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Background: Stress response autophagy is induced during HIV-1 glycoprotein “gp120”-mediated neurotoxicity. However,
the underlying mechanisms are poorly understood.
Results: HIV-1 gp120 induces proline oxidase that elicits ROS-mediated neuronal autophagy.
Conclusion: Protective autophagy during HIV-1 gp120 neurotoxicity is partly dependent on proline oxidase-induced ROS.
Significance: This is the first report that demonstrates the functional role of proline oxidase in HIV-1 gp120-mediated neuronal
autophagy.

Proline oxidase (POX) catalytically converts proline to pyrro-
line-5-carboxylate. This catabolic conversion generates reactive
oxygen species (ROS) that triggers cellular signaling cascades
including autophagy and apoptosis. This study for the first time
demonstrates a role of POX in HIV-1 envelope glycoprotein
(gp120)-induced neuronal autophagy. HIV-1 gp120 is a neuro-
toxic factor and is involved in HIV-1-associated neurological
disorders. However, the mechanism of gp120-mediated neuro-
toxicity remains unclear. Using SH-SY5Y neuroblastoma cells
as a model, this study demonstrates that gp120 treatment
induced POX expression and catalytic activity. Concurrently,
gp120 also increased intracellular ROS levels. However,
increased ROS had a minimal effect on neuronal apoptosis.
Further investigation indicated that the immediate cellular
response to increased ROS paralleled with induction of
autophagy markers, beclin-1 and LC3-II. These data lead to the
hypothesis that neuronal autophagy is activated as a cellular
protective response to the toxic effects of gp120. A direct and
functional role of POX in gp120-mediated neuronal autophagy
was examined by inhibition and overexpression studies. Inhibi-
tion of POX activity by a competitive inhibitor “dehydropro-
line” decreased ROS levels concomitant with reduced neuronal
autophagy. Conversely, overexpression of POX in neuronal cells
increased ROS levels and activated ROS-dependent autophagy.
Mechanistic studies suggest that gp120 induces POX by target-
ing p53. Luciferase reporter assays confirm that p53 drives POX
transcription. Furthermore, data demonstrate that gp120
induces p53 via binding to the CXCR4 co-receptor. Collectively,
these results demonstrate a novel role of POX as a stress
response metabolic regulator in HIV-1 gp120-associated neuro-
nal autophagy.

Proline oxidase (POX),3 also known as proline dehydroge-
nase (PRODH), is a mitochondrial inner-membrane metabolic
enzyme (1). POX catalyzes the first step of proline catabolism
by converting proline to �1-pyrroline-5-carboxylate (P5C) (2)
(Fig. 1). Catalysis of proline by POX generates electrons that are
generally donated into the electron transport chain to generate
ATP (3). However, under cellular stress environment, these
electrons can be channeled to generate ROS (4, 5). The signifi-
cance of ROS in intracellular signaling is well documented
including proliferation, gene activation, cell cycle arrest,
autophagy, and apoptosis (6, 7). Thus, POX has been demon-
strated to serve as a multifunctional stress-responsive protein
that on the one hand can contribute to ATP production and on
the other can mediate apoptosis through generation of ROS
(8 –10). Furthermore, recent evidence suggests that under
stress conditions POX-generated ROS elicits cellular protective
autophagic signaling pathways (11, 12).

Several lines of evidence indicate a role of POX and proline
metabolism in normal function and disease conditions in the
brain. POX gene is widely expressed (13), and high affinity pro-
line transporter molecules are also detected in the brain (14 –
16). Studies show that mice lacking the POX gene show impair-
ment of learning and memory (17). Several reports have also
suggested that proline metabolism is associated with schizo-
phrenia (18 –20). P5C, the catalytic product of proline, can also
be converted to glutamate and �-aminobutyric acid, two neu-
rotransmitters implicated in neurological disorders (21, 22).
Even though these studies and others (23) emphasize a role of
proline metabolism in neurological disorders, the impact of
POX and proline metabolism in HIV-1 neurological disorders
has not been elucidated.

The goal of this study is to examine a role of POX in HIV-1-
associated neurological disorders (HAND). HAND affects
20 –30% patients in the late stages of AIDS and is believed to be
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the most common cause of dementia worldwide among people
aged 40 or less (24, 25). Even though antiretroviral therapy has
reduced the severity of HAND (26), the incidence of this neu-
rological disease continues to rise as HIV-1 patients are living
longer (27). However, the molecular details of HAND patho-
genesis are not completely understood. The brain is a major
target for HIV-1 infection (28). The virus enters the brain
within days to weeks of infection, and progressive neuronal
damage has been observed in infected patients (29 –32).
Although neurons are refractory to HIV-1 infection, macro-
phages and microglia are the primary target cells that are
infected by HIV-1 in the brain (30). The neuronal damage in
infected patients is partly driven by the neurotoxic effects of
HIV-1 proteins produced from the infected cells in the brain
(31, 32).

The viral proteins with known neurotoxic effects are the
HIV-1 envelope glycoprotein gp120 and the accessory viral
proteins Tat, Nef, and Vpr (31–33). However, accumulating
evidence suggest that gp120 is one of the major drivers of the
neuronal loss observed in HAND patients (34, 35). It is well
documented that the neurotoxic effects of gp120 are predomi-
nantly induced by ROS-mediated oxidative stress (36 –38). The
cellular metabolic enzyme NADPH oxidase has been impli-
cated as the biochemical mediator of gp120-mediated ROS
generation (39). However, the impact of gp120 on mitochon-
drial ROS-mediated oxidative stress is yet to be elucidated.
Given that POX is a well established mitochondrial ROS-induc-
ing redox enzyme, we hypothesized that POX-dependent ROS
may contribute to HIV-1 gp120-induced neuronal oxidative
stress. To test this, we used a neuronal model cell line and
examined the effects of physiologically relevant concentrations
of gp120 on POX expression and catalytic activity. We also
examined the impact of gp120 on POX-mediated ROS produc-
tion, neuronal autophagy, and apoptosis. Our results demon-
strate that gp120 induced expression and activity of POX in
neuronal cells. Importantly, the enhanced POX activity
resulted in higher levels of intracellular ROS production. Fur-
thermore, POX-induced ROS elicited neuronal autophagy as a
protective mechanism for the cellular stress of gp120. Our
mechanistic studies suggest that gp120 regulates POX via
CXCR4-mediated induction of p53. These results describe a
novel mechanism for gp-120-mediated neuronal dysfunction
and implicate POX as a potential biochemical modulator of
HAND pathogenesis.

