is located on Chromosome 8q22, a hot spot for genetic alterations in many 

cancers153,188 and CNS disorders like migraine.140,323 Characterization of AEG-1 as a 

neuroinflammation-inducible oncogene and identification of its novel binding partners elucidate 

the potential transcriptional co-activator and/or scaffolding functions of AEG-1, thereby 

unraveling answers to many crucial questions: (1) What are the cellular functions of AEG-1 in 

human astrocytes, (2) How is AEG-1 expression induced in human astrocytes. (3) What are the 

implications of AEG-1 modulation on astrocyte homeostatic and neuroprotective functions? (4) 

How does AEG-1 modulate astrocyte functions? (5) What is the disease relevance of AEG-1 in 

the CNS? (6) Is AEG-1 a potential therapeutic target for CNS disorders? This is the first study to 

isolate the functions of AEG-1 in human astrocytes, the cell type in which AEG-1 was first 

identified, and to determine AEG-1 relevance to CNS pathologies such as HAND, CNS injuries, 

aging and cancer.  

Detection of AEG-1 in the prefrontal cortex or frontal white matter regions of human brains 

provided the necessary physiological evidence for AEG-1 expression in the cognitive areas of 

the brain and offered a strong basis for modulatory functional studies to gage the importance of 

AEG-1 in normal and abnormal brain physiology. AEG-1 expression was detected at a basal 

level in naïve astrocytes and was significantly induced upon HAND-relevant stimuli treatment. 
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IL-1β and TNF-α, which are known activators of astrocytes,222 have been identified here as 

potential inducers of AEG-1 besides the canonical HIV-1 exposure.200 HIV-1 in conjugation with 

inflammatory stimuli showed an additive effect on AEG-1 expression in astrocytes. These 

observations identify AEG-1 as an inflammatory response gene in astrocytes as against just an 

HIV-1-inducible transcript. Inflammation is not only considered as a prognostic indicator of 

disease progression for multiple neuropathologies but also is an early onset phenotype for many 

malignancies.324 Therefore, recognizing the AEG-1 inducing potential of inflammatory stimuli, 

further imply that AEG-1 may be induced in multiple cancer types early on, especially gliomas, 

and trigger carcinogenesis. Here, we show that the HAND-relevant stimuli predominantly utilize 

NF-κB signaling pathway to induce AEG-1 expression in astrocytes. On the other hand, 

extensive investigations so far have only identified the oncogenic Ha-Ras pathway as an 

upstream regulator of AEG-1.239 Further, it is suggested that AEG-1 is an important positive 

regulator of NF-κB signaling,144 a pathway that is most commonly implicated in tumor 

progression and metastasis.325,326 Based on our study, investigations on whether NF-κB is an 

upstream regulator of AEG-1 in oncogenic setting, at least in cancers with dysregulated NF-κB 

signaling is extremely warranted. Here, we also report that under unstimulated conditions, 

cytoplasmic AEG-1 is bound to p65 subunit of NF-κB, and upon stimulation both proteins 

translocate to the nucleus. Further, we show that AEG-1 regulated NF-κB signaling in astrocytes 

by controlling NF-κB nuclear translocation as well as by modulating NF-κB upstream regulator 

IKKβ expression. These findings uncover a novel role of AEG-1 in modulating inflammatory 

responses of cells by regulating the key inflammatory response transcription factor, NF-κB.  

Accumulating scientific evidence demonstrates that chronic inflammation is associated with 

increased risk of cancers as well as other debilitating disorders. In the context of cancer, an  
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Figure 1. 
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Figure 1. Implications of AEG-1 modulation in astrocyte-driven CNS pathologies 

Implications for Neuro-AIDS: The on-going low level inflammation coupled with HAND 

relevant stimuli induce AEG-1 expression in human astrocytes via the NF-κB pathway. Upon 

induction, AEG-1 represses EAAT2 by upregulating the expression of EAAT2 repressor YY1 

and in parallel induces NF-κB pathway activation by elevating the expression of upstream 

regulatory kinase IKKβ. This dual AEG-1 function could reduce glutamate clearance by 

astrocytes in the synaptic cleft and exacerbate the inflammation in the neuronal 

microenvironment. The resultant high level of extracellular glutamate along with enhanced 

inflammation could increase the excitoxicity in neurons and lead to increased neuronal 

dysfunction or death. Thus, astrocyte AEG-1 can be a potential therapeutic target to alleviate 

HIV-1-associated neurodegeneration. Implications for Aging: Aging-associated 

neuroinflammation could be a potential inducer of AEG-1 expression in the brain. Here we show 

that AEG-1 enhances astrocyte antioxidant potentials by inducing Nrf2 stability and nuclear 

translocation and by increasing antioxidant catalase activity. This cytoprotective function of 

AEG-1 in astrocytes could increase the number of surviving astrocytes, a hallmark of aging brain. 

