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Individuals who are infected with HIV-1 accumulate damage
to cells and tissues (e.g. neurons) that are not directly infected by
the virus. These include changes known as HIV-associated neuro-
degenerative disorder (HAND), leading to the loss of neuronal
functions, including synaptic long-term potentiation (LTP). Sev-
eral mechanisms have been proposed for HAND, including direct
effects of viral proteins such as the Tat protein. Searching for the
mechanisms involved, we found here that HIV-1 Tat inhibits E2F
transcription factor 3 (E2F3), CAMP-responsive element–binding
protein (CREB), and brain-derived neurotropic factor (BDNF) by
up-regulating the microRNA miR-34a. These changes rendered
murine neurons dysfunctional by promoting neurite retraction,
and we also demonstrate that E2F3 is a specific target of miR-34a.
Interestingly, bioinformatics analysis revealed the presence of an
E2F3-binding site within the CREB promoter, which we validated
with ChIP and transient transfection assays. Of note, luciferase
reporter assays revealed that E2F3 up-regulates CREB expression
and that Tat interferes with this up-regulation. Further, we show
that miR-34a inhibition or E2F3 overexpression neutralizes Tat’s
effects and restores normal distribution of the synaptic protein
synaptophysin, confirming that Tat alters these factors, leading to
neurite retraction inhibition. Our results suggest that E2F3 is a key
player in neuronal functions and may represent a good target for
preventing the development of HAND.

One of the major issues associated with HIV-1 brain invasion is
the increased incidence of neurite retraction (1, 2). This event was
observed even in the presence of combination antiretroviral ther-
apies. Neurite retraction is the result of secondary complications
such as HIV-associated dementia, mild neurocognitive disorder,
and asymptomatic neurocognitive impermanent, with HIV-asso-
ciated dementia being the most severe and asymptomatic neuro-

cognitive impermanent being asymptomatic but with pronounced
physiological changes in the central nervous system (3).

The exact molecular mechanisms leading to neurite
retraction are not fully understood. Several reports indicated
that HIV-infected macrophages and microglia produce neurotox-
ins (e.g. viral proteins) that have the ability to cause neuronal dereg-
ulation. Tat is among the released viral proteins that have been
considered to be deleterious to neurons; however, the mechanisms
used by Tat to cause neurodegeneration remain unclear (4, 5).

The transactivator regulatory (Tat) protein has been impli-
cated in the pathophysiology of the neurocognitive deficits
associated with HIV infection (6). This is the earliest protein to
be produced by the proviral DNA in the infected cell. The protein
not only drives the regulatory regions of the virus but may also be
actively released from infected astrocytes and microglia cells and
interacts with the cell surface receptors of neighboring uninfected
neuronal cells in the brain, leading to cellular dysfunction. It may
also be taken up by these cells (7, 8) and can activate a number of
host genes (9, 10). Additionally, Tat production is not impacted by
the use of antiretroviral drugs once the proviral DNA has been
integrated within the host cell genome. In adult animals, Tat
affects pre-attentive processes and spatial memory. Tat-trans-
genic model are marked by glial cell activation and neuronal loss
(11). In animals, Tat causes loss of selective populations of neurons
in vitro and in vivo (12). Regions particularly susceptible to Tat
neurotoxicity include the striatum, the dentate gyrus, and the CA3
region of the hippocampus (13, 14). Further, neuropathological
studies from patients with HIV infection show a preferential loss of
neurons in the dentate gyrus and striatum (15). Tat also depolar-
izes the neuronal cell membrane when applied extracellularly to
outside-out membrane patches providing strong evidence for
direct excitation of neurons on the cell surface.

Tat induces dramatic increases in levels of intracellular Ca2� in
neurons followed by mitochondrial Ca2� uptake, generation of
ROS, activation of caspases, and eventually neuronal deregulation.
These include alteration of synaptic plasticity and suppression of
long-term potentiation (LTP),4 leading to premature brain aging.
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The exact molecular mechanisms used by Tat to perform these
functions are not well understood and remain to be studied.

We recently demonstrated that neuronal deregulation in
Tat-treated cells is microRNA-dependent (5). Using human
neuron cells, we showed that Tat up-regulates the expression of
miR-34a and down-regulates the expression levels of CREB and
brain-derived neurotropic factor (BDNF) proteins; both factors
play a key role in LTP (16, 17). In this regard, it has been shown
that the expression pattern of BDNF, a direct transcriptional
target of CREB, has been altered not only in HIV mouse
model and HIV-associated neurodegenerative disorder (HAND)
human brain sections postmortem, but in other neurological
paradigms as well, which shows the fundamental significance of
this pathway in neuronal cell survival and LTP (18). Intrigu-
ingly, neither protein (CREB or BDNF) is a direct target of miR-
34a, which points to the existence of an intermediate transcrip-
tion factor that is under the direct regulation of miRNA-34a
and is a positive regulator of CREB. This could also mean that
Tat decreases expression levels of these two proteins through
an alternative mechanism that yet remains to be determined.

Here, we showed that Tat is using miR-34a and its down-
stream target E2F3 to inhibit CREB and BDNF protein func-
tions. We also demonstrated, for the first time, that E2F3 pro-
tein is a positive regulator of the CREB promoter. Remarkably,
this functional interplay between Tat, miR-34a, and E2F3 was
enough to cause alteration of synaptophysin distribution, lead-
ing to neurite retraction and eventually to LTP inhibition.

Results

HIV-1 Tat protein has been shown to be associated with neu-
ronal dysfunction; however, the exact mechanisms involved are
not fully understood. In this regard, we previously demon-
strated the ability of Tat to induce changes in miRNA expres-
sion in neuronal cells leading to the deregulation of expression
levels of several cell factors implicated in LTP and long-term
depression, such as CREB and BDNF. Here, we aimed to deci-
pher the mechanisms leading to neurite retraction by focusing
on the CREB-BDNF pathway.

HIV-Tat protein induces neurite retraction

First, we assessed the effect of extracellular Tat on intracel-
lular calcium secretion. Human neuronal cells, SH-SY5Y (1 �
105), grown in serum-free medium, were treated with 10 nM

(final concentration) recombinant Tat protein for 30 min. The
cells were incubated with Fluo-3, and intracellular calcium was
measured every 3 s using confocal microscopy (Fig. 1A). Within
seconds, Tat addition led to a dramatic increase of intracellular
calcium [Ca2�]. A montage of calcium increase is displayed in
Fig. 1B.