Experimental Procedures

Reagents—Recombinant HIV-1 gp120 IIIB and CXCR4
inhibitor-AMD3100 were obtained from the AIDS Research
and Reference Reagent Program of NIH. 2�,7�-Dichlorofluores-
cein diacetate, bafilomycin A1, N-acetylcysteine, dehydropro-
line, �-pifithrin, o-aminobenzaldehyde, and anti-actin anti-
body were purchased from Sigma. Anti-LC3 was purchased
from MBL, sequestosome 1 was purchased from Cell Signaling
Technology, and anti-p53 was from Santa Cruz Biotechnology.
Anti-POX antibody was a gift from Dr. James Phang
(NCI-Frederick).

Cell Culture and HIV-1 gp120 Treatment—Human neuro-
blastoma cells (SH-SY5Y) were purchased from American Type

Culture Collection (Manassas, VA). The cells were maintained
in a 1:1 mixture of DMEM and Ham’s F-12 medium (Gibco)
supplemented with 10% (v/v) heat-inactivated fetal calf serum
(Gibco) containing 2 mM glutamine and 1% antibiotics (penicil-
lin-streptomycin). Cells were maintained and cultured at 37 °C
in a humidified 5% CO2 atmosphere. For our studies we seeded
the appropriate number of SH-SY5Y cells and treated them
with HIV-1 gp120 in a dose-dependent manner from 50 – 400
ng/ml. These concentrations were used as these concentrations
have been suggested in literature to have physiological rele-
vance (40, 41).

Flow Cytometry—Neuronal apoptosis was determined by
flow cytometry using the fluorescein isothiocyanate (FITC)-
conjugated Annexin V apoptosis kit (Beckman Coulter)
according to the manufacturer’s instructions. Untreated and
HIV-1 gp120-treated SH-SY5Y cells (1 � 106) were washed in
1� annexin binding buffer and incubated for 20 min with
Annexin V-FITC at 4 °C. After two washes with buffer, pro-
pidium iodide (100 �g/ml) was added. Thereafter, cells were
analyzed immediately by flow cytometry using FACSCalibur
(BD Biosciences). Positive staining of the plasma membrane
with Annexin V and lack of concomitant staining of nuclei with
propidium iodide (PI) was measured as apoptosis at an early
stage, whereas positive staining of cells with both annexin V and
PI was indicative of apoptosis at later stages.

Measurement of Intracellular ROS—For measuring ROS lev-
els in neuronal cells, 5 � 105 SH-SY5Y cells were seeded in
6-well plates in the growth medium before treatment. Cells
were then treated with gp120, as specified, for an additional
24 h before analysis for ROS. For inhibition studies, cells were
treated with 10 �M dehydroproline for 1 h before treatment
with gp120. 2,7-Dichlorofluorescein diacetate (Sigma) was used
as an indicator of the amount of intracellular ROS. On the day
of the experiment, treatment medium was removed, and cells
were exposed to serum-free, phenol red-free medium contain-
ing 10 �M 2,7-dichlorofluorescein diacetate. Cells were exposed
to the dye for 30 min in the dark to allow for equilibration. After
two washes fluorescence was measured by flow cytometry. In
parallel, cells were solubilized with 0.5% SDS and 5 mM Tris HCl
(pH 7.5). The fluorescent intensity of the lysate was determined
using a spectrofluorometer (BioTek) with excitation and emis-
sion wavelengths of 485 and 530 nm, respectively. Samples were
assayed in triplicate. Data are shown as arbitrary units of fluo-
rescence �S.D.

Western Blotting—SH-SY5Y cells (1 � 106) were treated with
HIV-1 gp120 overnight. Cell lysates were prepared and quanti-
fied according to standard BCA protein assay (Pierce). For lysis
with separation of nuclear and cytoplasmic components, after
treatment cells were lysed with Pierce NE-PER Nuclear and
Cytoplasmic Extraction Reagents. Subcellular fractionation
was performed as per the manufacturer’s instructions (Pierce).
Equal amounts of cell lysates were electrophoresed on SDS-
polyacrylamide gels and transferred to nitrocellulose mem-
branes using a semi-dry blotter (Bio-Rad). Membranes were
blocked using Tris-buffered saline with 5% nonfat milk (pH 8.0;
Sigma). Blots were then probed with the primary antibody in
blocking buffer and subsequently by a secondary antibody con-
jugated to horseradish peroxidase (1:2000). All blots were
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washed in Tris-buffered saline with Tween 20 (pH 8.0; Sigma)
and developed using the enhanced chemiluminescence (ECL)
procedure (Pierce). Blots were routinely stripped by Restore
Plus stripping buffer (Pierce) and reprobed with anti-actin
monoclonal antibody to serve as loading controls. Anti-rabbit
or anti-mouse antibody (Santa Cruz, Piscataway, NJ) was used
as secondary antibody.

POX Enzyme Assay—Untreated and treated SH-SY5Y cells
after treatment were harvested in cold PBS, pelleted, and resus-
pended in cold sucrose buffer (250 mM sucrose, 3.5 mM Tris,
and 1 mM EDTA (pH 7.4)). Suspensions were then sonicated for
5 s at a setting of 25% (Branson Sonifer 450; Branson Ultrason-
ics Corp., Danbury, CT). Total protein was determined using
the BCA protein assay (Pierce). P5C formed due to POX-
mediated proline degradation was detected using a specific
spectrophotometric method (5). Briefly, P5C formed from
the substrate proline was reacted with O-aminobenzalde-
hyde (OAB), and the resultant OAB-P5C complex was quan-
tified. A 200-�l reaction mixture containing 0.1 M KPO4 (pH
7.2), 0.12 mg/ml OAB, 0.012 mg/ml cytochrome c, 5 mM

proline, and cell extract containing 50 �g of protein was
incubated for 45 min at 37 °C. The reaction was terminated
by the addition of 20 �l of OAB (10 mg/ml in 6 N HCl). The
samples were centrifuged, and the absorbance of the super-
natants was measured at 440 nm. All the reactions were per-
formed in triplicates, and proper protein controls were
included for each measurement.

Quantitative Real-time PCR—Total RNA from treated and
untreated cells was isolated using RNAeasy kit (Qiagen)
according to the manufacturer’s instructions. The first-strand
cDNA was synthesized using an iScript cDNA Synthesis kit
(Bio-Rad). Then the cDNAs were subjected to quantitative real-
time PCR analysis. The sequences of the primers used to
amplify beclin-1 in the current study were previously reported
(42) and were as follows: beclin-1, (forward) 5�-AGC TGG AGC
TGG ATG ATG AG-3� and (reverse) 5�-CGA CCC AGC CTG
AAG TTA TT-3�; GAPDH, (forward) 5�-GAA GGT GAA GGT
CGG AGT C-3� and (reverse) 5�-GAA GAT GGT GAT GGG
ATT TC-3�. Real-time PCR was performed using iQ SYBR
Green supermix in a C1000 Touch CFX96 Real time System
(Bio-Rad). All samples were analyzed in triplicate. The relative
expression of the transcripts was normalized to the internal
control gene GAPDH using the ��Cq calculation method. For
POX mRNA expression measurement, total RNA was isolated
from untreated and gp120-treated SH-SY5Y cells. cDNA syn-
thesis was carried out as described before, and real time PCR
was conducted using POX-specific primers (forward, 5�-CCA-
CAATGAGGACACAGTGC; reverse, 5�-GACAAGTAGGG-
CAGCACCTC). For copy number determination a standard
curve was generated using the pcDNA-POX plasmid copies
from 100 through 108.