The increased number of astrocytes with better antioxidant potentials could in turn provide better 

antioxidant support to the neurons during aging; thereby reducing the aging-associated 

neurodegeneration. Since increasing the antioxidant potentials of astrocytes have been a major 

therapy for neuroprotection during aging, increasing astrocyte AEG-1 could be a potential 

therapeutic strategy. Implications for Glioblastoma: Besides, being implicated in glioma-

associated neurodegeneration via suppression of EAAT2, here, we report AEG-1-mediated 

protection of human glioma cells against oxidative stress, an important survival strategy during 

hypoxia, glucose deprivation and chemotherapy. AEG-1 enhances antioxidant responses of 
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glioma cells by interacting with Nrf2 and regulating its nuclear levels and hence the antioxidant 

output. Therefore, targeting AEG-1 could be a potent therapeutic strategy to combat glioma 

survival and proliferation.  
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inflammatory component is always present in the tumor microenvironment irrespective of its 

etiopathological dependence on inflammation, which is a recognized hallmark of cancer. The key 

orchestrator of inflammation, NF-κB, has been shown to promote tumorigenesis by aiding in 

proliferation and survival of malignant cells,326 by promoting angiogenesis and metastasis, by 

undermining adaptive immunity, by altering tumor responses to hormones and 

chemotherapeutics, and also by promoting genetic instability.327 Similarly, in the context of CNS 

disorders, neuroinflammation is associated with poor prognosis, as it can trigger a gliosis cascade 

that can be extremely damaging to the neurons.328 Uncontrolled neuroinflammation in the case of 

CNS traumas, and slowly developing neuroinflammatory microenvironment in the case of HIV-1 

CNS infection and other aging disorders are primarily responsible for the development of 

neurocognitive failures leading to several forms of dementia.329,330 Thus, AEG-1 regulation of 

NF-κB signaling in astrocytes is a crucial finding that can be utilized in developing therapeutic 

targets for astrocyte-CNS disorders. 

In the same study, we elucidated yet another function of AEG-1 in astrocytes, that of regulation 

of extracellular glutamate. Accumulation of extracellular glutamate, the major excitatory 

neurotransmitter in the brain,331 has been implicated in several neurodegenerative disorders like 

dementia, MS, AD, ALS, PD, alcoholism, epilepsy and HD.332 Excessive glutamate in the 

neuronal milieu allows high levels of Ca2+ influx into the neurons, thereby activating 

phospholipases, endonucleases and proteases like calpain that damage the neuronal cytoskeleton, 

membrane and DNA.273,333 Here, we report that AEG-1 is an important regulator of glutamate 

clearance by astrocytes via downregulation of EAAT2, which are membrane-bound transporters 

that regulate glutamate concentrations in the extracellular space.334 This AEG-1-mediated 

EAAT2 downregulation is orchestrated by inducing the expression of YY1, an upstream 
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repressor of EAAT2.197 In addition to EAAT1, EAAT2 is the most important glutamate 

transporter and is mainly expressed only on astrocytes.335 Therefore, EAAT2 expression and 

function in astrocytes is an important determinant of neurotoxicity. Thus, here we identify AEG-

1 as an important switch that controls the level of neurodegeneration associated with 

neuroinflammation.  

Taking into account the known oncogenic functions of AEG-1 and our findings of AEG-1-

regulated processes in astrocytes, it was pertinent to investigate the role of AEG-1 in reactive 

astrogliosis, a major function of astrocytes and a hallmark of all CNS pathologies.40 In this study, 

we demonstrated AEG-1 increased expression and co-localization with reactive astrocytes in the 

hypertrophic regions surrounding the needle injury in the in vivo brain injury mouse model. This 

observation aroused our interest in determining whether AEG-1 plays any role in astrocyte 

primary and secondary injury responses, that is in astrocyte recruitment/migration towards the 

wound site and proliferation at the wound site, respectively. Here, we showed that AEG-1 

regulated both astrocyte migration and proliferation as AEG-1 knockdown significantly reduced 

wound healing by astrocytes, and PCNA and Ki67 expression levels. These observations 

supported the known oncogenic functions of AEG-1 in cancer cells and uncovered yet another 

facet of AEG-1-mediated functional perturbation in astrocytes, reactive astrogliosis. These 

implications for AEG-1 can be applied to understand the recurrence of gliomas following tumor 

resection. In case of glial tumors, 70-95% recur from the tissues proximate to resection margins 

indicating that reactive astrogliosis creates a favorable environment for cancer recurrence.118-120 

