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Gammaherpesviruses are important oncogenic pathogens that transit between lytic and latent life cycles.
Silencing the lytic gene expression program enables the establishment of latency and a lifelong chronic
infection of the host. In murine gammaherpesvirus 68 (MHV68, YHV68), essential lytic switch gene 50 controls
the interchange between lytic and latent gene expression programs. However, negative regulators of gene 50
expression remain largely undefined. We report that the MHV68 lytic cycle is silenced in infected macrophages
but not fibroblasts and that histone deacetylases (HDACs) mediate silencing. The HDAC inhibitor trichostatin
A (TSA) acts on the gene 50 promoter to induce lytic replication of MHV68. HDAC3, HDAC4, and the nuclear
receptor corepressor (NCoR) are required for efficient silencing of gene 50 expression. NCoR is critical for
transcriptional repression of cellular genes by unliganded nuclear receptors. Retinoic acid, a known ligand for
the NCoR complex, derepresses gene 50 expression and enhances MHV68 lytic replication. Moreover, HDAC3,
HDAC4, and NCoR act on the gene 50 promoter and are recruited to this promoter in a retinoic acid-responsive
manner. We provide the first example of NCoR-mediated, HDAC-dependent regulation of viral gene

expression.

Infection with the gammaherpesviruses Epstein-Barr virus
(EBV) or Kaposi’s sarcoma-associated herpesvirus (KSHV) is
associated with tumorigenesis in immunocompromised pa-
tients. Murine gammaherpesvirus 68 (MHV68, yHV6S,
MuHV4; GenBank accession number U97553) provides a trac-
table small-animal model of gammaherpesvirus pathogenesis.
This virus shares significant genomic homology with EBV and
KSHY and is associated with lymphomas and lymphoprolifera-
tive disease in immunocompromised mice (26, 47, 50).

Lytic replication of herpesviruses results from sequential
immediate-early, early, and late viral gene expression. In con-
trast, only a limited subset of viral genes is expressed during
latency; thus, genes involved in lytic replication must be si-
lenced for latency to occur. In MHVG68, essential immediate-
early lytic switch gene 50 controls the interchange between lytic
and latent gene expression programs. Gene 50 is the only gene
necessary and sufficient to initiate MHVG68 lytic replication
during reactivation and de novo infection (35, 38, 45, 55, 56).
Gene 50 encodes the replication and transcription activator
(Rta) protein, which stimulates the expression of viral and
cellular genes (5, 46). Rta can directly bind to target promoters
via Rta-responsive cis elements or interact with cellular tran-
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scription factors to indirectly regulate gene expression (5, 46).
Silencing gene 50 expression ensures that Rta promoter-re-
sponsive genes in the lytic cascade are not expressed and
thereby prevents the lytic cycle. The importance of repressing
gene 50 is illustrated by MHV68 mutants that constitutively
express gene 50. Increased lytic replication occurs in these
viruses, and the ability to establish latency in vivo is abolished
(32, 40).

Many studies have focused on characterizing positive regu-
lation of the lytic switch gene promoters in latently infected
B-cell lines. Only a few negative regulators of lytic switch gene
promoters have been identified, including ZEB1 and YY1 in
EBYV and the viral latency-associated nuclear antigen protein
(LANA), recombination signal binding protein for immunoglob-
ulin kappa J region (RBP-Jk), and NF-«B in KSHYV (2, 24, 25, 34,
59, 60). Histone deacetylase (HDAC) inhibitors induce lytic
switch gene expression in latently infected B cells, implicating one
or more of the 18 known cellular HDAC:s as additional negative
regulators (4, 31, 57). Further, HDAC-associated repressor com-
plexes regulate silencing of alphaherpesvirus gene expression
(12-14). HDAGCs are best characterized for deacetylation of
histones, resulting in a condensed chromatin structure and
repressed gene transcription (44). Acetylated histones can be
found on gammaherpesvirus lytic switch gene promoters upon
HDAC inhibitor treatment (4, 31, 57). Furthermore, HDAC3
is reported to bind to the gene 50 promoter in MHV68 and
HDAGC:s 1, 5, and 7 are recruited to the gene 50 promoter in
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KSHV (31, 57). It is not known whether these HDACs are
functionally important for MHV68 or KSHYV infection. While
abundant evidence points to a key role for HDACsS in regula-
tion of gammaherpesvirus promoters, the molecular mecha-
nisms that mediate HDAC recruitment to the promoter are
poorly understood.