POX Overexpression—SH-SY5Y cells were cultured in 6-well
plates in the required growth medium and transfected with
pcDNA control vector or POX expression vector, a gift from
Dr. James Phang (NCI-Frederick). Transfections were per-
formed with Lipofectamine 2000 (Life Technologies) according
to the manufacturer’s directions. Overexpression of POX in the

transfected cells was confirmed by Western blot analysis as
described before.

Detection of Autophagosomes—The visualization of autopha-
gosomes was performed using GFP-LC3 expression vector
(plasmid 24920: Addgene, Cambridge, MA). SH-SY5Y cells
were cultured in 6-well plates and transfected with GFP-LC3
expression vector using Lipofectamine-based methods as
described earlier. The transfected cells were treated with the
appropriate concentrations of HIV-1 gp120. The GFP-LC3-
labeled autophagosomes were visualized by fluorescence
microscopy.

Luciferase-based POX Promoter Assay—POX transcriptional
activity was measured using the Luciferase Reporter Assay (Pro-
mega, Madison, WI) according to the manufacturer’s protocol. To
determine the effect of HIV-1 gp120 on POX promoter activity,
cells were transfected with the POX-Luciferase reporter construct
(POX-Luc), a gift from Dr. James Phang (NCI-Frederick), and
exposed to various concentration of HIV-1 gp120. The effect of
p53 on POX promoter activity was measured by co-transfection of
POX-Luc construct along with equivalent amounts of p53 cDNA
or vector plasmid using Lipofectamine 2000 (Invitrogen). Trans-
fected cells were lysed, and luciferase activity of the cell extracts
was measured using a plate reader (BioTek). Samples were assayed
in triplicate.

Statistical Analysis—Data were expressed as the mean � S.D.
obtained from three independent experiments. The signifi-
cance of differences between control and treated samples was
determined by Student’s t test. Values of p � 0.05 were consid-
ered to be statistically significant.

Results

HIV-1 gp120 Up-regulates the Mitochondrial Redox Enzyme
POX—Increased oxidative stress is a major driver of HIV-1
gp120 protein-mediated neurotoxicity (36 –38). However, the
molecular and biochemical determinants leading to neuronal
oxidative stress are not clearly defined. POX plays an important
role in oxidative stress because of its ability to generate ROS (5,
43) (Fig. 1). Therefore, we investigated whether POX is induced
as an oxidative stress response enzyme by gp120. To test this we
treated SH-SY5Y neuroblastoma cells with gp120 in a dose-depen-
dent manner. Cell lysates of gp120-treated cells were analyzed for
POX expression by Western blot analysis. As described in Fig. 2, A
and B, exposure of increasing concentrations of gp120 increased
POX protein expression in a dose-dependent manner. Densitom-

FIGURE 1. Schematic diagram of proline metabolic pathway. POX is a mito-
chondrial inner membrane metabolic enzyme. POX metabolizes proline, an
abundantly available substrate, to generate electrons. Under normal meta-
bolic settings the electrons generated during the conversion of proline to P5C
contribute to ATP production via the electron transport chain. However,
under cellular stress conditions, these electrons from the catalytic activity of
POX are channeled to generate ROS.
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etry analysis illustrated that a maximum induction of 4-fold POX
expression was achieved in cells treated with 300 ng/ml gp120
relative to untreated cells (Fig. 2B).

Next, we examined whether gp120-induced POX expression
resulted in enhanced POX catalytic activity. This was tested by
a spectrophotometric assay that detects the product of POX-
mediated proline degradation, P5C, as an o-aminobenzalde-
hyde-P5C complex (Fig. 1) (5, 43). After treatment with gp120,
cells were harvested, and lysates were added to the reaction
mixture and incubated for 45 min at 37 °C. Data in Fig. 2C
showed that gp120 treatment increased the amount of P5C pro-
duced in a dose-dependent manner. A maximum increase up to
3.5-fold in POX activity was obtained with 300 ng/ml gp120,
paralleling the maximum increase in POX protein expression at
this concentration of gp120 (Fig. 2B). Collectively, data in Fig. 2
indicated that gp120 treatment induced POX expression and
activity in neuronal cells.

To test that gp120 specifically targets POX, we treated cells
with heat-inactivated gp120 (200 ng/ml) and measured POX
expression and activity. Western data in Fig. 2D showed
that exposure to heat-inactivated gp120 failed to induce POX
expression. Similarly, heat-inactivated gp120 had minimal
effect on POX activity (Fig. 2E).

Up-regulation of POX Enhances Intracellular ROS Production—
POX is a mitochondrial metabolic enzyme, and under cellular
stress its catalytic activity is known to generate ROS (5, 43) (Fig.
1). Therefore, we tested whether the increase in POX activity by
gp120 enhanced ROS levels in neuronal cells. SH-SY5Y cells
were treated with gp120 in a dose-dependent manner. The lev-
els of intracellular ROS were measured by the peroxide-sensi-
tive fluorescent probe 2�,7�-dichlorofluorescein (DCF). A sig-
nificant increase in DCF fluorescence was observed in the
cellular lysates of cells treated with 200 ng/ml gp120 (Fig. 3A). A
maximum increase of 3-fold in DCF fluorescence was observed
with 400 ng/ml HIV-1 gp120 (Fig. 3A). These data indicated a
concentration-dependent increase in intracellular ROS in
gp120-treated neuronal cells.

