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Studies have shown that HIV-infected patients develop neu-
rocognitive disorders characterized by neuronal dysfunction.
The lack of productive infection of neurons byHIV suggests that
viral and cellular proteins, with neurotoxic activities, released
fromHIV-1-infected target cells can cause this neuronal dereg-
ulation. The viral protein R (Vpr), a protein encoded by HIV-1,
has been shown to alter the expression of various important
cytokines and inflammatory proteins in infected and uninfected
cells; however themechanisms involved remain unclear. Using a
human neuronal cell line, we found that Vpr can be taken up by
neurons causing: (i) deregulation of calcium homeostasis, (ii)
endoplasmic reticulum-calcium release, (iii) activation of the
oxidative stress pathway, (iv) mitochondrial dysfunction and v-
synaptic retraction. In search for the cellular factors involved,
we performed microRNAs and gene array assays using human
neurons (primary cultures or cell line, SH-SY5Y) that we treated
with recombinant Vpr proteins. Interestingly, Vpr deregulates
the levels of several microRNAs (e.g. miR-34a) and their target
genes (e.g. CREB), which could lead to neuronal dysfunctions.
Therefore, we conclude that Vpr plays a major role in neuronal
dysfunction through deregulating microRNAs and their target
genes, a phenomenon that could lead to thedevelopment of neu-
rocognitive disorders.

Although effective in prolonging the life expectancy in
patients with HIV infection (1), the highly active antiretroviral
therapy (HAART)2 in fact has resulted in an increased preva-

lence of HIV-associated neurocognitive disorders (HAND) (2).
The molecular mechanisms leading to this phenomenon
remain to be elucidated. Several reports indicated that HIV-
infected macrophages and microglia produce neurotoxins (e.g.
viral and cellular proteins) that have the ability to cause neuro-
nal deregulation and to promote HAND (3, 4).
The viral protein R (Vpr) is among the released HIV-1 pro-

teins that have been considered to be deleterious to neurons;
however the molecular mechanisms involved remain unclear
(5–7). Vpr is packaged into the virion, and is essential forHIV-1
replication inmacrophages (8, 9). Infected brain cells have been
shown to release Vpr that could affects neuronal growth (10).
Vpr mediates multiple functions, including nuclear import of
the HIV-1 pre-integration complex, G2 cell cycle arrest, trans-
activation of both viral replication, and host genes and induc-
tion of apoptosis (11, 12). Vpr was also detected in a soluble
form in CSF and sera of HIV-infected patients displaying neu-
rological disorders (10). Vpr causes neuronal degeneration
both in vitro and in vivo (7, 10, 13).
A calcium channel is an ion channel, which displays selective

permeability to Ca2� ions. It is sometimes synonymous as volt-
age-dependent Ca2� channel (VDCC) (14). Activation of par-
ticularVDCCs allowsCa2� entry into the cell, which depending
on the cell type, results in muscular contraction, excitation of
neurons, up-regulation of gene expression, or release of neu-
rotransmitters. Five Ca2� channels have been identified (L,
P/Q, N, R, and T) (15). Neurons use both Ca2� influx through
plasmalemma Ca2� channels and Ca2� release from internal
stores. Intracellular Ca2� release channels are inositol 1,4,5-
trisphosphate (InsP3 orIP3)-gated, referred to as IP3 receptors
(IP3Rs) and Ca2�-gated also known as ryanodine receptors
(RyRs) (16). Cytosolic Ca2� regulates IP3Rs and RyRs channels.
Wepreviously demonstrated the ability ofVpr to depolarize the
neuronal membrane, to promote Ca2� release through L- and
P/Q-type channels and to induce Ca2� release from internal
stores such as the ER (data not shown). Perturbed Ca2� home-
ostasis can mediate cell degeneration and eventually cell death
by apoptosis (17). During normal signaling, IP3Rs-mediated
Ca2� transients may be transmitted to the mitochondria, rais-
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ing mitochondrial matrix Ca2� and enhancing mitochondrial
bioenergetics. However, excess Ca2� can lead tomitochondrial
Ca2� overload and mitochondrial dysfunction (18).

Note that mitochondria are distributed along the axon and
control ATP levels and cell-to-cell communication (19). Regu-
lation ofmitochondrial distribution is particularly important in
neurons, whose extended processes are highly dependent on
organelle transport to balance the changing energy needs of
each portion of the cell and any disturbance could lead to neu-
rodegeneration (20).
microRNAs (miRNAs) have been defined as regulators of

endogenous genes and their involvement in neurodegenerative
diseases has been previously described (21–25). In HIV-1-in-
fected cells, miRNAs have been shown to be conserved factors
whose complete suppression is incompatible with cellular via-
bility. HIV-1 can reshape the infected cells miRNAs expression
profile. One interpretation of this latter finding is that the virus
has learned to repress the expression of virus-targetedmiRNAs,
while enhancing the expression of propitious miRNAs that up-
regulate protein factors that benefit HIV-1 replication (26).
The limited information available regarding the neuropatho-

genic properties of HIV-1 Vpr and its in vivo effects gave us the
rationale to examine whether Vpr contributes to the develop-
ment of HAND and the mechanisms involved and whether
these mechanisms required the implication of miRNAs and
their target genes.