Macrophages are a reservoir for latent MHV68 in vivo (7,
54). The cytokine gamma interferon and the transcription fac-
tor Statl are the only negative regulators of MHV6S in mac-
rophages described to date (10). Furthermore, despite estab-
lishing latency in macrophages in vivo, lytic replication of
MHV68 occurs in macrophage cell lines and primary macro-
phages infected in vitro. Here we report that the MHVG68 lytic
cycle is silenced in macrophages infected in vitro. HDAC inhi-
bition relieves MHV68 silencing by inducing the gene 50 pro-
moter. Moreover, we identified a novel role for the nuclear
receptor corepressor (NCoR) in silencing of MHV68. We pro-
pose a model whereby NCoR, in concert with HDAC3 and
HDACH4, repress the gene 50 promoter via promoter occu-
pancy to silence lytic replication of MHV68 in macrophages.

MATERIALS AND METHODS

Cells, virus, and viral assays. Primary bone marrow macrophages were de-
rived as described previously (48). Mouse embryonic fibroblasts (MEFs) and
RAW264.7 cells were grown in Dulbecco modified Eagle medium containing
10% fetal calf serum (52). For retinoic acid (RA) studies, serum was treated with
dextran-coated charcoal (Sigma). Cells were infected with MHV68 clone WUMS
(ATCC VR-1476). Trichostatin A (TSA), sodium butyrate (NaB), MS-275, 12-
O-tetradecanoyl phorbol-13-acetate (TPA), ionomycin, or all-frans RA (Sigma)
was added at 2 h postinfection (hpi). Viral passage and titer determination were
performed on NIH 3T12 fibroblasts, as described previously (52). For immuno-
fluorescence, virus was absorbed at 4°C. Cells were fixed with 1% paraformal-
dehyde, permeabilized with methanol, and stained with anti-MHV68 polyclonal
antibody (1:1,000) (49, 53), followed by Alexa Fluor 488-conjugated antibody
(Invitrogen). Coverslips were mounted with 4’,6-diamidino-2-phenylindole
(Vectashield; Vector Laboratories).

qRT-PCR. Total RNA was isolated and cDNA was synthesized as described
previously (10). Quantitative reverse transcription-PCR (qRT-PCR) was per-
formed with SYBR green (Invitrogen, Carlsbad, CA) and the following primer
sequences: 5'-TGCCCCCATGTTTGTGATG and 5'-TGTGGTCATGAGCCC
TTCC for glyceraldehyde-3-phosphate dehydrogenase (GAPDH), 5'-AGAAAC
CCACAGCTCGCACTT and 5'-CAATATGCTGGACAGGCGTATC for gene
50, and 5'-CCAGAAGCTTGTGTACTTGTGGAT and 5'-AAATACCACAGC
AGCGTAGAAGGT for gene 73. Viral transcript levels were normalized to the
level of transcription of GAPDH within each sample using the AAC, method
(where Cy is the threshold cycle) (30).

Frequency of cells that support lytic replication. After viral absorption, cells
were washed in fresh medium with vortexing. Serial 2-fold dilutions of cells were
plated with dimethyl sulfoxide (DMSO) or TSA onto confluent monolayers of
primary MEFs in 96-well plates. The virus-induced cytopathic effect (CPE) was
scored 8 to 9 days later. Mechanical disruption of parallel samples was performed
as described previously (52). Prism software (GraphPad) was used to analyze the
data by nonlinear regression (sigmoidal dose curve with a nonvariable slope),
and frequencies were determined using the Poisson distribution (52).

siRNA. HiPerFect transfection reagent (Qiagen) was used to transfect cells
with 750 ng of On-Targetplus siControl nontargeting pool or On-Targetplus
Smartpool small interfering RNA (siRNA) targeting mouse HDAC1, HDACS3,
HDAC4, NCoR, or the nuclear receptor corepressor SMRT (Dharmacon). Sam-
ples were analyzed by Western blotting using anti-HDACI, anti-HDACS3, and
anti-SMRT (Santa Cruz), anti-HDAC4 and anti-NCoR (Millipore), and antiac-
tin (AC-74) (Sigma). A Storm phosphorimager and ImageQuant software (GE
Healthcare) were used to visualize and quantify the protein signals. Protein
signals were normalized to the signal for the actin loading control. To confirm
that siRNA transfection did not induce an interferon response, all sSiRNAs were
assessed for induction of Statl, interferon-stimulated gene 15 (ISG15), and
ISG56 expression by qRT-PCR.

