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Elucidating the mechanism of human immunodeficiency
virus, type 1 (HIV-1) provirus transcriptional silencing in
latently infected cells is crucial for understanding the patho-
physiological process of HIV-1 infection. It is well established
that hypoacetylation of histone proteins by histone deacetylases
is involved in the maintenance of HIV-1 latency by repressing
viral transcription. Although histone methylation is involved in
the organization of chromatin domains and plays a central epi-
genetic role in gene expression, the role of histone methylation
in the maintenance of HIV-1 latency has not been clarified. Here
we present evidence that histone H3 Lys® (H3K9) methyltrans-
ferase G9a is responsible for transcriptional repression of HIV-1
by promoting repressive dimethylation at H3K9 and for the
maintenance of viral latency. We observed that G9a significantly
inhibited basal, as well as, the induced HIV-1 gene expression by
tumor necrosis factor-a or Tat. Mutant G9a, however, lacking
the SET domain responsible for the catalytic activity of histone
methyltransferase, did not show such an effect. When G9a
expression was knocked down by small interfering RNA, HIV-1
replication was augmented from cells transiently transfected
with a full-length HIV-1 clone. Moreover, a specific inhibitor of
G9a, BIX01294, could reactivate expression of HIV-1 from
latently infected cells such as ACH-2 and OM10.1. Further-
more, chromatin immunoprecipitation assays revealed the pres-
ence of G9a and H3K9 dimethylation on nucleosome histones in
the vicinity of the HIV-1 long terminal repeat promoter. These
results suggest that G9a is responsible for the transcriptional
quiescence of latent HIV-1 provirus and provide a molecular
basis for understanding the mechanism by which HIV-1 latency
is maintained.

In eukaryotic cells, transcriptional activity of each gene is
largely regulated at the epigenetic level, in which biochemical
modifications of chromatin-associated proteins such as his-
tones play critical roles (1, 2). The DNA-associated histones
conform an octamer configuration containing two copies of
each core histone protein including H2A, H2B, H3, and H4.
The N-terminal region of these histone proteins is unstruc-
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tured and, thus, considered to be in a highly dynamic structure
(3). Histone tails protrude out from the globular center of the
nucleosome where they may interact with other nuclear factors
(2,4, 5). The N-terminal tails are subjective to a variety of post-
translational modifications, such as phosphorylation, acety-
lation, methylation, and ubiquitination (4 7). These modifica-
tions affect the affinity of other nuclear proteins in binding to
the histone tail and, thus, regulate the nature of histone-protein
complexes associated with each chromatin region. The ability
of nuclear proteins to specifically associate with certain histone
modifications is the basis of the histone code postulate (2, 5).
According to this idea, nuclear proteins appear to function in
activating or inhibiting transcription or, similarly, serve to
maintain a specific chromatin structure.

Human immunodeficiency virus, type 1 (HIV-1)* gene ex-
pression is the major determinant of viral replication leading to
disease progression of acquired immunodeficiency syndrome
(AIDS). After HIV-1 infection, integrated HIV-1 proviral DNA
is incorporated into nucleosomes and the transcriptional activ-
ity of its long terminal repeat (LTR) is under the control of local
nucleosomal structure (8 —11). It has been suggested that epi-
genetic modifications of the nucleosomal structure (called
“Nuc-1”) near the viral mRNA start site may play regulatory
roles in induction of LTR-driven transcription and viral expres-
sion (10, 11). The compaction of HIV-1 proviral DNA and its
permissiveness for viral transcription are directly dependent on
histone post-translational modifications, such as acetylation
and methylation (8, 12—14). These distinct modifications serve
to recruit various regulatory protein complexes toward HIV-1
LTR and eventually up-regulate or down-regulate HIV-1 gene
expression and viral replication. Activation of HIV-1 gene
expression by cytokines and virally encoded transactivator Tat
is also accompanied by histone acetylation, leading to loss or
rearrangement of Nucl (8-12). In contrast to productively
infected cells, latently infected cells harbor the proviral HIV-1
genome integrated into the silent chromatin allowing persis-

2 The abbreviations used are: HIV-1, human immunodeficiency virus type 1;
5-aza-CdR, 5-aza-2'-deoxycytidine; DNMT, DNA methyltransferase; HDAC,
histone deacetylase; HMT, histone methyltransferase; HP1, heterochroma-
tin protein 1; SAHA, suberoylanilide hydroxamic acid; SET, Su(var)3-9
enhancer-of-zeste and trithorax; Suv39H, suppressor of variegation 3-9
homolog; TNF-«, tumor necrosis factor-a; LTR, long terminal repeat; siRNA,
short interference RNA; CMV, cytomegalovirus; ChIP, chromatin immuno-
precipitation; MMTV, murine mammary tumor virus; ELISA, enzyme-linked
immunosorbent assay; GFP, green fluorescent protein; HTLV-1, human T
cell lymphotropic virus type 1.