EXPERIMENTAL PROCEDURES

Cytosolic Ca2� Concentrations—The human neuroblastoma
cell line (SH-SY5Y) (13) were grown in DMEM � 10% FBS on
coverslips (25 mm diameter). SH-SY5Y was chosen because of
its ability to mirror pathways involved in neurodegenerative
process associated with HIV-E. SH-SY5Y (5 � 105) were
allowed to adhere and acclimate for 1 day prior to being treated
with 10 mM of retinoic acid (RA) (Sigma) for 4 days to induce
differentiation. For calcium measurement and mobilization,
the cells were loaded with 5 �M fura-2 AM (Fura-2 AM is a
fluorescent dye used to measure calcium concentrations inside
the cells) (Invitrogen, Carlsbad, CA) for 45min in the dark prior
toVpr treatment. Vpr proteinwas given at 10 pg/ml (equal to 10
nM). The coverslips were mounted on on the stage of an
invertedmicroscopeNikonEclipseTiE (OpticalApparatusCo.,
Ardmore, PA) as previously described (27). The ratio of the
fluorescence signals (340/380 nm) was converted to Ca2�

concentrations.
Western Blot Analysis and Antibodies—Human neuronal

SH-SY5Y cells (1 � 106) were treated with 10 pg/ml of Vpr
protein for 24 h. Cells were then harvested and resuspended in
lysis buffer as described by themanufacturer (Fermentas, MD).
Western blotting (50 �g/sample) was performed on cell lysates
24 h post-transfection or treatment as described (28). Antibod-
ies against SERP1, Drp-1, IRBIT, CREB, NEFM, Vpr, Cox IV,
and Grb2 were used to detect the level of these proteins.
Immunohistochemistry—Frontal lobe brain tissue was

banked by the Texas NeuroAIDS Research Center according to
established protocols. Cases were classified and characterized
according to the National NeuroAIDS Tissue Consortium
guidelines. HIV-positive patients with varying degrees of

dementia were selected, along with non-demented, HIV-nega-
tive controls. The formalin-fixed and paraffin-embedded tis-
sues were sectioned at 5 �m thickness and placed on electro-
magnetically charged glass slides. Sections were deparaffinized
in xylene and re-hydrated through descending grades of alcohol
up to water. Immuno-histochemistry was performed utilizing
an Avidin-Biotin-Peroxidase methodology, according to the
manufacturer’s instructions (Vectastain Elite ABC Peroxidase
kit; Vector Laboratories Inc., Burlingame, CA). Non-enzymatic
antigen retrieval was performed in citrate buffer for 30 min at
95 °C in a vacuum oven. After a 20min cooling period, sections
were rinsed with PBS and endogenous peroxidase was
quenched with 3%H2O2 in methanol for 30 min. Sections were
then rinsed with PBS, and a blocking step was performed with
normal goat serum at room temperature in a humidified cham-
ber for 2 h. Primary antibodies were incubated overnight at
room temperature and included a rabbit polyclonal anti-Vpr
(1:500 dilution, obtained through the AID Research Reagent
Program, Division of AIDS, NIAID, NIH: Antiserum to Vpr
1–46, from Dr. Jeffrey Kopp). After rinsing with PBS, sections
were incubated for 1 h at room temperature with biotinylated
anti-rabbit secondary antibodies. The tissue was subsequently
incubated with avidin-biotin-peroxidase complexes for 1 h at
room temperature according to the manufacturer’s instruc-
tions (Vector Laboratories), and finally, the sections were
developedwith a diaminobenzidine substrate (Sigma), counter-
stained with hematoxylin and coverslipped with Permount
(Fisher Scientific).
Double Labeling Immunofluorescence—Cells in culture were

fixed for 3 min in 3% buffered formalin, rinsed with PBS and
blocked wit normal horse serum for 1 h. A mouse monoclonal
anti MAP-2 antibody (1:100 dilution, Clone SMI-52, Covance,
Berkeley, CA) was incubated for 2 h at room temperature, after
which cells were incubated with a fluorescein-tagged anti-
mouse antibody for 1 h. Cells were then blocked in normal goat
serum and incubated with a rabbit polyclonal anti-CREB anti-
body (1:200 dilution, Cell Signaling) for hours. Finally cells
were incubated with a rhodamine-tagged anti-rabbit sec-
ondary antibody, cover-slipped with an aqueous-based
mounting media and visualized with an inverted fluorescent
antibody equipped with deconvolution software (Slide Book
5, Intelligent Imaging).
miRNA Array Assay—Primary human neurons (HN) pur-