Plasmid constructs and transfection. pGL2-410bp and pGL2-ORF57 are de-
scribed elsewhere (28). Rta from the pcDNA3-Rta vector (56) was cloned into
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the pUB/VS5-His expression vector (Invitrogen) to construct pUB-Rta. HDAC3
and HDAC4 were amplified from cDNA prepared from primary macrophages
using the Expand long-template PCR system (Roche Applied Science) and the
following primers: 5'-GGTACCATGGCCAAGACCGTGG and 5'-TCTAGAC
TAAATCTCCACATCACTTTCCTTG for HDAC3 and 5'-GGTACCATGAG
CTCCCAAAGCCA and 5'-TCTAGACTACAGTGGTGGTTCCTCCTCCA
for HDAC4. PCR products were cloned into pCR2.1-TOPO (Invitrogen) and
subcloned into pUB/VS5-His. Cesium chloride preparations of plasmids were
transfected by an Amaxa nucleofector kit (Lonza).

Luciferase assay. Four micrograms of pGL2-410bp or pGL2-ORF57 and 3 ng
of pUB/V5-His/lacZ (Invitrogen) were transfected into primary macrophages
(2 X 10° cells) prior to DMSO or TSA treatment. Luciferase activity was mea-
sured with the luciferase assay system kit (Promega), and the level of expression
was normalized to that of B-galactosidase. The value from cells transfected with
empty pGL2 vector was subtracted for each condition.

ChIP. DNA was prepared for chromatin immunoprecipitation (ChIP) as de-
scribed previously (37). qPCR was performed with the following primers: 5'-C
TCTGTCAGATGTGACCATGAG and 5'-CTCTCTCCTCAGCCTTTG
AAGG for the 410-bp promoter and 5'-GGATTGCCTGAGAGACTGCTA
AAAT and 5'-GGCCACAAGGTGGTGTCTATCCA for the gene 57 promoter.
Copy number was calculated from the sample C; value using a standard curve for
each primer set generated by dilutions of a MHV68-BAC plasmid. The back-
ground signal from a no-antibody control was subtracted from the sample signal,
and the percentage of ChIP DNA relative to the amount of input DNA was
calculated. Antibodies used for ChIP include an isotype anti-His control (Santa
Cruz) and antibodies listed in the methods described in “siRNA” above.

Statistical analysis. The statistical tests used are listed in the figure legends.
All experimental conditions were compared to those for their corresponding
controls, and only significant differences are noted.

RESULTS

HDAC:S silence MHV68 lytic replication in macrophages but
not fibroblasts. Chemical agents that induce lytic replication in
latently infected B cells were tested for induction of MHV68
Iytic replication in macrophages. Infected cells were treated
with TSA (HDAC inhibitor), TPA (phorbol ester), or ionomy-
cin (calcium ionophore) at 2 hpi; and lytic protein expression
was assessed at 24 hpi using the anti-MHV68 polyclonal anti-
body (49, 53). Chemical agents were added after infection to
eliminate the possibility of interfering with virus binding to the
cell or entry. Despite a high multiplicity of infection (MOI)
(MOI = 10), very few cells expressed lytic proteins in infected
RAW264.7 cultures treated with the DMSO vehicle control or
medium alone (Fig. 1A and data not shown). Compared to
DMSO treatment, cultures treated with TSA had significantly
more cells expressing lytic proteins (Fig. 1A). In a dose-depen-
dent manner, TSA increased the MHV68 titer in RAW264.7
cells by 24 hpi (Fig. 1B and data not shown). TSA also in-
creased the viral titer in primary macrophage cultures (Fig.
1C). TPA and ionomycin did not alter MHV68 infection (data
not shown). These data suggest that HDAC activity is required
to suppress lytic replication of MHV68 in macrophages.

To assess whether HDACSs regulate MHV6S in a cell type
that efficiently supports lytic replication in vitro, we examined
lytic protein expression and viral titer in primary MEFs. In
contrast to macrophages, infection of MEFs (MOI = 10) in-
duced lytic protein expression in the majority of cells by 24 hpi
(Fig. 1D). TSA did not change the number of cells infected or
the viral titer (Fig. 1D and E). Furthermore, TSA did not alter
the viral titer in MEFs when a small number of cells were
infected by using a lower viral inoculum (MOI = 0.05) (Fig.
1F). Thus, in contrast to macrophages, lytic replication of
MHV6S in MEF cells is unresponsive to TSA.
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FIG. 1. TSA increases the number of cells expressing MHVG68 lytic proteins and increases MHV68 replication in macrophage cultures.
(A) Infected RAW264.7 cells (MOI = 10) treated with DMSO or 130 nM TSA and examined by immunofluorescence for MHV68 lytic protein
expression at 24 hpi (one of three experiments shown); (B and C) viral titer from RAW264.7 cells (mean * standard error of the mean [SEM],
3 to 4 experiments) (B) and primary macrophages (BMm¢) (mean = SEM, 3 to 5 experiments) (C) treated as described for panel A;
(D) immunofluorescence of MEFs treated as described for panel A (the results of one of three experiments are shown); (E and F) viral titer from
MEFs infected at an MOI of 10 (E) or an MOI of 0.05 (F) and treated as described for panel A (panel E, mean = SEM, 5 experiments; panel
F, mean = SEM, 4 experiments). Statistical analyses were done by Student’s ¢ test.