SN

VOLUME 285+NUMBER 22+ MAY 28, 2010



tence of transcriptionally inactive proviruses (8, 9). Although
evidence has been accumulated to elucidate the molecular
mechanisms involved in viral promoter activation, as described
above, the identity of cellular chromatin modifiers and the bio-
chemical mechanism involved in the repression of the HIV-1
promoter is still unclear.

Previous studies have shown that the presence of histone
deacetylases (HDACs) at the vicinity of the HIV LTR is corre-
lated with transcriptional repression leading to viral latency
(15-18). HDAC1 mediates chromatin remodeling resulting in
both LTR promoter activity and viral production repression.
Negative transcription factors such as Ying Yang protein 1 (15),
nuclear factor kB (NF-«B), p50 homodimer (16), and C-pro-
moter binding factor (17) have been shown to mediate HDAC1
recruitment to the LTR and, consequently, inhibit transcrip-
tion from the viral promoter. We also reported that activator
protein 4 acts as a transcriptional repressor by recruiting
HDAC molecules and is involved in the maintenance of viral
latency (18). Others observed that drugs that inhibit HDAC
activity such as trichostatin A, butyric acid, and valproic acid,
could effectively induce HIV transcription in latently infected
cells (12, 13, 19, 20). These studies suggest that epigenetic
silencing is involved in the maintenance of HIV-1 transcrip-
tional latency.

In addition to histone acetylation, histone Lys methylation
also plays an epigenetic role in the organization of chromatin
domains and the regulation of gene expression (6, 21, 22).
Methylation of histones at Lys and Arg residues play both pos-
itive and negative roles in transcriptional regulation. For exam-
ple, methylation of at Lys* and Arg'” of histone H3 is generally
associated with active genes, whereas methylation of H3 at Lys®
(H3K9me) and Lys*” (H3K27me) has been associated with
inactive genes (21, 22). It was also noted that H3K9me exhibited
more definitive transcriptional repression over H3K27me (21,
22). The repressive methylation of H3K9 has been detected at
the promoter regions of many silenced genes, together with
increased DNA methylation and reduced histone acetylation
(23-27). Two recent reports (28, 29) demonstrated that the
histone methyltransferase (HMT) Suppressor of variegation
3-9 Homolog (Suv39H) 1, which is primarily involved in Lys”
trimethylation of histone H3 (H3K9me3), is responsible for
HIV-1 transcriptional silencing. Although H3K9 methylation is
known to play a crucial role in chromatin-mediated transcrip-
tional silencing, the molecular mechanism of H3K9 methyla-
tion and another HMT on HIV-1 gene repression has yet to be
clarified.

In addition to Suv39H1, there are at least four other mam-
malian H3K9 HMTs, including Suv39H2, a close relative of
Suv39H1, G9a, G9a-like protein (GLP)/EuHMTasel, and
SETDB1/ERG-associated protein with SET domain (ESET) (21,
30-34). These proteins commonly contain a SET (Suv39,
enhancer of zeste, trithorax) domain that is responsible for cat-
alytic action (6, 21, 22). Among these HMTs, G9a is a key
enzyme responsible for H3K9 dimethylation (H3K9me2) in
mammals as disruption of the G9a gene resulted in a drastic
decrease in H3K9 methylation primarily in the silenced region
within euchromatin (30, 31, 35, 36). Thus, G9a has been impli-
cated in silencing the gene expression (25-27). Interestingly, in
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vitro experiments revealed that G9a exhibited a 10-20-fold
stronger HMT activity toward H3K9 compared with Suv39H1
(30).

In this study we investigated the role of G9a in HIV-1 gene
expression. We demonstrate that G9a is responsible for the
maintenance of chromatin-mediated HIV-1 silencing through
histone modification of H3K9me2. Biological and therapeutic
implications are discussed.

EXPERIMENTAL PROCEDURES

Reagents (Chemicals and Immunoreagents)—5-Aza-2'-de-
oxycytidine (5-aza-CdR), suberoylanilide hydroxamic acid
(SAHA), and anti-G9a antibody were obtained from Sigma and
BIX01294, a (1H-1,4-diazepin-1-yl)quinazolin-4-y-yl amine
derivative, was purchased from ALEXIS (San Diego, CA). The
antibodies against H3K9me2, H3K9me3, and H3K27me2 were
purchased from Abcam (Cambridge, MA) and anti-H3 anti-
body from Upstate Biotechnology. The anti-RNA polymerase
II, and anti-a-tubulin antibodies were obtained from Santa
Cruz Biotechnology.