chased from ScienCell Research Laboratories (Carlsbad, CA)
and SH-SY5Y neuronal cells (5 � 105) were treated with Vpr
(10 pg/ml) for 24 h. Total RNAwas isolated using Trizol (Invit-
rogen). 750 ng of total RNA was used for miRNA array analysis
using miRCURY LNATM microRNA Array, v. 11.0 (Exiqon,
Woburn, MA). In brief, RNA was labeled using the miRCURY
LNATM miRNA, Hy5 Power Labeling Kit (Exiqon) per manu-
facturer’s recommendations using Maui SC Hybridization
Chambers (BioMicro Systems, Salt Lake City, UT). Array chips
were scanned using Axon GenePix Scanner (Molecular
Devices, Downingtown, PA) and Genepix 4000 image capture
software (Molecular Devices, Downingtown, PA). Quantile
normalization was used using JMP Genomics (JMP, Cary, NC)
and differentially regulatedmiRNAwas determined. Untreated
cells were used as control.
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Genomic Gene Array and Data Analysis Methods—Gene
expression profiling was performed using the Affymetrix
GeneChip� HG-U133 set (Affymetrix, Santa Clara, CA), com-
prised of two microarrays that represent greater than 33,000
of the best-characterized human genes and almost a total of
45,000 probe sets. Labeling, hybridization and detection of
RNA were done at the Genomics Core Facility at Thomas Jef-
ferson and at HC-LITT-Harvard Universities according to rec-
ommendations byAffymetrix.Housekeeping control genes and
spike controls were routinely analyzed on the GeneChip�
microarrays to confirm the successful labeling of target RNAs.
Preliminary data analysis was performed in conjunction with
the Thomas Jefferson or Harvard Universities Bioinformatics
Program. GeneChip� array results were also correlated with
the array design and annotation information using the
NetAffxTM Analysis Center. Hierarchical cluster analysis and
heat maps were generated using Spotfire DecisionSite 7.2.
Validation of miRNAs by qPCR—miRNAs validation was

performed using Illumina qPCR machine and RNA extracted
from primary fetal neurons or human cell line as described
above. First,miRNAcDNAsynthesiswas performedusingUni-
versal cDNA Synthesis Kit (Exiqon) followed by real-time PCR
for miR-1, -7, -34a, and -96 using SYBR Green Master Mix,
Universal RT using miRNA-specific microRNA LNATM PCR
primer sets (Exiqon).
Validation of miRNA Target Gene Expressions—Real-time

PCR was performed using the following primers (purchased
from IDT): 5�-GCCGCGAAGATGGTCGCCAA and 5�-TCG-
GGGGCATTTCTCGAG GTCT as forward and reverse prim-
ers for SERP1; 5�-TGGCGCAAGCTCTACTTG and 5�-GGC-
ACTGA AGGCGATGAG as forward and reverse primers for
Orai; 5�-GTTCTCAGGTGGACCATGTC and 5�-AGT TCT-
ATCAGTGCCAAAGCC as forward and reverse primers for
IRBIT; 5�-ACTTGACCTCCCTACTGGC and 5�-TCCTCTA-
TCCCGTTGACACC as forward and reverse primers for
Drp-1; 5�-AAGTGGGAAATGGCTCGTC and 5�-TCTAGT-
CTCTTCACC CTCCAG as forward and reverse primers for
NEFM; 5�-GGCAGACAGTTCAAGTCCA TG and 5�-CGCT-
TTTGGGAATCAGTTACAC as forward and reverse primers
for CREB; 5�-TTGTGTCTCCCTTGTCCATG and 5�-GGTC-

AAATCCCTCT GAGATCC as forward and reverse primers
for STIM1; and 5�-CAGTGTCATGGTTCCTTTGC and 5�-
GTTTCATG ATAGCAAGCGGTTC as forward and reverse
primers for SIRT1. Amplifications were performed onMaster-
cycler ep realplex Thermocycler (Eppendorf, Hauppauge, NY)
using FastStart Universal SYBRGreenMaster (Roche Diagnos-
tics, Indianapolis, IN). PCR conditions for the amplifications
were 95 °C for 5 min followed by 45 cycles of 95 °C for 30 s and
60 °C for 1min. GAPDHwas used as normalizing control using
5�-GCCTTCCGTGTTCCTACC and 5�-CCTC AGTGTAGC-
CCAAGATG as forward and reverse primers.
Brain Tissues Prepared from Vpr-transgenic Mice—Vpr

transgenic mice were described previously, in which vpr was
under the control of the c-fms (M-CSF receptor) promoter,
permitting expression mainly in monocytoid cells (7, 29).
In Situ Hybridization (ISH)—miRCURY LNATM microRNA

Detection (FFPE), Optimization Kit 4 (miR-124) and has-
miR-34a detection probe (3�-amino labeled) were purchased
from Exiqon. The experiment was performed as suggested by
the manufacturer using mice brain tissue (parental and
Vpr-transgenic).
Statistics—Statistical analyses were used in all the experi-

ments using Student’s t tests, or unbalanced ANOVA analysis.
Further, each experiment was repeated 3 times where 5 differ-
ent cell fieldswere analyzed (each contains 10 cells). The results
were considered statistically significant if p � 0.01.