It has been shown that calcium is involved in many intracel-
lular and extracellular process such as synaptic plasticity and
cell-to-cell communication (19). Further, calcium channel
antagonists have been shown to play a role in preventing neu-
ronal damage (20, 21). Therefore, we examined whether Tat-
induced [Ca2�] can lead to neurite damage. We recorded in a
live cell setting the ability of the cells to branch out and to
communicate with other neurons. This was followed by mea-
surements of the actual surface area covered by SH-SY5Y cells

that were seeded in duplicate (mock untreated or treated with
Tat) in �40% confluences in differentiating medium. The cells
were monitored for 20 h prior to the addition of 10 ng/ml
recombinant Tat protein and then monitored for an additional
12 h. Automatic bright field contrast–snap shot images were
taken every 30 min to evaluate the status of neurite outgrowth
progression. As shown in Fig. 1C, measurement of the covered
area revealed that the addition of Tat resulted in neurite retrac-
tion and a decrease of the covered area that lasted until the 32nd
hour followed by a modest recovery when compared with the
mock untreated.

Similarly, using primary mouse neurons isolated from the
hippocampal area of embryonic day 18 pups, we showed that
the addition of Tat protein led to neurite retraction when com-
pared with the mock untreated neurons (Fig. 1D). The experi-
ments in C and D were repeated three times each, and the
results were analyzed using an ANOVA test (p � 0.05 and
0.001, respectively).

These results provided the rationale to examine the func-
tional impact of this deregulation on neurite stability. It has
been shown that synaptogenesis and the stability of synapses
are key players for proper neuronal function, signal transfer and
LTP (22). Therefore, we attempt to visualize and quantify the
synaptic formation. Using the Cell Light transduction system
(Life Technologies, Inc.), we transduced an RFP-tagged synap-
tophysin (MOI 5) into primary mouse neurons (mock and/or
treated with Tat). Synaptophysin visualization is used as a
marker for synaptic structures (23). As shown in Fig. 2A, there
were significantly fewer synaptophysin puncta (red), corre-
sponding to synaptic endings, in Tat-treated mouse neurons
compared with mock treatment. Nuclei were stained with
DAPI (blue). Additionally, a clear and obvious morphologi-
cal change was observed in cells treated with Tat when com-
pared with the mock untreated. Quantification of the posi-
tive puncta revealed a significant decrease at 24 h after Tat
treatment (Fig. 2B) without affecting the size of the synaptic
vesicles (Fig. 1C).

To further confirm this observation, we examined the status
of Reelin protein (RELN) in Tat-treated cells. Reelin is a protein
that regulates dendrite growth and controls cell-to-cell interac-
tions during development (24). In adult brain, Reelin modulates
synaptic plasticity by enhancing the induction of the LTP (25).
Reelin loss or inhibition was shown to be associated with other
diseases, such as schizophrenia (26). Therefore, we measured
the expression of Reelin in Tat-treated SH-SY5Y cells. Twenty-
four hours post-treatment, RNA was collected and subjected to
quantitative PCR (qPCR). As shown in Fig. 2D, the addition of
Tat decreases the level of Reelin by almost 50% when compared
with the mock untreated. These results confirmed our observa-
tion and hypothesis regarding the ability of Tat to cause neurite
retraction.

HIV-1 Tat down-regulates expression levels of CREB and BDNF

Neurite elongation is normally associated with activation
and accumulation of the cytoskeleton component tubulin, and
neurotropic factors, such as BDNF protein (27). Further, it has
been shown that neuronal development and regulation of LTP
and LDP depend on the functions of several transcription fac-
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tors, such as BDNF and CREB proteins (28). Note that BDNF is
a downstream target of CREB with multiple alternative tran-
scription start sites, which are ultimately spliced to a single
functional mature BDNF protein, and that exons I and IV of
BDNF gene are transcriptional targets of CREB protein (29, 30).

These observations gave us the rationale to further study the
impact of Tat on neuronal functions. Using qPCR, we examined
expression levels of BDNF transcripts in Tat-treated SH-SY5Y
cells. Quantitative RT-PCR analysis revealed that only exon
IV, but not exon I, of the BDNF gene produced a transcript

(Fig. 2E). As expected, BDNF-IV level decreases in Tat-treated
cells at 24 h; however, it recovers at 48 h, which could be due to
the half-life of Tat protein. These results agree with the axonal
surface assay presented in Fig. 1C.

Next, we examined the level of CREB mRNA and protein in
differentiated and treated SH-SY5Y cells. Similar to BDNF, the
CREB level decreases in Tat-treated cells at 24 h and recovers at
48 h (Fig. 2F); however, CREB protein expression did not
recover at 48 h as obtained by a Western blotting assay (Fig.
2G).

Figure 1. Tat promotes neurite retraction. A, calcium levels in Tat-treated neurons. SH-SY5Y cells were incubated with Fluo-3 (Molecular Probes, Inc.), and
intracellular calcium (green) was measured every 3 s using confocal microscopy. B, montage of images collected from cells at different time points. All
measurements were performed using n � 100, and the results are statistically significant using Student’s t test (p � 0.05). C, SH-SY5Y cells were seeded at 40%
confluence in 6-well plates with 10 �M retinoic acid medium. D, neurite lengths were measured in primary mouse neurons isolated from the hippocampal area
of embryonic day 18 pups treated with Tat protein. Plates in C and D were placed on a live cell imaging station, and bright field contrast images from the same
field were acquired every 30 min (C) or 12 h (D), respectively. Images were analyzed with ImageJ software, and the surface area covered by the cells was
normalized against the total number of the cells in each of the time points. The experiment was repeated with Tat-supplemented medium added at the 20th
hour in C or at 0 h in D. The experiments were repeated at least two times; the results were analyzed by Student’s t test; and statistical significance level (p � 0.05)
is indicated by an asterisk, compared with the mock control group (one-way ANOVA test).
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Additionally, CREB protein depends on its ability to bind to
the DNA (the promoter of the host gene) and not its increase/
decrease in protein expression. CREB binding is ensured by the
phosphorylation of its Ser-133 residue (31). Therefore, we
determined whether the addition of HIV-1 and/or Tat protein
affects CREB phosphorylation. Using a primary human culture
of astrocytes, the cells were either infected with HIV-1 JR-FL
strain for 10 days or treated with Tat protein for 48 h. The cells
were collected, and the extracts were collected, where 50 �g of
proteins were subjected to Western blot analysis using anti-
CREB (total or phosphorylated Ser-133) and anti-GAPDH anti-
bodies. As shown in Fig. 2H, infection of cells with HIV-1JRFL or
the addition of Tat protein led to a decrease in expression of
total and/or phosphorylated CREB protein. Taken together,
these results suggest that Tat protein can promote neurite
retraction through reduction of CREB and BDNF expression
levels.