TSA increases the frequency of macrophage cells that sup-
port MHVG68 replication. Given that a high MOI was used to
infect macrophages yet few cells expressed lytic proteins (Fig.
1), we hypothesized that there were more infected cells than
cells that expressed lytic proteins. This notion is supported by
the finding that TSA treatment after infection increased the
number of cells expressing lytic proteins, suggesting that
HDAC activity contributes to silencing of the MHV68 lytic
cycle in macrophages. We therefore used a limiting-dilution
assay to directly measure the number of cells undergoing pro-
ductive MHV68 infection. Cells were infected, incubated for
1 h to allow the virus to enter, washed extensively, and then
plated in limiting dilutions onto MEF monolayers, which serve

as indicators for release of infectious virus from productively
infected cells. Negligible amounts of infectious virus remained
after viral absorption, as determined by mechanical disruption
of the cells before they were plated (Fig. 2A). The effect of
TSA on the number of productively infected cells was mea-
sured by adding the drug at the time that the cells were plated
onto MEF monolayers. TSA increased the frequency of
RAW264.7 cells that support lytic replication of MHV68 com-
pared to that achieved with DMSO (Fig. 2A). Further, TSA
did not alter the sensitivity of MEF monolayers for detection
of released virus (Fig. 2B). Taken together, these data indicate
that the MHV68S lytic cycle is silenced in a subset of infected
cells and that HDAC activity contributes to this silencing.
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FIG. 2. TSA increases the frequency of macrophage cells that sup-
port MHV6S lytic replication. (A) Limiting dilutions of infected
RAW264.7 cells (MOI = 10) plated onto MEF monolayers in the
presence of DMSO or 130 nM TSA. Parallel samples were mechani-
cally disrupted to kill the cells before they were plated. The statistical
difference between TSA and DMSO is P < 0.05 (mean = SEM, 3
experiments). (B) Limiting dilutions of MHV68 plated onto MEFs in
the presence of DMSO or 130 nM TSA (mean *= SEM, 3 experi-
ments). Dashed lines indicate the 63.2% Poisson distribution line used
to calculate frequencies. Statistical analysis was done by paired ¢ test.

TSA induces gene 50 expression in macrophages but not
fibroblasts. Since gene 50 is necessary and sufficient to trigger
the lytic replication cycle, we examined whether TSA induced
expression of gene 50. Given that an antibody specific to
MHV68 Rta is not currently available, we assessed the effect of
TSA on gene 50 transcript levels instead of Rta protein levels.
Infected macrophages were treated at 2 hpi with DMSO or
TSA, and RNA was harvested 12 hpi. A 12-hpi time point was
selected, as no difference in viral titer was observed between
DMSO and TSA at this time (Fig. 1B and C). TSA significantly
increased gene 50 transcript levels ~135-fold and ~35-fold in
RAW264.7 cells and primary macrophages, respectively (Fig.
3A and B). In contrast, TSA did not alter transcript levels for
immediate-early latency-associated gene 73 (Fig. 3A and B).
Furthermore, TSA did not alter gene 50 expression in infected
MEFs (Fig. 3C), likely accounting for the inability of TSA to
alter MHV68 lytic replication in these cells (Fig. 1D to F).
Taken together, these data suggest that HDACs silence the
MHV68S lytic cycle in macrophages by specific regulation of
viral genes, including gene 50.

TSA is a broad-spectrum inhibitor targeting class I (HDACs
1, 2, 3, and 8), class ITa (HDACs 4, 5, 7, and 9), class IIb
(HDAC:s 6 and 10), and class IV (HDAC11) HDAC:s (1). To
narrow the list of candidate HDACs required to silence gene
50, we next examined whether gene 50 expression increased in
RAW264.7 cells treated 2 hpi with NaB or MS-275. NaB is an
inhibitor of class I and class Ila HDACs, whereas MS-275 is a
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FIG. 3. HDAC inhibitors stimulate expression of gene 50 in mac-
rophages. Infected cells (MOI = 10) were treated with HDAC inhib-
itor, and viral transcript levels were examined at 12 hpi. (A to C) Gene
50 and gene 73 transcript levels in RAW264.7 cells (mean = SEM, 6
experiments) (A), primary macrophages (mean * SEM, 5 to 7 exper-
iments) (B), and MEF cells (mean + SEM, 3 experiments) (C) treated
with 130 nM TSA; (D) gene 50 transcript levels in RAW264.7 cells
treated with 3 mM NaB (mean * SEM, 3 experiments); (E) gene 50
transcript levels in RAW264.7 cells treated with 0.3 pM or 8§ pM
MS-275 (mean * SEM, 4 experiments). Statistical analyses were done
by Student’s ¢ test.

