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Background: Role of AEG-1, an HIV-1 neuropathology-associated gene, in astrocytes is unclear.
Results: AEG-1 regulates astrocyte NF-�B activation and nuclear translocation, increases YY1 expression, and decreases
EAAT2 expression and glutamate clearance.
Conclusion: Elevated levels of astrocyte AEG-1 promote neuroinflammation by impairing glutamate clearance and up-regu-
lating NF-�B signal transduction.
Significance: Targeting AEG-1 may be an effective therapy for HIV-1-associated neuroinflammation.

Astrocyte elevated gene-1 (AEG-1), a novel human immuno-
deficiency virus (HIV)-1 and tumor necrosis factor (TNF)-�-
inducible oncogene, has generated significant interest in the
field of cancer research as a therapeutic target for many meta-
static aggressive tumors. However, little is known about its role
in astrocyte responses during HIV-1 central nervous system
(CNS) infection and whether it contributes toward the develop-
ment of HIV-associated neurocognitive disorders (HAND).
Therefore, in this study, we investigated changes in AEG-1 CNS
expression in HIV-1-infected brain tissues and elucidated a
potential mechanism of AEG-1-mediated regulation of HAND.
Immunoblotting and immunohistochemical analyses of HIV-1
seropositive and HIV-1 encephalitic human brain tissues
revealed significantly elevated levels of AEG-1 protein. Immu-
nohistochemical analyses of HIV-1 Tat transgenic mouse brain
tissues also showed a marked increase in AEG-1 staining. Simi-
lar to in vivo observations, cultured astrocytes expressing HIV-1
Tat also revealed AEG-1 and cytokine up-regulation. Astrocytes
treated with HAND-relevant stimuli, TNF-�, interleukin (IL)-
1�, and HIV-1, also significantly induced AEG-1 expression and
nuclear translocation via activation of the nuclear factor
(NF)-�B pathway. Co-immunoprecipitation studies demon-
strated IL-1�- or TNF-�-induced AEG-1 interaction with
NF-�B p65 subunit. AEG-1 knockdown decreased NF-�B acti-
vation, nuclear translocation, and transcriptional output in

TNF-�-treated astrocytes. Moreover, IL-1� treatment of AEG-
1-overexpressing astrocytes significantly lowered expression of
excitatory amino acid transporter 2, increased expression of
excitatory amino acid transporter 2 repressor ying yang 1, and
reduced glutamate clearance, a major transducer of excitotoxic
neuronal damage. Findings from this study identify a novel tran-
scriptional co-factor function of AEG-1 and further implicate
AEG-1 in HAND-associated neuroinflammation.

HIV-1 infection is a pandemic affecting 25– 40 million peo-
ple worldwide (1–3). Despite the advent of combined antire-
troviral therapy, the neurological complications of HIV-1 infec-
tion of the CNS remain a common cause of morbidity. Ranging
from mild to severe forms, collectively, these neurological def-
icits are termed as HIV-associated neurocognitive disorders
(HAND)2 (4, 5). In many cases, HAND is associated with the
accumulation of infected and/or activated macrophages/mi-
croglia in the CNS that secrete pro-inflammatory cytokines,
such as IL-1� and TNF-�, chemokines, infectious virions, and
potentially neurotoxic viral proteins. These HAND-relevant
stimuli can affect neural function and survival by producing
excitotoxic damage (6, 7). The molecular mechanisms driving
HAND have, however, not been completely elucidated partic-
ularly with regard to the role of non-neural cells and the influ-
ence of antiretroviral therapy on the process.

In an attempt to identify novel proteins involved in mediat-
ing HAND, astrocyte elevated gene-1 (AEG-1), a multifunc-
tional oncogene, was identified as an HIV-1- and TNF-�-in-
ducible transcript in astrocytes (8). Following this discovery,
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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 chemo-
therapeutic resistance of many metastatic malignancies (9 –14).
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 histopatho-
logical correlate of HAND (15–17). Although HIV-1-associ-
ated neuroinflammation is triggered by brain resident micro-
glia and infiltrating macrophages, it is tightly regulated by
astrocytes, the most abundant cell type in the brain (15, 18, 19).
Interestingly, HIV-1-infected astrocytes themselves do not
strongly support virus replication but are important responders
and mediators of HAND pathogenesis (19). Upon exposure to
HAND-relevant factors, such as IL-1�, TNF-�, and/or HIV-1,
astrocytes initiate multiple autocrine and paracrine inflamma-
tory signaling nodes, leading to elevated production of cyto-
kines and chemokines. In turn, these factors can enhance
immune cell ingress across the blood-brain barrier, thereby
contributing toward immune activation. However, the most
important functional perturbation in astrocytes, responsible
for HIV-1-associated neurotoxicity, is the deregulation of
extracellular glutamate clearance (20, 21). Astrocytes in
HAND-positive brain tissues show reduced levels of glutamate
transporter and excitatory amino acid transporter 2 (EAAT2)
and high levels of extracellular glutamate (22–24). Despite the
ubiquitous presence of such dysfunctional astrocytes in the
regions of most neuroinflammatory CNS disorders, the intra-
cellular modulatory mechanisms responsible for EAAT2 loss
and for driving the interplay between the astrocytes and the
neurons during HAND remain 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 down-regulation of EAAT2
promoter activity (25, 26). However, AEG-1 induction and reg-
ulation of glutamate clearance in noncancerous astrocytes has
not been investigated. In this report, we assessed the role of
AEG-1 in astrocyte-mediated neurotoxicity and neuroinflam-
mation in response to HIV-1 neuroinvasion and discuss the
implications for HIV-1 CNS infection.

EXPERIMENTAL PROCEDURES

Human Postmortem Tissues—Brain tissue lysates from fron-
tal cortex of 12 HIV-1-seropositive (HIV-1�), 11 HIV-1
encephalitic (HIVE) and 12 age-, race-, and gender-matched
control subjects were provided by the National NeuroAIDS
Tissue Consortium. The selected autopsy cohort characteris-
tics, brain dissections, and protein extraction have been
described previously (27). Of the total 12 HIVE postmortem
tissues in the cohort, 11 were analyzed because of exclusion of
one because of 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 find-
ings such as bacterial and/or viral infection, cancer, or CNS
disease.