Tat reduces CREB expression through E2F3

Because it is a downstream target of CREB protein, it is nor-
mal to observe a reduction in BDNF level if CREB is inhibited.
However, one may question the mechanisms involved in CREB

inhibition. In this regard, we previously demonstrated that up-
regulation of miR-34a in Tat-treated SH-SY5Y leads to the
inhibition of CREB mRNA and protein (5). It is well-known that
miRNAs exhibit their function through partial complementary
sequences located at the 3�-UTR of their target’s mRNA. Those
sequences are commonly referred to as seeds, and if miR-34a
affects CREB expression, then it is logical for CREB 3�-UTR
to contain miR-34a seeds. Unfortunately, neither bioinfor-
matics analysis of the CREB 3�-UTR mRNA nor a literature
search revealed or described such a site that could support
our hypothesis.

Hence, we suspected the presence of an intermediate fac-
tor(s). To that end, we performed a CREB promoter analysis
using ECR Browser for transcription factor– binding sites. The
analysis displayed three highly conservative binding sites for
Sp1, Egr, and E2F3 transcription factors (Fig. 3A). Sp1 binding
to the CREB promoter was described previously (32), whereas
EGR and E2F3 putative binding sites were only predicted. Fur-
ther, TargetScan analysis of the 3�-UTR of the three transcrip-
tion factors (Sp1, Egr, and E2F3) revealed that only E2F3 con-
tains seed for miR-34a (Fig. 3B, yellow box). Furthermore, E2F3
has been shown to be a direct target of miR-34a, and the

Figure 2. Tat alters the number and distribution of synaptophysin and expression levels of Reelin, CREB, and BDNF. A, representative images of
synaptophysin vesicles (red) distribution in mouse primary neurons with or without Tat protein. Synaptophysin was expressed using Cell Light transduction at
MOI 5. Tat protein or mock treatment was added 24 h after the transduction. Images of live cells were acquired at 24 h after Tat addition. DAPI (blue) was used
to stain the nucleus. B and C, synaptophysin vesicle number and size were assessed using ImageJ for each condition. Images from at least 10 different fields
were taken for statistical analysis. D–F, -fold changes of three selected genes (Reelin, BDNF, and CREB) involved in neurite retraction in Tat-treated SH-SY5Y cells
compared with mock untreated obtained by qPCR. -Fold changes are displayed as histograms. Only 10 pg/ml rTat was used for treatment. D, Reelin; E, BDNF;
F, CREB. Statistical analysis of parameters was performed using the one-way ANOVA test, followed by the unpaired Student’s t test, with a p value less than 0.05
(as indicated by the asterisk) considered statistically significant. SH-SY5Y cells (5 � 105) (G) or primary human astrocytes (H) were treated with 10 pg/ml Tat
protein for 48 h. Protein extracts were prepared from the cells or from primary astrocytes and used for Western blotting. Anti-CREB, -phospho-CREB(Ser-133),
-Grb2, and -GAPDH antibodies were used as indicated.
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functional relationship between E2F3 and miR-34a has been
established (33). Hence, we sought to examine whether
decreased expression of CREB in Tat-treated cells is E2F3–
and/or miR-34a– dependent.

To that end, we tested the impact of Tat protein on E2F3
expression in SH-SY5Y cells. Western blot analysis showed
that the addition of Tat led to a decrease in E2F3 expression
(Fig. 3C). GAPDH was used as a control for equal protein
loading.

To further confirm the involvement of E2F3 in Tat-induc-
ing CREB down-regulation, we performed a ChIP assay to
examine the ability of E2F3 to bind to the predicted region of

the CREB promoter. SH-SY5Y cells were transfected with
E2F3-HA–tagged expression vector for 24 h, and then the
cells were subjected to a ChIP assay. To discriminate against
any nonspecific signal from the total E2F3-specific antibody,
HA antibody was used. Several primers, covering three dif-
ferent regions from the CREB promoter, as displayed in Fig.
3D and described under “Experimental procedures,” were
used. As expected, untransfected or Tat-treated cells exhibit
low or no binding, confirming the specificity of the antibody
(Fig. 3D). E2F3 was able to interact with the �1 region of the
CREB promoter and not with the other two regions that do
not contain an E2F3-binding site. Efficiency of transfection

Figure 3. Identification of E2F3 as a new regulator of the CREB promoter. A, schematic representation of the CREB promoter. The potential binding sites are
also shown. The presence of binding sites was verified using the literature and ECR Browser analysis for highly conserved putative binding sequences. B,
schematic display of the 3�-UTR of known CREB, Sp1, or predicted Egr and E2F3 transcription factor mRNAs analyzed for potential miRNA-34a seeds (yellow box).
C, Western blot analysis points to the ability of Tat to increase protein levels of E2F3 but not E2F1 in differentiated SH-SY5Y cells. Anti-E2F1, -E2F3, and -GAPDH
antibodies were used as indicated. D, schematic representation of the CREB promoter with the positions of the various primers used for the ChIP assay. Binding
of E2F3 to CREB DNA is also shown. Extracts prepared from SH-SY5Y cells transfected with plasmid expressing HA-E2F3 expression plasmid and then treated
with Tat protein were subjected to a ChIP assay to evaluate the association of E2F3 with the CREB promoter DNA. Inset, transfection efficiency of the
pcDNA-E2F3-HA plasmid at 24 h post-transfection. E, differentiated SH-SY5Y cells were transfected with 0.1 �g of CREB-luciferase (full-length or mutant) alone
or in combination with 0.25 �g of E2F3 and/or Tat expression plasmids for 48 h. The cells were lysed and subjected to a luciferase assay. The experiment was
repeated three times using different DNA preparations. The amount of DNA in each transfection mixture was normalized with pcDNA3. F, -fold changes of CREB
gene mRNA in SH-SY5Y cells transfected with E2F3 expression plasmid with or without Tat protein compared with mock untreated as obtained by qPCR. The
experiment was repeated three times, and the results were statistically significant using Student’s t test (p � 0.05) compared with the mock control group. G,
following the same procedure as in Fig. 1C, surface area measurements of cells transfected with E2F3 expression plasmid with or without Tat protein compared
with the mock untransfected and untreated.
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was controlled using GFP fluorescent plasmid (Fig. 3D,
inset).

Next, we determined the ability of E2F3 to regulate the CREB
promoter in the presence and absence of Tat. Using CREB-Luc
full-length and mutant (where the E2F3 binding site was
mutated; see “Experimental procedures”) reporter plasmids,
SH-SY5Y cells were transfected with 0.1 �g of CREB-Luc (FL or
mutant) along with 0.25 �g of CMV-Tat and/or E2F3 expres-
sion plasmids. Luciferase assay results showed that the addition
of Tat down-regulates the CREB promoter, whereas overex-
pression of E2F3 increased the CREB promoter expression,
respectively (Fig. 3E, lanes 2 and 3). Interestingly, Tat failed to
decrease the CREB promoter in the presence of E2F3 (Fig. 3E,
lane 4). Similarly, Tat was unable to alter CREB gene regulation
in the absence of the E2F3-binding site (lane 6). These results
led to the conclusion that E2F3 is an important factor involved
in CREB promoter regulation and that Tat protein exerts its
negative effect through its functional (and maybe physical)
interaction with the E2F3 transcription factor.