RESULTS

Detection of Vpr inNeural Cells in Vivo—Radiologically, pro-
gressive HIV-1 dementia is characterized by cerebral atrophy
with diffuse white matter hyper-intensity signal change that
could be observed in the bilateral peri-ventricular frontal and
parieto-occipital regions as displayed in Fig. 1A (right panel)
when comparedwith the normal control (left panel). Therefore,
we sought to determine the factors leading to this brain deteri-
oration by studying the role of HIV-1 Vpr protein and its pos-
sible involvement in such development. First, we examined the
presence of Vpr in neurons in vivo using human brain tissues
derived from AIDS patients with HIV-encephalitis. As shown
in Fig. 1B, using Vpr specific antibodies, immuno-histochemi-

FIGURE 1. Expression of Vpr in brain tissue of HIV-Encephalitis and in neuronal cells. A, axial fluid attenuation inversion recovery (FLAIR) magnetic
resonance images (MRI): without focal brain parenchymal signal abnormalities in a normal individual/patient (left panel) and demonstrating extensive,
confluent increased T2 signal in the periventricular, subcortical, and deep white matter consistent with HIV leukoencephalopathy in patient with known HIV-1
infection (right panel). B, arrows depict the presence of Vpr in different cell types of the brain, including reactive astrocytes, perivascular lymphocytes, and giant
multinucleate cells, activated microglial cells and endothelial cells. Neurons also express Vpr, preferentially neurons located right on the sites on inflammation.
C, Western blot analysis of the presence of Vpr protein in 50 �g of cytoplasmic or mitochondrial extracts prepared from SH-SY5Y cells untreated or treated with
Vpr proteins.

Involvement of Vpr in HAND

34978 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 40 • OCTOBER 7, 2011



cal experiments demonstrate the presence of Vpr in the cyto-
plasm of reactive astrocytes in sub-cortical regions of the brain,
in close proximity to areas of inflammation. Vpr is also robustly
expressed in perivascular cuffs of inflammatory cells, including
multi-nucleated giant cells, and in parenchymalmicroglial nod-
ules. Endothelial cells show intense immuno-reactivity for Vpr
in sites of inflammation. Neurons adjacent to areas of micro-
glial nodules and encephalitis showed expression of Vpr in
agreement with the data reported earlier (7, 30).
Uptake andDetection of Vpr in Neurons—Next, we sought to

confirm the presence and subcellular localization of Vpr in
human brain cells in vitro. Neuronal cell line, SH-SY5Y cells
were treated with 10 pg/ml of recombinant Vpr protein. Vpr
protein was generated using baculovirus expression system (7).
Twelve hours after Vpr treatment, the cells were thoroughly
washed to remove any traces of Vpr and then lysed. Cell
extracts were prepared and analyzed by Western blot using
anti-Vpr antibody. As shown in Fig. 1C, Vpr protein was
detected in cytoplasmic and mitochondrial extracts. To ascer-
tain equal protein loading, anti-Grb2 or Cox IV antibodies were
used. Hence, diverse cells including SH-SY5Y can take up Vpr
(31). Note that the absence of Vpr in nuclear extracts should be
further examined using additional time points.
Vpr Induces Ca2� Accumulation Inside the Cells—Next, we

examined the ability of Vpr to increase Ca2� mobilization.
SH-SY5Y cells (1 � 105) grown in serum-free media were
treated with 10 pg/ml of Vpr protein. The cells were incubated
with Fluo-2 AM and intracellular calcium was measured. As

shown in Fig. 2A, exposure of the cells to Vpr elevates [Ca2�]i
inside the cells as early as 30 s. This level keeps increasing even
at t � 30 min when compared with theMock untreated cells as
also shown in panel B. Note that the calcium level varies
between blue (basal), green, yellow, and red (highest increase).
The average cytosolic Ca2� concentration [Ca2�]i was 83 �

0.9 nM (n � 47) in Vpr-treated cells and 24 � 0.5 (n � 41) in
untreated cells (Panel C). (�[Ca2�]i nM means the difference
between basal Ca2� and max effect). Interestingly, Ca2� mobi-
lization increases simultaneously in the neurites and in the cell
body in Vpr-treated cells (panel A).
Identification of miRNAs Regulated by Vpr in SH-SY5Y Cells—

Involvement of miRNAs in other neuronal degenerative dis-
eases and the ability of Vpr to be taken up by neurons,
prompted us to examine the status of miRNAs and their target
genes inVpr-treated neurons.Neuronal cell line, SH-SY5Y,was
treated with 10 pg/ml of Vpr protein for 24 h after which, total
RNA was isolated and processed for miRNAs array assay. As
shown in Fig. 3A, several miRNAs were differentially expressed
(positively or negatively) in the presence of Vpr protein, sug-
gesting that Vpr affects miRNAs levels in these cells. Similar
results were obtained with primary human cultures of neurons
(HN) (data not shown).
The levels of the most up-regulated miRNAs were then vali-

dated by qPCR in SH-SY5Y cells treated with Vpr wild type or
its mutant (R73A). As shown in panel B, up-regulation of these
miRNAs was at least 10-fold in Vpr- (yellow) but not in R73A-
treated cells (purple) compared with the control (blue).