Cell Culture—ACH-2 and OM10.1 cells were obtained from
the AIDS Research and Reference Reagent Program (NIAID,
National Institutes of Health, Bethesda, MD). These cells were
maintained at 37 °C in RPMI 1640 (Sigma) with 10% fetal
bovine serum (Sigma). To maintain the latency of HIV-1 in
ACH-2 and OM10.1, 20 um azidothymidine (Sigma) was added
in the culture medium and excluded prior to the experiments.
Human embryonic kidney 293T and HeLa cells were purchased
form ATCC (Manassas, VA) and were grown at 37 °C in Dul-
becco’s modified Eagle’s medium (Sigma) with 10% heat-inac-
tivated fetal bovine serum.

Plasmids—Construction of the HIV-1 LTR-based luciferase
expression plasmids: HIV-1 LTR-luc (containing the HIV-1
LTR U3 and R), pCMV-Tat, full-length HIV-1 molecular clone
(pNL4-3), human T cell lymphotropic virus type 1 (HTLV-1)-
luc, cytomegalovirus (CMV)-luc (purchased from Promega),
and murine mammary tumor virus (MMTV)-luc were
described previously (18, 20, 37, 38). The G9a expression vector
and its mutant (G9aASET) (39) were generous gifts from Dr.
Martin J. Walsh (Mount Sinai School of Medicine of New York
University).

RNA Interference—The short interference (si)RNAs against
GY9a and its control gfp were synthesized by Takara (Ohtsu,
Japan). The target sequences are: G9a (5'-CCA UGC UGU
CAA CUA CCA UGG TT-3') and gfp (5'-GGC UAC GUC
CAG GAG CGCACC-3'). For siRNA studies, 293 cells cultured
in 12-well plates were transfected with 0.02 ug of HIV-1 LTR-
luc or 0.1 ug of pNL4-3, together with 100 nm siRNAs using
Lipofectamine 2000 reagent (Invitrogen) as previously
described (18, 37, 40). The transfected cells were incubated in
culture flasks with a complete medium for 36 h. Then, cells
were incubated for an additional 24 h in the presence or absence
of tumor necrosis factor (TNF)-a (3 ng/ml). To ensure the
knockdown of G9a protein production, Western blotting was
performed with anti-G9a antibody. The transfected cells were
harvested and subjected to luciferase assay or ELISA for detect-
ing p24.
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Immunoblot Assay—The experimental procedures for im-
munoprecipitation and immunoblotting were performed as
described (18, 20). Briefly, cells were harvested with lysis buffer
(25 mm HEPES-NaOH, pH 7.9, 150 mm NaCl, 1.5 mm MgCl,,
0.2 mm EDTA, 0.3% Nonidet P-40, 1 muM dithiothreitol, 0.5 mm
phenylmethylsulfonyl fluoride), the proteins were separated by
SDS-PAGE and transferred to a nitrocellulose membrane
(Hybond-C; Amersham Biosciences). The membrane was
probed with the respective antibodies, and immunoreactive
proteins were visualized by enhanced chemiluminescence
(SuperSignal, Pierce). To detect HIV-1 proteins, the cell lysates
were subjected to immunoblotting using collected sera from
AIDS patients. To evaluate the levels of histone methylation,
samples were prepared from cultured cells by acid extraction as
described previously (41).

Transfection and Luciferase Assay—CEM T cells were trans-
fected by Nucleofector™ kit V for Jurkat cells (Amaxa Biosys-
tems) according to the manufacturer’s protocol (18, 40). Briefly,
3 X 10° cells were mixed with 0.5 ug of HIV-1 LTR-luc either
with or without 1.0 ug of pPCMV-Tat and the indicated amounts
of G9a in 100 ul of Nucleofector solution V. These samples
were transferred into a transfection cuvette and subjected to
electroporation using program T-14. The transfected cells were
incubated in culture flasks with a complete medium for 24 h.
Cells were then incubated for an additional 24 h in either the
presence or absence of TNF-a. The transfected cells were har-
vested and the extracts subjected to luciferase assay using the
Luciferase Assay System™™ (Promega). All experiments were
carried out in triplicates and the data presented as the fold-
increase in luciferase activities (mean *= S.D.) relative to the
control for three independent transfections.

Chromatin Immunoprecipitation (ChIP) Assay—ChIP assays
were performed according to the provider’s protocol (Upstate
Biotechnology) with some modifications as previously de-
scribed (18, 20, 40, 42). In brief, chromatin from cross-linked
cells was sheared by sonication 13 times for 10 s at one-third of
the maximum power of a Microson XL sonicator (Wakenyaku,
Co., Ltd., Kyoto, Japan) with 20 s cooling on ice between each
pulse and incubated with specific antibody followed by incuba-
tion with protein A-agarose beads saturated with salmon sperm
DNA. The precipitated DNA was analyzed by PCR (31-33
cycles) with Taq Mastermix (Qiagen) and primers for the
HIV-1 LTR (—176 to +61; forward, 5'-CGA GAC CTG CAT
CCG GAG TA-3' and reverse, 5'-AGT TTT ATT GAG GCT
TAA GC-3'). For each reaction, 10% of the recovered DNA was
used as an input control.