We validated these observations by performing an RT-qPCR.
SH-SY5Y cells were transfected with 0.5 �g of HA-E2F3 expres-
sion plasmid and then treated with Tat protein for 24 and 48 h. The
cells were collected, processed, and subjected to qPCR. As shown
in Fig. 3F, overexpression of E2F3 modestly rescued CREB from
being inhibited by Tat when compared with the mock untreated or
with Tat-treated samples. GFP expression plasmid was used as a
control to determine transfection efficacy.

At a functional level, using SH-SY5Y cells, we observed a
larger area covered with elongated neurites in the presence of
overexpressed E2F3 compared with the mock or Tat-treated
cells (Fig. 3G). The addition of Tat and E2F3 did not affect
neurite outgrowth. Taken together, these results pointed to a
significant role of E2F3 in the CREB modification pathway.

E2F3 overexpression promotes CREB binding to the BDNF-IV
promoter

Our results gave us the rationale to perform additional func-
tional studies. Hence, we examined the impact of E2F3 overex-
pression on CREB and BDNF functional and physical interactions.

As described previously, the BDNF gene contains multiple
alternative transcription start sites (34, 35) that are spliced
together with a single protein-coding exon. Each of the alterna-
tive transcripts is under the regulation of a promoter sequence;
however, only exons I and IV contain CREB protein response
elements (36), as shown by ECR Browser promoter sequence
analysis (Fig. 4A).

To determine whether E2F3 overexpression enables CREB
binding to the CRE site within the BDNF promoter, SH-SY5Y cells
were transfected with 0.5 �g of CMV-E2F3 expression plasmid.
Transfected cells were collected at 24 and 48 h, processed, and
subjected to a ChIP assay using anti-CREB antibody. As shown in
Fig. 4B, an increase in CREB binding to the BDNF-IV promoter
was observed in the presence of E2F3 compared with the mock
untransfected. H3K9 was used a positive control.

To validate these results independently of Tat, we trans-
fected SH-SY5Y cells with 0.1 �g of BDNF-IV-Luc (which con-
tains three CRE-binding sites) alone or in the presence of an
increasing amount of E2F3 or Sp1 expression plasmids as indi-

cated. Sp1 transcription factor, used as a positive control, has
been shown to enhance the CREB promoter. The cells were
collected at 48 h after the transfection and subjected to a lucif-
erase assay. As shown in Fig. 4C, E2F3 and/or Sp1 overexpres-
sion led to a significant activation (2–3-fold) of the BDNF-IV
promoter when compared with the control.

Next, we attempted to link all of the partners to Tat. There-
fore, we measured the mRNA expression levels of CREB and
BDNF in the presence of Tat and E2F3. SH-SY5Y cells were
transfected with E2F3 expression plasmid and then treated with
HIV-1 Tat protein for 24 h. GFP plasmid was used as a positive
control to determine transfection efficiency. mRNAs were col-
lected and subjected to qPCR. As shown in Fig. 4D, overexpres-
sion of E2F3 was enough to prevent inhibition of BDNF and
CREB genes when compared with the mock-transfected/un-
treated or Tat-treated samples.

Using anti-E2F3, -CREB, and -BDNF antibodies, similar
results were obtained as revealed by Western blot analysis (Fig.
4E). The addition of Tat led to a decrease in the expression
levels of E2F3, CREB, and BDNF proteins (compare lane 3 with
lane 1). However, the Tat negative effect was significantly
reversed in the presence of overexpressed E2F3 (compare lane
2 with lane 3). The percentage of increase/decrease of E2F3,
CREB, and BDNF expressions are shown in Fig. 4F, as measured
by densitometry. Anti-GAPDH antibody was used to control
equal protein loading.

These results clearly explain the relation between Tat and
neurite retraction. Additionally, these results led to the conclu-
sion that Tat is using miR-34a to decrease expression levels of
E2F3, leading to inhibition of CREB and BDNF, hence prevent-
ing neurite communications and eventually promoting neuro-
cognitive disorders and premature brain aging.

Tat protein inhibits E2F3 through miR-34a

Because E2F3 is a downstream target of miR-34a, we sought
to examine the exact role of miR-34a in this pathway. Further, it
is well-described that miR-34a is a downstream target of p53
(37). Furthermore, we previously demonstrated the ability of
HIV-1 Tat to up-regulate p53 protein (10). These results gave
us the rationale to silence p53 and determine whether Tat
exerts its negative effect on neurite retraction via 1) up-regula-
tion of p53; 2) activation of miR-34a, a p53 target; 3) down-
regulation of E2F3, a miR-34a downstream target; 4) inability of
E2F3 to activate the CREB promoter; and 5) failure of CREB
protein to activate the BDNF-IV promoter.

SH-SY5Y cells were transfected with small interfering RNA
directed against the p53 gene (siRNA-p53) and then treated
with 10 ng/ml Tat protein for 24 h. The cells were collected and
subjected to qPCR to examine the expression level of miR-34a
and/or of CREB and BDNF genes. As shown in Fig. 5 (A and B),
Tat failed to decrease expression levels of miR-34a (A) and of
CREB and BDNF genes, respectively (B) in the absence of p53
when compared with the control.

The effects of Tat on p53 in the absence or the presence of
siRNA-p53 were verified using a Western blotting assay, as
shown in Fig. 5, C and D. SH-SY5Y cells were treated with Tat
protein (C) in the presence and absence of nonspecific or small
interfering RNA directed against p53 (D). The expression level
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Figure 4. Effect of Tat and E2F3 on CREB-BDNF functional interplay. A, schematic representation of the human BDNF gene and its splicing variants. Only
exon Is and IV contain a CREB-binding site. B, extracts prepared from SH-SY5Y cells were subjected to ChIP assay to evaluate the association of CREB with the
BDNF promoters I and IV in the presence of overexpressed E2F3. C, SH-SY5Y cells were transfected with 0.1 �g of the BDNF IV-Luc full-length along with an
increasing concentration of E2F3 or Sp1 expression plasmids, as indicated. The amount of DNA in each transfection mixture was normalized with pcDNA3.
Luciferase activity was determined 48 h after transfection. Results are displayed as a histogram. D, -fold changes of CREB and BDNF mRNA in SH-SY5Y cells
transfected with E2F3 expression plasmid and then treated with Tat protein compared with mock untransfected/untreated as obtained by qPCR. The
experiment was repeated three times, and the results were statistically significant using Student’s t test (p � 0.05) compared with the mock control
group. E, Western blot analysis points to the ability of Tat to alter protein levels of E2F3, CREB, and BDNF. Anti-E2F3, -CREB, -BDNF, or -GAPDH antibodies
were used as indicated. F, densitometric analyses were performed using EZQuant-Gel software (EZQuant Biology). The obtained data are expressed as
the mean � S.E.
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of p53 protein was detected by a Western blotting assay using
anti-p53 or GAPDH antibodies. As shown, Tat induces expres-
sion of p53 (C); however, it failed to induce p53 in the presence
of siRNA-p53 (D). The experiment was repeated three times
using different cell passage numbers and different batches of
Tat protein. Anti-GAPDH antibody was used to control equal
protein loading.

