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A B S T R A C T

Histone deacetylase 6 (HDAC6) likely is important in inflammatory diseases. However, how HDAC6 exerts its
effect on inflammatory processes remains unclear. HIV-1 transactivator of transcription (Tat) activates NADPH
oxidase resulting in generation of reactive oxygen species (ROS), leading to extensive neuro-inflammation in the
central nervous system. We investigated the correlation of HDAC6 and NADPH oxidase in HIV-1 Tat-stimulated
astrocytes. HDAC6 knockdown attenuated HIV-1 Tat-induced ROS generation and NADPH oxidase activation.
HDAC6 knockdown suppressed HIV-1 Tat-induced expression of NADPH oxidase subunits, such as Nox2,
p47phox, and p22phox. Specific inhibition of HDAC6 using tubastatin A suppressed HIV-1 Tat-induced ROS
generation and activation of NADPH oxidase. N-acetyl cysteine, diphenyl iodonium, and apocynin suppressed
HIV-1 Tat-induced expression of HDAC6 and the pro-inflammatory chemokines CCL2, CXCL8, and CXCL10.
Nox2 knockdown attenuated HIV-1 Tat-induced HDAC6 expression and subsequent expression of chemokines.
The collective results point to the potential crosstalk between HDAC6 and NADPH oxidase, which could be a
combined therapeutic target for relief of HIV-1 Tat-mediated neuro-inflammation.

1. Introduction

Human immunodeficiency virus-1 (HIV-1) infection in the central
nervous system (CNS) induces chronic inflammatory responses that
may contribute to the development of neurological dysfunction, which
are collectively known as HIV-associated neurocognitive disorders
(HAND) [1]. Infiltration of immune cells into the CNS is one of
characteristic features of neuro-inflammation that is accelerated by
dysregulation of pro-inflammatory mediators including cytokines,
chemokines, and adhesion molecules [2–4]. HIV-1 transactivator of
transcription (Tat) released from HIV-infected cells contributes to the
infiltration of immune cells by up-regulating pro-inflammatory media-
tors including chemokines (reviewed in [5]). Upon stimulation with
HIV-1 Tat, astrocytes secrete various pro-inflammatory chemokines
that include CC chemokine ligand 2 (CCL2; monocyte chemoattractant
protein-1), CXC chemokine ligand 8 (CXCL8; IL-8), and CXCL10
(interferon-gamma-induced protein-10) [6,7], as well as adhesion
molecules, such as VCAM-1 and ICAM-1 [8,9].

Reactive oxygen species (ROS) play an important role during
inflammatory response. Elevated levels of ROS activate redox-sensitive
signal transduction pathways, such as nuclear factor-kappa B (NF-κB)
and activator protein-1 (AP-1), resulting in expression of various pro-

inflammatory cytokines/chemokines and adhesion molecules [10].
NADPH oxidase is a potential cellular source of ROS; it is a multi-
complex enzyme consisting of membrane-bound subunits (gp91phox/
Nox2 and p22phox) and cytosolic subunits (p40phox, p47phox, p67phox,
small GTPase Rac) [11]. Homologues (Nox1~Nox5) of gp91phox/Nox2
subunits have been reported in several cell types (for review, see [12]).
NADPH oxidase catalyzes NADPH-dependent reduction of oxygen to
form superoxide.

HIV-1 Tat activates NADPH oxidase leading to ROS generation,
resulting in expression of pro-inflammatory mediators like cytokines,
chemokines, and adhesion molecules. HIV-1 Tat induces ROS genera-
tion mediated by Nox2-based NADPH oxidase in astrocytes [8] and
Nox2/Nox4-based NADPH oxidase in microglia [13]. Inhibition or
knockdown of NADPH oxidase suppresses HIV-1 Tat-induced expres-
sion of various pro-inflammatory mediators, including adhesion mole-
cules and cytokines/chemokines [8].

Histone deacetylase 6 (HDAC6) is a member of the class IIb HDACs.
HDAC6 consists of two homologous catalytic domains and a C-terminal
ubiquitin-binding zinc-finger domain [14,15]. HDAC6 is found mainly
in the cytoplasm due to the presence of nuclear export signals and a
cytoplasm-anchoring domain [16]. Identified substrates of HDAC6
include histones, α-tubulin, cortactin, peroxiredoxin (Prx), and heat
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shock protein 90 (HSP90) [14,15,17]. The varied substrates suggest
that HDAC6 exerts its activity on various cellular processes. Consistent
with this view, dysregulation of HDAC6 contributes to the development
of various diseases, such as cancers, neurological disorders, and
inflammatory diseases (reviewed in [17–19]).

Accumulating evidence supports the view that HDAC6 is an
important regulator of the immune response to bacterial and viral
infection [20–22]. HDAC6 mediates immune responses induced by
various microbial products, such as Clostridium difficile toxin A,
lipopolysaccharide, and HIV-1 Tat [23–26]. HDAC6 has been suggested
to be a master regulator of the expression of pro-inflammatory
mediators by regulating ROS-mitogen-activated protein kinase
(MAPK)-NF-κB/AP-1 pathways in macrophages [27].