Measurement of Viral p24 Antigen—The p24 antigen level in
the cell culture supernatant was measured by p24 antigen cap-
ture ELISA using a RETRO-TEK HIV-1 p24 Antigen ELISA kit
(Zepto Metrix Corp., Buffalo, NY) as described previously (18,
20, 42). All experiments were performed in triplicates and the
data presented as mean = S.D.

RESULTS

Induction of Latent HIV-1 Replication by 5-Aza-CdR through
Down-regulation of G9a—DNA methylation is a critical epige-
netic process that helps control chromatin structure and gene
regulation (8, 21). It is known that aberrant DNA methylation
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FIGURE 1. Activation of HIV-1 by 5-aza-CdR. A, reactivation of the silenced
HIV-1 gene in the latently infected cells by 5-aza-CdR. Latent HIV-1-infected
ACH-2 and OM10.1 cells were incubated with 5-aza-CdR (0, 1, 5, or 15 um) for
48 h.The cell lysates were analyzed for viral proteins by immunoblotting with
the collected AIDS patients sera or G9a antibody. Positions of HIV-1 proteins
are indicated on the right. The a-tubulin was used as an internal control.
B, down-regulation of H3K9me2 by 5-aza-CdR. The experiments were simi-
larly performed as in A except that the histone protein fraction was partially
purified from these cells. The cell lysates were analyzed for the dimethylated
histone H3 at Lys® (H3K9me2) or trimethylated histone H3 at Lys® (H3K9me3)
by immunoblotting using specific antibodies. The unmodified H3 protein was
used as a control.

and H3K9 hypermethylation are associated with the epigenetic
silencing (23-27, 41). To examine the effect of histone methyl-
ation, we treated T-cell-derived ACH-2 and macrophage-de-
rived OM10.1 cells that are latently infected with replication
competent HIV-1 (43-45) with 5-aza-CdR, which is a nucleo-
side antimetabolite originally synthesized over 40 years ago and
is a potent inhibitor of DNA methyltransferase (DNMT) activ-
ity through irreversible binding to DNMTSs (46). It was previ-
ously reported that 5-aza-CdR reactivated epigenetically
silenced genes independently from its effects on DNA methyl-
ation and was associated with down-regulation of G9a that is
known to be a H3K9 methyltransferase causing dimethylation
of H3K9 (H3K9me2) (41). Upon treatment with 5-aza-CdR,
G9a expression was down-regulated (41).

In Fig. 1, we examined the effects of 5-aza-CdR on the level of
HIV-1 production in latently infected ACH-2 and OM10.1
cells. Upon treatment with 5-aza-CdR, the levels of viral protein
expression in the cytoplasm were induced (Fig. 1A4). In addition,
when purified histone fractions were examined, the level of
H3K9me2 was correlated with the G9a level although no signif-
icant change in the H3K9me3 level was detected (Fig. 1, A and
B). These results suggested that H3K9me2 and, thus, G9a could
be involved in expression of HIV-1 from latently infected cells.

Repression of HIV-1 LTR Gene Expression by G9a—Consid-
ering HIV-1 induction from latent cells was inversely correlated
with G9a expression and dimethylation of H3K9 upon treat-
ment with 5-aza-CdR, we examined the effect of G9a overex-
pression in HIV-1 LTR transcription. As shown in Fig. 24, the
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FIGURE 2. Repression of HIV-1 LTR gene expression by G9a overexpres-
sion. A, effects of G9a on gene expression from transiently transfected HIV-1
LTR. The expression plasmid pcDNA-G9a was co-transfected with the HIV-1
LTR-luc reporter construct (20) into CEM T cells. Amounts of G9a plasmid
co-transfected were 2 and 8 ug/transfection. Extents of HIV-1 gene expres-
sion and the effects of G9a are shown in CEM cells at the basal level (left panel),
upon TNF-a stimulation (middle panel), or upon co-transfecting the Tat-ex-
pressing plasmid pCMV-Tat at 2 ug/transfection (right panel). Upon TNF-«
stimulation, cells were incubated with 3 ng/ml of TNF-« after 24 h of transfec-
tion and incubated for an additional 24 h. B, effects of G9a SET domain dele-
tion on HIV-1 gene expression. CEM cells were transfected with HIV-1 LTR-luc
together with the SET-defective G9a deletion mutant (G9aASET). The cells
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luciferase reporter plasmid under the control of HIV-1 LTR was
co-transfected with the G9a expression vector in CEM T cells.
As demonstrated, the basal transcription level from HIV-1 LTR
was inhibited by G9a in a dose-dependent manner. Upon stim-
ulation of the HIV-1 promoter either by TNF-a, a physiological
inducer of NF-«B, or Tat, a viral-encoded transcriptional acti-
vator, G9a could similarly exert its negative effect. As shown in
the figure, the amounts of H3K9me2, the dimethylated form
of H3 at Lys®, were modestly up-regulated by G9a overex-
pression. Similar results were observed using 293 cells (data
not shown). These results demonstrated, for the first time,
that G9a exhibits repressive action on HIV-1 gene expres-
sion in cultured cells in vivo.