Because intracellular ROS can be generated by several cellu-
lar processes (6, 7, 44), we examined whether gp120-induced
up-regulation of POX contributes to the increased ROS. To test
this, SH-SY5Y cells were treated with gp120 (200 ng/ml) in the
presence of proline, the substrate of POX, or dehydroproline
(DHP), a competitive inhibitor of POX. ROS was measured in
the lysates of these cells by DCF fluorescence (Fig. 3B) and flow
cytometry (Fig. 3C). As expected gp120-treated cells showed
higher ROS levels compared with untreated cells (Fig. 3, B and

FIGURE 2. HIV-1 gp120 induced expression and activity of POX. A, POX expression by Western blot analysis. SH-SY5Y cells were treated with various
concentrations of gp120 for 24 h. After treatment cells were harvested, and cell lysates were prepared. The protein concentration of cell lysates was deter-
mined, and equal amounts of cell lysates were electrophoresed on denaturing acrylamide gels and transferred onto nitrocellulose membrane by electro-
blotting. Western blots were performed using anti-POX antibody. Actin was used as a loading control (1:2000). Blots were developed using the enhanced
chemiluminescence kit. B, densitometry of POX expression from n � 3. C, POX catalytic activity. POX activity in the cell lysates was measured using a specific
spectrophotometric method as described under “Experimental Procedures.” P5C formed as a result of POX-mediated degradation of proline reacted with OAB,
and the resultant OAB-P5C complex was quantified by measuring the absorbance at a 440-nm wavelength. D and E, effects of heat-inactivated gp120 on POX
expression and activity. For heat inactivation gp120 was incubated at 65 °C for 1 h. Then the heat-inactivated gp120 was used to treat the SH-SY5Y cells for 24 h.
POX expression (D) and activity (E) was measured in these cells and compared with cells treated with native gp120. The results are expressed as the mean � S.E.
for three separate experiments conducted in triplicate. *, p � 0.05 is for the comparison of gp120-treated cells versus untreated cells. **, p � 0.05 is for the
comparison of gp120-treated cells versus with heat-inactivated gp120-treated cells.
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C). The addition of proline in the presence of gp120 further
enhanced ROS levels, whereas cells treated with proline alone
without gp120 had no effect on ROS levels. Conversely, data
from cells treated with DHP illustrated that POX inhibition
suppressed the increase in ROS in the gp120-treated cells (Fig.
3, B and C). Both fluorometry and flow cytometry measure-
ments showed similar effects of proline and DHP on ROS. Col-
lectively, these data strongly suggest that induction of POX
contributes to the increased ROS levels in gp120-treated neu-
ronal cells.

HIV-1 gp120-induced ROS Shows Minimal Effect on Neuro-
nal Apoptosis—Increased ROS plays an important role in the
induction of cellular apoptosis (45). Therefore, we examined
the effects of gp120-induced ROS (Fig. 3) on neuronal apopto-
sis. SH-SY5Y cells were exposed to different concentrations of
gp120, and apoptosis was measured by flow cytometry.
Annexin V (AV) was used as an early apoptotic marker and PI as
the late apoptotic marker (46). Data presented in Fig. 4A dem-
onstrated that treatment of cells with gp120 at 300 ng/ml for
24 h resulted in a moderate increase in AV staining. However, a
2-fold increase in PI staining was only observed in cells treated
with gp120 at 400 ng/ml (Fig. 4B). Interestingly, cells treated
with 200 ng/ml or lower concentrations of gp120 showed a
minimal change in AV or PI staining compared with the
untreated cells (Fig. 4, A and B). These results suggest that
gp120 treatment for 24 h does not induce significant neuronal
apoptosis. Furthermore, these observations implied that the
increase in ROS production by gp120 in 24 h (Fig. 3) is most
likely not sufficient to elicit apoptotic signal. To further under-
stand the relationship between ROS and apoptosis, we mea-
sured ROS and apoptosis levels in cells treated with 200 ng/ml
gp120 as a function of time. As seen in Fig. 4C, gp120 increased
ROS levels as a function of exposure time. Compared with the
ROS levels at 24 h, the ROS levels increased �2-fold by 48 h and
3-fold by 72 h in gp120-treated cells. Predictably, the ROS levels
in untreated cells were also increased at 72 h; however, this
increase was significantly lower compared with the gp120-
treated cells at 72 h (Fig. 4C). Interestingly, the significant
increase in ROS by 200 ng/ml gp120 treatment moderately
increased neuronal apoptosis as a function of time (Fig. 4, D and
E). After 24 h there was a minimal increase in AV (	) (Fig. 4D)
or PI (	) (Fig. 4E) staining compared with the untreated cells.
The AV (�3%) and PI (�7%) staining in treated cells increased
modestly by 48 –72 h. These data suggested that the gp120-

induced increase in ROS has limited effects on apoptosis as a
function of time.

HIV-1 gp120 Activates Neuronal Autophagy—Data in Figs.
3A and 4C indicated that the neuronal cells treated with 
200
ng/ml HIV-1 gp120 produced significantly higher levels of
ROS. However, this increase in ROS induced minimal apopto-
sis (Fig. 4). Therefore, we investigated the fate of this ROS on
neuronal cell function. It is well documented that ROS can
function as a signaling molecule not only for apoptosis but for
diverse cellular processes such as proliferation, gene activation,
cell-cycle arrest, and autophagy (6, 7). Autophagy is a self-de-
fense mechanism against cellular stress/damage (47–50), and
there is evidence that POX-dependent ROS induces stress
response autophagy (11, 51). Therefore, we tested whether
gp120-induced ROS elicited autophagy signals. We measured
the expression of LC3-II in gp120-treated cells as the conver-
sion of the cytosolic LC3-I (18 kDa) into the membrane-asso-
ciated lipidated LC3-II form (16 kDa) serves as a marker for
induction of autophagy (52). Western blot analysis of lysates of
SH-SY5Y cells treated with gp120 for 24 h showed significantly
increased LC3-II conversion (Fig. 5, A and B). The LC3-II con-
version increased in a dose-dependent manner (Fig. 5, A and B).
At 200 ng/ml there was a 2-fold increase in LC3-II conversion
that reached 4-fold at 400 ng/ml.

In parallel, we measured the mRNA levels of beclin-1,
another autophagic marker required for the initiation of
autophagosome formation (47, 48). In gp120-treated cells
expression of beclin-1 increased in a concentration dependent
manner (Fig. 5D), further supporting the induction of neuronal
autophagy. We also analyzed the expression of autophagic
marker sequestosome 1 (SQSTM1, also known as p62). p62 is a
protein that is associated with autophagosomes and is degraded
in the lysosomes after fusion of autophagosomes with lyso-
somes (53). Therefore, reduction in p62 expression serves as an
indicator of progression of autophagic process. Our Western
blot analysis revealed that the levels of SQSTM1/p62 were
decreased in gp120-treated cells in a dose-dependent manner
(Fig. 5, A and C). This decrease was significant in cells treated
with 200 – 400 ng/ml gp120 with the maximum decrease
observed with 400 ng/ml. Collectively, the data in Fig. 5 illus-
trate that gp120 treatment induced neuronal autophagy.

To confirm that gp120 treatment induced neuronal
autophagy, we measured the levels of LC3-II in gp120-treated
SH-SY5Y cells in the presence of bafilomycin A1 (BaF-A).