Previously, we reported that HIV-1 Tat augments HDAC6 expres-
sion, which mediates the expression of pro-inflammatory genes by
regulating MAPK-NF-κB/AP-1 pathways in astrocytes [26]. In addition,
HIV-1 Tat induces ROS generation by Nox2-based NADPH oxidase [8].
However, the molecular correlation of HDAC6 and NADPH oxidase in
the HIV-1 Tat-stimulated astrocytes has not been examined.

In this study, we observed that pharmacological inhibition and
knockdown of HDAC6 significantly attenuated HIV-1 Tat-induced ROS
generation and activation of NADPH oxidase. The results also reveal
regulatory crosstalk between HDAC6 and NADPH oxidase that is
involved in mediating HIV-1 Tat-induced expression of pro-inflamma-
tory mediators.

2. Materials and methods

2.1. Cell culture

CRT-MG human astroglial cells were maintained in Roswell Park
Memorial Institute (RPMI) 1640 medium supplemented with 10% (v/v)
heat-inactivated fetal bovine serum (FBS), penicillin G (100 U/ml),
streptomycin (100 μg/ml), and L-glutamine (2 mM) at 37 °C in a
humidified atmosphere containing 5% CO2 and 95% air [8]. All animal
experiments were approved by the Animal Care and Use Committee of
Hallym University (Hallym 2015-60). Primary astrocyte cultures were
obtained from the cerebral cortex of 1- to 2-day-old ICR mice as
described previously [26]. Briefly, the cortex derived from whole brain
was cut into small pieces and incubated with 0.05% trypsin- EDTA for
5 min at 37 °C. Next, the tissue was dissociated in a cell suspension by
triturating through a Pasteur pipette in Dulbecco Modified Eagle
Medium (DMEM) containing 10% FBS and antibiotics. The dissociated
cells were seeded in 75 cm2 culture flasks (Falcon, Franklin, NJ, USA).
Next day and every 3 days thereafter, the culture medium was replaced
with fresh medium. After 6–7 days, microglia and oligodendrocytes
were removed from astrocytes by mechanical dislodgment. Astrocyte-
enriched cultures were seeded in 6-well culture plates. More than 95%
of the astrocyte-enriched cultures were glial fibrillary acidic protein
positive, as monitored by immunofluorescent staining.

2.2. Reagents

N-acetyl cysteine (NAC), diphenylene iodonium (DPI), apocynin
(APO), and tubastatin A (TBA) were obtained from Sigma-Aldrich (St.
Louis, MO, USA). Dihydroethidium (DHE) was purchased from Thermo
Fisher Scientific (Waltham, Massachusetts, USA). Primary antibodies
against gp91phox/NOX2, p47phox, acetylated α-tubulin were obtained
from Santa Cruz Biotechnology (Santa Cruz, CA, USA), and those
against HDAC6 and β-actin were purchased from Cell Signaling
Technology (Beverly, MA, USA). Lipofectamine 3000 transfection
reagent was purchased from Invitrogen (Carlsbad, CA, USA). A
luciferase assay kit was purchased from Promega (Madison, WI, USA).
Oligonucleotide primers (HDAC6, CCL2, CXCL8, CXCL10, Nox2,
p22phox, p47phox, and β-actin) and HDAC6 siRNA were obtained
from Bioneer (Seoul, Korea).

2.3. Preparation of recombinant HIV-1 Tat protein

Recombinant HIV-1 Tat protein was prepared from the glutathione
S-transferase-Tat fusion protein expressed from the GST-Tat 1 86 R
plasmid obtained from the National Institutes of Health AIDS Research
and Reference Reagent Program (Rockville, MD, USA) as described
previously [28,29]. Endotoxin levels for the HIV-1 Tat preparation
were<0.3 EU/ml as tested using a Limulus Amoebocyte Lysate assay
(BioWhitaker, Walkersville, MD, USA). The integrity and purity of the
HIV-1 Tat proteins were assessed by 10% sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) followed by Coomassie
Blue staining. The concentration of HIV-1 Tat tested in this study is
consistent with the data previously reported [30–33].

2.4. Western blot analysis

Cells were incubated in lysis buffer (125 mM Tris-HCl pH 6.8, 2%
SDS, 10% v/v glycerol) at 4 °C for 30 min. Cell lysates were obtained by
centrifugation at 12,000×g for 15 min. Thirty micrograms of proteins
were resolved by 10% SDS-PAGE and transferred to nitrocellulose
membranes. The blots were probed with the indicated primary anti-
bodies followed by incubation with the corresponding horseradish
peroxidase-conjugated secondary antibodies. The immune-reactive
bands were visualized by a chemiluminescence system (Amersham
Life Sciences, Parsippany, NJ, USA) [27].

