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Deacetylation of histone proteins at the HIV type 1 (HIV-1)
long terminal repeat (LTR) by histone deactylases (HDACs) can
promote transcriptional repression and virus latency. As such,
HDAC inhibitors (HDACI) could be used to deplete reservoirs
of persistent, quiescent HIV-1 proviral infection. However, the
development of HDACI to purge latent HIV-1 requires knowl-
edge of theHDAC isoforms contributing to viral latency and the
development of inhibitors specific to these isoforms. In this
study, we identify the HDACs responsible for HIV-1 latency in
Jurkat J89GFP cells using a chemical approach that correlates
HDACI isoform specificity with their ability to reactivate latent
HIV-1 expression. We demonstrate that potent inhibition or
knockdown of HDAC1, an HDAC isoform reported to drive
HIV-1 into latency, was not sufficient to de-repress the viral
LTR. Instead, we found that inhibition ofHDAC3was necessary
to activate latent HIV-1. Consistent with this finding, we iden-
tified HDAC3 at the HIV-1 LTR by chromatin immunoprecipi-
tation. Interestingly, we show that valproic acid is a weak inhib-
itor of HDAC3 (IC50 � 5.5 mM) relative to HDAC1 (IC50 � 170
�M). Because the total therapeutic concentration of valproic
acid ranges from275 to 700�M in adults, these datamay explain
why this inhibitor has no effect on the decay of latent HIV res-
ervoirs inpatients. Taken together, our study suggests an impor-
tant role for HDAC3 in HIV-1 latency and, importantly,
describes a chemical approach that can readily be used to iden-
tify the HDAC isoforms that contribute to HIV-1 latency in
other cell types.

Combination antiretroviral therapy (cART)3 can effectively
reduce plasmaHIV-1 to undetectable levels. However, upon its
interruption, there is usually a rapid rebound of viremia (1).
This viremia is thought to arise from latently infected reservoirs
such as memory CD4(�) T cells or CD34(�) multipotent
hematopoietic progenitor cells (2–5). Therefore, any long term
therapeutic strategy targeted toward eliminating HIV-1 infec-

tion must include compounds that purge the latent viral reser-
voirs thereby rendering them susceptible to cART.
HIV-1 can be maintained in a latent state by multiple differ-

ent mechanisms that inhibit virus gene expression after inte-
gration into the cellular DNA (6–8). For example, epigenetic
modifications at or near the HIV-1 5�-long terminal repeat
(LTR) can induce chromatin condensation that diminishes the
accessibility of the HIV-1 promoter to transcription factors. In
this regard, it has been well documented that different tran-
scription factors can recruit histone deacetylase (HDAC)
enzymes to the HIV-1 LTR where they promote chromatin
condensation by deacetylating the �-amino groups of lysine res-
idues in histone tails (9–14). Eleven distinct zinc-dependent
HDAC isoforms have been identified in humans. These can be
classified into four families, namely class I (HDAC1–3 and -8),
IIa (HDAC4, -5, -7, and -9), IIb (HDAC6 and -10), and IV
(HDAC11), which differ in structure, enzymatic function, sub-
cellular localization, and expression patterns (15). To date,
multiple studies have demonstrated that recruitment of
HDAC1 to the HIV-1 LTR by different DNA-binding com-
plexes is sufficient to induce viral latency (9–14). However,
HDAC2 and HDAC3 can also bind to the HIV-1 LTR and may
also play an important role in viral latency (12, 16, 17).
Treatment of latently infected HIV-1 cell lines and/or

CD4(�) T cells from aviremic HIV-1-infected individuals on
cARTwithHDACI can lead to chromatin relaxation and induc-
tion of viral transcription (reviewed in Ref. 6). Therefore, HDA-
CIs are considered as potential therapeutic agents for purging
the latent viral reservoir in HIV-1-infected individuals. How-
ever, the active site structures of the HDAC family are largely
conserved, and many HDACIs exhibit activity against multiple
HDAC isoforms. For example, suberoylanilide hydroxamic acid
(SAHA, vorinostat), an activator of latent HIV-1 expression
(18–20), is a nonselective HDACI that inhibits both class I and
class II HDAC isoforms (21). Because HDACs exert crucial
roles in numerous biological processes, including cell cycle, cell
differentiation, and survival (15), simultaneous inhibition of
multiple HDAC isoforms will likely reduce their therapeutic
window by promoting undesirable side effects and/or toxicity.
Accordingly, the development of HDACI for anHIV-1 curative
strategy requires knowledge of the HDAC isoforms contribut-
ing to viral latency and the development of inhibitors targeting
these isoforms. In this study, we use a chemical approach that
correlates the isoform specificities of HDACI with their abili-
ties to reactivate latent HIV-1 expression to identify the HDAC
isoforms responsible for HIV-1 latency in Jurkat J89GFP cells.