FIGURE 3. HIV-1 gp120-induced POX enhanced intracellular ROS production. A, SH-SY5Y cells were plated in 6-well plates and treated with various concentrations
of gp120 for 24 h. Intracellular ROS production was measured using a DCF assay as described under “Experimental Procedures.” Data are plotted relative to the ROS
levels in the untreated cells from three separate experiments. *, p � 0.05 is for the comparison of gp120-treated cells versus untreated cells. B and C, POX-dependent
ROS generation in gp120-treated SH-SY5Y cells. B, SH-SY5Y cells treated with proline (5 mM) or POX inhibitor DHP (100 �M) for 1 h before treatment with gp120. After
24 h of treatment ROS was measured in the cellular lysates using DCF assay. The results are expressed as the mean � S.E. for three separate experiments. *, p � 0.05 is
for the comparison of gp120/proline- or gp120/DHP-treated cells versus cells treated with either proline or DHP alone. C, flow cytometry based ROS measurements.
Cells were treated as described in B, and DCF fluorescence in these cells was measured by flow cytometry.
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BaF-A is an autophagic inhibitor that prevents the fusion of
autophagosome and lysosome resulting in an accumulation of
LC3-II (54). Data in Fig. 6A depicted that BaF-A treatment dra-
matically increased the levels of LC3-II in gp120 (200 ng/ml)-
exposed cells. To further prove the activation of autophagy by
gp120, we examined the intracellular localization of LC3 in
autophagic vesicles by transfecting a green fluorescent protein
(GFP) tagged-LC3 plasmid into SH-SY5Y cells. Fluorescence
microscopic analysis showed that in untreated cells GFP-LC3
was found mostly as diffused green fluorescence in the cyto-
plasm (Fig. 6B). However, when these cells were treated with
gp120, formation of green fluorescent puncta typical of

autophagic activation were distinctly detected (Fig. 6B). Nota-
bly, the number of puncta was significantly increased when
gp120-treated cells were concomitantly exposed to BaF-A.
These data strongly suggest that gp120 treatment induces neu-
ronal autophagy as a cellular stress response.

HIV-1 gp120-induced Neuronal Autophagy Is Dependent on
ROS—Next we examined whether gp120-induced neuronal
autophagy is mediated by ROS. To test this, SH-SY5Y cells were
treated with gp120 (200 ng/ml) in the presence of the ROS
scavenger N-acetylcysteine (NAC), and formation of LC3-II
was measured. Our data show that gp120 enhanced ROS pro-

FIGURE 4. Measurement of HIV-1 gp120 induced neuronal apoptosis. SH-SY5Y cells were exposed to different concentrations of gp120 for 24 h, and
apoptosis was measured by flow cytometry using AV as an early apoptosis marker and PI as the late apoptotic marker. After treatment cells were harvested and
immediately stained with AV/PI and analyzed by flow cytometry. The percentage of AV (	) (A) and PI (	) cells (B). C–E, time-dependent effects of HIV-1 gp120
treatment on ROS and apoptosis. SH-SY5Y were treated with gp120 (200 ng/ml) for various time periods as indicated followed by measurement of ROS
generation by DCF assay (C), AV staining (D) and PI staining (E). The results are expressed as the mean � S.E. for three separate experiments. *, p � 0.05 is for
the comparison of gp120-treated cells versus untreated cells.

FIGURE 5. Activation of autophagy in HIV-1 gp120-treated SH-SY5Y cells.
SH-SY5Y cells grown in 6-well culture dishes followed by treatment with HIV-1
gp120 for 24 h. A, Western blot analysis was performed to measure the
concentration-dependent effects of gp120 on the expression of LC3-I/II and
SQSTM1 (p62). The expression of LC3-II and SQSTM1 was normalized to actin.
Densitometry-based quantification of LC3-II (B) and SQSTM1 (p62) (C) expression
is shown. D, the effect of gp120 on beclin-1 mRNA expression as measured by
qPCR. After 24 h of treatment qPCR was performed using total RNA from treated
cells and primers specific for beclin-1 as described under “Experimental Proce-
dures.” Data are shown as relative beclin-1 mRNA levels normalized to GAPDH
expression. *, p � 0.05 is for the comparison of gp120-treated cells versus
untreated cells.

FIGURE 6. Effect of autophagy inhibitor and anti-oxidant on autophagy in
HIV-1 gp120-treated SH-SY5Y cells. A, SH-SY5Y were treated with BaF-A (5
nM) for 30 min before treatment with gp120 (200 ng/ml) for 24 h. Western blot
analysis was performed to measure the expression of LC3-I/II. Actin was used
as a loading control. B, SH-SY5Y cells were transfected with a GFP-LC3 plasmid
and then treated with 200 ng/ml gp120 in the presence/absence of BaF-A (5
nM). The formation of GFP-LC3 puncta was examined under a fluorescence
microscope. C, SH-SY5Y cells were treated with 10 mM ROS scavenger, NAC,
before treatment with 200 ng/ml gp120. After 24 h ROS generation was mea-
sured by DCF assay. The results are expressed as the mean � S.E. for three
separate experiments. *, p � 0.05 is for the comparison of gp120-treated cells
versus untreated cells. D, autophagy markers LC3-I and -II were measured by
Western blot using actin as a loading control.
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duction and NAC substantially suppressed gp120-induced
ROS generation (Fig. 6C). Similarly, gp120 treatment increased
expression of LC3-II (Fig. 6D). In parallel, a significant decrease
in lipidation of LC3-II was observed in the presence of NAC
(Fig. 6D). These data provide evidence that ROS is required for
gp120-induced neuronal autophagy.

POX-mediated ROS Contributes to HIV-1 gp120-induced
Neuronal Autophagy—To determine whether up-regulation of
POX is the mediator of neuronal autophagy, we overexpressed
POX in SH-SY5Y cells and measured the accumulation of
LC3-II and beclin-1. Our data showed that overexpression of
POX induced a significant increase in the lipidation of LC3-II
(Fig. 7A). In addition, neuronal cells overexpressing POX
showed increased expression of beclin-1 (Fig. 7B), highlighting
the contribution of POX-dependent initiation of autophagy.
Moreover, this up-regulation of autophagic markers was accom-
panied by an increase in ROS production in POX-overexpressing
cells (Fig. 7C). Interestingly, the addition of NAC to the cells over-
expressing POX suppressed the production of ROS (Fig. 7C) and
beclin-1 (Fig. 7B). These data confirm the contribution of POX-
induced ROS in the initiation of neuronal autophagy.

To further investigate that POX-induced ROS elicits neuronal
autophagy, we examined the effects of POX inhibition on ROS
generation and levels of LC3-II and beclin-1. As expected, treat-
ment of SH-SY5Y cells with DHP (100 �M) minimally affected
expression of LC3-II (Fig. 8D) and beclin-1 (Fig. 7E). However,
gp120 (200 ng/ml) treatment significantly increased expression of
these autophagic markers (Fig. 7, D and E). Interestingly, in the
presence of DHP, gp120-treated cells showed a decrease in
beclin-1 and LC3-II expression (Fig. 7, D and E). Moreover, a sig-

nificant decrease in the generation of ROS was also observed in the
cells treated with both DHP and gp120 (Fig. 7F). These data pro-
vide strong evidence of the contribution of POX in the generation
of ROS and activation of neuronal autophagy.