HIV-1 Tat Transgenic Mice—Paraffin-embedded brain tis-
sue specimens of wild type and HIV-1 Tat transgenic (GT-tg)

mice with or without doxycycline (Dox) treatment, HIV-1 Tat
positive (GT-tg � Dox) or HIV-1 Tat negative (GT-tg � Dox),
described previously, were provided by Dr. Johnny J. He (28,
29). Briefly, HIV-1 Tat is expressed under the regulation of the
astrocyte-specific glial fibrillary acidic protein (GFAP) pro-
moter and is inducible with Dox, permitting astrocyte-specific
expression.

Immunohistochemistry—Human postmortem brain tissue
sections (formalin-fixed, paraffin-embedded (5 �m)), from
frontal cortex, precentral gyrus, were provided by the National
NeuroAIDS Tissue Consortium (27). The sections were depar-
affinized in xylene and rehydrated through decreasing grades of
alcohol up to water. Immunohistochemical analyses were per-
formed 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; Invitrogen), microglial marker
CD68 (1:100, mouse monoclonal, clone KP-1; DAKO, Carpin-
teria, 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; Invitro-
gen) were utilized to develop the sections. DAPI (1:800, Invit-
rogen) was used to visualize the nuclei. Fluorescent images
were visualized with an ECLIPSE Ti-U microscope using the
NLS-Elements BR. 3.0 software (Nikon, Melville, NY).

Isolation, Cultivation, and Treatment of Primary Human
Astrocytes—Human astrocytes were isolated from first and
early second trimester aborted specimens, obtained from the
Birth Defects Laboratory of the University of Washington
(Seattle, WA) in full compliance with the ethical guidelines of
the National Institutes of Health. The institutional review
boards of both the Universities of Washington and North Texas
Health Science Center approved the collection of human tis-
sues for research. The Birth Defects Laboratory obtained writ-
ten consent from all tissue donors. Human astrocytes were iso-
lated as previously described (30). 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 immunocytochem-
ical staining for GFAP and CD68 to determine possible micro-
glial contamination and contribution of microglia in inflamma-
tory responses. Astrocytes were treated with IL-1� (20 ng/ml),
TNF-� (50 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, penicillin/strepto-
mycin/neomycin, and fungizone (Invitrogen)) (31).

RNA Extraction and Gene Expression Analyses—RNA was
isolated (as described in Ref. 32) from astrocytes after 8 h of
treatment or after 48 h of recovery for transfected cells. RNA
was reverse-transcribed into cDNA as per the manufacturer’s
instructions (Invitrogen), and gene expression was quantified
by TaqMan 5� nuclease real time RT-PCR in 30-�l reactions,
using a StepOnePlus sequence detection system according to
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the manufacturer’s protocol (Invitrogen). The 30-�l 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 (Invitrogen). The following
TaqMan gene expression assays were used: AEG-1 (catalog
no. Hs00757841_m1), I�B kinase (IKK) � (catalog no.
Hs00233287_m1), TNF-� (catalog no. Hs00174128 _m1),
IL-1� (catalog no. Hs00174097_m1), EAAT2 (catalog
no. Hs00188189_m1), and yin-yang (YY1) (catalog no.
Hs009987_m1). HIV-1 Tat expression was confirmed by real
time RT-PCR using the following HIV-1 Tat specific primers:
forward, 5�-GGA AGC ATC CAG GAA GTC AG-3�, and
reverse, 5�-GGA GGT GGG TTG CTT TGA TA-3�, with
5�-CCT CCT CAA GGC AGT CAG AC-3� used as internal
probe. GAPDH (catalog no. 4310884E), a ubiquitously ex-
pressed 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 of post-HAND-relevant stimuli
treatment and 72 h for pTat (a plasmid encoding full-length HIV-1
Tat protein)-transfected cells, with 1:1 acetone:methanol (v/v)
solution for 20 min at �20 °C and blocked with blocking buffer
(2% BSA in 1� PBS containing 0.1% Triton X-100) for 1 h. Cells
were then incubated with primary antibodies specific to AEG-1
(1:200; Invitrogen) 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; Invitrogen). The nuclei were visualized with
DAPI (1:800; Invitrogen). Micrographs were obtained on an
ECLIPSE Ti-4 using NLS-Elements BR. 3.0 software.

Transfection of Astrocytes—Human astrocytes were trans-
fected with ON-TARGETplus siRNA specific to AEG-1
(siAEG-1), scrambled nontargeting siRNA (siCon; Thermo Sci-
entific, Waltham, MA), empty vector (Con-GFP), AEG-1-GFP
(TrueORF cDNA Clones with C-term GFP tag; Precision-
Shuttle Vector System, Origene Technologies Inc., Rockville,
MD), or pTat available through the National Institutes of
Health AIDS Reagents Program, originally contributed by Dr.
Eric Verdin (33) (catalog no. 10453) using the AmaxaTM P3
primary cell 96-well Nucleofector kit (Lonza, Walkersville,
MD). Briefly, 1.6 million astrocytes were suspended in 20 �l of
Nucleofector solution containing siCon or siAEG-1 (100 nM),
Con-GFP or AEG-1-GFP (0.125 �g/106 cells), or pTat (0.15
�g/106 cells) and nucleofected using a Nucleofector/Shuttle
(Lonza) device. A transfection efficiency of 80% was observed as
measured by GFP-positive cells in Con-GFP transfections.
Transfected cells were supplemented with astrocyte medium
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—Nontransfected or transfected astro-
cytes 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 (Invitrogen) 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 mem-
branes. Cytoplasmic and nuclear protein extracts (15 �g) were
boiled with 4� NuPAGE lithium dodecyl sulfate loading sam-
ple 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 (Invitrogen). The membranes were
incubated with antibodies against AEG-1 (1:500; Invitrogen) or
NF-�B or EAAT2 or YY1 (1:1,000; Cell Signaling Technology,
Danvers, MA) or IKK� (1:1,000; Santa Cruz Biotechnology,
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) for 2 h at room temperature.
The membranes were then developed with SuperSignal west
femto substrate (Thermo Fisher Scientific) and imaged in a
Fluorochem HD2 Imager (Proteinsimple, Santa Clara, CA).
�-Actin (1:4,000; Sigma-Aldrich), GAPDH (1:1,000; Santa Cruz
Biotechnology), and lamin A/C (1:3,000; Cell Signaling Tech-
nology) were used as loading controls for whole cell, cytoplas-
mic, and nuclear extracts, respectively.