class I-selective inhibitor (1). NaB significantly increased gene
50 transcript levels ~67-fold (Fig. 3D). Furthermore, gene 50
transcript levels significantly increased ~309-fold in response
to 8 puM MS-275 treatment (the predicted 50% inhibitory con-
centration [ICs,] for HDACS3) (Fig. 3E) (16). In contrast, gene
50 expression was not significantly altered by 0.3 uM MS-275
(the predicted 1Cs, for HDAC1) (Fig. 3E) (16). Taken to-
gether, these drug studies suggest that HDAC3 and, possibly,
class Ila HDACs are important for silencing gene 50 expres-
sion.

HDAC3 and HDAC4 mediate silencing of the MHV68 lytic
cycle in macrophages. To provide insight into the mechanism
of HDAC-mediated silencing of MHV68, we sought to further
identify the specific HDAC(s) which repressed gene 50 expres-
sion and viral replication. Given the dose-dependent effect of
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FIG. 4. HDAC3 and HDACH4 silence gene 50 expression and MHV68 replication in macrophages. RAW264.7 cells were transfected with the

indicated siRNA 24 h before they were infected with MHV68 (MOI =
(mean = SEM, 3 to 5 experiments); (C) viral titer (mean * SEM, 2 to

10). (A and B) Gene 50 (A) and gene 73 (B) transcript levels at 12 hpi
4 experiments); (D) representative Western blots of siRNA knockdown

and corresponding quantification of protein levels normalized to those for actin (mean * SEM, 2 to 4 experiments); (E and F) gene 50 and gene

73 transcript levels in infected RAW264.7 cells (MOI = 10) transfected

with 5 pg of pUB-HDAC3 (E; mean = SEM, 3 experiments) or 4 pg of

pUB-HDAC4 (F; mean £ SEM, 4 experiments); (G) representative Western blots of HDAC3 and HDAC4 expression in RAW264.7 treated as
described for panels E and F. Statistical analyses were done by Student’s ¢ test. *, P < 0.05.

MS-275 on gene 50 expression (Fig. 3E), we reasoned that
HDACS3, but not HDACI, may be required to silence gene 50.
Given that HDACH4 is a class ITa HDAC found complexed with
HDACS3 as part of a multiprotein corepressor complex (6, 27),
we wondered whether HDAC4 was also important for repress-
ing gene 50. We therefore transfected RAW264.7 cells with
siRNA to target HDAC 1, 3, or 4 and then infected cells 24 h
later. At 12 hpi, gene 50 transcript levels were significantly
higher in cells transfected with siRNA targeting HDAC3 or
HDACH4 than in cells transfected with no siRNA (Fig. 4A).
Gene 50 transcript levels were not significantly changed by
siRNA targeting HDACI or a negative-control siRNA with no
predicted targets (Fig. 4A). Gene 73 transcript levels were not
significantly altered by the siRNAs tested (Fig. 4B). The viral
titer was also significantly increased in cells transfected with
siRNA targeting HDAC3 or HDAC4 but not HDACI or the
negative control (Fig. 4C). A significant ~5- to 8-fold increase
in gene 50 levels and an ~10- to 17-fold increase in viral
replication occurred with only an ~50% knockdown of
HDAC3 or HDACH4 expression (Fig. 4D).

To confirm that HDAC3 and HDACH4 silenced the MHV68

Iytic cycle, RAW264.7 cells were transfected with a vector
expressing HDAC3 or HDAC4. Cells were infected at 24 h
posttransfection and RNA was collected 12 hpi. Compared to
the results for the empty vector control, overexpression of
HDAC3 or HDACH4 significantly decreased gene 50 transcript
levels (Fig. 4E to G). In contrast, gene 73 transcript levels were
not significantly changed, indicating that HDAC3 and HDAC4
overexpression did not markedly interfere with early events
during infection (Fig. 4E to G).