HIV-1 gp120 Up-regulates POX by Regulating POX mRNA
Transcription—To understand the mechanism by which gp120
up-regulates POX, we measured POX mRNA expression in
gp120-treated SH-SY5Y cells using quantitative real time PCR
(qPCR). Data in Fig. 8A indicated that the copy numbers of POX
mRNA are significantly increased in cells treated with 
200
ng/ml gp120 relative to that of the untreated cells. To further
demonstrate that gp120 regulates POX mRNA transcription,
we employed a luciferase reporter-based promoter activation
assay. In this assay we used a luciferase reporter that is driven by
POX promoter, whereas the control vector lacked any pro-
moter sequence (Fig. 8B). We transfected SH-SY5Y cells with
POX-Luc reporter construct or the empty vector. Then these
cells were treated with gp120 in a dose-dependent manner for
24 h, and the POX promoter activity was measured in the cell
lysates. Results in Fig. 8C showed that treatment with HIV-1
gp120 significantly stimulated the POX promoter activity in a
dose-dependent manner. Interestingly, exposure to heat-inacti-
vated gp120 failed to induce the POX promoter activity (Fig. 8D),
indicating the effect to be specifically mediated via HIV-1 gp120.
Collectively, these studies strongly suggest that HIV-1 gp120 up-
regulates POX by regulating POX mRNA transcription specifically
by enhancing POX promoter activity.

HIV-1 gp120-mediated Up-regulation of POX Is Dependent
on p53—Next, we intended to identify the upstream regulators
of POX gene targeted by gp120. Activation of the p53 and p53

FIGURE 7. Contribution of POX-dependent ROS in activation of autophagy in HIV-1 gp120-treated SH-SY5Y cells. A, SH-SY5Y cells were transfected with a POX
expression vector or control vector as described under “Experimental Procedures.” The expression of POX and autophagy markers LC3-I and II were measured by
Western blot using actin as a loading control. B and C, SH-SY5Y cells were transfected with POX expression vector or control vector in the presence of NAC (10 mM). B,
after 24 h qPCR analysis for beclin-1 expression was performed, and the expression was normalized to GAPDH. C, ROS generation was measured by DCF assay using
flow cytometry as described previously. The results are expressed as the mean � S.E. for three separate experiments. D–F, effects of POX inhibitor DHP on neuronal
autophagy. Before treatment with gp120 (200 ng/ml), SH-SY5Y cells were treated with DHP (100 �M) for 1 h. D, after 24 h the expression of autophagy markers LC3-I
and II was measured by Western blot using actin as a loading control. beclin-1 expression by qPCR (E) and ROS generation by DCF assay using flow cytometry (F) is
shown. The results are expressed as the mean � S.E. for three separate experiments. *, p � 0.05 is for the comparison of gp120-treated cells versus untreated cells.
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target genes has been well documented during gp120-mediated
neurotoxicity (55–57). Furthermore, it is well established that
POX is a downstream mediator in p53-induced cellular signal-
ing (4, 5, 58). Therefore, we investigated the effects of gp120 on
p53 expression. To test this, the expression levels of p53 were
measured by Western blot after exposure to gp120 in SH-SY5Y
cells. Data in Fig. 9, A and B, showed that gp120 treatment
resulted in a concentration-dependent increase in p53 pro-
tein levels. Remarkably, this increase in p53 expression par-
alleled to the gp120-induced increase in POX expression
(Fig. 2, B and C). POX being a p53-induced gene, we hypoth-
esized that the induction of POX by gp120 in SH-SY5Y cells
is mediated by p53. To test this, we repeated the POX pro-
moter activation assay described in Fig. 9 In this experiment
POX-Luc vector or the empty vector was transfected into
SH-SY5Y cells in the presence or absence of a p53 expression
construct. p53 overexpression in these cells was confirmed
by Western blot (data not shown). Concurrently, activation
of POX promoter by p53 overexpression was measured by
estimating luciferase activity in the cellular extract. Data in
Fig. 9C illustrate that p53 significantly stimulated POX pro-
moter activity. Specificity of p53-induced POX promoter
activation was confirmed by �-pifithrin, which specifically
inhibits p53 DNA binding activity. Data showed that
�-pifithrin abrogated activation of POX promoter by p53.
These data strongly support the involvement of p53 in the
gp120-induced POX expression.

Because nuclear p53 is known to induce autophagy induc-
ing genes (59), we next tested the localization of p53 in
gp120-treated cells. SHSY-5Y cells were treated with gp120

(200 ng/ml) followed by isolation of nuclear and cytoplasmic
extracts, and the expression of p53 was measured by West-
ern blotting (Fig. 9D). Significantly higher levels of nuclear
p53 were observed in the gp120-treated cells as compared
with untreated control. On the other hand, heat-inactivated
gp120 failed to induce the nuclear localization of p53, indi-
cating that gp120 specifically increases the nuclear localiza-
tion of p53, which may in turn result in stimulation of POX.

Involvement of CXCR4 in the Up-regulation of p53 and POX
by gp120 —Binding of HIV-1 gp120 to target cells requires the
CD4 primary receptor and either of the two chemokine co-re-
ceptors, CXCR4 or CCR5 (60). Although neurons do not
express the CD4 receptor, they do express the HIV-1 co-recep-
tors (56, 61, 62). The binding of gp120 to CXCR4 is known to
induce a number of signaling mechanisms (55–57, 59, 63, 64).
Moreover, HIV-1 gp120-induced p53 expression has been
reported to be regulated by CXCR4 (56, 61, 65, 66). Because
SH-SY5Y cells used in our study have been shown to express
CXCR4 (62), we investigated whether the gp120-induced p53
expression is mediated by CXCR4. To test this, we utilized a
specific CXCR4 antagonist, the bicyclam AMD3100, in our
experiments (67– 69). SH-SY5Y cells were pretreated with
AMD3100 (10 ng/ml) for 30 min before exposure to gp120. The
effect of AMD3100 binding to CXCR4 on p53 expression was
determined by Western blotting. As expected, gp120 induced
p53 expression (Fig. 9, E and F). However, a significant reduc-
tion in the gp120-induced p53 increase was obtained in cells
treated with the CXCR4 antagonist (Fig. 9, E and F), suggesting
that the up-regulation of p53 is most likely mediated via binding
of gp120 to CXCR4.