The SET Domain of G9a Is Essential for the Repression of the
HIV-1 Gene Expression—G9a contains SET domain in a C-ter-
minal and a previous study (30, 39) showed that the SET
domain is essential for the G9a-mediated H3K9 methylation,
thus, we examined the effect of deleting the SET domain,
responsible for the catalytic action of G9a, from G9a
(G9aASET) in down-regulating the HIV-1 gene expression. As
shown in Fig. 2B, overexpression of G9aASET abolished the
repressive action of G9a on both basal and TNF-a- or Tat-
stimulated HIV-1 expression. The amount of H3K9me2 was
not changed by overexpression of G9aASET. These findings
indicate that the HMT activity is involved in the G9a-mediated
repression of HIV-1 gene expression.

The Effect of G9a Knockdown—To examine the effect of
endogenous G9a, we adopted a siRNA technique to knockdown
G9a expression and examined HIV-1 production when the
endogenous G9a was depleted. Transduction of G9a siRNA
caused the depletion of G9a protein and thus down-regulation
of H3K9me?2 (Fig. 3A), which resulted in increased basal tran-
scription from HIV-1 LTR, as shown in Fig. 3B (2.3-fold as
compared with control siRNA). Moreover, TNF-«a-stimulated
LTR gene expression was further augmented by G9a depletion
(3.6-fold). To assess the physiological relevance of the repres-
sive action of G9a, we examined the effect of depleting endog-
enous G9a on HIV-1 replication using siRNA on G9a (Fig. 3C).
293 cells were transfected with a replication-competent full-
length HIV-1 clone (pNL4-3) together with G9a siRNA, and
viral production was evaluated by measuring HIV-1 p24 anti-
gen levels in the culture supernatant. We found that G9a deple-
tion resulted in an increase in basal HIV-1 production (1.9-fold
as compared with control siRNA). In the right column of Fig.
3C, we observed a synergism between TNF-« stimulation and
G9a knockdown upon HIV-1 production (2.2-fold with TNF-
a-stimulation and further 2.7-fold by G9a knockdown). These
results indicate that endogenous G9a acts as a negative regula-
tor of HIV-1 gene expression and replication.

Effect of a Specific G9a Inhibitor BIX01294—To confirm the
negative effect of G9a on HIV-1 gene expression, we examined
the effect of BIX01294, a specific inhibitor of G9a, on the level of

were harvested and luciferase activity was measured. Amounts of G9a,
tagged with EGFP, and the dimethylated form of histone 3 at the Lys® position
were analyzed by Western blotting using specific antibodies. Each value
shown is the fold-increase in the luciferase activity (mean = S.D.) relative to
the control transfection of three independent experiments.
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FIGURE 3. Effects of G9a knockdown. A, confirmation of the siRNA-mediated
G9a knockdown. 293 cells were transfected with 100 nm siRNAs directed
against either G9a or gfp (control) mRNAs. After 36 h of transfection, cells were
lysed and levels of G9a and H3K9me2 were assessed by immunoblotting
using specific antibodies. Afterward, the immunoblotted membrane was
stripped and reprobed with anti-a-tubulin antibody. B, augmentation of
HIV-1 gene expression by G9a depletion. 293 cells were transfected with
HIV-1 LTR-luc concurrently with either G9a siRNA or its control. After 24 h of
transfection, cells were either untreated or treated with 3 ng/ml of TNF-a and
incubated for an additional 24 h. Cells were harvested and luciferase activity
was measured. Each value is the fold increase in the luciferase activity
(means * S.D.) relative to the control transfection of three independent
experiments. C, effects of G9a knockdown on HIV-1 viral replication. 293 cells
were transfected with pNL4-3, a replication competent full-length HIV-1
clone, and either G9a siRNA or control siRNA (GFP). After 24 h of transfection,
cells were either untreated (left panel) or treated (right panel) with 3 ng/ml of
TNF-a and incubated for an additional 24 h. The culture supernatants were
collected and subjected to HIV-1 p24 antigen level determination by ELISA.
Each value shown is the fold increase in the HIV p24 level (means * S.D.)
relative to the control transfection of three independent experiments.

viral replication from the latently infected cells with HIV-1.
BIX01294 was initially identified as a specific inhibitor against
HMT by high throughput in vitro screening of a chemical
library comprising ~125,000 preselected compounds using
recombinant G9a (47). BIX01294 selectively inhibited G9a
HMT activity and the generation of H3K9me2 without affect-
ing the cofactor S-adenosylmethionine and other HMTs such
as Suv39H1, protein arginine methyltransferase 1, SET7/9, and
ESET (47).

