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A Conserved Gammaherpesvirus Protein Kinase Targets Histone
Deacetylases 1 and 2 To Facilitate Viral Replication in Primary

Macrophages
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Gammaherpesviruses are ubiquitious pathogens that establish lifelong infection and are associated with several malignancies.
All gammaherpesviruses encode a conserved protein kinase that facilitates viral replication and chronic infection and thus
represents an attractive therapeutic target. In this study, we identify a novel function of gammaherpesvirus protein kinase as a
regulator of class I histone deacetylases (HDAC). Mouse gammaherpesvirus 68 (MHV68)-encoded protein kinase orf36 inter-
acted with HDACI and 2 and prevented association of these HDACs with the viral promoter driving expression of RTA, a critical
immediate early transcriptional activator. Furthermore, the ability to interact with HDACI and 2 was not limited to the MHV68
orf36, as BGLF4, a related viral protein kinase encoded by Epstein-Barr virus, interacted with HDAC1 in vitro. Importantly,
targeting of HDACI1 and 2 by orf36 was independent of the kinase’s enzymatic activity. Additionally, orf36 expression, but not its
enzymatic activity, induced changes in the global deacetylase activity observed in infected primary macrophages. Combined de-
ficiency of HDACI and 2 rescued attenuated replication and viral DNA synthesis of the orf36 null MHV68 mutant, indicating
that the regulation of HDAC1 and 2 by orf36 was relevant for viral replication. Understanding the mechanism by which orf36
facilitates viral replication, including through HDAC targeting, will facilitate the development of improved therapeutics against

gammaherpesvirus kinases.

Histone deacetylases (HDACs) are chromatin-modifying en-
zymes that mediate the removal of acetyl moieties from pro-
teins, including core histones. Generally, HDACs repress tran-
scription by causing localized chromatin compaction; in contrast,
HDAC activity is required for expression of some genes, including
beta interferon and interferon-stimulated genes (1, 2). HDACs
can also deacetylate nonhistone proteins, including transcrip-
tional factors, providing an additional level of transcriptional reg-
ulation (3). The HDAC family comprises four classes that are dis-
tinguished by enzymatic mechanism, cell type specificity, cellular
localization, and regulation (4, 5). Class I HDACs, containing
HDACs 1 to 3 and 8, have wide tissue distribution and are nuclear.
HDACI and 2 are metalloenzymes that share 83% sequence sim-
ilarity and are frequently found in the same protein complex that
is generally associated with transcriptional repression, such as the
NuRD and CoREST. While many functions of HDACI and 2
overlap, these HDACs also participate in distinct processes, as
deficiency of HDACI, but not HDAC2, is embryonically lethal
(6,7).

Herpesviruses are nuclear DNA viruses that establish lifelong
infection of the host. Class T HDACs frequently suppress immedi-
ate early herpesvirus gene expression by deacetylation of histones
at the viral gene promoters (8). It is not surprising that herpesvi-
ruses encode proteins that target class I HDAC:s in lytically in-
fected cells. Herpes simplex virus 1 (HSV-1)-encoded ICPO dis-
places HDAC1 from the transcriptionally repressive CoREST
complex to facilitate viral gene expression (9). HDACI and -2 are
also phosphorylated by the HSV-1 protein kinase Ug3, and this
phosphorylation coincides with enhanced expression of trans-
genes driven by the human cytomegalovirus (HCMV) immediate
early promoter (10). Ug3-related varicella-zoster virus (VZV)
protein kinase orf66 indirectly induces phosphorylation of
HDACI and -2. Furthermore, HDAC inhibitors rescue attenuated

7314 jviasm.org

Journal of Virology p. 7314-7325

viral gene expression in orf66 null infections, suggesting that the
VZV kinase targets HDAC:s to facilitate viral gene expression (11,
12). HCMV encodes IE1, IE2, and pUL29/28, which target
HDAGC:s to promote viral gene expression during lytic infection
(13-15). Paradoxically, Kaposi’s sarcoma-associated herpesvirus
(KSHV)-encoded K-bZIP has recently been shown to recruit
HDACI and -2 to KSHV RTA promoters during reactivation (16).
While treatment with HDAC inhibitors enhances immediate early
mouse gammaherpesvirus-68 (MHV68) gene expression during
de novo lytic infection and induces reactivation of Epstein-Barr
virus (EBV), KSHV, and MHV68 (17-19), the mechanisms by
which gammaherpesviruses counteract HDACs during lytic rep-
lication remain poorly understood.