FIGURE 2. Vpr increases calcium concentration. A, SH-SY5Y cells were incubated with Fluo-2 AM and intracellular calcium was measured every 3 s using an
inverted microscope Nikon Eclipse TiE (Optical Apparatus Co., Ardmore, PA) as previously described (27). The ratio of the fluorescence signals (340/380 nm) was
converted to Ca2� concentrations. The figure represents a montage of images collected from cells at T � 0 s and T � 5, 10, 15, 20, 25, and 30 min. Note that the
calcium level varies between blue (basal), green, yellow, and red (highest increase). B, histogram showing calcium traces measurement in these cells. The
experiment was repeated three times with similar results. C, all measurements were performed using n � 50, and the results are statistically significant using
Student’s t test (p � 0.05). (�[Ca2�]i nM means the difference between basal Ca2� and the maximal effect.)
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Because Vpr is not the only HIV-released viral proteins, we
performed miRNA array using RNA isolated from SH-SY5Y
cells treated with either Tat or gp120 proteins (HIV-1JR-FL) or
with supernatant collected from HIV-1JR-FL-infected U937
cells. miRs-1, -7, -34a, and -96 were among the most up-regu-
lated miRNAs as confirmed by qPCR (panel C, overlapped
area).
Identification and Validation of Genes Regulated by Vpr in

Neurons—Because miRNA regulates mRNA levels of its target
genes, increased expression of certain miRNAs is expected to
be associated with a decrease in the level of its target gene(s).
Hence, we performed Gene array assay using mRNA prepared
from SH-SY5Y cells untreated or treated with 10 pg/ml of Vpr
protein for 24 h. We then investigated the levels of several
selected genes involved in neuronal regulation and also known
to bemiR-1,miR-7,miR-34a/b, ormiR-96 targets Interestingly,
Gene array assay showed that the levels of the selected genes
decreased by at least 2-fold while the levels of their associated
miRNAs increased in Vpr-treated cells compared with the

mock untreated (Table 1). Functions of the genes are listed
(right column). These results further supporting the hypothesis
that Vpr is involved in neuronal deregulation. Similar results
were obtainedwithHN cells treatedwith Vpr (data not shown).
Validation of Target Genes Expression by qPCR—Next, we

sought to validate our data using SH-SY5 cells (5 � 105) were
treated with 10 pg/ml of Vpr protein for 24 h. Total RNA was
prepared from one set (set 1) and processed for quantitative
PCR while protein extracts were prepared from the second set
(set 2) and used for Western blot analysis.
The status of five selected target genes (IRBIT, SERP1,

NEFM, Drp1 and CREB) that are known to be targeted by
miRs-1, -7, -34a, and -96was examined. These genes are known
to be involved in neuronal regulation. For example, dephosphor-
ylation and inhibition of the IP3R-binding protein (IRBIT)
released with IP3 leads to Ca2� release from the ER and causes
aberrant neuronal regulation (32), while the stress-associated
endoplasmic reticulum protein 1 (SERP1) has been shown to
stabilize ERmembrane proteins during stress (33) and protects
unfolded target proteins against degradation during ER stress.
Similarly, maintaining the proper axon diameter size is essen-
tial for the conduction of nerve impulses (34). Further, distri-
bution of the mitochondria inside the axon is essential to
control ATP levels and cell-to-cell communication. The neuro-
filament medium polypeptide (NEFM) (35) protein and the
Dynamin-related Protein (Drp-1) (36) are the main proteins
involved in these events. Finally, ER stress activates CREB
through TOX3 while CREB is a target gene of miR-34a and
involved in neurites growth and synaptic plasticity (14).
As shown in Fig. 4, the RNA and protein levels of IRBIT,

SERP1, NEFM, Drp-1 and CREB decreased, as measured by
qPCR (panel A) and Western blot (panel B), respectively, in
Vpr-treated cells when compared with the controls untreated.
These results point to the ability of Vpr to cause ER stress, to
promote ER Ca2� release, and to affect mitochondrial distri-
bution. Differences in the levels of expression of these pro-
teins were further evaluated by densitometry analysis using
EZQuant-Gel software Software. As shown in panel C, the
proteins levels decreased in Vpr-treated cells compared with
untreated cells.
To further validate our observations, we performed an

immunohistochemistry assay using brain tissues prepared from
control parental or Vpr-transgenic mice (7). As shown in Fig.
4D, Vpr reduces the levels of CREB protein (rhodamine) and
promotes its translocation to the nucleus of the cellswhen com-
pared with the control. MAP-2 (fluorescein) was used to dem-

FIGURE 3. miRNAs levels in Vpr-treated cells. A, list of the miRNAs that are
differentially expressed (	 2 � fold) in Vpr-treated SH-SY5Y cells. B, fold
changes of 4 selected miRNAs in Vpr-treated cells compared with the control
obtained by qPCR. The experiment was repeated three times, the results are
statistically significant using Student’s t test (p � 0.05 is indicated by ** com-
pared with the mock control group [one-way analysis of variance and ANOVA
Test]). C, Venn diagram of the overlap of the most differentiated miRNAs in
cells treated with Vpr, Tat, gp120 proteins, or with supernatant from HIV-1-
infected U-937 cells. The miRNAs differentially expressed are depicted in the
overlapping area of the four circles.