2.5. Real-time reverse transcription-polymerase chain reaction (RT-PCR)
Analysis

Total RNA was prepared from cells using a TRIzol reagent kit
(Invitrogen) according to the manufacturer's instructions. Two micro-
grams of total RNA were reverse-transcribed to cDNA using 10,000 U of
reverse transcriptase and 0.5 μg/μl oligo-(dT)15 primer (Promega) [26].
The resulting cDNA was analyzed by quantitative PCR. Twenty ng of
cDNA and 150 nM of each primer were mixed with iQ™ SYBR® Green
Supermix (BIO-RAD, Hercules, CA, USA). Reactions were carried out in
a 96-well format using an CFX Connect™ Real-Time PCR Detection
System (BIO-RAD). Relative mRNA levels were evaluated using the
comparative CT method and normalized to β-actin mRNA. The follow-
ing set of primers (5′→3′) were used: human CCL2 sense, TGC AGA
GGC TCG CGA GCT A; human CCL2 anti-sense, CAG GTG GTC CAT
GGA ATC CTG A; human CXCL8 sense, GAG AGT GAT TGA GAG TGG
AC; human CXCL8 anti-sense, AGA CAG AGC TCT CTT CCA TC; human
CXCL10 sense, CTA GAA CTG TAC GCT GTA CC; human CXCL10
antisense, GAC ATC TCT TCT CAC CCT TC; human NOX2 sense AAG
GCT TCA GGT CCA CAG AGG AAA; human NOX2 antisense, AGA CTT
TGT ATG GAC GGC CCA ACT; human p47phox sense, TGA CTT TTG
CAG GTA CAT GG; human p47phox antisense, TGA CTT TTG CAG GTA
CAT GG; human p22phox sense, AGT GGT ACT TTG GTG CCT ACT C;
human p22phox antisense, ACG GCG GTC ATG TAC TTC TG; human
HDAC6 sense, CAA CTG AGA CCG TGG AGA G; human HDAC6
antisense, CCT GTG CGA GAC TGT AGC; human β-actin sense, TGA
AGT GTG ACG TTG ACA TCC; and human β-actin antisense, GCC AGA
GCA GTA ATC TCC TT; mouse CCL2 sense, CTT CTG GGC CTG CTG TTC
A; mouse CCL2 anti-sense, CTTCTGGGCCTGCTGTTCA; mouse CXCL8
sense, CTC TTG GCA GCC TTC CTG ATT; mouse CXCL8 anti-sense, TAT
GCA CTG ACA TCT AAG TTC TTT AGC A; mouse CXCL10 sense, AAG
TGC TGC CGT CAT TTT CT; mouse CXCL10 antisense, GTG GCA ATG
ATC TCA ACA CG; mouse NOX2 sense CCC TTT GGT ACA GCC AGT
GAA GAT; mouse NOX2 antisense, CAA TCC CGC CTC CCA CTA ACA
TCA; mouse p47phox sense, TGG ACT TCT TCA AAG TGC GG; mouse
p47phox antisense, CCA ACC TCG CTT TGT CTT CA; mouse p22phox
sense, TGG CTA CTG CTG GAC GTT TC; mouse p22phox antisense, TTC
TGT CCA CAT CGC TCC AT; mouse HDAC6 sense, TTT CCC TTC TGA
GGC CAC AG; mouse HDAC6 antisense, TCC TTC TGG GTA GAA CAG
AG; mouse β-actin sense, AGT GTG ACG TTG ACA TCC GTA AAG A;
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and mouse β-actin antisense, GGA CAG TGA GGC CAG GAT GG.

2.6. Assessment of intracellular ROS generation

The levels of intracellular ROS, such as hydrogen peroxide (H2O2)
and superoxide (O2

-) were estimated by a 2′,7′ –dichlorofluorescin
diacetate (DCF-DA) and dihydroethidium (DHE) assay as described
previously [27,34]. DCF-DA is oxidized by intracellular ROS and forms
green fluorescent DCF. DHE is converted by superoxide into red
fluorescent ethidium. The cellular fluorescent intensity for DCF was
measured at 485 nm excitation and 538 nm emission using a Spectra-
Max M2 ELISA plate reader (Molecular Devices, Sunnyvale, CA, USA).
The fluorescence images for DHE were obtained at 590 nm excitation
and 650 nm emission using an ECILIPSE 80i fluorescence microscope
(Nikon, Tokyo, Japan).

2.7. Measurement of NADPH oxidase activity

The stimulated cells were scraped off and centrifuged at 1500g for
5 min at 4 °C, and re-suspended in phosphate buffered saline (PBS).
NADPH oxidase activity was analyzed as described previously [8].
Briefly, cells were incubated with 250 μM NADPH and NADPH
consumption was assessed by monitoring the decrease in absorbance
at λ=340 for 10 min. An aliquot of cells was lysed with 2% SDS and the
protein content of cell lysates was estimated. The absorption extinction
coefficient used to calculate the amount of NADPH consumed was
6.22 mM −1 cm−1. Results are expressed as pmol of substrate/minute/

mg of protein.