We also examine the expression level of p73. The rationale
for using p73 came from our previous studies, where we showed
that Tat protein could induce expression of p53 protein
through induction of the p73 protein. We also demonstrated
that p53 is a downstream target of p73 and that inhibition of
p53 will not affect the endogenous level of p73 (10, 38). As seen
in Fig. 5E (lanes 3 and 4), Tat induces an endogenous level of
p73 without being affected by siRNA-p53.

Further digging into the mechanisms involved led us to
examine whether the addition of Tat enhances p53 binding to
the miR-34a promoter (linc34a). Following the same procedure
presented in Fig. 3D, a ChIP assay was performed using
SH-SY5Y cells treated with Tat protein. As a positive control,

one set of cells was exposed to UV light to induce endogenous
p53. As shown in Fig. 5F, Tat enhances p53 binding to the miR-
34a region �1500 and not to the region 	1500. As expected,
UV exposure increases the interaction of p53 to the �1500
region of the linc34a promoter. These results confirmed the
specificity and the functional interplay between Tat, p53, and
miR-34a.

E2F3 rescues Tat-induced synaptophysin distribution
alteration

To further determine the functional role of E2F3, we exam-
ined whether it can reverse the loss of synaptic endings (see Fig.
1C). SH-SY5Y cells were transfected with E2F3 expression plas-
mid and then treated with Tat protein. As a control, pcDNA3
empty vector was transfected. Interestingly, the number of syn-
aptophysin vesicles (red) was higher in cells transfected with
the empty vector, with E2F3 (Fig. 6A, top panels) and in cells
transfected with E2F3 and treated with Tat protein (bottom
right panel) when compared with cells treated with Tat (bottom
left panel). Quantification and sizes of neurite (only) synpato-

Figure 5. Tat suppresses E2F3 expression through induction of miR-34a. A and B, -fold changes of miR-34a (A) or CREB and BDNF (B) in SH-SY5Y cells
transfected with siRNA-p53 with or without Tat protein compared with mock untreated cells obtained by qPCR. The experiment was repeated three times, and
the results were statistically significant using Student’s t test (p � 0.05) compared with the mock control group. C–E, Western blot analysis points to the ability
of Tat to increase protein levels of p53 and p73. Tat failed to increase expression of p53 in the presence of siRNA-p53 but not of p73. Anti-p53, -p73, or -GAPDH
antibodies were used as indicated. Scrambled RNA was used as a control. F, extracts prepared from SH-SY5Y cells were subjected to a ChIP assay to evaluate the
association of p53 with the miR-34a promoter DNA (linc34a) in the absence or presence of Tat protein. As a positive control, cells were also subjected to UV light
prior to the ChIP.
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physin vesicles are presented in B and C, respectively. Nuclei
were stained with DAPI (blue).

Further, quantification of the total number of vesicles (Fig.
6D), which includes cell body and neurite vesicles, revealed
similar results as quantification of only the neurite synaptophy-
sin vesicles (Fig. 6E). However, analysis of only neurite vesicles
resulted in higher statistical significance. Taken together, these
results point to the ability of HIV-1 Tat to promote neurite
injury through a mechanism that implicates miR-34a and sev-
eral proteins, mainly E3F3, the downstream target of miR-34a.

E2F3 and BDNF expression is reduced in HIVE brain

To validate our in vitro data, we sought to examine expres-
sion levels of E2F3 (green) and BDNF (red) proteins in vivo,

using human brain tissues isolated from mock or from an HIV-
1–infected patient with signs of encephalitis (HIVE). Using an
immunohistochemistry assay, we observe that the expression
level of E2F3 protein decreases in HIVE sections when com-
pared with the mock uninfected sections (Fig. 7A). Nucleus
were stained with DAPI (blue).

Distribution and subcellular localization of E2F3 and BDNF
proteins were also examined by immunohistochemistry. As
shown in Fig. 7B, in the uninfected section, E2F3 (green)
was expressed ubiquitously with a perinuclear staining
pattern, as indicated by the lack of color shift in the DAPI
(blue) staining (B), whereas in the HIVE section, little or no
E2F3-positive staining was observed. Similar results were
obtained with BDNF (Fig. 7B, BDNF panels). Note that the

Figure 6. Distribution and quantification of synaptophysin in E2F3-transfected cells. A, representative images of synaptophysin vesicles (red) distribution
in SH-SY5Y cells transfected with pcDNA3 empty vector or with E2F3 expression plasmid and then treated with Tat protein. Synaptophysin was expressed using
Cell Light transduction at MOI 5. Tat protein or mock treatment was added 24 h after the transduction. Images of live cells were acquired at 24 h post-Tat
addition. Transfection was performed prior to synaptophysin transduction. Nucleus were stained with DAPI (blue). B–E, synaptophysin vesicle number and size
were assessed using ImageJ for each condition. Images from at least 10 different fields were taken for statistical analysis. The experiment was repeated three
times, the results were analyzed by Student’s t test, and statistical significance level (p � 0.05) is indicated by asterisks, compared with the mock control group
(one-way ANOVA test). N.S., not significant.
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two proteins are localized in the cell compartment (merge
panel).

Discussion

Failure of highly active antiretroviral therapy to lower the
incidence rates of HAND provided the rationale to identify the
molecular mechanisms involved. In this regard, HIV-1 Tat

protein was shown to have the ability to induce neuronal cell
dysfunction.