Co-immunoprecipitation—Twenty-four hours after treat-
ment (as described above), whole cell and cytoplasmic-nuclear
extracts were obtained and quantified by Precision Red protein
assay (cytoskeleton). Cell lysates (50 �g) were then processed
for immunoprecipitation using manufacturer’s protocol (pro-
tein G magnetic beads; Cell Signaling). Mouse IgG1 magnetic
bead conjugates (Cell Signaling) were used as 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-1� (20 ng/ml) for 24 h. Following treatment, glutamate
(400 �M) 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 guide-
lines (Amplex Red glutamic acid/glutamate oxidase assay kit;
Invitrogen). Each treatment condition was run in triplicate in
multiple astrocyte donors.

CCL2 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 TNF-� (50
ng/ml) for 24 h. Following treatment, CCL2 production was
quantified in the cell culture supernatants according to man-
ufacturer’s instructions (R&D Systems). A 3-(4,5-dimethylthi-
azol-2-yl)-2,5-diphenyltetrazolium bromide assay was per-
formed (as previously described in Ref. 34) to measure cell
viability, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide values were used for normalization.

Statistical Analyses—Statistical analyses were performed
using Prism 5.0 (GraphPad Software, La Jolla, CA), with one-
way analysis of variance and Newman-Keuls post-test for mul-
tiple comparisons. Statistical analyses with a paired t test were
used for comparisons between siCon and siAEG-1 or mock and
pTat. Significance was set at p � 0.05, and the data represent
means � S.E. of the mean.
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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-�-inducible transcript in human astrocytes (8), its expres-
sion in the brain of HIV-1� and HIVE individuals has not been
examined. Therefore, we first analyzed AEG-1 expression in
the brain frontal cortex of 23 HIV-1 seropositive patients with
or without encephalitis; 11 HIVE and 12 nonencephalitic HIV-
1�. Additionally 12 age-, race-, and gender-matched unin-
fected controls were analyzed in parallel. Immunoblotting for
AEG-1 detected the reported AEG-1 doublet with a molecular
mass of 74 kDa and an additional noncanonical lower molecu-
lar mass band at 	55– 60 kDa (Fig. 1, A1–A3). Densitometry
analyses showed a significant induction of the noncanonical
AEG-1 protein in HIV-1� brains (*, p � 0.05; Fig. 1B1) and of
canonical AEG-1 74-kDa protein in both HIV-1� and HIVE
brain tissues lysates (**, p � 0.01; Fig. 1B2). Total AEG-1 pro-
tein levels were significantly elevated in HIV-1� brain tissues
(**, p � 0.01; Fig. 1B3). Immunohistochemical staining of tis-
sues for CD68, a mononuclear phagocyte marker, demon-
strated 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. 1, C1–C3). In
parallel, AEG-1 immunostaining demonstrated AEG-1 induc-
tion and co-localization with GFAP positive astrocytes in
HIV-1� and HIVE brain tissues compared with control (Fig. 1,
D1–D3). Basal and elevated levels of AEG-1 staining intensities
were detected in the astrocyte cytoplasmic regions in tissue
sections. To further confirm the HIV-1-induced up-regulation
of AEG-1, we utilized a previously well characterized GT-tg
mouse model, where HIV-1 Tat is expressed under the control
of the astrocyte specific GFAP promoter and Dox (28, 29).
HIV-1 Tat is a nonstructural viral protein that is secreted from
the HIV-1-infected cells and known to cause HIV-1-associated
neurotoxicity (35). To determine HIV-1 Tat-induced AEG-1
expression, immunohistochemical analyses of the brain tissue
sections of wild type and GT-tg mice with or without Dox treat-
ment were performed. The GT-tg model recapitulates signifi-
cant neurotoxicity including brain structure alterations, loss of
neurons and neuronal processes, and an increase in reactive
astrocytes (28, 29). Consistent with this observation, increased
astrogliosis was seen upon Dox treatment compared with con-
trols (Fig. 1, E1–E3). A marked increase in AEG-1 staining
intensity was detected in GT-tg � Dox mouse brain tissues
expressing HIV-1 Tat compared with 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 expression of HIV-1 Tat
protein in the brain.

HIV-1 Tat Induces Expression of AEG-1 and Neuroinflam-
matory Mediators—To mimic the GT-tg HIV-1 Tat model in
vitro, astrocytes were transfected with a vector expressing the
full-length HIV-1 Tat protein (pTat) (33). HIV-1 Tat expres-
sion was confirmed by real time RT-PCR 48 h post-transfec-
tion. HIV-1 Tat-expressing cells demonstrated AEG-1 localiza-
tion to the astrocyte cytoplasmic and nuclear compartments
(Fig. 2, A1–A4) and significantly induced AEG-1 expression at

the mRNA level (**, p � 0.01; Fig. 2B). Furthermore, HIV-1 Tat
expression significantly increased mRNA expression of the
HAND-relevant inflammatory mediators, IL-1� and TNF-�, as
compared with mock transfected controls (*, p � 0.05; Fig. 2C;
and ***, p � 0.001; Fig. 2D, respectively). Next, to mimic disease
milieu, astrocytes were treated with HIV-1 virions and HAND-
relevant inflammatory stimuli. Because HIV-1 neurovirulence
is dependent upon the differential ability of the virus to repli-
cate in tissue macrophages (31), we utilized the human brain
derived isolate, HIV-1DJV (31). Human astrocytes were treated
with HIV-1DJV, IL-1�, and TNF-�, alone and in a triple co-
treatment. IL-1� and TNF-� in combination with HIV-1DJV
treatment induced a significant increase in AEG-1 mRNA and
protein levels (**, p � 0.01; Fig. 2, E and F). Thus, these data
show that HAND-relevant stimuli induce AEG-1 expression in
human astrocytes.