2.8. Detection of p47phox association with gp91phox

To evaluate the levels of p47phox associated with gp91phox, co-
immunoprecipitation followed by Western blot analysis was performed
as described previously [27]. Cellular lysates were prepared by
incubating cells in a lysis buffer consisting of 50 mM HEPES (pH 7.5),
150 mM NaCl, 2 mM EDTA, 0.5% NP-40, 5% glycerol, and complete
mini protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN,
USA). The cellular lysates (500 μg of protein) were incubated with anti-
gp91phox antibody overnight at 4 °C on a rotating shaker. Immune
complexes were recovered using protein A/G–agarose beads (Santa
Cruz Biotechnology). Aliquots of immunoprecipitates were resolved by
10% SDS-PAGE and transferred to nitrocellulose membranes. The level
of p47phox was determined by Western blot analysis using an anti-
p47phox antibody.

2.9. Enzyme-linked immunosorbent assay (ELISA)

CRT-MG cells were stimulated with HIV-1 Tat (20 nM) for 24 h. The
concentrations of CCL2, CXCL8, and CXCL10 chemokines in the culture
media were determined using ELISA kits (R & D Systems, Minneapolis,
MN, USA), according to the manufacturer's instructions.

Fig. 1. Effects of HDAC6 knockdown on HIV-1 Tat-induced ROS generation in astrocytes. CRT-MG cells (A, B) and mouse primary astrocytes (C, D) were transfected with control
siRNA or HDAC6 siRNA for 48 h, followed by stimulation with HIV-1 Tat (20 nM) for 1 h. Transfected cells were stained with DCF-DA (A, C) or DHE (B, D) for 30 min. The levels of
intracellular ROS probed with DCF-DA were measured using an ELISA plate reader (A, C). Data are presented as mean± SD of three independent experiments (***p<0.001, as compared
with the cells treated with HIV-1 Tat after control siRNA transfection). Microphotographs of ROS levels in the transfected cells were obtained by fluorescence microscopy after DHE
staining (original magnification, ×200) (B, D).
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2.10. Transient transfection

Transfection of cells with control or HDAC6 specific siRNA was
performed using the Lipofectamine 3000 reagent (Invitrogen) accord-
ing to the manufacturer's protocol.

2.11. Statistical analyses

Results are expressed as the mean± standard deviation (SD) from
at least three independent experiments. Statistical analysis was carried
out by one-way analysis of variance, followed by Bonferroni's test using
SigmaPlot 10.0 software (SYSTAT Software Inc, Chicago, IL, USA).
Differences were considered significant at p<0.05.

3. Results

3.1. Effects of HDAC6 knockdown on HIV-1 Tat-induced ROS generation in
astrocytes

HIV-1 Tat induces ROS generation by activation of Nox2-based
NADPH oxidase, which mediates the production of pro-inflammatory
mediators in endothelial cells, microglia, and astrocytes [8,33,35,36].
We recently reported that HIV-1 Tat increases HDAC6 expression,
which regulates MAPK-NF-κB/AP-1 signaling pathways. This results in
the production of pro-inflammatory mediators in astrocytes [26].

Presently, we first investigated the effect of HDAC6 knockdown on
HIV-1 Tat-induced ROS production in astrocytes. CRT-MG cells and
primary mouse astrocytes were transfected with HDAC6 siRNA and
stimulated with HIV-1 Tat. After 1 h, cells were stained with DCF-DA
(Fig. 1A and C) and DHE (Fig. 1B and D). HDAC6 knockdown
significantly inhibited HIV-1 Tat-induced increase of DCF-DA fluores-
cent signal in CRT-MG cells (Fig. 1A) and primary mouse astrocytes
(Fig. 1C), indicating that HDAC6 regulates HIV-1 Tat-induced redox
status in astrocytes. In addition, HDAC6 knockdown significantly
suppressed HIV-1 Tat-induced increase of intracellular ROS levels in
CRT-MG cells (Fig. 1B) and primary mouse astrocytes (Fig. 1D), as
judged by DHE staining, suggesting that HDAC6 contributes to HIV-1
Tat-induced ROS production in astrocytes.