Thus, besides being responsible for the glioma-associated necrosis via reduction in glutamate 

clearance, AEG-1 can also be held responsible for the high tumor recurrence rates following 

surgical intervention by rendering the tumor milieu susceptible for reactive astrogliosis and 
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neuroinflammation.  

In most cell types, AEG-1 is primarily detected in the cytoplasm or in the peri-nuclear regions 

such as the nuclear envelope and/or ER.141 Although, three nucleolar localization sequences have 

been identified in the AEG-1 protein,141 AEG-1 nucleolar localization is reported in very few cell 

types.139 How an ER membrane protein could localize to the nucleolus and what is the 

responsible orchestrating stimulus has not been investigated so far. Here, we report AEG-1 

translocation to the astrocyte nucleolus and co-localization with nucleolar protein Fibrillarin, 

upon oxidative or physical stress such as injury. AEG-1 nucleolar translocation is an important 

finding highlighting the yet unknown nucleolar function of AEG-1. The main function of the 

nucleolus is the transcription of rRNA and synthesis of small and large ribosome subunits,233,336 

a tightly regulated process to achieve proper cellular proliferation and cell growth. AEG-1 

colocalization with Fibrillarin, which mainly localizes to the dense fibrillar components (DFC) 

of the nucleolus and participates in the first step in processing pre-rRNA,231 suggests that AEG-1 

localizes particularly to the DFC region of the nucleolus and may play a role in pre-rRNA 

processing in response to oxidative stress. In response to stress, due to accumulation of unfolded 

proteins, ER transduces signals to downregulate protein translation; therefore, it is plausible that 

AEG-1 could orchestrate the ER functions at the site of ribosome biosynthesis in the nucleolus. 

Our work is one of the few studies on astrocytes to report a functional relationship between ER 

and the nucleolus, as AEG-1 a type-1b transmembrane glycoprotein mainly localizing to the ER 

or cytoplasm translocates to the nucleolus upon stress. Further studies on investigating the 

potential molecular mechanisms of post-translational modifications in AEG-1 that allow 

nucleolar translocation are extremely warranted.  Thus, injury/oxidative stress-induced AEG-1 

nucleolar translocation implied a role for AEG-1 in cellular stress response pathways in 
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astrocytes.  

Increasing cellular stress being a hallmark of aging, and detection of age-dependent induction of 

AEG-1 expression in the cognitive areas of the brain further reinforced the potential role of 

AEG-1 in oxidative stress responses of cells. So far, AEG-1 has been implicated in 

chemotherapeutic resistance of cancer cells by upregulating MDR-mediated efflux of drugs;185 

however, the AEG-1-mediated cytoprotective mechanisms are still unclear. A comparison of 

oxidative stress responses of astrocytes and AEG-1 overexpressing high-grade astrocytoma cell 

line U87MG cells revealed significant differences, thereby postulating that the high AEG-1 

expression could be a causative factor. Further analyses revealed that AEG-1 overexpression 

protected human astrocytes from oxidative damage by enhancing catalase activity and by 

increasing the stability of Nrf2, a master regulator of antioxidant cellular responses. Similarly, 

AEG-1 knockdown in U87MG cells rendered them increasingly susceptible to oxidative damage 

by reducing the catalase activity and Nrf2 stability post-H2O2 exposure. Catalase is an important 

antioxidant enzyme, which has been extensively utilized as a therapeutic target for many diseases, 

especially for the treatment of stroke in the CNS.298 Here, we demonstrated the effect of AEG-1 

on catalase activation, thereby highlighting the importance of AEG-1 expression status on 

cellular oxidative stress coping mechanisms. AEG-1-mediated stability of the key antioxidant 

response regulatory transcription factor, Nrf2, further highlighted the importance of AEG-1 in 

regulating expression of hundreds of key antioxidant enzymes and subsequently the antioxidant 

cellular responses. In addition, we reported the oxidative stress-induced binding of AEG-1 with 

Nrf2, a potential mechanism of AEG-1 Nrf2 regulation. AEG-1 silencing in U87MG cells 

reduced nuclear translocation of Nrf2, a crucial step in the initiation of antioxidant cellular 

responses. Thus, as an upstream regulator of Nrf2 and catalase, we identified AEG-1 as a novel 
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antioxidant in astrocytes and U87MG cells. 