As shown in Fig. 4A (right), HIV-1 LTR gene expression in
CEM T cells was augmented in a dose-dependent manner for
BIX01294 concentration. In addition, BIX01294 could restore
the G9a-induced repression of HIV-1 gene expression (Fig. 44,
left). In Fig. 4B, effects of BIX01294 were examined for various
promoters including human T cell lymphotropic virus type 1
(HTLV-1), CMV, and MMTYV. Although the transcriptional
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activity of HTLV-1 was augmented in a dose-dependent man-
ner for BIX01294, no such effect was observed with the CMV
and MMTYV promoters. Fig. 4C shows that upon treatment of
ACH-2 and OM10.1 cells with BIX01294, viral production was
dramatically up-regulated either in the culture supernatant or
within the cytoplasm. When we purified the histone fraction
and examined the levels of histone H3 methylation, we found
that methylation of H3K9me2, but not H3K27me2, was down-
regulated by BIX01294. Similar effects were observed with
another cell line, Ul (48), a macrophage-monocyte cell line
latently infected with HIV-1 (data not shown). These results
clearly show that the induction of dimethylation at H3K9 by
GYa is involved in repression of HIV-1 replication.

BIX01294 Facilitates HIV-1 Reactivation via Chromatin
Remodeling— As demonstrated above, we found that BIX01294
could down-regulate H3K9me2 by inhibiting G9a and re-acti-
vate latent HIV-1 at the transcriptional level. In Fig. 5, we per-
formed ChIP assays to further examine the effects of BIX01294
in ACH-2 cells using antibodies against G9a, H3K9me2 and
H3K27me2, H3, and RNA polymerase II. We observed that
G9a, H3K9me2, and H3K27me2, and only traceable amounts of
RNA polymerase II bound to the core promoter region (from
—176 to +61) within HIV-1 LTR when these cells were main-
tained in the latent state (without any stimulation). However,
when ACH-2 cells were treated with either BIX01294 or TNF-«
to induce HIV-1 replication, G9a and H3K9me2 were readily
dissociated from the HIV-1 promoter and RNA polymerase II
became detectable in the HIV-1 promoter (Fig. 5). The amount
of H3K27me2 was not changed by BIX01294 treatment.

Synergistic Activation of HIV-1 Replication by BIX01294 and
HDAC Inhibitor SAHA or DNMT Inhibitor 5-Aza-CdR—Be-
cause we found that the G9a HMT inhibitor BIX01294, HDAC
inhibitors SAHA (49, 50) or butyric acid (13, 19, 20), and
DNMT inhibitor 5-aza-CdR could independently induce
HIV-1 production from latently infected cells, we examined
whether the effect of BIX01294 could synergize with either
SAHA or 5-aza-CdR in inducing HIV-1 production. As shown
in Fig. 64, where ACH-2 cells were treated with BIX01294
alone or in combination with SAHA, we observed a clear syn-
ergism between BIX01294 and SAHA. Whereas SAHA alone or
BIX01294 alone (10 um) could induce HIV-1 production by
13.5- and 4.9-fold, respectively, treatment with both BIX01294
and SAHA augmented HIV-1 production by 47.1-fold. When
ACH-2 cells were treated with both BIX01294 and 5-aza-CdR, a
similar synergism was observed (Fig. 6B). Synergism was also
observed with BIX01294 and butyric acid (data not shown).
These findings collectively suggest that DNA methylation,
acetylation, and methylation of histones are independently
involved in gene expression and viral replication.

DISCUSSION

The ability of HIV-1 to establish latent infection is considered
momentous for AIDS progression (8, 9). Elucidating the transcrip-
tional silencing mechanism of HIV-1 provirus in latently infected
cells is crucial in understanding the pathophysiological process of
HIV-1 infection and to further develop novel therapies. Viral
latency involves certain chromatin modifications, in particular
those of histone proteins, leading to proviral quiescence. It is well