3.2. Effects of HDAC6 knockdown on HIV-1 Tat-induced NADPH oxidase
activity in astrocytes

NADPH oxidase is one of the enzymatic sources of ROS production
in microglia and astrocytes [37]. We previously reported that HIV-1 Tat
induces ROS generation by Nox2-base NADPH oxidase in astrocytes [8].
We examined the effect of HDAC6 knockdown on HIV-1 Tat-induced
NADPH oxidase activity in astrocytes. HDAC6 knockdown significantly
suppressed HIV-1 Tat-induced NADPH oxidase activity in CRT-MG cells
(Fig. 2A). During activation of NADPH oxidase, the p47phox cytosolic
component translocates to the plasma membrane and associates with

Fig. 2. Effects of HDAC6 knockdown on HIV-1 Tat-induced NADPH oxidase activity in astrocytes. CRT-MG cells (A, C) and mouse primary astrocytes (B, D) were transfected with
control siRNA or HDAC6 siRNA for 48 h, followed by stimulation with HIV-1 Tat (20 nM) for 1 h. (A, B) The transfected cells were harvested and incubated with 250 µM NADPH. NADPH
consumption was monitored by the decrease in absorbance at λ=340 for 10 min. Data are presented as mean± SD of three independent experiments **p<0.01, as compared with the
cells treated with HIV-1 Tat after control siRNA transfection. (C, D) Cell lysates were prepared from cells and immune-precipitated with an antibody against gp91phox/NOX2, followed by
Western blotting using a p47phox antibody to determine the levels of p47phox associated with gp91phox/NOX2.
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gp91phox/Nox2. A co-immunoprecipitation experiment was done to
analyze the effect of HDAC6 knockdown on association of p47phox with
gp91phox/Nox2 in HIV-1 Tat-stimulated CRT-MG cells. HDAC6 knock-
down decreased the level of p47phox associated with gp91phox/Nox2
(Fig. 2C). Similarly, HDAC6 knockdown decreased HIV-1 Tat-induced
NADPH oxidase activity and the level of p47phox associated with
gp91phox/Nox2 in HIV-1 Tat-stimulated primary mouse astrocytes
(Fig. 2B and D). These results suggest that HDAC6 is involved in HIV-
1 Tat-induced ROS production by regulating Nox2-based NADPH
oxidase in astrocytes.

3.3. Effects of HDAC6 knockdown on HIV-1 Tat-induced expression of
NADPH oxidase subunits in astrocytes

The expression of NADPH oxidase subunits, such as gp91phox/Nox2,
p47phox, and p22phox, are up-regulated upon various stimuli [38–40].
Under our experimental conditions, HIV-1 Tat up-regulated gp91phox/
Nox2, p47phox, and p22phox mRNA by 3.1-fold, 2.2-fold, and 2.5 fold,
respectively, in CRT-MG cells (Fig. 3A), and 4-fold, 2.8-fold, and 2.7
fold, respectively, in primary mouse astrocytes (Fig. 3B). The effect of
HDAC6 knockdown on mRNA levels of NADPH oxidase subunits was
assessed by quantitative RT-PCR in HIV-1 Tat-stimulated cells. HDAC6
knockdown significantly decreased HIV-1 Tat-induced mRNA expres-
sion of gp91phox/Nox2, p47phox, and p22phox in CRT-MG cells and
primary mouse astrocytes (Fig. 3A and B). HDAC6 knockdown sig-
nificantly decreased HIV-1 Tat-induced protein levels of gp91phox/Nox2

and p47phox in both cell types (Fig. 3C and D). These results suggest that
HDAC6 mediates up-regulation of the expression of Nox2-based NADPH
oxidase subunits in HIV-1 Tat-stimulated astrocytes.

3.4. Effects of HDAC6 inhibitor on HIV-1 Tat-induced ROS generation and
activity and expression of NADPH oxidase in astrocytes

We next investigated the effect of HDAC6 inhibitor on HIV-1 Tat-
induced ROS generation, and NADPH oxidase activity and expression in
CRT-MG cells. We used tubastatin A (TBA), which is a selective
inhibitor of HDAC6 [41], to assess the effect of TBA on HIV-1 Tat-
induced ROS production in CRT-MG cells. Cells pretreated with various
doses of TBA for 1 h were stimulated with 20 nM HIV-1 Tat for 1 h, and
the levels of intracellular ROS was assessed by DCF-DA and DHE
staining. TBA significantly inhibited HIV-1 Tat-induced increase of
intracellular ROS levels in a dose-dependent manner in CRT-MG cells
(Fig. 4A and B). We next examined the effect of TBA on HIV-1 Tat-
induced NADPH oxidase activity in CRT-MG. TBA significantly inhib-
ited HIV-1 Tat-induced NADPH oxidase activity in CRT-MG cells
(Fig. 4C). In addition, TBA decreased the level of p47phox associated
with gp91phox/Nox2 in a dose-dependent manner in a co-immunopre-
cipitation experiment (Fig. 4D). The effect of TBA on HDAC6-induced
expression of NADPH oxidase subunits in CRT-MG cells was deter-
mined. TBA efficiently decreased HIV-1 Tat-induced mRNA expression
of gp91phox/Nox2, p47phox and p22phox in a dose-dependent manner
(Fig. 4E). Taken together, these results suggest that HDAC6 enzymatic

Fig. 3. Effects of HDAC6 knockdown on HIV-1 Tat-induced expression of NADPH oxidase subunits in astrocytes. CRT-MG cells (A, C) and mouse primary astrocytes (B, D) were
transfected with control siRNA or HDAC6 siRNA for 48 h, followed by stimulation with HIV-1 Tat (20 nM) for 3 h (mRNA) or 12 h (protein). (A, B) Total RNA was extracted from cells and
analyzed for mRNA of gp91phox/NOX2, p47phox, p22phox, and β-actin by quantitative RT-PCR using specific primers. Data are presented as mean± SD of three independent
experiments **p<0.01, ***p<0.001, ++p<0.01, ^p<0.05, ^^^p<0.001 as compared with the cells treated with HIV-1 Tat after control siRNA transfection. (C, D) Total cell lysate was
extracted from cells and analyzed for protein of gp91phox/NOX2, p47phox, p22phox, and β-actin by Western blotting using specific antibodies.
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activity is required for ROS production as well as activity and
expression of NADPH oxidase in astrocytes.