□S The on-line version of this article (available at http://www.jbc.org) contains
supplemental Fig. 1 and Tables 1 and 2.
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The results from this study suggest that potent inhibition of
HDAC3 may be important for reactivation of latent HIV-1.

EXPERIMENTAL PROCEDURES

Materials—The HDACI 4,5:8,9-dianhydro-1,2,6,7,11-
pentadeoxy-D-threo-D-ido-undeca-1,6-dienitol (depudecin),
suberoyl bis-hydroxamic acid, cyclo[(2S)-2-amino-8-oxo-
decanoyl-1-methoxy-L-tryptophyl-L-isoleucyl-(2R)-2-piperi-
dinecarbonyl] (apicidin), cyclo-(D-Pro-L-Ala-D-Ala-L-2-
amino-8-oxo-9,10-epoxydecanoic acid) (HC toxin), (2E)-
5-[3-(phenylsulfonylamino)phenyl]-pent-2-en-4-ynohydro-
xamic acid (oxamflatin), 6-(1,3-dioxo-1H,3H-benzo[de]iso-
quinolin-2-yl)-hexanoic acid hydroxyamide (scriptaid), sodium
butyrate, sodium 4-phenylbutyrate, SAHA, valproic acid, and
[(R)-(E,E)]-7-[4-(dimethylamino)phenyl]-N-hydroxy-4,6-di-
methyl-7-oxo-2,4-heptadienamide] (trichostatin A) were ob-
tained from Enzo Life Sciences (Plymouth Meeting, PA). 4-Di-
methylamino-N-(6-hydroxyamino)-6-(oxohexyl]-benzamide
(CAY10398) and N-phenyl-N�-(2-aminophenyl) hexamethyl-
enediamide (CAY10433) were obtained from Cayman Chemi-
cal Co. (Ann Arbor, MI). Sodium 1-naphthoate was obtained
from TCI America (Portland, OR). Droxinostat was pur-
chased from Sigma. Wortmannin was obtained from Sigma.
The AKT inhibitor IV was obtained from EMD Biosciences
(Gibbstown, NJ). The phospho-AKT antibody and AKT an-
tibody were obtained from Cell Signaling Technology (Bos-
ton). The �-actin antibody was obtained from Abcam (Cam-
bridge,MA). DNA oligonucleotide primers were synthesized
by Integrated DNA Technologies (San Diego). The recombi-
nant purified HDAC isoforms, the Fluorogenic HDAC assay
kit, and the HDAC assay substrates were purchased from
BPS Bioscience (San Diego). The J89GFP cells were a kind
gift from Dr David Levy.
HDAC Activity Assays—The lysine deacetylase activity of

HDAC1–9 was assessed using the fluorogenic HDAC assay
(BPS Bioscience) according to the manufacturer’s instructions.
The HDAC3 used in this assay was complexed with human
nuclear receptor co-repressor 2 (NCOR2; amino acids 395–
489), which is an activating co-factor of this HDAC isoform
(31). All assays were carried out under steady-state conditions,
and the assay read-out was optimized for linearity both as a
function of time and enzyme concentration. Inhibition assays
were carried out in 384-well plates. The assay volume was 25 �l
and contained 0.1 mg/ml BSA, 20 �M substrate, and varying
concentrations of the HDACI. All HDACI were dissolved in
DMSO. The final concentration of DMSO did not exceed 5.0%
(v/v). The formation of the fluorescent product was measured
using a SpectraMax M2 plate reader (Molecular Devices). The
excitation and emission wavelengths were 360 and 450 nm,
respectively. The concentrations of HDACI required to inhibit
50% of the deacetylase activity of an HDAC isoform (i.e. IC50)
were calculated by regression analysis using SigmaPlot software
(Systat Software, Inc., San Jose, CA).
HDACI Cytotoxicity—Jurkat cells were maintained in RMPI

1640 medium supplemented with 10% FBS (Atlanta Biologi-
cals), 0.3 mg/ml L-glutamine, 100 units/ml penicillin, and 100
�g/ml streptomycin. HeLa and 293T cells were maintained in
DMEMmedium supplementedwith 10% FBS, 0.3mg/ml L-glu-

tamine, 100 units/ml penicillin, and 100 �g/ml streptomycin.
CD8(�)-depleted peripheral bloodmononuclear cellswere iso-
lated from fresh whole blood (100 ml) of HIV-negative individ-
uals, as described previously (38). To determine HDACI cyto-
toxicity, 1 � 104 cells were plated in 96-well plates with varying
concentrations of drug. Following a 24-h incubation period, cell
viability was measured using either the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium bromide (Roche Applied Sci-
ence) or CellTiter 96 proliferation (Promega, Madison, WI)
assay. The concentration ofHDACI that decreased cell viability
by 50% (i.e. 50% cytotoxic concentration (CC50)) was calculated
by regression analysis using SigmaPlot software.
Reactivation of Latent HIV-1 by HDACI—J89GFP cells are a