SN

VOLUME 285+NUMBER 22+ MAY 28, 2010



Role of G9a in the Maintenance of HIV-1 Latency

A 6, LTRluc 15y LR
= k-]
g | . g
€, >
£ . 3
g 3
o ©
o 2] 1 8
= ]
- 4
0- 0-
BIX01294 — il G9a - + + +
BIX01294 - - ol
B 8- HTLV-luc 3, CMV-luc MMTV-luc
g = _
2 s 3 . B 10 |
> = 2] 3
= 2 >
2 41 s £
(%) - =
[ o T o 5
< 11 S
S 2 o
= o
- 3 2 .
0- 0- 0
BIX01294(uM) — 5 10 -  BIX01294(uM) - 5 10 —  BIX01294(uM)— 5 10 -
PMA(uM) — - - 100 PMA (uM) - - - 100 Dex(uM) - — - 1
C 21 ACH-2 4.  OM10.1

1.5

0.5

p24 level (ng/ml)
l° 1 -l.

d

p24 level (ng/ml)
e T M e

— — —— D55 S P55
- | p41 - P4

.
— Y.L ) - | p24

a-tubulin

H3K9me2

H3K27me2

H3

Ll
i

015 5 10 0 15 5 10
BIX01294 (uM) BIX01294 (uM)

FIGURE 4. Effects of G9a inhibitor BIX01294 on HIV-1 replication. A, activation of HIV-1 gene expression by
BIX01294 (left) and restoration of the G9a-mediated repression of HIV-1 gene expression by BIX01294 (right).
The HIV-1 LTR-luc plasmid was transfected into CEM cells, incubated for 24 h, treated with BIX01294 (0, 1.5, 5,
or 10 um) for another 24 h, and luciferase activity was measured. In the right panel, the HIV-1 LTR-luc and G9a
plasmids were transfected into CEM cells, incubated for 24 h, treated with BIX01294 (0, 5 or 10 um) for another
24 h, and the luciferase activity was measured. B, effects of BIX01294 on gene expression from HTLV-1, CMV,
and MMTV promoters. As positive controls, each promoter was treated with known inducers. PMA, phorbol
12-myristate 12-acetate; Dex, dexamethasone. Experiments with MMTV-luc were performed with Hela cells
where the glucocorticoid receptor is expressed. For the data in A and B, each data point represents the mean =
S.D. of three independent experiments. C, activation of HIV-1 replication by BIX01294. Latently infected cell
lines, ACH-2 and OM10.1, were incubated in the presence of various concentrations of BIX01294 for 48 h and
both the culture supernatant and the cell lysate were measured for viral p24 antigen levels: upper panels, viral
p24 proteins in the culture supernatant; middle panels, major viral proteins in the cytoplasm; and lower panels,
the dimethylated histones, H3K9me2 and H3K27me2, in the nuclear histone fractions through immunoblot-
ting using specific antibodies. Each value shown is the HIV p24 level (means = S.D.) of three independent
experiments.
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established (15-18) that proviral qui-
escence is crossly associated with
HDAC recruitment to HIV-1 LTR. In
addition, although H3K9 trimethyla-
tion is triggered by Suv39H1 and is
known to be associated with gene
silencing (6,21, 22), the role of histone
methylation by G9a in the mainte-
nance of HIV-1 latency, however, has
not yet been elucidated. Because the
extent of histone methylation by
another HMT G9a is much greater
that Suv39H1 (30), we explored the
effect of H3K9me2 on the transcrip-
tional activity of latent HIV-1 proviral
chromatin. We found that G9a is
overexpressed, HIV-1 gene expres-
sion was greatly suppressed, whereas
G9a knockdown mediated by siRNA
strikingly augmented HIV-1 tran-
scription, thus, vital replication.
Moreover, when cell lines latently
infected with HIV-1 were treated
with BIX01294, a specific inhibitor of
G9a, H3K9 dimethylation was down-
regulated and reactivated HIV-1 tran-
scription and viral replication in the
latently infected cells. These findings
were confirmed by ChIP assays.
These results suggest that G9a is
responsible for the maintenance of
transcriptional quiescence of latent
HIV-1 provirus.

Although accumulating evidence
suggests that HDACs are critical
regulators of HIV-1 latency, du
Chéné et al. (29) observed that
knockdown of HDACI1 had only a
marginal effect on the basal tran-
scriptional activity of latent HIV-1.
However, by using a general HDAC
inhibitor, trichostatin A, HIV-1
promoter activity was stimulated
nearly 40-fold indicating that
HDAC-mediated repression of the
HIV-1 promoter involves more than
one HDAC species (29). Consider-
ing the same authors observed that
knockdown of heterochromatin
protein 1 (HP1) vy, a heterochroma-
tin packaging protein that specifi-
cally recognizes tri- or dimethylated
histone H3, could stimulate HIV-1
transcription over 70-fold (29), it
was suggested that histone methyl-
ation plays a major role in control-
ling the transcriptional activity of
the latent HIV-1 provirus.
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Regarding the role of histone methylation on HIV-1 provirus
transcription, Suv39H1 and its associating factors, such as HP1
proteins, were found to be accumulated in the vicinity of latent
HIV-1 proviral DNA and conform the repressive or transcrip-
tionally silent heterochromatin (28, 29). There have been a
number of interesting observations regarding the chromatin
configurations and the transcriptional status of latent HIV-1
proviral DNA. For example, du Chéné et al. (29) and Marban et
al. (28) reported that HP1y was associated with the latent