HDAC3 and HDACH4 are found together as part of a mul-
tiprotein nuclear receptor corepressor complex (6, 27). The
observation that gene 50 expression and MHV68 replication
were increased by siRNA knockdown of HDAC3 or HDACH4,
but not HDACI, suggested that a complex containing HDAC3
and HDAC4 might regulate MHV68. Interestingly, no differ-
ence in gene 50 transcript levels or MHV6S replication was
observed after knockdown of both HDAC3 and HDAC4 com-
pared to the findings observed after knockdown of HDAC3 or
HDACH4 alone (Fig. 4A and C). These data are consistent with
HDAC3 and HDAC4 working in a single pathway to repress
the MHV68 lytic cycle.
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FIG. 5. NCoR represses gene 50 expression and MHVG68 replication in macrophages. (A and B) Gene 50 and gene 73 transcript levels measured
at 12 hpi (mean = SEM, 5 to 7 experiments); (C) viral titer (mean = SEM, 3 to 4 experiments) from RAW264.7 cells transfected with the indicated
siRNA 24 h before infection with MHV68 (MOI = 10); (D) representative Western blots of siRNA knockdown and corresponding quantification
of protein levels normalized to those of actin (mean *= SEM, 3 to 5 experiments); (E and F) gene 50 and gene 73 transcript levels measured at
12 hpi (mean * SEM, 4 experiments); (G) viral titer (mean + SEM, 3 to 6 experiments) from RAW264.7 cells infected with MHV68 (MOI =
10) and treated with DMSO or 1 pM RA. Statistical analyses were done by Student’s ¢ test. *, P < 0.05; **, P < 0.01.

NCoR mediates silencing of MHV68 in macrophages.
HDAC3 and HDAC4 can associate in a complex with the
nuclear receptor corepressors NCoR and SMRT to mediate
transcriptional repression by nuclear receptors (9, 22). There-
fore, we tested whether NCoR and SMRT silence the MHV68
Iytic cycle in macrophages. RAW264.7 cells were transfected
with siRNA targeting NCoR or SMRT and infected 24 h later.
At 12 hpi, siRNA knockdown of NCoR significantly increased
gene 50 transcript levels compared to those for the control
transfected cells (Fig. 5A). Knockdown of NCoR did not sig-
nificantly change gene 73 transcript levels (Fig. 5B). The viral
titer was also significantly increased in cells transfected with
siRNA targeting NCoR (Fig. 5C). In contrast, gene 50 tran-
script levels and the viral titer were not significantly altered by
siRNA targeting SMRT (Fig. 5A to D). Taken together, these
data indicate that NCoR silences gene 50 expression and viral
replication in macrophages.

Retinoic acid induces lytic cycle of MHV68 in macrophages.
NCoR can bind to and serve as a corepressor for retinoic acid
receptors (RARs). Upon ligand binding, this interaction is

disrupted, allowing derepression of gene expression (41).
Therefore, we hypothesized that derepression of gene 50 might
occur in macrophages treated with a ligand of the NCoR com-
plex. We observed significantly higher gene 50 but not gene 73
transcript levels at 12 hpi in RAW264.7 cells treated at 2 hpi
with RA than in those treated with DMSO (Fig. 5E and F).
The viral titer was also significantly enhanced by RA (Fig. 5G).
These data indicate that the MHV68 lytic cycle is retinoic acid
responsive in macrophages and suggested the hypothesis that
NCoR-HDAC activity is responsible for this responsiveness.
Lytic switch gene 50 promoter activity is regulated by
HDAC:S in primary macrophages. Previous studies show that the
lytic switch gene promoters in EBV and KSHV are responsive to
HDAC inhibitors in latently infected B-cell lines (4, 31, 58). We
therefore tested whether TSA acted on the gene 50 promoter in
primary macrophages. Cells were transfected with a luciferase
reporter containing the proximal 410-bp gene 50 promoter (11,
28). Transfected cells were treated with TSA or DMSO, and
promoter activity was measured 12 h later. TSA increased pro-
moter activity ~7-fold (Fig. 6A). In contrast, TSA did not signif-
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FIG. 6. The gene 50 promoter is TSA responsive and NCoR, HDAC3, and HDAC4 are recruited to the promoter in an RA-dependent manner.
(A and B) Uninfected primary macrophages were transfected with pGL2-410bp (A; mean *= SEM, 8 experiments) or pGL2-ORF57 (B; mean *+
SEM, 5 experiments) and treated with DMSO or 130 nM TSA. (C) Viral titer from RAW264.7 cells cotransfected with 0.5 pg of pUB-Rta and
4 pg pUB-HDAC3 or empty vector (mean = SEM, 3 to 5 experiments). (D and E) ChIP analysis of HDAC3, HDAC4, and NCoR recruitment
to the 410-bp promoter and gene 57 promoter in infected primary macrophages (MOI = 10) at 12 hpi. Cells were treated at 2 hpi with DMSO,
130 nM TSA, or 1 pM RA (mean * SEM, 3 to 4 experiments). (F) ChIP analysis of the 410-bp promoter and gene 57 promoter in infected MEF
cells (MOI = 10) at 12 hpi using antibodies to HDAC3, HDAC4, and NCoR (mean *= SEM, 2 experiments). Statistical analyses were done by