Jurkat T-cell line that contains a stably integrated, full-length
HIV-1 provirus (strain 89.6) with an enhanced green fluores-
cent protein (EFGP) reporter incorporated into the viral
genome (22). The viral genome in these cells is transcriptionally
silent. However, upon stimulation with tumor necrosis factor �
or HDACI, viral transcription was activated, and viral expres-
sion can be measured by EGFP production. We chose this cell
linemodel ofHIV-1 latency because the absence of viral expres-
sion was not due to mutations in either the Tat-TAR axis (e.g.
the ACH2 cell line (34) and the U1 promonocytic cell line (36))
or in the 5�-LTR (e.g. the J�K cell line (35)). The J89GFP cells
were maintained in RMPI 1640 medium supplemented with
10% FBS, 0.3 mg/ml L-glutamine, 100 units/ml penicillin, and
100 �g/ml streptomycin. 5 � 105 cells/ml cells were plated in
6-well plateswith varying concentrations ofHDACI for 6–72h.
The PI3K and Akt inhibitors wortmannin and Akt inhibitor IV
(AI4) were used at concentrations of 100 nM and 10�M, respec-
tively. The cells were thenwashed in PBS, fixed in 4%paraform-
aldehyde, and stored at 4 °Cuntil analysis. Reactivation of latent
HIV-1 was determined by quantifying the percentage of EGFP-
positive cells using a FACScan flow cytometer with FACSDiva
software (BD Biosciences).
DNA Microarray Analyses—5 � 105 J89GFP cells were

treated with 200 nM SAHA, oxamflatin, scriptaid, and apicidin
for 24 h. Control experiments included J89GFP cells grown in
the absence of HDACI and Jurkat cells infected with HIV-1
(multiplicity of infection of 1) for 24 h. Total cellular RNA was
extracted from these cells using the RNeasy Plus RNA extrac-
tion kit (Qiagen Inc.) according to themanufacturer’s protocol.
RNA quantification, quality assessment, and DNA microarray
analyses were carried out by PhalanxBio, Inc. (Palo Alto, CA),
using the Human Whole Genome OneArrayTM microarray.
Each treatment condition and control were assessed in dupli-
cate biological replicates, and all samples were run in duplicate
technical replicates on the arrays. Data analysis was performed
by PhalanxBio, Inc., using Rosetta Resolver software.
siRNAKnockdown—siRNAs targetingHDAC1,HDAC2, and

HDAC3, as well as a control scrambled sequence control
siRNA, were purchased from Qiagen (SA Biosciences). The
J89GFP cells were transfected with 60 nM siRNA using the
Neon Transfection System from Invitrogen, according to
themanufacturer’s protocol. The efficiency of gene knockdown
was assessed by determining mRNA levels (described below)
and by Western blot analyses of protein expression.

Inhibition of HDAC3 Required for Reactivation of Latent HIV-1

22212 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 286 • NUMBER 25 • JUNE 24, 2011



Quantitative Analysis of Gene Transcripts—RNA was
extracted from treated cells using RNeasy Plus RNA extraction
kit (Qiagen Inc., Valencia, CA) according to themanufacturer’s
protocol. RNA was quantified using a Nanodrop 2000, and
200–400 ng of total RNA was used in each reaction. RNA was
amplified using the QuantiTect SYBR Green RT-PCR kit
(Qiagen Inc., Valencia, CA) and the DNA Engine Opticon�
system (Bio-Rad). Initiated HIV-1 transcripts were detected
using primers TAR-FW (5�-GTTAGACCAGATCTGAGCCT-
3�) and TAR-Rev (5�-GTGGGTTCCCTAGTTAGCCA-3�).
Elongated HIV-1 transcripts were detected using primers
TAT-FW (5�-ACTCGACAGAGGAGAGCAAG-3�) and TAT-
REV (5�-GAGTCTGACTGTTCTGATGA-3�). HDAC1 was
quantified using primers HDAC1-FW (5�-CCAGTATTC-
GATGGCCTGTT-3�) andHDAC1-REV (5�-TGTACAGCAC-
CCTCTGGTGA-3�). HDAC2 was quantified using primers
HDAC2-FW (5�-ATAAAGCCACTGCCGAAGAA-3�) and
HDAC2-REV (5�-TCCTCCAGCCCAATTAACAG-3�). HDAC3
was quantified using primers HDAC3-FW (5�-TGGCTTCT-
GCTATGTCAACG-3�) and HDAC3-REV (5�-TCTCTGC-
CCCGACTTCATAC-3�). �-Actin mRNA copies were used as
the normalization control (10) and were quantified using the
primers �-actin-FW (5�-GTCGACAACGGCTCCGGC-3�)
and �-actin-REV (5�-GGTGTGGTGCCAGATTTTCT-3�).
Relative gene expression levels were calculated using the
��C(T) method (23).
Chromatin Immunoprecipitation (ChIP) Assays—2 � 106