FIGURE 8. HIV-1 gp120 induced POX by regulating POX transcription. A, SH-SY5Y cells grown in 6-well culture dishes followed by treatment with HIV-1
gp120 for 24 h. Genomic RNA was isolated from these cells, and POX mRNA levels were measured by qPCR. Copy numbers were determined by using a standard
curve that was generated using pcDNA-POX plasmid. Data is expressed as relative copy numbers to the untreated cells. B, schematic diagram of POX promoter
based luciferase construct (POX-Luc). In this construct the POX promoter drives the luciferase gene. C, we transfected SH-SY5Y cells with the POX-Luc reporter
construct or the empty vector. Then these cells were treated with gp120 in a dose-dependent manner for 24 h, and the POX promoter activity was measured
in the cell lysates. gp120 treatment increased POX promoter-driven luciferase activity. D, effects of heat-inactivated gp120 on POX promoter activity. Data are
representative of three independent experiments conducted in triplicate. *, p � 0.05 is for the comparison of gp120-treated cells versus untreated cells. **, p �
0.05 is for the comparison of gp120-treated cells versus with heat-inactivated gp120-treated cells.
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Therefore, we tested whether the engagement of CXCR4
with gp120 regulated POX promoter activation. We measured
POX promoter activity in SH-SY5Y cells that were pretreated
with AMD3100 in the presence and absence of gp120.
AMD3100 treatment had a minimal effect on POX promoter
activity in the absence of gp120 (Fig. 9G). Interestingly, data
also illustrated that the activation of POX promoter by gp120
was reduced in the presence of AMD3100 (Fig. 9G). These data
confirm that the induction of POX requires the engagement of
gp120 with the CXCR4 receptor. Collectively, these observa-
tions provide mechanistic insight into the role of CXCR4/p53/
POX axis in gp120-mediated neuronal autophagy.

Discussion

HIV-1 infection in the brain leads to a range of neurological
dysfunctions that are broadly termed as HAND (28). Even
though neurons are refractory to HIV-1 infection, neuronal apo-
ptosis is one of the mechanisms by which HIV causes CNS
dysfunction and injury (31). Studies have shown that HIV-1
gene product gp120 plays a critical role in neuronal apoptosis
(31, 34, 35). There is also evidence that gp120 induces apoptosis
in other cells including lymphocytes (70) and cardiomyocytes
(71). gp120-induced apoptosis has also been shown in hip-
pocampal neurons (72). gp120 binds to the coreceptors CCR5
and CXCR4 expressed on neuronal cell membrane (61). This
binding has been proposed to play a critical role in eliciting
neuronal apoptosis beginning with a series of signaling cascades
initiated at the cell membrane by the binding of gp120. Many

reports suggest that gp120-induced neurological dysfunctions
and apoptosis involves ROS-mediated oxidative stress (36).
Excess ROS destabilizes the cellular antioxidant defense system
and induces neuronal apoptosis. However, biochemical mech-
anisms that increase HIV-1 gp120-induced ROS in neuronal
cells are not clearly understood.

Intracellular ROS can be produced by a number of metabolic
enzymes that are localized either in the plasma membrane or in
the cytoplasm of cell (6). For example, NADPH oxidase, a mem-
brane-associated enzyme, has been implicated in HIV-1 gp120-
induced ROS generation (39). However, it is now increasingly
recognized that mitochondrial ROS plays an important role in
cellular oxidative stress (6, 7, 44). Interestingly, a role of mito-
chondrial ROS in neuronal oxidative stress is yet to be clearly
defined. Therefore, we considered the contribution of POX in
this response because POX is a mitochondrial inner membrane
enzyme that is well established to generate ROS (10, 73). This
mitochondrial ROS generation by POX is dependent on its abil-
ity to generate electrons during proline catabolism (Fig. 1).
Under normal metabolic settings the electrons generated dur-
ing the conversion of proline to P5C by POX contribute to ATP
production via the electron transport chain (3, 43). However,
under cellular stress conditions, these electrons from the cata-
lytic activity of POX can generate mitochondrial ROS (4, 5).
Depending upon the type of cytotoxic stress, POX has been shown
to be induced by p53, peroxisome proliferator-activated receptor �
ligands (in response to inflammatory stress) and oxidized low den-

FIGURE 9. HIV-1 gp120 up-regulated POX by binding to CXCR4 and up-regulating p53. A, p53 expression by Western blot analysis. SH-SY5Y cells were treated
with various concentrations of gp120 for 24 h, and equal amount of cell lysates were electrophoresed and probed by Western blots using actin as the loading control.
B, densitometry of p53 expression from n�3. *, p�0.05 is for the comparison of gp120-treated cells versus untreated cells. C, effects of p53 inhibition on POX promoter
driven luciferase activity. We transfected SH-SY5Y cells with POX-Luc reporter construct or the empty vector along with an expression vector of p53. Luciferase activity
in the cellular lysates was measured as described under “Experimental Procedures.” D, nuclear localization of p53. p53 levels were determined in the cytoplasm (CE )
and nucleus (NE) of SH-SY5Y cells by Western blot in 200 ng/ml gp120 and heat-inactivated gp120. E, effects of CXCR4 inhibitor AMD3100 on p53 in gp120-treated
cells. SH-SY5Y cells were pretreated with AMD3100 (10 ng/ml) for 30 min. Thereafter, these cells were treated with 200 ng/ml gp120 for 24 h. p53 levels in the cellular
lysates were determined by Western blot. F, densitometry of p53 expression showing fold increase in gp120-treated cells versus untreated cells with or without
AMD3100. G, effects of CXCR4 inhibitor AMD3100 on gp120-induced POX promoter activity. SH-SY5Y cells were pretreated with AMD3100 (10 ng/ml) for
30 min. Thereafter, these cells were transfected with POX-Luc reporter construct or the empty vector and treated with 200 ng/ml gp120 for 24 h. Luciferase activity in
the cellular lysates was measured. Data are representative of three independent experiments and were conducted in triplicate.
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sity lipoproteins to generate superoxide radicals (5, 11, 58, 74).
Therefore, induction of POX has been linked to ROS-mediated
apoptotic cell death (4). Given that ROS plays an important role in
HIV-1 gp120-mediated neurotoxicity (32), we hypothesized a role
of POX-mediated ROS in neuronal oxidative stress.

Our data showed that treatment of physiologically relevant
concentrations of soluble HIV-1 gp120 increased POX expres-
sion and catalytic activity in SH-SY5Y neuroblastoma cells (Fig.
2, A–C). This induction seems to be specific given that heat-
inactivated gp120 failed to activate POX (Fig. 2, D and E). This
increase correlated with increased intracellular ROS produc-
tion (Fig. 3), suggesting a functional role of POX in gp120-as-
sociated neurotoxicity. Because induction of POX mediates cel-
lular apoptosis, we envisioned that the increased ROS may
cause neuronal cell death. Data in Fig. 4, A and B, illustrated
that gp120 treatment for 24 h failed to minimally induce neu-
ronal apoptosis even at the highest concentration of gp120 (400
ng/ml). Longer exposure of gp120 only moderately enhanced
apoptosis (Fig. 4, D and E). Surprisingly, treatment with 200
ng/ml gp120 for 24 h or longer significantly increased ROS
production (Fig. 4). These data indicate that upon exposure of
neuronal cells to gp120, POX-induced mitochondrial ROS may
not be robust enough to induce apoptosis but may play a role in
alternative signaling mechanisms.