3.5. HIV-1 Tat-induced expression of chemokines via a positive feedback
loop between HDAC6, NADPH oxidase and ROS in astrocytes

The possibility of cross-talk between HDAC6 and NADPH oxidase
expression/ROS generation was addressed. We first analyzed the effect
of N-acetyl cysteine (NAC), diphenylene iodonium (DPI), and apocynin
on HIV-1 Tat-induced expression of HDAC6 in CRT-MG cells. All three
compounds significantly inhibited HIV-1 Tat-induced expression of
HDAC6 mRNA (Fig. 5A). Similarly, each compound significantly
reduced HIV-1 Tat-induced HDAC6 expression with concomitant re-
covery of a reduced level of acetylated α-tubulin (Fig. 5B). NAC, DPI,
and apocynin significantly reduced HIV-1 Tat-induced mRNA expres-
sion (Fig. 5A) and production (Fig. 5C) of CCL2, CXCL8, and CXCL10
chemokines. These results suggest that NADPH oxidase activity and
ROS generation regulate HDAC6 expression in HIV-1 Tat stimulated
astrocytes. To address the involvement of ROS in HDAC6 expression,
we determined the direct effect of ROS on HDAC6 expression using
hydrogen peroxide. Hydrogen peroxide increased HDAC6 mRNA ex-
pression in dose- and time-dependent manners (Fig. 5D), suggesting an
interplay of NADPH oxidase and ROS with HDAC6.

To further investigate the effect of NADPH oxidase on the HIV-1 Tat-
induced HDAC6 expression, a Nox2 knockdown experiment was done

using siRNA in CRT-MG cells. Nox2 siRNA efficiently inhibited mRNA
(Fig. 6A) and protein (Fig. 6B) expression of HDAC6, with concomitant
increase of acetylated α-tubulin (Fig. 6B). In addition, Nox2 siRNA
significantly suppressed HIV-1 Tat-induced mRNA (Fig. 6A) and protein
(Fig. 6C) expression of CCL2, CXCL8, and CXCL10. Together, these
results suggest that HIV-1 Tat induces the expression of chemokines via
a positive feedback loop between HDAC6, NADPH oxidase, and ROS in
astrocytes (Fig. 7).

4. Discussion

HIV-1 Tat contributes to extensive neuro-inflammation via ROS
production that mediates the up-regulation of various pro-inflamma-
tory mediators including cytokines, chemokines, and adhesion mole-
cules. However, the molecular mechanisms of HIV-1 Tat-induced
expression of pro-inflammatory mediators in the CNS remain unclear.
In this study, we show that HDAC6 mediates HIV-1 Tat-induced ROS
generation by regulating the activity and expression of Nox2-based
NADPH oxidase in astrocytes. We further establish that crosstalk
between HDAC6 and NADPH oxidase exists in HIV-1 Tat-stimulated
astrocytes.

Stimulation of astrocytes with HIV-1 Tat induces the excessive ROS
generation that activates intracellular signaling pathways, such as NF-
κB and AP-1, resulting in expression of pro-inflammatory mediators
including CCL2, CXCL8, and CXCL10 chemokines [8]. Blockage of ROS