Taken together, in this study we show that (1) AEG-1 regulates astrocyte migration, proliferation, 

chemokine production, glutamate clearance and antioxidant responses. (2) AEG-1 is induced in 

astrocytes via the NF-κB pathway in response to neuroinflammation and as a consequence of 

aging.  (3) AEG-1 silencing in astrocytes reduces their migration and/or proliferation in response 

to injury, reduces the inflammatory responses, increases the glutamate clearance capacities and 

oxidative stress-mediated cell death. (4) AEG-1 modulates astrocyte inflammatory responses by 

regulating NF-κB signal transduction, astrocyte neurotoxic responses by regulating EAAT2 

expression, and astrocyte antioxidant responses by regulating Nrf2 stability and nuclear 

translocation. (5) Thus, here we identify AEG-1-modulated astrocyte functions in CNS injuries, 

NeuroAIDS, neurodegeneration, aging and cancer. At the molecular level, we identify a 

transcriptional co-activator/scaffolding function of AEG-1 and propose a novel stress-responsive 

nucleolar function in astrocytes. In summary, these studies recommend AEG-1 as a potential 

candidate for therapeutic targeting for numerous CNS diseases. 
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FUTURE DIRECTIONS 

 

Identification of the cellular functions of AEG-1 in human astrocytes, and its implications in 

CNS diseases like injury, inflammation, stroke and cancers, have warranted further studies on 

AEG-1 as a therapeutic target. Owing to the fact that AEG-1 intracellular localization is an 

important determinant of its functional outcome, current studies are directed towards 

understanding the nucleolar functions of AEG-1. In the context of oxidative stress or stroke, our 

studies are focused on identifying AEG-1 binding partners in the nucleolus and whether AEG-1 

participates in the complex processes of ribosome assembly, tRNA and rRNA synthesis. Taking 

into account the major roles attributed to AEG-1 in cancers, that of a metastasis adhesion protein, 

with currently unknown partners for cellular adhesion, it would also be worthwhile to investigate 

how AEG-1 regulates astrocyte migration. As a downstream effector of neuroinflammation and 

as an important regulator of NF-κB signaling in astrocytes, does AEG-1 participate in non-

canonical NF-κB signaling and death receptor pathway activation for cellular apoptosis remained 

to be investigated. Our studies identified AEG-1 as an important suppressor of EAAT2 via YY1 

upregulation in astrocytes, and investigations by other groups have implicated AEG-1 in glioma-

associated necrosis; therefore, our current studies are addressed towards investigating the role of 

AEG-1 in NF-κB signal transduction in gliomas and its effect on glioma survival and 

proliferation. 

Further, we have reported a cytoprotective function of AEG-1 in astrocytes and gliomas against 
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oxidative stress by regulating the antioxidant enzyme catalase activation. However, there are 

many unanswered questions that we are currently investigating; viz., How does AEG-1 enhance 

catalase activity in response to oxidative stress, It will be interesting to determine the therapeutic 

efficacy of AEG-1 in the recovery of CNS damage post stroke. Therefore, we are initiating 

studies to investigate the effects of exogenous AEG-1 in mouse stroke models of reperfusion 

injury or carotid artery occlusion injury. It will also be worthwhile to determine the effect of 

AEG-1 on other antioxidant enzymes in astrocytes, like super-oxide dismutase. Our preliminary 

studies identify AEG-1 localization also in the endothelial cells lining the blood vessels in human 

brain tissues, thereby suggesting a role for AEG-1 in endothelial cellular functions. Also, our 

mouse brain tissue staining recognized AEG-1 expression in neurons in different parts of the 

brain, thereby warranting investigations on AEG-1 expression patterns in other cell types such as 

neurons, microglia and endothelial cells and their possible contributions to CNS disease settings. 

These studies will further broaden our understanding about the implications of the novel 

oncogene AEG-1 in CNS disease pathologies and validate it as a potential target for therapy. 

The results presented here help identify potential novel, broad spectrum, therapeutic targets for 

the treatment of CNS disorders and traumas. 
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