J89GFP cells were fixed with 1% formaldehyde for 10 min at
room temperature. ChIP assays were carried out using the EZ-
ChIP assay kit (Millipore Billerica, MA). Immunoprecipitation
was performed using 5 �g of antibody (Invitrogen) against
HDAC1–3 or -8. Rabbit immunoglobulin G serum (5 �g, Santa
Cruz Biotechnology Inc., Santa Cruz, CA) was used to control
for nonspecific immunoprecipitation of DNA. Forward
(LTR�B primer 5, 5�-AGGTTTGACAGCCGCCTA-3�) and
reverse (LTR�B primer 3, 5�-AGAGACCCAGTACAG-
GCAAAA-3�) primers specific for a 203-bp region in theHIV-1
LTR that encompasses the NF-�B-binding site LTR were used
to detect a specific interaction between an HDAC isoform and
HIV-1 DNA, as described previously (10).

RESULTS AND DISCUSSION

Potent Inhibition of HDAC1 Is Not Sufficient to Reactivate
Latent HIV-1—Previous studies have demonstrated that
recruitment of HDAC1 to the HIV-1 LTR by different DNA-
binding complexes is sufficient to induce viral latency (9–11,
13, 14). Accordingly, we hypothesized that a potent inhibitor of
HDAC1 would reactivate HIV-1 expression in the J89GFP cell
line model of viral latency. Initially, we screened 16 structurally
diverse HDACI (Fig. 1) for the following: (i) their inhibitory
activity against recombinant purified HDAC1; (ii) their cyto-
toxicity (CC50) in Jurkat cells; and (iii) their ability to reactivate
HIV-1 expression in J89GFP cells (Table 1). For point iii, the
highest possible sub-cytotoxic concentration ofHDACI (deter-
mined from the cytotoxicity assessments) was used. Of the 16
HDACI tested, 6 (apicidin, HC toxin, scriptaid, oxamflatin,
SAHA, and trichostatinA) exhibited potent activity (IC50 �100
nM) against purified HDAC1. Of these, only three (oxamflatin,

apicidin, and trichostatin A) were able to stimulate HIV-1
expression bymore than 5% in the J89GFP cells, asmeasured by
flow cytometry analysis of EGFP expression. In this regard, it
should be noted that apicidin, scriptaid, oxamflatin, and SAHA
exhibited similar CC50 values and were tested in the J89GFP
cells at identical concentrations, therefore allowing for a direct
comparison of their ability to reactivate latent HIV-1 expres-
sion. Interestingly, valproic acid and sodium butyrate were
found to be relatively weak inhibitors of HDAC1 (IC50 �175
�M), but each elicited a different effect in the J89GFP cells as
follows: 1 mM valproic acid reactivated HIV-1 expression in
only 4.3% of cells; 1 mM sodium butyrate reactivated HIV-1
expression in 66.4% of cells. Taken together, these HDACI
screening studies show that inhibition of HDAC1 is not suffi-
cient to reactivate HIV-1 expression in J89GFP cells.
Inhibition of HDAC3 Correlates with the Reactivation of

Latent HIV-1—Based on the data described above, we next car-
ried out in-depth analyses on theHDACIs apicidin, oxamflatin,
scriptaid, and SAHA (Fig. 2). Each of these HDACIs exhibit
similar potency against purified HDAC1 and similar cytotoxic-
ity (CC50) values in Jurkat cells (Table 1). However, at concen-
trations of inhibitor ranging from 0 to 500 nM, apicidin and
oxamflatin reactivated HIV-1 expression in the J89GFP cells in
a dose-dependent manner, whereas SAHA and scriptaid elic-
ited no effect (Fig. 2A). A time course experiment demonstrated
that this lack of activity was not due to an early or late EGFP
peak that was missed at the 24-h time point used in the dose-
response experiments (Fig. 2B). Because the EGFP expression
quantitated in Fig. 2,A and B, only provides information on the
translated protein, we also used quantitative RT-PCR to assess
the formation of HIV-1 RNA transcripts (Fig. 2C). Consistent
with the flow cytometry analyses, oxamflatin and apicidin sig-
nificantly increased the abundance of elongated HIV-1 tran-
scripts, but not initiated transcripts, compared with untreated
J89GFP cells. By contrast, scriptaid and SAHA did not signifi-
cantly increase the formation of either initiated or elongated
HIV-1 transcripts.
We also carried out cDNAmicroarray analyses to determine