Fig. 4. Effects of HDAC6 inhibitor on HIV-1 Tat-induced ROS generation and NADPH oxidase activation in astrocytes. Cells were pretreated with tubastatin A (TBA) at the
indicated concentrations for 1 h and then stimulated with HIV-1 Tat (20 nM) for 1 h. (A) Cells were stained with DCF-DA for 30 min and intracellular ROS levels were measured using an
ELISA plate reader. (B) Microphotographs of superoxide levels in cells were obtained by fluorescence microscopy after DHE staining (original magnification, ×200; scale bar=100 µm).
(C) To measure the NADPH oxidase activity, the treated cells were harvested and incubated with 250 µM NADPH. NADPH consumption was monitored by the decrease in absorbance at
λ=340 for 10 min. Data are presented as mean± SD of three independent experiments (**p<0.01, as compared with the cells treated with HIV-1 Tat alone). (D) To evaluate the levels of
p47phox associated with gp91phox, cell lysates were immune-precipitated with an antibody against gp91phox, followed by Western blotting using a p47phox antibody. (E) Total RNA
was analyzed for the mRNA levels of gp91phox, p47phox, p22phox, and β-actin by RT-qPCR using specific primers. Data are presented as means± SD of three independent experiments
*p<0.05, **p<0.01, ^^p<0.01, ++p<0.01 as compared with the cells treated with HIV-1 Tat alone.
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production with selected antioxidants inhibits HIV-1 Tat-induced
expression of pro-inflammatory mediators [42]. We recently reported
that HDAC6 is a master regulator in expressing pro-inflammatory
mediators by regulating ROS-dependent pathways in macrophages
[27]. Overexpression of HDAC6 can significantly induce ROS genera-
tion in macrophages. We also reported that HIV-1 Tat augments the
expression of HDAC6, which is involved in the expression of pro-
inflammatory genes, by regulating the MAPK-NF-κB/AP-1 pathways in
astrocytes [26]. Although HDAC6 was demonstrated to mediate
immune responses induced by HIV-1 Tat, it is not clear whether HDAC6
plays a direct role in HIV-1 Tat-induced ROS generation in astrocytes.
In this study, we observed that genetic knockdown and pharmacologi-
cal inhibition of HDAC6 suppressed HIV-1 Tat-induced ROS production
and subsequent expression of pro-inflammatory CCL2, CXCL8, and
CXCL10 chemokines. These results suggest that HDAC6 plays a role in
HIV-1 Tat-induced ROS production in astrocytes.

NADPH oxidase is a primary cellular source of ROS generation that
leads to activation of various signal transduction processes in astrocytes
[43,44]. Different Nox families including Nox1-5 and Duox1/2 play a
role in ROS generation after various routes of stimulation in several cell
types [44]. Previous studies have demonstrated that Nox2-based
NADPH oxidase was responsible for HIV-1 Tat-induced ROS generation
in astrocytes [8]. HIV-1 Tat increases expression of chemokines like
CXCL10 via Nox-2-based NADPH oxidase in interferon-gamma and

tumor necrosis factor-alpha stimulated human astrocytes [33]. Nox2-
based NADPH oxidase consists of plasma membrane-bound subunits
(gp91phox/Nox2 and p22phox) and cytosolic subunits (p40phox, p47phox,
p67phox, small GTPase Rac1) [11]. Activation of the NADPH oxidase
requires the translocation of the cytosolic component p47phox to the
plasma membrane and the subsequent association of p47phox with
gp91phox/Nox2, leading to the generation of superoxide [45]. We
recently reported that HDAC6 is capable of regulating the activity and
expression of Nox2-based NADPH oxidase in macrophages [27].

Presently, knockdown of HDAC6 using siRNA inhibited HIV-1 Tat-
induced enzymatic activity of NADPH oxidase in CRT-MG cells and
primary mouse astrocytes. In addition, HDAC6 knockdown decreased
the level of HIV-1 Tat-induced p47phox association with gp91phox/Nox2.
We also observed that HIV-1 Tat up-regulated the expression of NADPH
oxidase subunits, such as gp91phox/Nox2, p47phox, and p22phox, in CRT-
MG cells and primary mouse astrocytes. HDAC6 knockdown signifi-
cantly decreased HIV-1 Tat-induced expression of gp91phox/Nox2,
p47phox, and p22phox, suggesting a possible role of HDAC6 in up-
regulation of Nox2-based NADPH oxidase subunits in HIV-1 Tat-
stimulated astrocytes.

TBA is a specific inhibitor of HDAC6. We observed that TBA
significantly inhibited HIV-1 Tat-induced ROS generation as well as
activity and expression of Nox2-based NADPH oxidase. These results
indicate that HDAC6 enzymatic activity is required for HIV-1 Tat-

Fig. 5. Effects of ROS and NADPH oxidase inhibitors on HIV-1 Tat-induced expression of HDAC6 and chemokines in astrocytes. CRT-MG cells were pre-treated with the NAC, DPI,
or apocynin (Apo) for 1 h and then stimulated with HIV-1 Tat (20 nM) for 3 h (mRNA), 12 h (protein), or 24 h (ELISA). (A) Total RNA was extracted from cells and analyzed for the mRNA
levels of HDAC6, NOX2, CCL2, CXCL8, CXCL10, and β-actin by RT-qPCR using specific primers. Data are presented as means± SD of three independent experiments. **p<0.01,
***p<0.001, ^^p<0.01, ^^^p<0.001, ++p<0.01, +++p<0.001, as compared with the cells treated with HIV-1 Tat alone. (B) Total cell lysate was extracted from cells and analyzed for
the levels of HDAC6, acetylated α-tubulin, and β-actin by Western blotting using specific antibodies. (C) Culture supernatants of cells were harvested and analyzed for production of CCL2,
CXCL8, and CXCL10 by ELISA. Data are presented as mean±SD of three independent experiments. ***p<0.001, ^^^p<0.001, +++p<0.001, as compared with the cells treated with
HIV-1 Tat alone. (D) Cells were treated with hydrogen peroxide at the indicated concentrations for 3 h (mRNA) or 12 h (protein). Total RNA or cell lysate was prepared from cells and
analyzed for the levels of HDAC6 mRNA by RT-qPCR (upper panel) or HDAC6, acetylated α-tubulin, and β-actin by Western blotting using specific antibodies (low panel), respectively.
Data are presented as mean± SD of three independent experiments. **p<0.01, ***p<0.001, as compared with the control cells.
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induced activation of NADPH oxidase and subsequent ROS production
in astrocytes. Along with its deacetylase activity, HDAC6 possesses
several functional domains including an ubiquitin binding domain
[14,15]. We cannot rule out the possible contribution of other domains
of HDAC6 in ROS generation. Taken together, these results suggest that
HDAC6 is involved in HIV-1 Tat-induced ROS production by regulating
Nox2-based NADPH oxidase in astrocytes.