AEG-1 intracellular localization is a key determinant of its
cellular function (36 –38). Thus, we next investigated whether
HAND-relevant stimuli induce AEG-1 differential localization
in astrocytes. AEG-1 remained largely cytoplasmic following
HIV-1DJV treatment and translocated to the nucleus upon co-
treatment with IL-1� and TNF-� (**, p � 0.01; Fig. 3A). Further
confirmation by immunocytochemistry showed largely cyto-
plasmic/perinuclear localization of AEG-1 (green) in untreated
control astrocytes (GFAP, red), which showed an increase in
staining intensity following HIV-1DJV treatment (Fig. 3, B and
C, yellow) with localization of AEG-1 outside the nucleus. How-
ever, HIV-1DJV, IL-1�, and TNF-� co-treatment induced
AEG-1 translocation to the nucleus (Fig. 3D).

HIV-1DJV and TNF-� Induces AEG-1 Expression in Astrocytes
via NF-�B Pathway—Because our data showed that HAND-
relevant stimuli (i.e. HIV-1DJV, IL-1�, and TNF-�) up-regulate
AEG-1 in astrocytes, we next focused on investigating specific
intracellular signaling pathways that regulate astrocyte AEG-1.
IL-1� and TNF-� are canonical activators of NF-�B pathway
that phosphorylate NF-�B p65 subunit at Ser536, leading to
nuclear translocation (39). Therefore, we investigated whether
HAND-relevant stimuli induce AEG-1 expression through the
NF-�B pathway. For this, we treated astrocytes with a pharma-
cological inhibitor of NF-�B pathway, SN50, prior to activation
and determined AEG-1 induction. Treatment with HAND-rel-
evant stimuli significantly induced AEG-1 mRNA and protein
expression, but NF-�B inhibition with SN50 blocked the
HAND-relevant stimuli-induced AEG-1 expression at both
mRNA and protein levels (***, p � 0.001; Fig. 4, A and B). Thus,
these data show that HAND-relevant stimuli induce AEG-1
expression in human astrocytes via the NF-�B pathway.

Endogenous AEG-1 Regulates NF-�B Signaling in Reactive
Astrocytes—AEG-1 has been previously reported to physically
interact with the p65 subunit of NF-�B in gliomas (40). How-
ever, whether HAND-relevant stimuli induce AEG-1 interac-
tion with NF-�B and whether AEG-1 can then regulate NF-�B
signaling have not been investigated. Because astrocytes mainly
respond to pro-inflammatory cytokines IL-1� and TNF-� via
activation of the NF-�B pathway, ultimately leading to a reac-
tive phenotype that is characteristic of HAND pathology, we
analyzed AEG-1 interaction with NF-�B in response to IL-1�
and TNF-�. Although AEG-1 is both cytoplasmic and nuclear
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in untreated astrocytes, TNF-� treatment enhanced AEG-1
nuclear localization. Under unstimulated conditions, cytoplas-
mic NF-�B was bound to AEG-1, and upon activation with
IL-1� and TNF-�, AEG-1-NF-�B complex translocated to the
nucleus (Fig. 5A). Next, to determine whether AEG-1 regu-

lates NF-�B signaling, we analyzed TNF-�-mediated NF-�B
pathway signaling in siAEG-1-transfected astrocytes. NF-�B
upstream activator kinase IKK� expression and nuclear
NF-�B protein levels were evaluated following TNF-� treat-
ment in siAEG-1-transfected astrocytes. Although, AEG-1

FIGURE 1. AEG-1 expression is elevated in HIV-1� brain tissues with or without HIVE. A, brain frontal cortex tissues from age-, race-, and gender-matched
noninfected controls (A1), HIV-1� individuals (A2), and HIVE individuals (A3) were analyzed for AEG-1 expression by immunoblotting. B1–B3, AEG-1 protein
expression was elevated in HIV-1� and HIVE brain tissues (*, p � 0.05; **, p � 0.01). GAPDH was used as loading control. C and D, immunohistochemical
analyses of control, HIV-1� and HIVE human brain tissue sections from precentral gyrus for CD68 (microglial marker, green, C1–C3) and AEG-1 (green; D1–D3)
revealed HIV-1-induced neuroinflammation and elevated AEG-1 expression. AEG-1 co-localized with GFAP-positive (red) 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 (200�
original magnification). E, AEG-1 and GFAP immunofluorescence staining of wild type and Dox-inducible HIV-1 Tat transgenic mouse brain tissues; wild type
with Dox (Wt � Dox; E1), HIV-1 Tat transgenic without Dox (GT-tg � Dox; E2), and HIV-1 Tat transgenic with Dox (GT-tg � Dox; E3) 4 days post-HIV-1 Tat
induction are shown. AEG-1 increased expression and reactive astrogliosis was observed with HIV-1 Tat induction. All micrographs are representative of three
individual mice from each group (400� original magnification).
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silencing alone significantly reduced IKK� mRNA levels (*,
p � 0.05), it did not affect the IL-1� induction of IKK�
mRNA expression (Fig. 5B). However, AEG-1 silencing
reduced the TNT-�-induced IKK� protein levels (Fig. 5B)
and significantly reduced nuclear NF-�B levels in response
to TNF-� treatment (*, p � 0.05; Fig. 5, C and D). These data
show that AEG-1 regulates NF-�B activation as well as
nuclear translocation.