themagnitude and the extent of global gene expression changes
observed in the J89GFP cells after 24 h of treatmentwith 200 nM
oxamflatin, scriptaid, SAHA, or apicidin. Control experiments
included untreated J89GFP cells and Jurkat cells infected with
HIV-1 for 24 h. The cDNA microarray data are provided in
supplemental Tables 1 and 2 and Fig. 1. SAHA and scriptaid
were found to significantly (p � 0.01) up- or down-regulate 3
and 1% of all genes compared with untreated cells, respectively.
One study reported that SAHA altered regulation in at least
22% of genes in CEM cells; however, a much higher concentra-
tion of drug (2.5�M) was used which caused�50% of cell death
after 24 h (30).Oxamflatin and apicidin resulted in gene expres-
sion changes in �11 and 8% of all genes compared with
untreated J89GFP, respectively. These higher gene expression
levels compared with scriptaid and SAHA could be due to inhibi-
tionofdifferentHDACisoforms(seebelow)and/or theexpression
of HIV-1 proteins in the J89GFP cells. Microarray DNA analyses
revealed that 2.7% of all genes displayed altered expression
changes in HIV-1-infected Jurkat cells compared with uninfected
cells. Nevertheless, these data indicate that SAHA and scriptaid
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were taken up into the J89GFP cells and induced gene expression
changes. However, at the concentrations tested, they lacked the
ability to induce expression of latent HIV-1.

To gain insight into the mechanisms by which oxamflatin
and apicidin, but not scriptaid and SAHA, reactivated latent
HIV-1, we determined the in vitro inhibitory activity of each of

FIGURE 1. Chemical structures of HDACI used in this study.

TABLE 1
In vitro activity against HDAC1, cytotoxicity in Jurkat cells, and reactivation of latent HIV-1 in J89GFP cells by structurally diverse HDACI

HDACI IC50 against HDAC1 Cytotoxicity CC50

Reactivation
dosea

% inhibition of HDAC1 at
reactivation doseb

% EGFP-positive J89GFP
cells (after 24 h)

�M �M �M

HC toxin 0.000154 0.05 0.005 99.7 1.3
Apicidin 0.000299 10.0 0.5 99.7 40.6
Oxamflatin 0.003959 6.0 0.5 99.2 31.2
Scriptaid 0.006421 6.0 0.5 98.7 3.2
SAHA 0.0137 10.0 0.5 97.3 2.5
TSA 0.0169 0.10 0.05 74.7 17.2
M344 0.0941 0.5 0.1 51.5 3.1
CAY10398 1.7780 1.0 0.5 21.9 0.9
MC1293 4.245 10.0 5 54.1 2.7
CAY10433 9.36 1000 10 51.6 5.2
SBHA 4.54 100 100 95.6 57.5
Depudecin 25.33 5.0 1 3.8 1.3
Sodium 1-naphthoate 200.6 10 10 4.75 1
Valproic acid 171 10,000 1000 85.4 4.3
Sodium butyrate 175 �10,000 1000 85.1 66.4
Sodium 4-phenylbutyrate 162 10,000 1000 86.1 2.5

a The highest nontoxic concentration of HDACI (determined from the cytotoxicity assays in Jurkat cells) was administered to the J89GFP cells to determine the inhibitor’s
ability to reactivate latent HIV-1.

b Maximum possible inhibition of HDAC1 at the concentration of inhibitor used in the reactivation experiments in J89GFP cells is shown (the actual inhibition in the
J89GFP cells is likely to be significantly less due to inefficient cellular uptake and nonspecific protein binding).
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the HDACI against recombinant purified HDAC1 and -2, the
3-NCOR2 complex, and -4–9 (Table 2). In general, each of the
HDACI exhibited little or no activity against the class II HDAC