TABLE 1
Status of selected target genes in Vpr-treated cells
SH-SY5Y cells were treated with 10 pg/ml of Vpr for 24 hours, after which the RNA was isolated and subjected to gene array assay (Only selected affected genes and their
associated miRNAs are shown).

miRs Genes Functions

miR-1 SERP1 (Stress-associated endoplasmic reticulum protein 1) Stabilizes ER membrane during stress
miR-7 NEFM (Neurofilament medium polypeptide) Nerve functions and maintaining axonal diameter
miR-34a/b Drp-1 (Dynamin-related protein) Mitochondrial distribution inside the axon & divisior

CACNB1 (Voltage-dependent l-type Ca2� channel subunit �-1) Controls Ca2� release
SIRT-1 (Sirtuin) Synaptic plasticity and neurons protection
STIM1 (Stromal interaction molecule 1) Control Ca2� Influx
CREB (cAMP response element-binding) Transcription factor

miR-96 IRBIT (IP(3)R-binding protein released with IP(3)) Control Ca2� release from the ER
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onstrate the neuronal nature of the cells and DAPI (blue) was
used to highlight the nuclei.
Is the Effect of Vpr Time-dependent?—It is well known that

miRNAs can be deregulated as soon as a stimulus is introduced.
Thus, we examined whether deregulation of the miRNAs and
their target genes is time-dependent. SH-SY5Y cells were
treated with 10 pg/ml of Vpr protein for 3, 6, 12, and 24 h. RNA
was prepared, the levels of the 4 selected miRNAs (Fig. 5A) and
their target genes (panel B) were measured by qPCR. Vpr
increases the levels of miRNAs as early as 3 h to reach a peak at
24 h before start declining (data not shown). miR-1 presents an
exception where the highest increase was observed at 12 h. The
levels of the target genes start decreasing as of 3 h to reach a
peak at 24 h (panel B).
The Effect of Vpr ismiRNA-dependent—Induction of the spe-

cific miRNAs by Vpr and inhibition of their target genes
prompted us to examine the status of the target genes in the

absence of their associatedmiRNAs. SH-SY5Y cells were trans-
fectedwith anti-miR-34a for 24 h, then treatedwith 10 pg/ml of
Vpr protein. Total RNA was isolated and the levels of selected
genes that are regulated by miR-34a were examined by qPCR.
As shown in Fig. 6A, Vpr decreased the mRNA levels of these
genes (red) in the presence of miR-34a but not in its absence
(yellow). Interestingly, the RNA levels of these genes did
increase in cells transfected with anti-miR-34a (green),
which corroborate with previous data regarding the ability of
anti-miR34a to rescue the cells from apoptosis and to up-
regulates miR-34a target genes (37). These results placed
miR-34a as a major player involved in neuronal deregulation
induced by Vpr.
To further confirm this hypothesis, we performed in situ

hybridization (ISH) assay to examine the status of miR-34a in
vivo in the brain of Vpr transgenic mice. ISH of brain tissues
prepared from control or Vpr-transgenicmice showed that Vpr

FIGURE 4. miRNAs and their target genes levels in Vpr-treated cells. A and B, qPCR and Western blot analysis point to the ability of Vpr to decrease the RNA
and proteins levels of IRBIT, SERP1, NEFM, Drp-1, or CREB. Anti-IRBIT, -SERP1, -NEFM, -Drp1, -CREB, -Grb-2, or -Cox IV antibodies were used as indicated. Fold
changes are displayed as histograms. The experiment (qPCR) was repeated three times, and the results were analyzed by Student’s t test statistical significance
level, p � 0.05 is indicated by ** compared with the mock control group (one-way analysis of variance and ANOVA test). C, histogram represents the variations
in the target genes levels obtained by Western assays and measured relatively to Grb2 or cox IV (for Drp-1) using densitometric analysis (EZQuant-Gel software);
the control (Mock) was set arbitrarily at 100%. D, distribution of CREB protein (red) in the brain of Vpr-transgenic mice compared with the control mice. MAP-2
(green) and DAPI (blue) staining were used as a control.

FIGURE 5. Vpr deregulation of miRNAs and genes is time-dependent. RNA fold changes of selected miRNAs (A) or genes (B) in Vpr-treated SH-SY5Y cells
using time point (3, 6, 12, and 24 h) compared with control (Mock) obtained by qPCR. Each experiment was repeated three times, the results were analyzed by
Student’s t test statistical significance level, p � 0.05 is indicated by ** compared with the mock control group (one way analysis of variance and ANOVA test).
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increases the levels of miR-34a in vivowhen compared with the
control parental mice (panel B, arrow).

In parallel, we examined whether inhibition of miR-34a
restores neurites length and thus neuronal communication
especially since miR-34a target genes: SIRT1 and CREB are
involved in this phenomenon. Addition of Vpr protein to
SH-SY5Y cells causes neurites retraction and only 20–30% of
cell death when compared with the mock-untreated cells.
Interestingly, Vpr protein failed to affect the neurite lengths in
the presence of anti-miR-34a (panel C).
Validation of the Data in HNCells—Because Vpr is not the

only HIV-1 secreted protein, we decided to examine its effect
on the four selected miRNAs and their target genes when
secreted from HIV-1 infected cells. We also sought to vali-
date our data using primary human cultures (HN) treated
with recombinant Vpr protein. To that end, SH-SY5Y cells
were treated with supernatant prepared from HIV-1-in-
fected U-937 cells while HN cells were treated with 10 pg/ml
of Vpr protein. Twenty-four hours later, RNA was isolated
and used for qPCR assay. As expected, an increase in the
levels of the four selected miRNAs and a decrease in the
levels of the target genes were observed in both cell types
when compared with the mock (Table 2). The mock
(untreated cells) and GAPDH were set at 1. These results
confirm the ability of recombinant and/or secreted Vpr pro-
teins to promote neuronal deregulation. These results also
proved that SH-SY5Y cell line is a good model to be used in
future studies.