AEG-1 Overexpression Alters Astrocyte Responses to
Inflammation—Because AEG-1 is up-regulated in astrocytes
following HAND-relevant stimuli treatment, we next investi-
gated downstream effects of AEG-1 up-regulation on astrocyte
function. For this purpose, exogenous expression of AEG-1-
GFP was utilized to model AEG-1 overexpression conditions in
human astrocytes. Unlike Con-GFP that was generally distrib-
uted in the cytoplasmic regions of the cell body, exogenous

FIGURE 2. HIV-1 Tat mediated expression of AEG-1 and neuroinflammatory mediators, as did exogenous HAND-relevant stimuli. Astrocytes were
transfected with pTat (0.15 �g/106 cells) and recovered for 48 h. A1–A4, astrocytes were fixed and immunostained for AEG-1 (A1, green), GFAP (A2, red), and
DAPI (A3, blue). AEG-1 localized to both the nucleus (A4, arrows) and cytoplasm (arrowhead) in pTat-transfected astrocytes. B–D, AEG-1, IL-1� and TNF-� mRNA
levels were determined by real time RT-PCR. pTat-transfected cells significantly increased AEG-1 (B; **, p � 0.01), IL-1� (C; *, p � 0.05), and TNF-� (D; ***, p �
0.001) mRNA levels, as compared with mock. GAPDH was used as a normalizing control. Representative data from three individual donors are shown. E and F,
astrocytes were treated with HAND-relevant stimuli, HIV-1DJV, IL-1� (20 ng/ml), TNF-� (50 ng/ml), alone or in combination, and mRNA and proteins were
isolated at 8 and 24 h post-treatment. E, IL-1� and TNF-� alone and in combination with HIV-1 DJV significantly induced AEG-1 mRNA levels (**, p � 0.01). F,
HIV-1DJV alone and in combination with IL-1� and TNF-� significantly induced AEG-1 expression at the protein level (*, p � 0.05; **, p � 0.01). GAPDH and
�-actin levels served as normalizing controls for real time RT-PCR and immunoblotting experiments, respectively. Cumulative (E) and representative (F) data
from three individual donors are shown.
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AEG-1-GFP localized to the cytoplasmic perinuclear regions in
astrocytes, consistent with endogenous AEG-1 (Fig. 6, A1 and
A2). AEG-1-GFP also localized to the astrocyte nucleus when
treated with IL-1� (Fig. 6, A3 and A4). An increase in AEG-1
nuclear translocation upon TNF-� treatment was also demon-
strated by immunoblotting (Fig. 6B). Next, to evaluate the
downstream functional ability of the overexpressed AEG-1,
changes in IL-1�/TNF-�-induced NF-�B signaling were ana-
lyzed. AEG-1-GFP transfection significantly induced AEG-1
expression, which was exacerbated upon IL-1� treatment (***,
p � 0.001; Fig. 6C). AEG-1-GFP transfection was sufficient to
induce IKK� protein expression (Fig. 6D). AEG-1-GFP trans-
fection alone significantly induced production of CCL2, an
NF-�B-responsive chemokine, which was exacerbated by
TNF-� treatment (**, p � 0.01; ***, p � 0.001; Fig. 6E), thereby
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 HIV-1-in-
duced neuroinflammation.

AEG-1 Reduces Astrocyte Glutamate Clearance—Because
astrocyte function of extracellular glutamate clearance is a key
regulator of HAND pathogenesis, we investigated the effect of
AEG-1 overexpression on astrocyte glutamate clearance. IL-1�
significantly reduced EAAT2 mRNA and protein levels. How-
ever, AEG-1 overexpression combined with IL-1� treatment
demonstrated the highest reduction in EAAT2 mRNA and pro-

tein compared with untreated controls (***, p � 0.001; Fig. 7, A
and B). AEG-1 overexpression-mediated decrease in EAAT2
mRNA and protein levels translated into reduced glutamate
clearance by astrocytes, wherein the AEG-1-overexpressing
cells upon IL-1� treatment demonstrated the highest reduction
in glutamate clearance, 	45% lower than that of untreated con-
trols (***, p � 0.001; 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 (41). AEG-1 overexpression alone and in
combination with IL-1� significantly increased YY1 mRNA
and protein levels (**, p � 0.01; Fig. 7, D and E), thereby sug-
gesting a plausible mechanism of AEG-1-mediated EAAT2 reg-
ulation. Thus, here we show that HAND-relevant stimulus,
IL-1�, induces AEG-1 expression that can lead to YY1 up-reg-
ulation and loss of EAAT2 transcription, which in turn reduces
the extracellular glutamate clearance (Fig. 7F).

DISCUSSION

The present work identifies AEG-1 as a novel modulator of
HAND pathogenesis by regulating astrocyte responses to HIV-
1-associated neuroinflammation and further implicates AEG-1
in HIV-1-associated glutamate excitoxicity. Analyses of AEG-1
expression in HIV-1� and HIVE human brain tissues and
GT-tg mouse brain tissues provide evidence for AEG-1 induc-
tion upon HIV-1 neuroinvasion. Here, we report AEG-1-medi-

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-1� (20 ng/ml) and TNF-� (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 (red) and AEG-1 (green), and AEG-1 intracellular localization was analyzed by
immunofluorescence microscopy. B–D, AEG-1 localized to the cytoplasm in untreated control astrocytes (B) and in HIV-1DJV-treated astrocytes (C) but localized
to the nucleus in HAND-relevant stimuli-treated astrocytes (D). Representative data from three or more individual donors assayed in triplicate are shown.
Immunoblotting data are cumulative of three individual donors.
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ated regulation of NF-�B signaling in astrocytes and demon-
strate the downstream consequences of AEG-1 overexpression
on astrocyte inflammatory and neuroprotective functions rele-
vant to HAND. HIV-1 neuroinvasion, an early event in HIV-1
disease pathogenesis, triggers a low level of chronic neuroin-
flammation because of release of pro-inflammatory cytokines
and chemokines by infected and activated cells within the CNS
(42, 43). Here, we report AEG-1 induction in the frontal cortex
of HIV-1� and HIVE human brains. These brain regions are
known to drive many of the HIV-1-associated neurocognitive
deficits that occur in patients with HAND (44). CD68 staining
for macrophage infiltration indicated increasing levels of neu-
roinflammation in response to HIV-1 neuroinvasion. Corre-
sponding AEG-1 expression analyses revealed a similar
increase with the disease pathology. AEG-1 co-localization
with GFAP-positive reactive astrocytes in the HIVE brain tis-
sues suggests a link between the level of HIV-1-associated neu-
roinflammation and astrocyte AEG-1 expression. Immuno-
blotting of frontal cortex brain tissue lysates from HIV-1� and
HIVE patients demonstrated significantly higher levels of the
canonical AEG-1 (74 kDa) and also the noncanonical AEG-1
protein, which has been previously reported in certain cell types
(45– 47). Although the noncanonical AEG-1 protein could be a
splice variant or a truncated version of the canonical AEG-1

molecule, the specific origin of this form of AEG-1 remains
unclear.