isoforms, although scriptaid exhibited excellent activity against
HDAC6 (IC50 � 34 nM) and oxamflatin activity againstHDAC6
(IC50 � 390 nM) and HDAC7 (IC50 � 840 nM). By contrast, all
four of the HDACI were found to be very potent inhibitors of
the class I HDAC isoforms 1, 2, and 8 (IC50 �20 nM). Interest-
ingly, oxamflatin and apicidin, both of which induced HIV-1
outgrowth in the J89GFP cells, also potently inhibited the
HDAC3-NCOR2complex (IC50�10nM). By contrast, scriptaid
(IC50 � 320 nM) and SAHA (IC50 � 600 nM) were �100-fold
less active against the HDAC3-NCOR2 complex. Based on our
IC50 calculations, a 200 nM dose of apicidin and oxamflatin
would inhibit �95% of the deacetylase activity of HDAC1–3
and -8. (In the J89GFP cells, these values would likely be signif-
icantly less due to inefficient inhibitor uptake and nonspecific
protein binding.) By contrast, a 200 nM dose of scriptaid and
SAHA would inhibit �95% of HDAC1, -2, and -8 but would
only inhibit 25 and 18% of the deacetylase activity of HDAC3,
respectively. These values for HDAC3would increase to 45 and
36%, respectively, at a dose of 500 nM. Taken together, these
data provide strong evidence that potent inhibition of HDAC3
is required to reactivate the expression of HIV-1 in the J89GFP
cells. The data also suggested that increasing the concentra-
tions of scriptaid and SAHA to allow inhibition of HDAC3
would result in the activation of latent HIV-1 in the J89GFP
cells. Indeed, in Fig. 2Dwe show that 2 �M scriptaid and SAHA
promote activation of latent HIV-1 in the J89GFP. At this con-
centration, the total inhibition of HDAC3 approaches 76 and
70% for scriptaid and SAHA, respectively. To further assess the
importance of HDAC3 inhibition in the reactivation of latent
HIV-1 infection, we assessed the ability of droxinostat to reac-
tivate latent HIV-1 expression in the J89GFP cells. Previous
studies reported that this HDACI selectively inhibited HDAC3
and -8 but notHDAC1 and -2 (37). Indeed, we found that droxi-
nostat is a reasonably potent inhibitor of recombinantHDAC3-
NCOR2 complex and HDAC8 (IC50 � 2.0 and 3.0 �M, respec-
tively) but shows only weak activity against HDAC1 and -2
(IC50 � 63 and 250 �M, respectively) (Table 2). Of note, droxi-
nostat was found to reactivate latent HIV-1 expression in a
dose-dependent manner (Fig. 3). At a 40 �M concentration of
droxinostat, HDAC3 and -8 would be inhibited by �95%,
whereas therewould be only partial inhibition ofHDAC1 (38%)
andHDAC2 (14%). Taken together, these studies provide addi-

FIGURE 2. Reactivation of latent HIV-1 in J89GFP cells by oxamflatin, api-
cidin, scriptaid, and SAHA. A, J89GFP cells were treated with varying con-
centrations of HDACI (0 –500 nM), and the percentage of cells expressing EGFP
was quantitated after 24 h by FACs. Error bars represent S.E. from at least three
independent experiments. B, J89GFP cells were treated with 200 nM HDACI,
and the percentage of cells expressing EGFP was quantitated at different time
intervals (0 –75 h) by FACs. C, increase in HIV-1 RNA transcripts in cells treated
with 200 nM HDACI for 24 h as measured by quantitative RT-PCR. Error bars
represent S.E. from at least three independent experiments. The fold increase
in transcript relative to untreated cells is indicated above each bar for all
four HDACI. D, J89GFP cells were treated with varying concentrations of
HDACI (0 –2 �M), and the percentage of cells expressing EGFP was quan-
titated after 24 h by FACs. Error bars represent S.E. from at least three
independent experiments.

TABLE 2
In vitro activity of HDACI against class I and class II HDAC isoforms

HDAC isoform
IC50 against HDAC isoforms (nM )

Apicidin Oxamflatin Scriptaid SAHA Droxinostat Valproic acid

Class I
HDAC1 0.30 	 0.15a1 3.96 	 0.87 0.64 	 0.09 13.7 	 0.15 63,000 171,000
HDAC2 1.2 	 0.80 0.16 	 0.11 1.4 	 0.74 62.0 	 0.15 250,000 634,000
HDAC3 0.98 	 0.22 10.3 	 1.2 607 	 93 869 	 0.15 2000 5,500,000
HDAC8 0.26 	 0.09 0.37 	 0.15 14.5 	 1.1 6.8 	 0.15 5000 756,000

Class II
HDAC4 �50,000 3800 	 1100 14,000 	 1500 �50,000 NDb ND
HDAC5 �50,000 �50,000 �50,000 �50,000 ND ND
HDAC6 �50,000 390 	 73 34 	 9 5500 	 760 ND ND
HDAC7 �50,000 840 	 39 2200 	 350 �50,000 ND ND
HDAC9 �50,000 �50,000 �50,000 �50,000 ND ND

a Data represent the mean 	 S.D. from three replicate experiments.
b ND, not determined.
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tional evidence that HDACI with specificity toward HDAC3
can reactivate latent HIV-1 expression in J89GFP cells.
Several studies have recently demonstrated that oxamflatin,

apicidin, scriptaid, and SAHA can reactivate latent HIV-1 in
different cell lines and/or in resting CD4(�) T cells from avire-
mic patients (18, 19, 20, 32). In each of these studies relatively
high concentrations (�500 nM) of inhibitor were used. Of note,
each of these HDACI display significant toxicity in cell lines
(CC50 values range from 5 to 10 �M) and in CD8(�)-depleted
peripheral blood mononuclear cells (CC50 values range from
0.1 to 7.5 �M) (Table 3). In this regard, the small therapeutic
window of these HDACI highlights one potential limitation for
their inclusion in therapeutic combinations targeted toward
the eradication of HIV-1.
HDAC3 Resides at the HIV-1 LTR in J89GFP Cells—The data