Here, we confirmed the negative role of Tat and its ability to
promote neurite retraction. We also identified the cellular fac-
tors and the pathway involved. Interestingly, Tat triggered an
action potential signal leading to the induction of the p53 pro-
tein and its downstream microRNA target, miR-34a (5). Acti-

Figure 7. Immunohistochemistry assay depicting expression levels of E2F3 and BDNF protein. A and B, distribution and expression level of E2F3 (green;
A and B) and BDNF (red; B) proteins in human brain tissue of an HIVE patient compared with the mock patient as obtained by immunohistochemistry assay.
Nuclei were stained with DAPI (blue).
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vation of miR-34a turns out to have a domino effect on several
downstream direct and indirect targets, such as E2F3, CREB,
and BDNF, all of which are involved in neuronal communica-
tions (Figs. 1– 6). We also confirmed the deregulation of these
factors in human brain tissues isolated from an HIV-infected
patient (Fig. 7) (see also Ref. 5). These results pointed to the key
role that miR-34a and its target genes play in HIV-1–associated
neurocognitive disorders.

The relation between miR34a and neuronal deregulation is
not without precedent. It has been shown that an increase in
miR-34a expression can alter hippocampal spinal morphology
and function (39). Further, down-regulation of miR-34a was
reported to have a positive impact on neuronal survival (40).
Furthermore, activation of miR-34a was shown to be associated
with the down-regulation of 136 genes involved in cell motility,
energy production, and actin cytoskeleton organization, which
indicates a critical role for miR-34a in neuronal precursor
motility (41). miR-34a was also shown to increase cortical neu-
ronal vulnerability to injury. In this regard, Truettner et al. (42)
found that expression levels of miR-34a increase after trau-
matic brain injury and inhibit Bcl-2 and XIAP, both anti-apo-
ptotic proteins. Additionally, miR-34a was found to be con-
served between humans, mice, and rats during neuronal
development and to play a role in mouse NS cell differentiation
(43). Finally, increased miR-34a and its involvement in neuro-
cognition are not limited to HIV-1. It has been shown that miR-
34a is up-regulated in Alzheimer’s disease and in schizophrenia
and has a negative role in both diseases (44, 45).

Additionally, it has been reported that E2F3 is a direct target
of miR-34a (46). Interestingly, E2F3 has been described to have
a negative effect on p53 expression (47). This observation con-
firmed the need of p53 to suppress E2F3 and to cause neuronal
deregulation. These results further determine the major role
that E2F3 might play in neuronal function in patients infected
with HIV-1.

On the other hand, no reports describe a direct link between
CREB and miR-34a. Further, despite the well-described rela-
tion between the E2F family and CREB, the relation between
E2F3 and CREB has never been documented. In this regard, our
data point to a new factor that could regulate the CREB pro-
moter (Fig. 3D) and decipher the relation between CREB and
miR-34a, a negative relation that led to neurite retraction and
alteration of neuronal communication. Taken together, our
results are considered a milestone that could partially explain
the mechanisms leading to the development of neurocognitive
disorders associated with HIV-1 infection.

However, one may ask what are the mechanisms used by Tat
protein that trigger activation of p53. The answer to this ques-
tion is summarized in Fig. 8. Based on our studies, HIV-1 Tat
up-regulates p53 through a pathway that implicates down-reg-
ulation of miR-196a and activation of its downstream target,
c-Abl, leading to the phosphorylation and activation of p73,
which in turn activates p53. Note that the relationship between
p73 and p53 was amply explored (48, 49); however, the role and
impact of miR-196a on this association have never been
explored. Further, it has been shown that induction of oxidative
stress leads to activation of the c-Abl/p73 pathway (50). In this
regard, several studies reported induction of the oxidative

stress pathway in Tat-treated human neurons (51), which
explains our data regarding activation of the c-Abl and p73
proteins.

Interestingly, up-regulation of p53 led to modest cell death
and a significant neurite retraction. The lack of significant cell
death could be due to the ability of Tat to physically interact
with the N-terminal domain of p73 and prevent it from causing

Figure 8. Pathway used by Tat leading to neurite retraction. Shown is a
schematic representation of the pathway used by Tat leading to neurite retrac-
tion. All of the partners are shown.
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cell death (52). Global DNA methylation changes and methyl-
ation of p73 and p53 promoters could also provide an explana-
tion for the lack of cell death. It has been shown that during
aging phases, tumor suppressor factors are methylated and
unable to perform their apoptotic functions (53). Our unpub-
lished data5 showed that Tat causes an increase in global DNA
5-hmC in SH-SY5Y cells, and this was also confirmed in vivo in
Tat-transgenic mice, which corroborates with the literature.
We are in the process of further exploring this avenue and
examining the methylation status of the p53 promoter.

It is noteworthy that other HIV-1 proteins, such as gp120 and
Vpr, have been shown to cause neuronal damage (54). How-
ever, the mechanisms used by these two proteins are not fully
understood and remain to be identified. Nevertheless, all three
HIV-1 proteins use a pathway(s) that involved BDNF protein,
which points to the importance of BDNF and the need to pre-
vent its inhibition.

Overall, neurite retraction is an important cellular function
that ensures neuronal communication and transfer of informa-
tion, and its alteration leads to neuronal degeneration. Induc-
tion of neurite retraction has been shown to be somehow a
general phenomenon associated with neuronal dysfunction. In
this regard, several cellular factors have been shown to trigger
neurite retraction, such as Rho, Wnt, accumulation of cytoplas-
mic calcium, and EP3. Therefore, it is necessary to investigate
whether a common pathway exists between all of these proteins
and whether the function of E2F3 is altered in these pathways.

Further, neurite retraction observed by HIV-1 Tat (Fig. 1) is
not exclusive to HIV-1 and has been observed in other neuro-
degenerative diseases, such as Alzheimer’s and Parkinson’s dis-
ease. In this regard, it has been shown that lysophosphatidic
acid has the capability to induce neurite retraction and Tau
phosphorylation (55). Lysophosphatidic acid was also found to
alter CREB protein expression (56). Neurite retraction associ-
ated with Alzheimer’s disease was also noted in neuronal cells
with increased PSD-95 protein or with a reduced amount of
glyoxalase I activity (57, 58). In addition to HIV-1 and AD, neu-
rite retraction was also described to be associated with Parkin-
son’s disease through LRRK2 protein (59). Away from diseases,
BDNF protein was found to inhibit hypoxia-induced neurite
retraction by averting oxidative stress (60). Furthermore, it has
been shown that Reelin prevents apical neurite retraction and
can interact with APP to promote neurite outgrowth (61, 62).
This last observation will be examined in the future studies. In
addition, Reelin, BDNF, and CREB proteins have been shown to
be involved in dendrite stability (63). Therefore, we concluded
that by altering expression of Reelin, BDNF, and E2F3, Tat can
also affect synaptic plasticity, which in turn could affect mem-
ory and promote HAND.