It is well documented that initiation of oxidative stress trig-
gers pathways to counteract the foreseeing cellular damage
(75). Although ROS is a toxic byproduct of cellular metabolism,
it also serves as a stimulus for controlling pathways of cellular
damage. For example increased ROS is known to enhance
autophagy beyond basal levels during cell stress (76).
Autophagy is a highly regulated process that serves many func-
tions in the cell, including maintaining cellular homeostasis,
cell survival during stress, or alternatively as a mechanism for
cell death (47–50, 77). Whether there is a pro-survival
autophagic response or one that eventually leads to cell death
depends on the severity of the cellular stress. Autophagy is also
an important process in the homeostatic maintenance of neu-
ronal function (78). For example, autophagy has also been
reported to play a critical role in various neurodegenerative
disorders such as Alzheimer disease, Huntington disease, and
Parkinson disease (77– 80). Recently, it has been reported that
markers of autophagy are expressed in the postmortem brains
of HIV-1 encephalitis patients (81). Autophagy has also been
shown to be an important mechanism in the HIV-1 envelope
mediated CD4	 T cells death in uninfected bystander cells
(82). It has also been demonstrated that the neuronal cell line
SK-N-SH when exposed to gp120 (200 ng/ml) resulted in the
induction of autophagy (81). Notably, SK-N-H cells are the
parental cell line of the SH-SY5Y cells that are used in this
study. Even though autophagy is shown to be involved in
gp120-induced damage to the brain, the molecular mecha-
nisms involved are not completely understood. Because we
observed a 2-fold increase in ROS with 200 ng/ml gp120 that
did not cause apoptosis, we hypothesized that ROS may play a
role in neuronal autophagy. Therefore, we measured the levels
of autophagy markers LC3-II and beclin-1. Our data illustrated
that 24-h treatment of 200 ng/ml gp120 induced neuronal
autophagic activity (Fig. 5). Even though these data support the

previous reports, whether ROS generation plays a role in this
effect remained unclear. To demonstrate that ROS modulated
the observed effect, we pretreated the neuronal cells with the
ROS scavenger NAC before treatment with gp120. NAC pretreat-
ment not only reduced ROS production but also decreased
autophagic activity (Fig. 6), thus indicating that the increase of
ROS induced by gp120 may be involved in promoting neuronal
autophagy. In this context the contribution of POX becomes
highly relevant because POX-dependent ROS has been shown to
induce autophagy through a beclin-1-dependent pathway (45).
We also observed that inhibition of the POX catalytic activity by
the competitive inhibitor DHP significantly reduced the levels of
ROS and expression of autophagy markers in the presence of
gp120 (Fig. 7). Collectively, these data suggested the contribution
of POX-dependent ROS in gp120-induced neuronal autophagy.

Interestingly, autophagy has also been shown to be an impor-
tant mechanism in the HIV-1 envelope glycoprotein-mediated
CD4	 T cells death (82). Moreover, before autophagic cell
death, whether initially there is a prosurvival, protective induc-
tion of autophagy due to the ensuing oxidative stress because of
HIV-1 gp120 has not been documented. To further validate a
role of POX in the induction of autophagy, we overexpressed
POX and measured its effect on autophagy markers in neuronal
cells. POX overexpression markedly increased the levels of ROS
and induced expression of the autophagy markers (Fig. 7).
Moreover the addition of a ROS scavenger not only quenched
the ROS generation induced by POX overexpression but also
reduced the levels of the autophagy markers. Collectively, these
data further suggested the contribution of POX-dependent
ROS in gp120-induced neuronal autophagy.

Data in Figs. 8 and 9 suggested that gp120 induces the
CXCR4/p53 axis to regulate POX expression in neuronal cells.
HIV-1 gp120 binds to CD4 receptor and the co-receptor
CXCR4 or CCR5 (60). Neurons lack the CD4 receptor, how-
ever, they express the HIV-1 co-receptors (56, 61, 62). Further-
more, binding of gp120 to CXCR4 is known to induce a number
of signaling mechanisms including p53 expression (56, 61, 65,
66). Because SH-SY5Y cells are known to express CXCR4 (62),
we hypothesized a role of CXCR4/p53 axis in gp120-induced
neuronal autophagy. The activation of POX leading to a pro-
line-mediated ROS generation is known to be accompanied by
the induction of p53 (4, 5, 58). Previous studies have shown that
proline oxidase is a p53-induced gene-6 (PIG6) (4, 5, 58).
Therefore, we considered whether the gp120-induced up-reg-
ulation of POX may be mediated by p53. We observed
increased levels of p53 on exposure to gp120 (Fig. 9, A and B)
suggesting that p53 may regulate POX expression. The involve-
ment of p53 was confirmed by the suppression of POX activa-
tion in the presence of the inhibitor �-pifithrin, which specifi-
cally inhibits p53 DNA binding activity. Accumulating
evidence indicates that p53 can modulate autophagy depending
on its subcellular localization (59). p53 is shown to stimulate
autophagy when it is present in the nucleus and transactivates
autophagy-stimulating genes (59). This is important because
we observed increased localization of p53 in the nucleus upon
gp120 treatment (Fig. 9D), indicating that gp120 promotes
nuclear translocation of p53, which may in turn results in acti-
vation of POX promoter. Moreover, in our study gp120-in-
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duced increase in p53 expression and activation of POX pro-
moter were suppressed by prior treatment of cells with the
CXCR4 antagonist AMD3100. We believe binding of gp120 to
CXCR4 activates p53, resulting in its nuclear translocation that
in turn results in the induction of POX.

Taken together, our data suggest an important role of POX in
gp120-mediated neuronal function (Fig. 10). Specifically, our
results suggest that the oxidation of proline by POX enhances
oxidative stress. POX-dependent ROS initially triggers
autophagy, and increased autophagy serves as a protective
response to delay cell death in gp120 neurotoxicity. We believe
that our study provides novel insights into the cellular mecha-
nisms of HIV-1 gp120-mediated neurotoxicity. The observa-
tions in this study implicate that POX could serve as a potential
target to inhibit HIV-1-associated neuronal dysfunction. Even
though speculative, understanding the role of POX in neuronal
autophagy and dysfunction may help us uncover novel targets
for therapeutic intervention against HAND. However, this
requires further studies in basic, translation, and clinical fronts.
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