described above provide strong evidence that inhibition of
HDAC3 is important for the activation of latent HIV-1. How-
ever, only two studies have identified this HDAC isoform at the
HIV-1 LTR (16, 17). Accordingly, we performed ChIP assays in
the J89GFP cells using antibodies specific for the class I HDAC
isoforms (Fig. 4A).We detected a strong signal for HDAC1 and
-3 indicating that both of these HDAC isoforms resided at the
HIV-1 LTR. We also detected a weak signal for HDAC2 sug-
gesting that this isoformmay also be present at the HIV-1 LTR

in J89GFP cells. HDAC8 did not associate with the HIV-1 LTR.
These findings are consistent with a recent study byKeedy et al.
(17), who also reported that HDAC1–3 resided at the HIV-1
LTR in J89GFP cells. Of note, this study also reported that
HDAC8 is primarily sequestered in the cytoplasm and not the
nucleus in J89GFP cells (17). Quantitative real time PCR exper-
iments confirmed the presence of HDAC1 and -3, but not
HDAC2, at the HIV-1 LTR (Fig. 4B). Importantly, the occu-
pancy of HDAC1 and -3 at theHIV-1 LTR in the J89GFP cells is
lost upon treatment with apicidin (Fig. 4B) or oxamflatin (data
not shown). To further assess the role of HDAC1–3 in main-
taining HIV-1 latency, we knocked down their gene expression

FIGURE 3. Reactivation of latent HIV-1 in J89GFP cells by the HDAC3-spe-
cific inhibitor droxinostat. The chemical structure of droxinostat is shown.
The number of J89GFP cells expressing EGFP was quantitated after 24 h by
FACs. Error bars represent S.E. from two independent experiments.

TABLE 3
Cytotoxicity of HDACI in different cells

HDACI

CC50 (�M)

Jurkata HeLaa 293Ta
CD8(�)-depleted

PBMCb

Apicidin 10.0 	 0.1 11.3 	 1.7 12.2 	 1.4 0.1
Oxamflatin 5.9 	 0.1 9.4 	 0.8 6.0 	 1.0 0.3
SAHA 10.0 	 0.1 11.3 	 0.3 14.1 	 0.2 7.5
Scriptaid 6.1 	 0.3 8.9 	 1.8 5.8 	 0.2 0.7

a Data represent the mean 	 S.D. from three replicate experiments.
b Data represent the mean from two independent replicate experiments.

FIGURE 4. Role of HDAC1–3 in maintaining HIV-1 latency. A, ChIP assays
identify HDAC1–3, but not HDAC8, at the HIV-1 LTR in J89GFP cells. Two dif-
ferent HDAC1 antibodies (a and b) were used in the ChIP assays. B, quantita-
tive real time PCR experiments show enrichment (versus rabbit IgG) of HDAC1
and -3 at the HIV-1 LTR in J89GFP cells that is lost upon treatment with apici-
din. PCR data were normalized by quantification of the GAPDH promoter in
the input samples. C, mRNA expression of HDAC1–3 after knockdown by
siRNA. HDAC1* and HDAC2* reports on the mRNA levels in experiments in
which both HDAC1 and -2 were knocked down simultaneously. An siRNA with
a scrambled sequence was used as a control. D, reactivation of latent HIV-1 in
J89GFP cells after knockdown of HDAC1 or -2 or HDAC1 and -2. The number of
J89GFP cells expressing EGFP was quantitated after 24 h by FACs. Error bars
represent S.E. from three independent experiments.
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by siRNA (Fig. 4C). The magnitude of the siRNA-mediated
gene silencing was confirmed by quantitative PCR analyses of
mRNA levels (Fig. 4C) and by Western blot analysis (data not
shown). Knockdown ofHDAC3 resulted in significant and sub-
stantial cell death that prevented subsequent analyses of HIV-1
latency. Interestingly, the knockdown of either HDAC1 or -2,
or a combination of HDAC1 and -2, did not result in the reac-
tivation of latentHIV-1 expression in the J89GFP cells (Fig. 4D).
These data provide strong supporting evidence that inhibition
of HDAC1 and -2 is insufficient to reactivate latent HIV-1
expression.
Reactivation of Latent HIV-1 Expression by Apicidin and