In summary, our data point to the pathway and the cellular
players used by HIV-1 Tat protein to cause neurite retraction
and neuronal damage. However, this is the first report, to our
knowledge, to show involvement of E2F3 protein in neurite
retraction and the development of HIV-1–associated neuro-
cognitive disorders. Therefore, our data can serve as the basis

for the development of a new molecular approach that could
prevent progression and development of neurocognitive disor-
ders associated with HIV-1.

Experimental procedures

Reagents (antibodies, primers, and plasmids)

Fluo Am dyes were purchased from Invitrogen. Anti-E2F3,
-HA, -BDNF, and -CREB or H3K9 antibodies were purchased
from Santa Cruz Biotechnology, Inc. and Cell Signaling, respec-
tively. pcDNA3-E2F3-HA was kindly received from Dr. Joseph
R. Nevins (Duke University). pGL3-BDNF-IV-Luc plasmid was
obtained as follows. BDNF-IV (1.3 kb) promoter sequence was
synthetically generated by GenScript and received in a pUC57
backbone plasmid. The insert was released (NcoI/SacI) and
inserted into the same sites into pGL3-Luciferase. Full-length
(	1389/�172) pGL3-CREB-Luc plasmid was obtained by
inserting human CREB promoter into KpnI/HindIII sites of
pGL3-Luciferase. The insert was synthetically generated using
the genomic DNA prepared from SH-SY5Y using the following
primers: 5�- attaacggtaccgtccagaatcgaaccctctc-3� (forward)
and 5�-attaacaagctttcctcctcctgctcctcttac-3� (reverse). CREB-
Luc mutant (	1389/�172 mut (	174/	163)) was generated
using the following primers: 5�- gctttaccgatgcgaaaggaattctg-
gagtttagaccactcc-3� (forward) and 5�-ggagtggtctaaactccagaa-
ttcctttcgcatcggtaaagc-3� (reverse).

Tat protein

Recombinant full-length Tat protein was obtained through
the National Institutes of Health AIDS Reagent Program, Divi-
sion of AIDS: HIV-1 IIIB Tat recombinant protein without a
tag. The protein was lyophilized in PBS and resuspended in
Teknova molecular biology grade water. Control wells received
an equal volume of the vehicle alone (10� PBS (Corning, Cell-
gro) diluted to 1� with Teknova molecular biology grade water,
certified negative for DNase and RNase and nonspecific endo-
nuclease, exonuclease, and protease activity).

Cell culture and treatments

SH-SY5Y neuroblastoma cells were maintained in F-12/
DMEM (50/50) supplemented with sodium pyruvate, nones-
sential amino acids, and 10% FBS final concentration. Cells
were seeded in 50% confluence and differentiated with 10 �M

retinoic acid for at least 48 h prior to Tat treatment (10 ng/ml
final concentration). Only SH-SY5Y cells in passages 25–35
were used.

Primary cultures

Primary neuronal cultures or primary astrocytes were pre-
pared as described previously (64) with minor modifications.
Briefly, embryos were removed from mice at embryonic day 18.
The cortex was separated and rinsed in Hanks’ balanced salt
solution before it was digested in 0.125% trypsin. The digested
cortex was triturated and dissociated into a single-cell suspen-
sion in culture medium (DMEM containing 10% FBS). Cell sus-
pension was centrifuged at 200 � g for 10 min, and the pellet
was gently resuspended in culture medium. The cell suspension
was passed through mesh 400 to remove the nondispersed tis-

5 M. Santerre, A. Bagashev, L. Gorecki, K. Z. Lysek, Y. Wang, J. Shrestha, F. Del
Carpio-Cano, R. Mukerjee, and B. E. Sawaya, unpublished data.
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sue, and the cells were seeded at a density of 1.5 � 105 cells/ml
into 4-chamber slides coated with poly-D-lysine. Cultures were
incubated in an incubator at 37 °C in an atmosphere of 5% CO2
in air. The medium was changed into Neurobasal supple-
mented with 2% B27 and 0.5 mM glutamine the next day. Half of
the medium was changed every 3 days.

Transfection and luciferase assay

For the transfection assay, 5 � 105 cells (SH-SY5Y) were
resuspended in Lonza P3 medium (catalog no. V4XP3012) with
3 �g of endotoxin-free DS-Red expression plasmid and electro-
porated using a 4D-NucleofectorTM X unit. Cells were seeded
(8 � 105) in 35-mm dishes or plates coated with poly-D-lysine
(Sigma-Aldrich). Cultures were incubated at 37 °C incubator
containing 5% CO2. Twenty-four hours later, the cells were
washed with Hanks’ balanced salt solution, and the medium
was replaced with neuron-specific medium (Neurobasal � 2%
B27, 1� GlutaMAX, 1� nonessential amino acids, 50 IU/ml
penicillin and streptomycin; Invitrogen). The medium was
changed every 3 days. Recombinant Tat was added to the cul-
ture on days 5 and 7, and neurons were collected or recorded on
day 9.

SH-SY5Y cells (2 � 105) were transfected with 0.1 �g of
CREB-luciferase reporter plasmids (FL or mutant) using Lipo-
fectamine� 2000 (Thermo Fisher Scientific) along with 0.25 �l
of CMV-E2F3 and/or CMV-Tat expression plasmids for 48 h.
The cells were washed, collected, and processed for the lucifer-
ase assay using the Berthold detection system. Three indepen-
dent experiments were conducted.

ChIP

SH-SY5Y cells (107) were transfected and/or treated with
HIV-1 Tat protein and subsequently were fixed with 1% form-
aldehyde (final concentration) for 15 min, followed by 125 mM

glycine (final concentration) for 10 min at room temperature.
Cells were then washed twice, incubated for 30 min on ice, and
sonicated to shear the DNA. After sonication, the lysates were
centrifuged, and the supernatants were diluted. The chromatin
was immunoprecipitated with anti-CREB, anti-E2F3, anti-
H3K9, or anti-p53 antibodies. Antibodies were eluted from the
immune complexes, and cross-linking was reversed by heating
at 65 °C overnight. The following specific primers were
used: �1 CREB site, 5�-agcctgccgtgtggtcat-3� (sense) and
5�-tgaagctgggactcccccaacc-3� (antisense); �1600 CREB site, 5�-
atagaaggcatgacacgggaacc-3� (sense) and 5�-ccgagggaaaacca-
aaacagcactcat-3� (antisense); 	1600 CREB site, 5�-cca-
gggatacacagagaaacc-3� (sense) and 5�-gtcagagtgaggccatagat-
g-3� (antisense); BDNF4, 5�-tggggttgggggagtcccag-3� (sense)
and 5�-acccgtgctggcctttcagc-3� (antisense); BDNF1, 5�-aggcat-
gacacgggaaccagact-3� (sense) and 5�-agaggcctaggtcgggacaca-3�
(antisense); miR-34a (	1500), 5�-aacatgggctcatcacagacacct-3�
(sense) and 5�-aggtgcgtaatcacatttgggcac-3� (antisense); miR-
34a (�1500), 5�-taagtgcaaaggccctgtgtttgg-3� (sense) and 5�-ag-
ctgcagtactgatgtgtgctct-3� (antisense).