G9a

H3K9me2
H3K27me2
H3

RNAPII
IgG

input

BIX01294 TNF-a

FIGURE 5. Presence of G9a and H3K9me2 in the proviral HIV-1 LTR
revealed by ChIP assay. ChIP assays were carried out to detect the dimethy-
lated histone H3 in the vicinity of HIV-1 proviral DNA in ACH-2 cells. ACH-2
cells were either treated or untreated with 10 um BIX01294 (left panel) or 3
ng/ml of TNF-« (right panel) for 90 min and subjected to ChIP assays as
described under “Experimental Procedures.” The final PCR was carried out to
amplify the viral sequence from —176 to +61 within the viral LTR. The anti-
bodies used in the ChIP assays are indicated on the /eft. Input DNA (input)
represents 10% of total input chromatin DNA, whereas immunoprecipitation
with non-immune IgG (“lgG”") served as a negative control. RNAP II, RNA
polymerase Il.

A SAHA + BIX01294 B

X471 40~

5-aza-CdR + BIX01294

HIV-1 proviral DNA and when HP1vy was knocked down, latent
HIV-1 was reactivated. In contrast, Mateescu et al. (51)
reported that H3K9 methylation and HP13, but not HP1vy, were
associated with latent HIV-1 proviral DNA upon ChIP analyses
and that knockdown of HP1f reactivated latent HIV-1 gene
expression, whereas HP1vy knockdown suppressed HIV-1 tran-
scription. Thus, the effect of HP1 in the maintenance of HIV-1
latency is still controversial.

Another HMT catalyst, G9a, primarily located at the
silenced euchromatin (21, 30, 31, 35, 47) is considered to
have distinct target genes. It is possible that Suv39H and G9a
have distinct roles in chromatin modification by having dis-
tinct molecular partners, thus, recognizing different modal-
ities of distinct histone modifications (21, 22, 30 -32, 35). In
addition, a recent report by Gazzar et al. (52) demonstrated
that G9a is involved in endotoxin tolerance and that G9a
knock-down was correlated with the loss of Suv39H binding
to the TNF-a promoter, and not vice versa, suggesting that
Suv39H appears to be located downstream of G9a. Thus, it is
suggested that when the gene, such as HIV-1 provirus, is
silenced by the recruitment of G9a and, subsequently, with
dimethylation of histone H3 (H3K9me2), which was then
recognized by a heterochromatin protein complex contain-
ing HP1 and HDACs (33, 52-55), followed by recruitment of
Suv39H thus converting the silent euchromatin to a hetero-
chromatin. G9a-mediated chromatin silencing might have a
critical role in establishment of the latent HIV-1 provirus. In
fact, a G9a-specific inhibitor, BIX01294, could efficiently
reactivate the latent HIV-1 genes in a wide variety of cells
(Fig. 4).

In addition to histone modifications, the spatial distribu-
tion of genes within the nucleus might also contribute to the
transcriptional control. For exam-
ple, a recent report demonstrated

an interesting correlation between
x29.6

30+

HIV p24 level (fold)
HIV p24 level (fold)

transcriptional repression of the
| HIV-1 provirus and its spatial
interaction with a pericentromeric
heterochromatin region located in
certain chromosomes, such as
chromosome 12 in multiple dis-
tinctive Jurkat-derived cell clones
where HIV-1 proviral DNAs are
latently infected (56). Further-
more, as euchromatins are known
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nantly present, could provide an
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mechanism that links histone and
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FIGURE 6. Synergistic activation of HIV-1 replication by BIX01294 and SAHA or 5-aza-CdR. To investigate

the mode of actions of these chemical compounds with distinct biochemical actions, the HIV-1 latently
infected ACH-2 cells were treated with various combinations of SAHA, 5-aza-CdR, and BIX01294 for 48 h. The
culture supernatants and the cell lysates were analyzed for p24 antigen levels by ELISA (upper panels) and
detection of virus proteins by immunoblotting (lower panels), respectively. Each value shown is the HIV p24

level (means = S.D.) of three independent experiments.
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DNA methylation. At present, it is
well established that the latent
HIV-1 provirus is associated with
DNA methylation in its vicinity
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(57-59). In addition, because G9a is known to associate with
DNMT (26, 52, 60) and G9a knockout cells revealed signifi-
cantly reduced DNA methylation (26, 27, 60, 61), it is possi-
ble that G9a indirectly induces DNA methylation. Thus,
molecular actions of G9a in regulating the transcriptional
activity of the HIV-1 promoter need to be further explored.
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