Along with supporting data that HDAC6 is involved in HIV-1 Tat-
induced ROS generation and activation of NADPH oxidase, we found
that ROS and NADPH oxidase can affect HDAC6 expression vice versa.
NAC, a ROS scavenger antioxidant, efficiently suppressed HIV-1 Tat-
induced HDAC6 expression, as evidenced by the concomitant increase
of acetylated α-tubulin. DPI and apocynin are NADPH oxidase inhibi-
tors. Both also efficiently suppressed HIV-1 Tat-induced HDAC6
expression. Antioxidant and NADPH oxidase inhibitors significantly
suppressed HIV-1 Tat-induced expression of the CCL2, CXCL8, and
CXCL10 chemokines. In this study, we found that hydrogen peroxide
increased HDAC6 expression with concomitant decrease of acetylated
α-tubulin, further supporting the notion that NADPH oxidase-derived
ROS can affect HDAC6 expression. We also observed that Nox2 knock-
down decreased HIV-1 Tat-induced HDAC6 expression and subsequent
expression of the CCL2, CXCL8, and CXCL10 chemokines. Thus, these
results provide the first evidence that HIV-1 Tat induces expression of
chemokines via a positive feedback loop between HDAC6, NADPH
oxidase, and ROS in astrocytes. Although knockdown or inhibitors of

HDAC6 regulate activity and expression of NADPH oxidase, it is not
clear whether HDAC6 directly or indirectly regulates NADPH oxidase.
Further studies are required for identifying the mechanism by which
HDAC6 affect NADPH oxidase at the molecular level. We provided
evidence that hydrogen peroxide increased HDAC6 expression at the
transcriptional level, further studies are needed to elucidate upstream
mediators in hydrogen peroxide-induced HDAC6 expression.

In conclusion, these results provide evidence that HDAC6 mediates
the HIV-1 Tat-induced expression of chemokines by regulating ROS-
Nox2-based NADPH oxidase pathways in astrocytes. Furthermore, there
is crosstalk between HDAC6 and NADPH oxidase in HIV-1 Tat-induced
chemokine expression in astrocytes, which reveals potential therapeutic
targets to combat HIV-1 Tat-associated neuro-inflammation.
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Fig. 6. Effects of NOX2 knockdown on the HIV-1 Tat-induced expression of HDAC6 and chemokines in astrocytes. CRT-MG cells were transfected with control siRNA or NOX2
siRNA for 48 h, followed by stimulation with HIV-1 Tat (20 nM) for 3 h (mRNA), 12 h (protein), or 24 h (ELISA). (A) Total RNA was extracted from cells and analyzed for the mRNA levels
of HDAC6, NOX2, CCL2, CXCL8, CXCL10, and β-actin by RT-qPCR using specific primers. Data are presented as mean± SD of three independent experiments. ***p<0.001, ^^p<0.01,
^^^p<0.001, +++p<0.001, as compared with the cells treated with HIV-1 Tat after control siRNA transfection. (B) Total cell lysate was extracted from cells and analyzed for the levels of
HDAC6, acetylated α-tubulin, NOX2, and β-actin by Western blotting using specific antibodies. (C) Culture supernatants of cells were harvested and analyzed for production of CCL2,
CXCL8, and CXCL10 by ELISA. Data are presented as mean± SD of three independent experiments. **p<0.01, ***p<0.001, as compared with the cells treated with HIV-1 Tat after
control siRNA transfection.
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Fig. 7. Schematic diagram showing crosstalk between HDAC6 and NADPH oxidase
in HIV-1 Tat-induced inflammatory response in astrocytes. HIV-1 Tat induces the
expression of HDAC6 that activates Nox2-dependent NADPH oxidase leading to ROS
generation, resulting in expression of pro-inflammatory chemokines, such as CCL2,
CXCL8, and CXCL10, in astrocytes. NADPH oxidase-derived ROS can affect HDAC6
expression, supporting the evidence of a positive feedback circuit via HDAC6/NADPH
oxidase/ROS axis in HIV-1 Tat-induced inflammatory response.
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