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Abstract

The ability of HIV to establish a latent infection causes life-long virus persistence, even after long-term highly
active antiretroviral therapy (HAART). The role that latency is playing in preventing clearance of the virus
infection has become evident in recent years. Patients who have been successfully treated with ART, having
undetectable levels of viral RNA (below 50 copies/ml) in the plasma for years, experienced rapid virus rebound
on withdrawal of therapy. Activation of latent proviruses from the infected cells in combination with ART is a
therapeutic strategy that may lead to the complete elimination of HIV infection. We report here that sub-
eroylanilide hydroxamic acid (SAHA), a histone deacetylase inhibitor that has been approved for the treatment
of cutaneous T cell lymphoma (CTCL), can activate an HIV-1 vector provirus in a cell model system. Treatment
of cells harboring a latent, HIV-1-derived provirus caused activation of both early and late viral gene expression,
acetylation of nucleosome on the 5" long terminal repeat (LTR), and remodeling of the chromatin at the 5" LTR.
Several compounds, including valproic acid, have been tested for their ability to activate latent HIV-1, but have
met with disappointing results. SAHA, a relatively nontoxic, FDA-approved compound, should be considered

for developing a strategy to eliminate HIV from patients.

IGHLY ACTIVE ANTIRETROVIRAL THERAPY (HAART) has

led to a significant improvement in the care and survival
of patients infected with human immunodeficiency virus type
1 (HIV-1). However, even after long-term suppression of viral
replication with HAART, the virus rapidly rebounds after
therapy is discontinued."? A key contributor to viral rebound
appears to be a reservoir of latently infected cells. The half-life
of the latently infected population is quite long, and it is es-
timated that it would take over 60 years of HAART to elimi-
nate this population.?

Chromatin regulation plays an important role in HIV-1
latency. Several LTR-binding factors recruit the histone dea-
cetylase HDACI including NF-«B subunit p50, c-Myc, Spl,
YY1, LSF, AP-4, and CBF-1.*® HDAC1 deacetylates nucleo-
some 1 (nucl) of the HIV-1 LTR and inhibits Tat activation,
potentially contributing to the maintenance of HIV-1 latency.’
Among the several compounds that have been identified that
have the ability to activate latent reservoirs of HIV-1 are the
histone deacetylase (HDAC) inhibitors valproic acid, trapoxin
(TPX), and trichostatin A (TSA).1%!! When stimulated by
phorbol esters or tumor necrosis factor (TNF-«), nucl is

acetylated and remodeled, allowing the transcriptional ma-
chinery to access the DNA.'""'? Although initial studies
treating patients with valproic acid with intensifying HAART
suggested that it could be used to deplete the latent HIV-1
reservoir,’® recent studies found that HIV-1 patients who
were prescribed valproic acid as an anticonvulsive showed no
significant reduction in viral load.*'?

Suberoylanilide hydroxamic acid (SAHA, vorinostat) is an
HDAC inhibitor approved for the treatment of cutaneous
T cell lymphoma (CTCL) in patients with progressive, per-
sistent, or recurrent disease.'® Moreover, SAHA can inhibit
growth in a variety of transformed cells with little to no tox-
icity.'” We present data here that demonstrate that SAHA can
effectively activate latent provirus in a model cell system
developed for high-throughput screening of latency activat-
ing compounds.'® Furthermore, we demonstrate that SAHA
results in an increased acetylation of the LTR histones and
remodeling of the nucleosomes. This offers the promise that
SAHA may be a potent, relatively nontoxic drug that can
assist in the elimination of the latent reservoir in HIV*
patients.
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For this study we used two cell lines harboring latent
HIV-1 modified vectors. 24STNLESG cells are SupT1l
T-lymphoblasts containing a latent HIV-1 vector provirus
previously described in detail.'® The latent vector provirus
contains insertions of seap, a secretable alkaline phospha-
tase that can be measured by a sensitive chemiluminescense
assay, and egfp, a fluorescent reporter gene, in the env and nef
positions, respectively. This configuration makes it possible
to monitor early gene expression via GFP and late gene ex-
pression via SEAP with safety due to the lack of replica-
tion competence. Cells were treated with DMSO alone, TNF-«,
SAHA (Cayman Chemical, Ann Arbor, MI), or valproic acid
dissolved in DMSO. HeLa cell lines harboring latent HIV
were established in a fashion similar to the SupT1-derived
24STNLESG cells.'® More specifically, the HeLa-based line
was generated by infecting cells with NLRLucRFP, which
is based on the HIV-1 NL4-3 reference strain and has been
made replication incompetent by a 2.5-kb deletion of pol and
a 1.0-kb deletion of env. The renilla luciferase and red fluo-
rescence protein (RFP) genes were inserted into the env and
nef positions, respectively. Pseudotyped virions were gener-
ated by cotransfection of packaging plasmids pCMVARS.2
and pMD.G (Addgene, MA).