DISCUSSION

In this study, we demonstrated the ability of HIV-1 Vpr to
cause neuronal deregulation through a pathway that is
miRNAs-dependent. First, we identify the miRNAs and their
target genes affected by the presence of Vpr in human neurons
(primary cultures and cell line) and later we validated the levels
of these miRs and genes by qPCR, Western blot and immuno-
staining assays.
Previous studies demonstrated the ability of Vpr and/or

miRNAs to cause neuronal deregulation, separately. However,

FIGURE 6. Vpr failed to affect selected genes in the presence of anti-miR-34a. A, qPCR results point to the ability of Vpr to decrease the RNA levels of Drp-1,
IRBIT, SERP1, CREB, SIRT1, and STIM1 in the absence of anti-miR-34a (red) but not in its presence (yellow) as indicated. Fold changes are displayed as histograms.
The experiments were repeated three times, and the results were analyzed by Student’s t test statistical significance level, p � 0.05 is indicated by ** compared
with the mock control group. B, distribution of miR-34a in the brain of Vpr-transgenic mice (arrow) compared with the control mice. miR-34a localizes more to
the cortical region in these mice. C, neuronal processes were affected by Vpr and restored in the presence of anti-miR-34a.

TABLE 2
Effect of Vpr on selected genes in HN and in vivo
qPCR results point to the ability of Vpr protein (recombinant or secreted) or the
supernatant from infected cells to increase the levels of the selected miRNAs in HN
and SH-SY5Y cells. Vpr also decreases the RNA levels of several target genes in the
same samples as indicated. The experiment was repeated three times. The results
are statistically significant using Student’s t test (p � 0.05 compared with the mock
control group (one-way analysis of variance & ANOVA test)).

miRNA HN cells
SH-SY5Y treated with

sup from HIV

miR-1 12.35 � 3.87 11.34 � 4.01
miR-7 14.96 � 3.60 15.53 � 4.88
miR-34a 43.56 � 9.08 28.62 � 6.27
miR-96 31.82 � 11.24 19.56 � 5.42

Gene HN cells
SH-SY5Y treated with

Sup from HIV

IRBIT 0.478 � 0.031 0.328 � 0.015
SERP1 0.313 � 0.029 0.435 � 0.026
NEFM 0.603 � 0.048 0.612 � 0.031
CREB 0.344 � 0.025 0.321 � 0.037
Drp-1 0.557 � 0.030 0.358 � 0.043
STIM1 0.166 � 0.009 0.310 � 0.027
SIRT1 0.626 � 0.053 0.538 � 0.049
IP3R 0.555 � 0.035 0.479 � 0.042
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the exact relation betweenVpr-miRNAs and neuronal dysfunc-
tion was not investigated. To that end, we sought to decipher
this relation and examine whether this interplay is involved
in the development of HAND. The ability of Vpr to cause neu-
ronal deregulation was examined by several laboratories
including ours, however the molecular mechanisms involved
were unclear. Vpr was shown to disturb neuronal Ca2� home-
ostasis through down-regulation of endogenous PMCA (13), to
inhibit axonal growth through induction of mitochondrial dys-
function (10) and to induce apoptosis in CNS cells in vitro and
in vivo (38). Vpr was shown to perform these functions through
a domain that encompasses amino acids 70 to 96 (C-terminal
domain) (39). The expression of Vpr in the neurons of HIV-1
infected patients with encephalitis (HIVE) was also described
(7). However, these published studies lack mechanistic expla-
nations for the observed phenomena.
Similarly, small RNA in general and miRNAs in particular

has been described to be involved in neuronal deregulation and
in the development of neurodegenerative diseases. In this
regard, miRNAs have been shown to be involved in psychiatric
disorders (40) such as schizophrenia and bipolar disorders (41).

Further, the link between miRNAs and neurodegenerative dis-
eases such as Alzheimer disease, Huntington disease, and Par-
kinson disease is becoming increasingly evident (42, 43).
miRNAs were also shown to be involved in the pathogenesis of
neuroblastoma and astrocytoma (44, 45).
Strikingly, miR-34a is among the miRNAs involved in

these events. Identified by Welch et al. (46), miR-34a was
shown to be involved in cell cycle progression, cellular senes-
cence and apoptosis; however its targets (in addition to the
ones described in this study) remain to be defined. Among
miR-34a targets, p53 and SIRT1 were the most studied and
shown to be involved in apoptosis or cell survival (47). miR-
34a was recently shown to behave like a tumor suppressor in
brain tumors and glioma stem cells (48). In addition to its
involvement in tumors, miR-34a was also shown to play a
role in neurodegenerative diseases and psychiatric prob-
lems. In fact, miR-34a was demonstrated as one of the
miRNAs involved in mood disorders (40), schizophrenia and
bipolar disorders (41), and Alzheimer disease (49). miR-34a
was also shown to be functionally linked to Bcl-2 down-reg-
ulation. miR-34a was suggested to down-regulate the Bcl-2