Student’s ¢ test (A to C) or the Mann-Whitney test (D to F). *, P < 0.05.

icantly change promoter activity for the previously described im-
mediate-early gene 57 promoter (28), suggesting that HDAC
activity regulates specific viral promoters (Fig. 6B).

Given that the gene 50 promoter could be regulated by
HDAC s, we tested whether the ability of HDACS3 to silence
the MHV68 lytic cycle was associated with regulation of the
gene 50 promoter. We examined whether HDAC3 overexpres-
sion suppressed MHV68 replication and whether such inhibi-
tion could be relieved by supplying the gene 50 product, Rta, in
trans. RAW264.7 cells were transfected with HDAC3 or empty
vector and infected 24 h later. At 72 hpi, overexpression of
HDACS3 significantly reduced the viral titer (Fig. 6C). The
HDAC3-mediated decrease in viral titer could be rescued by
cotransfecting gene 50 driven by the ubiquitin promoter (pUB-
Rta) (Fig. 6C). These data suggest that HDAC3 repression of
the gene 50 promoter is important for the observed HDAC3-
mediated decrease in gene 50 transcripts and silencing of lytic
replication (Fig. 4).

NCoR, HDAC3, and HDAC4 are recruited to lytic switch
gene 50 promoter in a retinoic acid-responsive manner. To
determine whether NCoR, HDAC3, and HDAC4 exert their
effects on gene 50 by binding to the gene 50 promoter, ChIP
assays were performed on infected primary macrophages at 12
hpi. NCoR, HDAC3, and HDAC4 were detected on the
410-bp promoter in DMSO-treated samples (Fig. 6D). Re-
cruitment of HDAC3, HDAC4, and NCoR to the gene 50
promoter was significantly reduced by either TSA or RA (Fig.
6D). The removal of NCoR, HDAC3, and HDAC4 from the
gene 50 promoter likely contributes to the observed derepres-
sion of gene 50 in response to TSA and RA (Fig. 3B and 5E).
Importantly, NCoR, HDAC3, and HDAC4 were not associ-
ated with the gene 57 promoter, and no significant changes in

their association occurred with TSA or RA (Fig. 6E). Further-
more, NCoR, HDAC3, and HDAC4 were not recruited to the
gene 50 or gene 57 promoter in infected MEF cells (Fig. 6F).
This finding demonstrates that NCoR, HDAC3, and HDAC4
bind to the promoters of specific viral genes in macrophages
and is consistent with these proteins silencing gene 50 by re-
pressing the promoter in a cell-type-specific manner.

DISCUSSION

In this report, we show that TSA reverses silencing of the
MHV68 lytic cycle in macrophages by directly stimulating gene
50 promoter activity and gene 50 expression, thereby increas-
ing the frequency of cells permissive for lytic replication. Al-
though direct binding of histones on the transfected 410-bp
promoter was not assessed in this study, work by Lu et al.
demonstrates that nucleosomes associate with a transfected
gene 50 promoter reporter and are positioned similarly to the
endogenous gene 50 promoter in KSHV (31). We show a novel
role for NCoR, HDACS3, and HDACH4 in silencing the MHV68
lytic cycle and demonstrate binding of NCoR, HDACS3, and
HDACH4 to the endogenous gene 50 promoter during MHV68
infection. Given that gene 50 is necessary and sufficient to
trigger the lytic cycle, recruitment of NCoR, HDAC3, and
HDACH4 to the gene 50 promoter likely mediates repression of
gene 50 expression and viral replication. This idea is supported
by our finding that HDAC3-mediated inhibition of lytic repli-
cation is rescued by expressing gene 50 in trans (Fig. 6C).

Finally, we demonstrate that RA derepresses gene 50 ex-
pression in macrophages likely by regulating recruitment of
NCoR, HDAC3, and HDACH4 to the gene 50 promoter. Inter-
estingly, the EBV lytic switch gene BZLFI induces cellular
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DHRS9 expression to convert retinol into RA and thereby is
predicted to promote lytic replication (21). In contrast, 9-cis-
retinoic acid and synthesized retinoid compounds appear to re-
strict KSHV replication in HUVEC and 293T cells (3). Taken
together with data presented here, these studies suggest a possible
general role of the RA pathway for gammaherpesviruses; how-
ever, depending on the cell type and the specific retinoid, there
may be interesting differences between MHV68 and KSHV.