HIV-1 Tat, a neurotoxic nonstructural HIV-1 viral protein, is
one of the most commonly detected HIV-1 proteins in the CSF
and serum of HIV-1-infected individuals and is considered an
important mediator of immune activation and inflammatory
processes in the brain of HIV-1-infected individuals (48 –51).
Therefore, the GT-tg mouse model of HIV-1 CNS infection was
utilized for further analyses. The purpose for using the GT-tg
mouse model was multifold: first, to confirm the HIV-1-in-
duced AEG-1 CNS expression; second, to identify the specific
source of AEG-1 in the brain; and third, to extrapolate the
AEG-1 changes related to GFAP-driven HIV-1 Tat protein to
in vitro studies for further molecular dissection. Immunocyto-
chemical analyses of brain tissue sections from GT-tg mice
demonstrated significant AEG-1 induction with co-localization
to GFAP positive reactive astrocytes, similar to human HIV�
and HIVE tissues. It is noteworthy that we also detected AEG-1
staining in cells other than astrocytes in the human and GT-tg
mouse brain tissues. However, astrocyte AEG-1 was our pri-
mary focus for this study, because AEG-1 was first described as
an astrocyte elevated protein of unknown function, demon-
strating a significant gap in literature. Furthermore, astrocytes
being the most abundant cell type in the brain, AEG-1 regula-
tion in astrocytes may have important disease implications.
Further studies to investigate AEG-1 expression and/or func-
tion in other neural or non-neural cell types are warranted.

Because the in vivo data demonstrated AEG-1 co-localiza-
tion to astrocytes, next we performed in vitro studies using cul-
tured human astrocytes. Primary human astrocytes transfected
with pTat showed increased mRNA levels of IL-1� and TNF-�,
which are consistent with previous reports associated with
HIV-1 Tat-induced cytokine elevation in astrocytes (52, 53).
Further, the pTat-transfected astrocytes showed elevated
AEG-1 mRNA levels and nuclear-cytoplasmic localization of
AEG-1 with immunostaining. However, HIV-1 Tat protein in
isolation does not mimic the overall scenario in the diseased
brain tissues. In the current antiretroviral therapy era, low level
neuroinflammation is a better histopathological correlate of
HIV-1 neuropathogenesis than HIV-1 virions alone (54).
Therefore, to mimic the disease pathology in vitro and to fur-
ther analyze the specific molecular mechanisms, we treated
astrocytes with common HAND-relevant stimuli including the
HIV-1 virions and the well established pro-inflammatory cyto-
kines, IL-1� and TNF-�, detected in the brains of HIV-1� indi-
viduals (55). The singular or co-treatment of cultured astro-
cytes with common HIV-1-induced pro-inflammatory
cytokines, IL-1� and TNF-� (56, 57), and exogenous HIV-1
virions, HIV-1DJV, mimicked the astrocyte microenvironment
within the CNS of HIV-1� individuals and provided an appro-
priate model for AEG-1 analyses. In comparison with HIV-1DJV
treatment alone, co-treatment with IL-1� and TNF-� showed a
greater increase in AEG-1 mRNA levels. Although HIV-1DJV
treatment alone did not significantly change AEG-1 mRNA lev-
els, 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

FIGURE 4. HAND-relevant stimuli signal via the NF-�B pathway to induce
AEG-1 expression. Astrocytes were pretreated with NF-�B inhibitor (SN50)
or vehicle control for 4 h, and AEG-1 expression was analyzed following 24 h
of 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 SN50 pretreatment significantly reduced the response in
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 blocked AEG-1 induction in SN50-treated
conditions. GAPDH mRNA and protein levels were used as normalizing
controls.
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FIGURE 5. AEG-1 regulated NF-�B signaling in astrocytes. Astrocytes were treated with IL-1� (20 ng/ml) or TNF-� (50 ng/ml) for 24 h, and whole cell,
cytoplasmic, and nuclear extracts were obtained. Co-immunoprecipitation analyses were employed to study AEG-1 interaction with NF-�B p65 subunit
in the subcellular astrocyte compartments. A, lysates were immunoprecipitated with anti-AEG-1 antibody and immunoblotted for NF-�B p65 subunit.
Under untreated conditions, cytoplasmic AEG-1 interacted with the cytoplasmic NF-�B p65 subunit. IL-1� and TNF-� stimulation induced nuclear
translocation of NF-�B p65 subunit and AEG-1 and an increase in NF-�B p65 subunit and AEG-1 interaction within the astrocyte nucleus. Mouse IgG1
(mIgG1) was used as a control for the experiment. B, AEG-1-mediated regulation of the NF-�B pathway activation was analyzed by measuring IKK�
expression post-TNF-� 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-� (50 ng/ml), and IKK� mRNA and protein levels were analyzed by real time RT-PCR and immunoblotting. TNF-�-induced IKK�
protein up-regulation was decreased in AEG-1 knockdown cells. C, AEG-1 regulation of the TNF-�-stimulated NF-�B pathway was analyzed by immu-
noblotting for NF-�B p65 subunit in the cytoplasmic and nuclear astrocyte compartments. TNF-�-induced nuclear NF-�B levels were significantly
reduced in AEG-1 knockdown cells (*, p � 0.05). D, NF-�B levels were normalized to subcellular loading controls (GAPDH for cytoplasmic and lamin A/C
for nuclear extracts), and fold changes to untreated control were calculated. Representative data from three individual donors are shown. IB, immuno-
blotting; IP, immunoprecipitation.