Oxamflatin Is Partially Dependent on the PI3K/Akt Signaling
Pathway—Peterlin and co-workers (20) have shown that SAHA
activates HIV-1 expression in latently infected cells via the
PI3K/Akt pathway. To determine whether this pathway is also
activated by apicidin and oxamflatin, we first assessed Akt
phosphorylation levels in J89GFP cells treated with TNF-� (a
positive control) or with 500 nM apicidin, oxamflatin, SAHA, or
scriptaid (Fig. 5A). Increased Akt phosporylation was observed
following treatmentwith apicidin but not oxamflatin, SAHA, or
scriptaid. Because the concentration of SAHA used in this
experiment (500 nM) is not sufficient to reactivate latent HIV-1
expression in the J89GFP cells, it was not unexpected that Akt
was not activated. To further determine the impact of apicidin
and oxamflatin on activation of the PI3K/Akt signaling path-
way, we used PI3K (wortmannin) and Akt (Akt inhibitor IV
(AI4)) inhibitors. Indeed, Akt and PI3K inhibitors decreased
but did not completely eliminate both apicidin and oxamflatin-
induced viral replication (Fig. 5B). Importantly, these inhibitors
had no significant effect on the basal levels ofHIV-1 production
(Fig. 5B). These results suggest that the latent HIV-1 reactiva-
tion activity of both apicidin and oxamflatin is intertwinedwith
activation of the PI3K/Akt signaling pathway.
Valproic Acid Is a Weak Inhibitor of HDAC3—In 2004,

Ylisastigui et al. (24) demonstrated that treatment of resting
CD4(�) T cells of aviremic patients with valproic acid induced
histone acetylation and promoted virus outgrowth. An initial
proof-of-concept study in which four volunteers infected with
HIV added oral valproic acid to their cART regimen for 3
months reported a significant decline in the frequency of rest-
ing CD(�) T-cell infection (25). However, several follow-up
studies found that valproic acid does not reduce the size of
latent HIV reservoir (26–29). Interestingly, we find that val-
proic acid is a weak inhibitor of the HDAC3-NCOR2 complex
(IC50 � 5.5mM, Table 2) and that high concentrations of inhib-
itor (�1 mM) are required in J89GFP cells to activate HIV-1
expression (Fig. 6). The total and free therapeutic concentra-
tions of valproic acid in adults range from 275 to 700 �M and
from 27 to 100 �M, respectively. These therapeutic concentra-
tions would be insufficient to inhibit HDAC3 in vivo. Accord-
ingly, our data may explain why valproic acid has no effect on
the decay of latent HIV reservoirs in patients.
Conclusions—This study demonstrates that HDAC3 resides

at the HIV-1 LTR in J89GFP cells and that inhibition of this
HDAC isoform is required for the activation of latent HIV-1
expression by HDACI. Interestingly, Archin et al. (33) recently
demonstrated that an HDACI (MRK12) specific for HDAC1

and -2was unable to reactivate latentHIV-1 in J89GFP cells and
in resting CD4(�) T-cells from aviremic patients. By contrast,
an inhibitor (MRK13) specific for HDAC1–3 promoted virus
outgrowth in both assay systems (33). Taken together, these
studies suggest that potent inhibition of HDAC3 should be an
important criterion in the development of HDACI for HIV-1
curative strategies. Unfortunately, neither our study nor that of
Archin et al. (33) could address whether inhibition of HDAC3
alone is sufficient to induce virus outgrowth or if inhibition of
HDAC1 and/or -2 is also required. The identification and
development of inhibitors specific forHDAC3may address this
question.
Finally, it is likely that there are several reservoirs of latent

HIV-1 infection in aviremic patients on cART. For example,
resting CD4(�) T-cells and CD34(�) multipotent hematopoi-
etic progenitor cells have both been identified as reservoirs of
latent HIV-1 infection (2–5). The HDAC isoforms recruited to
theHIV-1 LTRs in these different cell typesmay be different. In
this regard, the chemical approach described in this study can
readily be used to identify the HDAC isoforms that contribute
to HIV-1 latency in other cell types. The primary advantages of
this approach include the ability to rapidly conduct studies in
cell types that cannot be easily transfected with siRNA (or

FIGURE 5. Activation of the PI3K/Akt signaling pathway by apicidin and
oxamflatin. A, Western blot analysis of Akt phosphorylation in J89GFP cells
treated with TNF-� (positive control) or with 500 nM apicidin, oxamflatin,
SAHA, or scriptaid. Phosphorylated Akt and �-actin were detected using
monoclonal antibodies specific for these proteins. B, J89GFP cells were
treated with 500 nM HDACI with or without wortmannin (100 nM) or the Akt
inhibitor IV (AI 4, 10 �M). The number of J89GFP cells expressing EGFP was
quantitated after 24 h by FACs. Error bars represent S.E. from three indepen-
dent experiments.
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shRNA) molecules or in patient-derived tissues or cells where
there may be insufficient material to carry out genetic studies.
Importantly, our chemical approach also provides an immedi-
ate assessment of the therapeutic potential of HDACI to reac-
tivate latent HIV-1 expression in different cell types and/or
tissues.
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FIGURE 6. Reactivation of latent HIV-1 in J89GFP cells by varying concen-
trations (0 –10 mM) of valproic acid. The percentage of J89GFP cells
expressing EGFP was quantitated after 24 h by FACs.
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