To measure seap reporter gene expression, the Great
EscAPe SEAP Reporter System (Clontech, Mountain View,
CA) was used. 24STNLESG cells (2x10%) were treated as
indicated for 48 h.

24STNLESG cells (2x10%) were treated with the indicated
amounts of DMSO, TNF-z, valproic acid, or SAHA. Forty-
eight hours after treatment, the media were assayed for SEAP
activity. In the TNF-o-treated cells, SEAP activity increased
58-fold as compared to cells treated with DMSO alone (Fig. 1A).
Addition of valproic acid to a final concentration of 1.0 mM
resulted in a 13-fold increase. Concentration-dependant acti-
vation of gene expression using SAHA was also observed,
reaching a maximum of about 10-fold induction at approxi-
mately 2.0 uM.

In addition, we analyzed the percentage of cells activated
by counting the number of GFP* cells by FACS. A total of
1x10° cells were washed twice with PBS and resuspended in
1ml of 0.5% paraformaldehyde in phosphate-buffered saline
(PBS) then analyzed by flow cytometry using a FACScan
(Becton Dickinson) equipped with Cell Quest (Macintosh,
Sunnyvale, CA). We observed activation of gene expression in
78% of the cells when treated with 5.0 uM SAHA as opposed
to 10% activation with 1.0mM valproic acid (Fig. 1B). It is
interesting to note that we were able to observe levels of ac-
tivation with SAHA similar or greater to that of valproic acid,
but with three orders of magnitude lower concentration when
measured by SEAP or GFP expression.

Finally, we tested the ability of SAHA to activate gene ex-
pression from a latent HIV-1-based vector in HeLa cell lines.
In uninduced cells, the level of marker gene expression was
similar to that of uninfected HeLa cells, indicated a latent
phenotype (data not shown). However, in two different clonal
cell lines (Fig. 1C), SAHA was able to induce expression of
activation marker genes. These data show that the effect of
SAHA is neither cell-type dependent nor integration-site de-
pendent, but able to stimulate a general mechanism for acti-
vating virus in latently infected cells.

Posttranslational modification of the four core histones,
H2A, H2B, H3, and H4, regulates many aspects of chromatin
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dynamics including transcription. Acetylation of the N-
terminal tails of histones H3 and H4 is generally associated
with actively transcribed regions of the genome.'” HDACs
work to counteract histone acetylation, resulting in hypoace-
tylated chromatin and lower levels of transcription. Several
HDAC inhibitors, including SAHA, are being developed as
anticancer drugs due to their ability to kill cells that have lost
cell-cycle control.?

To determine the acetylation status of the HIV-1 LTR in
24STNLESG cells, we performed chromatin immunoprecipi-
tation (ChIP) assays. ChIP was performed essentially as de-
scribed.??? 24STNLESG cells (1x107) were treated for 2h
with either DMSO (0.1%), valproic acid (1.0 mM in DMSO), or
SAHA (5.0 uM in DMSO). Then 20.0-ug chromatin aliquots
were prepared and used for precipitations with antiacetylated
H3 and anti-acetylated H4 antibodies (Millipore, Billerica,
MA). For a negative control, no antibody was added. Re-
covered DNA was quantified relative to input using real-time
PCR on an Opticon 2 detection system (Bio-Rad, Hercules,
CA) utilizing a TagMan probe that spans from the 5" LTR into
the gag coding sequence. The sequences of the primers and
probe, respectively, are 5-CCGTCTGTTGTGTGACTCTGG
TAA-3’, 5-GTCGAGAGATCTCCTCTGGCTTTACT-3’, and
5-FAM-TTCGCTTTCAAGTCCCTGTTCGG-lowa Black-FQ-3’
(Integrated DNA Technologies, Coralville, IA).

We found using ChIP that we were able to recover 10% and
15% of the DNA from SAHA-treated cells using the anti-acH3
and anti-acH4 antibodies, respectively (Fig. 2A). This is
compared to 5% recovery from DMSO-treated cells and the
~1% from the negative control. These data provide evidence
that the HIV-1 5" LTR becomes hyperacetylated when treated
with the HDAC inhibitors valproic acid and SAHA. Again,
SAHA was able to achieve effects similar to valproic acid, but
at three orders lower magnitude concentration.