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. AEG-1-GFP localization in transfected astrocytes was assessed by phase contrast and fluorescent microscopy. A1 and A2,
unlike Con-GFP (A1), which localized throughout the cell body in the astrocyte cytoplasm, AEG-1-GFP (A2) localized to the perinuclear cytoplasmic regions. A3
and A4, nuclear localization of AEG-1-GFP was detected by immunostaining for AEG-1 (red), GFP (green), and DAPI (blue). Representative phase contrast and
fluorescent microscopy overlay photomicrographs are 200� original magnification. B, astrocytes transfected with AEG-1-GFP or Con-GFP were treated with
TNF-� (50 ng/ml) for 24 h, and AEG-1-GFP intracellular localization was analyzed by immunoblotting. An increase in nuclear AEG-1-GFP was detected following
TNF-� treatment. GAPDH and lamin A/C were used as normalizing controls for cytoplasmic and nuclear extracts, respectively. To determine the functionality
of the model, AEG-1-GFP or Con-GFP-transfected astrocytes were treated with IL-1� (20 ng/ml) for 24 h, and changes in AEG-1 and IKK� expression were
quantified by real time RT-PCR and immunoblotting, respectively. C and D, AEG-1 overexpression significantly increased AEG-1 mRNA levels (C; ***, p � 0.001)
and IKK� protein expression with or without IL-1� exposure (D). E, AEG-1 overexpression significantly up-regulated the TNF-� (50 ng/ml)-induced CCL2
production (**, p � 0.01; ***, p � 0.001). GAPDH mRNA and protein levels were used as normalizing controls for real time RT-PCR and immunoblotting analyses,
respectively. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) was used to normalize CCL2 protein levels. Representative data from three or
more individual donors assayed in triplicate are shown.
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astrocytes by both IL-1� and TNF-� indicates that AEG-1 is an
inflammation-inducible gene in astrocytes and that HAND-rel-
evant stimuli alone and in combination are capable of inducing
AEG-1.

In cancer cells, intracellular AEG-1 localization is an impor-
tant determinant of its subsequent functional perturbation and
is utilized as a biomarker for disease progression (36 –38). 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. How-
ever, retention of AEG-1 in the cytoplasmic compartment of
the astrocytes in response to HIV-1DJV singular treatment indi-
cates a differential mechanism of AEG-1 regulation by HIV-1
and HIV-1-induced inflammation. However, under physiolog-
ical disease conditions, the two phenomena are indistinguish-
able because HIV-1 infection and neuroinflammation go hand-
in-hand. Therefore, AEG-1 nuclear translocation in astrocytes
will likely depend on the level of inflammation in the astrocyte
microenvironment.

Astrocytes respond to inflammation via activation of many
inflammatory response pathways, with NF-�B being the most
frequently activated signaling cascade (43, 58). Thus, pharma-

cological inhibition of the NF-�B pathway blocked AEG-1
induction in response to HAND-relevant stimuli, thereby sug-
gesting that the HAND-relevant stimuli signal via the NF-�B
pathway to induce AEG-1 expression in astrocytes. Recent
oncogenic studies on AEG-1 have proposed a transcriptional
co-factor function for AEG-1 and have identified numerous
AEG-1 binding partners, such as the p65 subunit of NF-�B (37,
38, 40). However, whether AEG-1 is capable of regulating the
NF-�B pathway and whether AEG-1 interacts with NF-�B in
other cell types and disease settings was not elucidated. In the
present study, we demonstrated the interaction and binding of
AEG-1 with the regulatory subunit of NF-�B, p65, in both naïve
and activated astrocytes. Further, we illustrated the nuclear
translocation of the AEG-1-NF-�B p65 complex in response to
TNF-�. Studies in cancer cells have reported a similar type of
interaction between AEG-1 and NF-�B p65 subunit after
TNF-� treatment (40). In unstimulated astrocytes, we observed
that naïve NF-�B p65 remains bound to AEG-1 in the cyto-
plasm, which then translocates to the nucleus upon inflamma-
tory stimulation. In addition, upon activation of the NF-�B sig-
naling cascade by TNF-�, we detected an increase in AEG-1
bound NF-�B p65 inside the astrocyte nucleus, which further

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-1� (20 ng/ml) for 24 h, and changes in EAAT2 mRNA and protein levels were analyzed by real time
RT-PCR and immunoblotting, respectively. A, AEG-1 overexpression alone significantly reduced EAAT2 mRNA levels and further exacerbated the IL-1�-
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-1�-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-1�-mediated impairment in gluta-
mate clearance (***, p � 0.001; **, p � 0.01; *, p � 0.05). D and E, AEG-1 regulation of EAAT2 was analyzed by real time RT-PCR and immunoblotting for YY1.
AEG-1 overexpression alone and in combination with IL-1� 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 are shown. F, proposed mechanism of AEG-1 regulation of
EAAT2. IL-1� activates the NF-�B pathway to induce AEG-1 expression, which further up-regulates YY1 expression leading to EAAT2 down-regulation.
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suggests a novel role for AEG-1 in regulating NF-�B signaling.
An important upstream canonical regulator of NF-�B signaling
is the activator kinase IKK� (59). The cellular expression levels
of IKK� are important determinants of NF-�B activation;
higher levels of IKK� are indicative of NF-�B activation status
and vice versa. Therefore, analyses of IKK� expression in
TNF-� treated AEG-1 knockdown cells was performed, which
revealed a significant reduction in TNF-�-induced IKK� pro-
tein levels, as well as a significant decrease in TNF-�-induced
nuclear NF-�B p65 levels, thereby demonstrating AEG-1-me-
diated regulation of astrocyte NF-�B signaling. Although
changes in IKK� mRNA were not statistically significant,
AEG-1 knockdown significantly reduced IKK� protein levels.
This may be explained by a plausible post-transcriptional role
of AEG-1 in addition to transcriptional regulation at the mRNA
level. These results suggest an autocrine model of AEG-1
induction in which HAND-relevant stimuli increase AEG-1 ex-
pression via NF-�B pathway activation, and in turn, AEG-1 reg-
ulates NF-�B pathway signal transduction by regulating activa-
tion and nuclear translocation of NF-�B p65.