RNA isolation and quantitative real-time PCR

Total RNA was isolated by using TRIzol reagent, following
the manufacturer’s protocol. For mRNA quantification, cDNA

was synthesized using SuperScript� VILOTM cDNA synthesis
kit. Quantitative real-time PCR was performed in triplicate
using Faststart universal SYBR Green mix (Roche Applied Sci-
ence) on an Eco system (Illumina). The mRNA level was
normalized to glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) as a housekeeping gene. The following human prim-
ers were used: miR-34a, Primer mix (Exiqon); GAPDH, 5�-tcg-
acagtcagccgcatcttcttt-3� (sense) and 5�-accaaatccgttgactcc-
gacctt-3� (antisense); CREB, 5�-aaagcagtgacggaggagcttgta-3�
(sense) and 5�-ggctgggcttgaactgtcatttgt-3� (antisense); BDNF
exon 1, 5�-tggttcttctgctctgctgtgcta-3� (sense) and 5�-tccggaaat-
ctcgggaaataggca-3� (antisense); BDNF exon 2, 5�-tagcggtgtagg-
ctggaatagact-3� (sense); BDNF exons 1 and 2, 5�-ggcagccttcat-
gcaaccaaagta-3� (antisense); BDNF exon 3, 5�-cttagagggttcccg-
ctttctcaa-3� (sense); BDNF exon 4, 5�-gagcagctgccttgatggtta-
ctt-3� (sense); BDNF exons 3 and 4, 5�-aagccaccttgtcctcggatg-
ttt-3� (antisense).

Visualization and measurement of synaptophysin

Primary neuronal cells were cultured for 5 days before they
were transduced with CellLight Synaptophysin-RFP BacMam
at an MOI of 5. Cells were then cultured for an additional 24 h
before Tat (10 ng/ml) protein was added. Images were acquired
on live cells 24 h after Tat treatment. Images were processed;
synaptophysin vesicle number and size were quantified with
ImageJ software using the Compute Curvatures and Analyze
Particles plugins. Images from at least 10 different fields of two
independent experiments were used for statistical analysis.

Live cell imaging

Images of differentiated and Tat-treated SH-SY5Y cells or
mock- and Tat-treated primary mouse neurons grown in 100-
cm2 dishes were taken every 30 min for 96 h (SH-SY5Y) or every
12 h for 48 h (primary mouse neurons) using an EVOS AMD
microscope (�40 objective) installed inside the incubator.
Images were analyzed using ImageJ software. Each image was
then analyzed with the Compute Curvature plugin with Gauss-
ian convolution � parameter set at 1, followed by a conversion
to a binary image and finally surface area of the cells analyzed
with the Measure function. Surface area was expressed as the
percentage of covered surface per cell.

Fluo3 calcium indicator assay

Fluo3 in 5 mM working solution containing 0.02% Pluronic in
DMSO was added to the differentiated and Tat-treated
SH-SY5Y cell medium for a final concentration of 5 �M for 30
min at 37 °C. Cells were then washed three times with 1 ml of
medium. A confocal microscope equipped with a live cell imag-
ing setting was then used.

Immunohistochemistry

Frontal lobe brain tissues from HIV-positive patients with
varying degrees of dementia, along with nondemented and
HIV-negative controls, were obtained from the National Neu-
roAIDS Tissue Consortium. The formalin-fixed and paraffin-
embedded tissues were sectioned at 5-�m thickness and placed
on electromagnetically charged glass slides. Sections were
deparaffinized in xylene and rehydrated through descending
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grades of alcohol up to water. Nonenzymatic antigen retrieval
was performed in citrate buffer for 30 min at 95 °C in a vacuum
oven. Sections were then rinsed with PBS and permeabilized in
0.2% Triton in PBS for 45 min at room temperature. Sections
were rinsed again with PBS, and a blocking step was performed
with normal BSA serum at room temperature in a humidified
chamber for 2 h. Primary antibodies were incubated overnight
at 4 °C and later for 1 h at room temperature with fluorescently
labeled secondary antibodies. The tissues were subsequently
washed in PBS until finally mounted with DAPI-containing
medium (Vectashield).

Immunofluorescence

Cells were fixed for 3 min in 2% paraformaldehyde, rinsed
with PBS, and blocked with 1% BSA for 1 h. A specific primary
antibody (1:100 dilution) was incubated for 2 h at room tem-
perature (or overnight at 4 °C), after which cells were incubated
with a fluorescein-tagged secondary antibody for 1 h at room
temperature. Cells were then washed and mounted with DAPI-
containing medium. A LEICA EL6000 DMI3000 confocal
microscope system was used with a UV laser (405-nm wave-
length), an argon laser (488-nm wavelength), and an HeNe laser
(543- and 633-nm wavelength). Z-Sections at a depth of 0.25–
0.45 mm were generated. In some cases, contrast and/or inten-
sity was adjusted to improve comparison of different stains.
When applied, these changes affected the entire panel.

Western blotting

Samples were lysed in radioimmune precipitation assay
buffer. Twenty micrograms of total extracts were subjected to
Western blot analysis using specific antibodies as indicated.
Densitometry analysis of the gels was carried out by using
ImageJ software.

HIV-1 infection

Primary human astrocytes was maintained in DMEM � 10%
FBS, 100 units/ml penicillin, 50 �g/ml streptomycin-G. Cells in
log phase were infected with JR-FL strains of HIV-1 as follows.
Fifty nanograms of p24-containing virus stock were added per
1 � 106 cells. Cells were incubated with virus stock in a small
volume of serum-free medium for 2 h at 37 °C. The cells were
then washed twice with PBS, and fresh medium containing 2%
of FBS was added (500,000 cells/ml). All infection experiments
were performed three times.

Statistics and bioinformatics

Statistical analyses were used in all the experiments using
Student’s t tests or unbalanced analysis of variance. Further,
one-way ANOVA was also used to confirm the results. Further-
more, each experiment was repeated three times, and the
results were considered statistically significant if p was �0.05.
All results are expressed as mean � S.D. PubMed and Ensembl
were used to identify promoter and gene coding regions. ECR
Genome Browser (http://ecrbrowser.dcode.org/)6 (65) and
Target Scan Human (http://www.targetscan.org/vert_61/docs/

help.html)6 were used for transcription factor– binding site and
miRNA prediction identification.
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