FIGURE 7. Schematic representation of the proposed pathways used by Vpr to promote neuronal degeneration. Vpr could disturb calcium balance by
affecting L- or P/Q-type calcium channels through a signaling pathway, yet to be identified that could lead to miRNAs deregulation and eventually neuronal
dysfunction. Vpr can also be taken up by neurons and can affect miRNAs level directly which leads to neuronal dysfunction. Our results point to the ability to
induce both pathways.

TABLE 3
Deregulated genes involved in calcium homeostasis in Vpr-treated SH-SY5Y cells
The table represents some of the cellular genes that are differentially expressed in Vpr-treated neurons and involved in calcium regulation.

Genes Name Function

GRIN1 Glutamate 
NMDA� receptor subunit zeta-1 Ca2� ion homeostasis
HRC Sarcoplasmic reticulum histidine-rich Ca2�-binding protein Ca2� ion homeostasis
ATP2A1 Sarcoplasmic/endoplasmic reticulum calcium ATPase 1 Calcium ion import
CACNA1A Voltage-dependent P/Q-type Ca2� channel subunit �-1A Calcium ion transport
CACNA1F Voltage-dependent l-type calcium channel subunit �-1F Calcium ion transport
CACNA1S Voltage-dependent l-type calcium channel subunit �-1S Calcium ion transport
CACNB1 Voltage-dependent l-type calcium channel subunit �-1 Calcium ion transport
GRIN3A Glutamate 
NMDA� receptor subunit 3A Calcium ion transport
STIM1 Stromal interaction molecule 1 Calcium ion transport
STIM2 Stromal interaction molecule 2 Calcium ion transport
TPCN2 Two pore calcium channel protein 2 Calcium ion transport
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promoter by preventing the phosphorylation of CREB (14),
which corroborate our data.
Interestingly, while we demonstrated that the level of miR-

34a increases in Vpr-treated neurons and in neurons treated
with supernatant prepared from HIV-1-infected U-937 cells,
this level decreases in PBMC isolated from HIV-1-infected
patients (50). The difference is mainly due to the fact that
PBMC, and not neurons, can be infected with HIV-1. This
observation further establishes the relation between the
miRNAs (mainly miR-34a), Vpr, and neuronal regulation. Fur-
thermore, the ability of Vpr to indirectly inhibit miR-34a target
genes and renders them inactive, led us to conclude that Vpr is
using thismechanistic pathway to cause neuronal deregulation,
neuronal loss, and eventually the development of HIV-1-asso-
ciated cognitive disorders (HAND).We also demonstrated that
such a phenomenon could be prevented in the presence of anti-
miR-34a. These results confirm our hypothesis regarding
involvement of miRNAs in neurodegenrative diseases and lead
to the conclusion that the next challenge is to translate these
data into therapeutic intervention to prevent the development
of HAND.
Alternatively, our results raised a challenging question

regarding the ability ofHIV-1 proteins (e.g.Vpr) to play a role in
neuronal deregulation in the HAART era. The answer to this
highly challenging question and the pathways involved in the
development of HAND, besides the one studied here, remain
unclear. Nevertheless, there are compelling neuropathological
data showing that the HAND disease process occurs with the
ongoing presence of virus and despite the therapy, HAND
remains very prevalent (51–53). On the other hand, in a recent
study, it was described that HIV-1 infects multipotent hemato-
poietic stem and progenitor cells. These cells allow the virus to
hide and to be reactivated and re-infect additional cells even in
the HAART era (54). Although the reasons for the reactivation
of latent viruses are unclear, the Siliciano group describes that
deregulation of miRNAs could lead to latent HIV-reactivation
(53). As a result, it is expected that viral proteins released by
latent reactivated viruses continue to play a role along with
miRNAs in the development of HAND.
In summary, thoughwe demonstrate thatVpr is able to affect

neuronal dysfunction by alteringmiRNAexpressions, the path-
way used by Vpr needs to be further evaluated. It may be that
the increased expression ofmiR-34amay simply be the result of
theCa2�mobilization since thatmobilizationmediates numer-
ous signaling pathways (Fig. 7). To clarify this hypothesis, we
examined the target genes involved in calciumhomeostasis and
deregulated in neurons in the presence of Vpr. As shown in
Table 3, gene array data point to the ability of Vpr to affect the
expression levels (positively or negatively) of several genes
involved in calcium homeostasis, further demonstrating the
role Vpr plays in altering the cell’s calcium homeostasis/mobi-
lization. These results led us to suggest the presence of a tight
link between Vpr-calcium release and the development of
HAND (Fig. 7). However, considering that several studies have
shown how Vpr can also affect signal transduction pathways,
elucidating the exact pathway that soluble Vpr hijacks in neu-
rons may prove useful in understanding HAND and may pro-
vide novel therapeutic targets.
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