Because our studies revealed AEG-1 induction in astrocytes
following HAND-relevant stimuli treatment, it is essential to
study the downstream effects of AEG-1 up-regulation, which
can be best deciphered with AEG-1 ectopic overexpression.
Hence, we established AEG-1 overexpression model in cul-
tured human astrocytes using AEG-1-GFP overexpression con-
struct and analyzed astrocyte responses to inflammation. The
exogenously expressed AEG-1-GFP localized to the perinuclear
regions in addition to the nucleus, similar to endogenous
AEG-1 expression in astrocytes. Treatment with TNF-� ele-
vated the AEG-1-GFP levels in the nucleus, thereby indicating
that the cellular distribution of ectopically expressed AEG-1
was similar to that of the endogenous protein. Here, we also
report that AEG-1 overexpression alone increased the basal
levels of IKK�, the important upstream activator of the NF-�B
pathway. Thus, AEG-1 overexpression may prime the astro-
cytes toward HAND-relevant stimuli-mediated NF-�B activa-
tion. Further downstream, AEG-1 overexpression alone sig-
nificantly increased the production of NF-�B-responsive
chemokine CCL2 (60), which plays an important role in the
recruitment of immune cells across the blood-brain barrier and
also provides a proliferative stimulus for the immune cells and
astrocytes (61– 64). Although TNF-� treatment induced CCL2
in Con-GFP-transfected cells, the induction was robust in
AEG-1-overexpressing cells, 	5-fold increase compared with
control. Because the AEG-1-overexpressing astrocytes treated
with TNF-� represent a scenario that is most relevant in the
neuroinflammatory disease setting, AEG-1-mediated activa-
tion of NF-�B pathway is an important finding.

In addition to chemokine and cytokine production, gluta-
mate clearance is a critical function of astrocytes that is fre-
quently dysregulated during HIV-1 CNS infection and is thus
implicated in HAND. Earlier studies have reported the toxicity
associated with extracellular glutamate (65). Excitatory amino
acid transporter-2 is an important transporter on astro-
cytes and a major regulator of extracellular glutamate levels
(66 – 68). AEG-1 overexpression alone significantly impaired
glutamate clearance by astrocytes via down-regulation of

EAAT2 expression. The AEG-1-mediated EAAT2 down-regu-
lation is further exacerbated under conditions of IL-1� expo-
sure, a condition physiologically relevant to disease. Further,
AEG-1 overexpression alone increased the expression of YY1, a
transcriptional repressor of EAAT2, thereby indicating an indi-
rect upstream modulator of EAAT2 transcription in astrocytes.
AEG-1 overexpression alone up-regulated YY1 mRNA and
protein levels similar to IL-1� singular treatment. Although a
combination of both AEG-1 overexpression and IL-1� treat-
ment failed to demonstrate an additive effect, it showed the
most significant YY1 induction. Thus, our studies identify
AEG-1 as an important regulator of EAAT2 expression and
demonstrate the downstream consequence of AEG-1 overex-
pression on glutamate clearance by astrocytes. Although the
YY1 binding site has been recognized in the AEG-1 protein
(25), whether AEG-1 interacts with YY1 under conditions of
HIV-1-induced inflammation and whether the YY1-AEG-1
complex down-regulates the EAAT2 promoter activity in reac-
tive astrocytes remain to be investigated. We also note that,
similar to the lower molecular mass noncanonical AEG-1 band
detected in human brain tissue lysates, an increase in the lower
molecular mass AEG-1 band of the canonical AEG-1 doublet
was detected in AEG-1-GFP-overexpressing astrocytes (Fig. 7,
B and E). Given that the increase in this lower molecular mass
band of AEG-1 doublet was detected only in the AEG-1-GFP-
expressing cells and not Con-GFP-transfected cells, it suggests
that AEG-1 overexpression mimics the conditions present in
the HIV-1� human brain tissues. The origin of the truncated
version of AEG-1 needs to be further investigated.

Similar to our results showing AEG-1 regulation of astrocyte
glutamate clearance, the AEG-1-mediated loss of EAAT2 has
been earlier reported in glioma cell lines and is recognized as an
important phenomenon implicated in glioma-associated
necrosis (25). The AEG-1-induced reduced glutamate clear-
ance by glioma cells in the tumor microenvironment has been
shown to contribute to the necrotic and neurodegenerative
effects associated with glial neoplasms. Our studies provide evi-
dence for inflammation-induced AEG-1 expression in astro-
cytes with subsequent loss of EAAT2, which could contribute
to neurodegeneration in a variety of clinical settings including
neoplasms and other diseases of the nervous system that have a
neuroinflammatory manifestation, such as HAND, traumatic
brain injury, toxic metabolites, or autoimmunity.

In summary, HIV-1 neuropathogenesis is characterized by
presence of inflammatory cytokines and chemokines such as
IL-1� and TNF-� along with HIV-1 virions and proteins in the
astrocyte microenvironment. These HAND-relevant stimuli
activate intracellular signaling cascades leading to impaired
glutamate clearance caused by EAAT2 loss and increased CCL2
production. Intracellularly, HAND-relevant stimuli activate
the NF-�B pathway and induce increased interaction of NF-�B
p65 subunit with cytoplasmic AEG-1, which then translocates
to the nucleus to induce the expression of NF-�B-responsive
chemokines such as CCL2. HAND-relevant stimuli-induced
AEG-1 down-regulates EAAT2 plausibly by up-regulating YY1
expression, thereby leading to reduced glutamate clearance and
hence exacerbation of neurotoxicity and neuroinflammation
(Fig. 8). Thus, here we identify AEG-1 as a novel regulator of
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HIV-1-associated neuroinflammation and neurodegeneration
via activation of the NF-�B 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 (69). This report identifies yet another novel facet of
AEG-1-mediated regulation of astrocyte function, astrocyte
glutamate clearance, and control of neuroinflammation. 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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