HDAC-mediated silencing of other herpesviruses. HDAC-
mediated silencing of the lytic cycle is not unique to gamma-
herpesviruses. In a fibroblast model of quiescent herpes sim-
plex virus type 1 infection, deletion of the ICPO protein results
in silencing of early and late gene expression. Interestingly,
ICPO harbors a domain that mediates direct binding to the
cellular corepressor COREST (13). In cells infected with wild-
type virus, the COREST-HDACI1/2 complex is disrupted and
components are independently translocated to the cytoplasm
(12, 14). Furthermore, silencing of the ICPO mutant virus is
partially rescued in a recombinant mutant virus that expresses
a CoREST peptide to displace HDAC1 (13).

In latent-like human cytomegalovirus (HCMYV) infection of
undifferentiated NT2 or THP-1 cells, immediate-early viral
gene expression and lytic replication are silenced by establish-
ing a repressive chromatin structure on the major immediate-
early promoter (36). This silencing is mediated by the core-
pressor Daxx and requires HDAC activity (36, 43). Silencing is
abolished in differentiated NT2 or THP-1 cells by the degra-
dation of Daxx, a process mediated by HCMV protein pp71
(43). HDAC-mediated silencing does not occur in fibroblasts
infected with wild-type HCMV because pp71 is able to degrade
Daxx in these cells (42). Together with the data presented
here, these findings suggest a general role for HDACsS in her-
pesvirus silencing that is mediated by virus and cell-type-spe-
cific molecular mechanisms.

Implications of NCoR-mediated silencing of MHV68 in
macrophages. It is intriguing that MHV68 maintains an
NCoR-responsive lytic switch gene, given that NCoR serves as
a corepressor for numerous nuclear receptors. The NCoR
complex can also interact with other transcription factors,
some of which are reported to regulate the lytic cycle of gam-
maherpesviruses (e.g., NF-kB, AP-1, and MEF2) (2, 23, 29, 33,
39, 51). This raises the possibility that NCoR-mediated regu-
lation of gene 50 may provide many ligands with cell-extrinsic
control over the interchange between viral life cycles. Our
finding that RA dissociates NCoR from the gene 50 promoter
and derepresses gene 50 expression suggests that at least one
regulator of NCoR can mediate cell-extrinsic control over the
MHV68 lytic cycle. Determining whether NCoR represses
gene 50 to silence lytic replication and facilitate latency in vivo
will be important to understanding the molecular mechanisms
of latency and chronic infection.

We did not detect a role for SMRT in silencing of MHV68S,
a finding potentially due to insufficient depletion of SMRT
expression. HDAC3 and HDACH4 interact with both NCoR
and SMRT, and binding to NCoR or SMRT is required to
activate HDAC3 enzymatic activity (6, 15, 17, 27). However,
NCoR and SMRT have independent roles in cellular gene
expression, in addition to functioning together. While deletion
of either protein is embryonic lethal, the phenotypes of
NCoR ™/~ and SMRT ™/~ embryos suggest that they do not
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have redundant functions (18-20). Interestingly, recent stud-
ies in primary macrophages indicate that a broad set of
inflammatory genes can be regulated in an NCoR-specific,
SMRT-specific, or NCoR/SMRT-specific manner (8). Thus,
it is possible that NCoR repression of gene 50 represents an
NCoR-specific activity.

It is intriguing to postulate that NCoR-specific regulation
may be cell type dependent, as this could contribute to the
differences observed between the MHV68 lytic cycle in mac-
rophages and MEFs. Studies of acute promyelocytic leukemia
highlight the critical nature of NCoR-mediated repression by
RARs in myeloid cells (22); however, the relevance of NCoR-
specific gene regulation in other cell types is not well defined.
Alternatively, histone acetylases (HATSs) are a diverse set of
enzymes, and the HATs that regulate gene 50 or whether
differences in HAT activity contribute to the cell-type-specific
effects observed here remains unknown.

We have identified a novel role for HDAC3, HDAC4, and
NCoR in repression of the MHVG68 lytic cycle. It is intriguing that
distinct HDAC complexes are utilized to silence different herpes-
viruses. Perhaps some of the variation in herpesvirus biology,
including cell-type- and tissue-specific sites of latency or virus-
induced pathologies, is a reflection of distinct HDAC complex
usage.
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