Another key component to chromatin-based regulation of
transcription is remodeling in which nucleosomes are moved
to allow regulators and the transcription machinery to access
the DNA. This type of regulation plays a role in transcription
from the HIV-1 LTR.* To determine if treatment with SAHA
causes remodeling of the HIV-1 LTR chromatin, we uti-
lized chromatin accessibility real-time PCR (CHART-PCR).
CHART-PCR evaluates the accessibility of genomic DNA by
comparing the quantity of intact DNA from a nuclease-treated
sample to that of an untreated sample.*

CHART-PCR was performed as described.”** 24STN-
LESG cells (1x107) were treated for 2h with DMSO (0.1%),
valproic acid (1.0 mM in DMSO), or SAHA (5.0 uM in DMSO)
for the indicated times. Isolated nuclei were then treated with
60U micrococcal nuclease for 5min at room temperature.
Genomic DNA was isolated from the nuclei and quantified by
real-time PCR using the primers and probe described above.
Results are presented relative to untreated nuclei. As shown
in Fig. 2B, within 3 h posttreatment with either valproic acid or
SAHA, the nucl nucleosome is remodeled, reducing the pro-
tection from micrococcal nuclease by 65%. It is interesting to
note that although DMSO treatment alone can cause nucleo-
some remodeling of nucl, it does not lead to histone acetylation
(Fig. 2A) or appreciable viral gene expression (Fig. 1). This
indicates that histone modification is a key component of
HDAC-mediated latent virus reactivation.

Due to the long-lived nature of resting memory T cells, it is
anticipated that patients will need to remain on HAART for
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FIG.1. SAHA-induced activation of 24STNLESG cells. (A) 24STNLESG cells (2x10%) were plated in 24-well plates. Twenty-
four hours later they were treated as indicated and assayed for SEAP activity 48 h posttreatment. Experiments were per-
formed in triplicate and the results are presented relative to the values obtained for DMSO treatment. (B) The percentage of
reactivated 24STNLSG cells was evaluated by flow cytometry 48h on SAHA (5.0 uM) or VPA (1.0mM) treatment. Latent
reflects an untreated control. Data from one of two representative experiments are shown. (C) Individual clones of HeLa cells
infected with the NLRLucRFP vector were untreated, treated with 1.0 mM valproic acid, or treated with 2.0 uM SAHA, and
then assayed for activity. The experiment was performed in triplicate and results are presented as relative light units (RLU) as
measured by the luminometer. Results in (A) and (C) are presented as + SEM.

the remainder of their lives. Unfortunately, long-term
HAART has the drawbacks of toxicity, cost, and the potential
to generate resistant mutations. New compounds are needed
that can effectively activate the virus without globally acti-
vating all T cells in order to develop protocols to eliminate the
latent arm of the infection. Here, we present data showing that
SAHA can effectively activate the latent virus in cell-based
systems and induce chromatin changes on the latent HIV-1
LTR. While SAHA can activate viral gene expression at con-
centrations lower than valproic acid, its efficacy relative to
valproic acid, which has met with disappointing results in

the clinic, has yet to be established. Moreover, the anti-
inflammatory action of SAHA has to be taken into consider-
ation when given to patients infected with HIV.>>?® Although
cell culture models have been used to characterize HIV-1 la-
tency, questions remain as to the relevance of these cell lines to
latency in patients, in part due to the fact that some models
contain mutations in the viral genome. Clearly, cell culture
models cannot fully recapitulate the complex and dynamic
interplay of factors governing HIV-1 latency in patients.
However, they can be utilized as a good first step in deter-
mining which compounds may have suitable activity for
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FIG. 2. SAHA causes chromatin acetylation and remodel-
ing at the HIV-1 LTR. (A) 24STNLESG cells (1x10”) were
treated with DMSO, valproic acid (1 mM), or SAHA (5 uM).
Chromatin was extracted and precipitated with no antibody,
anti-acH3, or anti-acH4. Precipitated DNA was recovered
and quantified by real-time PCR performed in triplicate.
Results are presents as percentage of DNA recovered relative
to the input amount, p < 0.05. (B) 24STNLESG cells (1x107%)
were treated as described. The nuclei were isolated and then
treated with 60 U micrococcal nuclease for 5min. Genomic
DNA was recovered and quantified by real-time PCR per-
formed in triplicate, p < 0.05. Results are presented as amount
of DNA recovered relative to undigested nuclei, normalized
to untreated cells.

further studies potentially leading to clinical trials. Given that
our ultimate goal is to purge the latent reservoir from infected
individuals, SAHA, an FDA-approved chemotherapeutic
agent, represents an enticing candidate to consider for further
preclinical studies. It is noteworthy that Contreras et al.*” re-
cently reported that SAHA could activate latent virus includ-
ing virus from patient samples.
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