MHV68 is genetically and biologically related to EBV and
KSHYV (20, 21) and represents a tractable system that allows stud-
ies of gammaherpesvirus-host interactions in the context of de
novo infection of physiologically relevant primary immune cells.
In this study, we identified MHV68 orf36, a conserved gamma-
herpesvirus protein kinase, as a regulator of HDACI and -2 during
de novo lytic infection of primary macrophages. Both MHV68
orf36 and a related EBV-encoded kinase, BGLF4, interacted with
HDACI and -2. Importantly, orf36 prevented association of
HDACI and -2 with the distal promoter of RTA, an immediate
early viral protein essential for gammaherpesvirus lytic replication
and reactivation from latency (22-26). In addition to regulation of
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HDACI and -2 at the RTA promoter, orf36 modulated global
HDAC enzymatic activity in infected macrophages throughout
the course of lytic replication. Intriguingly, orf36 enzymatic activ-
ity was not required for interaction with HDACI and -2, clearance
of these HDACs from the RTA promoter, or regulation of global
HDAC activity in infected cells, providing additional evidence for
enzymatic-activity-independent functions of gammaherpesvirus
kinases (27, 28). Finally, depletion of HDACI and -2 from pri-
mary macrophages rescued attenuated replication of the orf36
null MHV68 mutant, providing physiological relevance of the
orf36-HDAC interactions.

MATERIALS AND METHODS

Animals and primary cell cultures. C57BL/6] (BL6) mice were obtained
from Jackson Laboratories (Bar Harbor, ME). HDACI1/2 flox/flox
(HDAC1/2"") mice (7) were generously provided by Eric Olson. These
mice were crossed to mice expressing modified estrogen receptor (ER)-
Cre fusion protein under the control of Rosa promoter ([29], obtained
from Jackson Laboratories) to generate HDAC1/2/F X ER-Cre mice. All
mice were housed and bred in a specific-pathogen-free barrier facility in
accordance with federal and institutional guidelines. All experimental
manipulations of mice were approved by the Institutional Animal Care
and Use Committee of the Medical College of Wisconsin. Bone marrow
was harvested from mice between 3 and 10 weeks of age. Primary bone
marrow-derived macrophages were generated and infected as previously
described (30).

OHT treatment of primary macrophages. Primary bone marrow-
derived macrophages were generated as described previously (30) with the
following modifications: cells were treated with 1 uM 4-hydroxytamox-
ifen (OHT; Sigma-Aldrich, St. Louis, MO) on days 4 and 7 of culture.
Allele recombination and HDACI1 and -2 protein levels were assayed at
day 12 of culture, and cells were infected at day 13 of culture. Hydroxyta-
moxifen was not present in the medium of infected cultures.

Western blot analysis. Macrophages were collected into Laemmli
buffer and analyzed as previously described (30). Antibodies used were
anti-HDACI clone 210 (1:1,000; Millipore, Billerica, MA), anti-HDAC2
(1:20,000; Sigma-Aldrich, St. Louis, MO), anti-Flag (M2; Sigma-Aldrich,
St. Louis, MO), anti-(-actin (1:20,000; Novus Biologicals, Littleton, CO),
anti-yH2AX (1:2,000; Bethyl Laboratories, Montgomery, TX), anti-H3
(1:100,000; Abcam Inc., Cambridge, MA), and a secondary goat anti-
mouse or anti-rabbit horseradish peroxidase (HRP)-conjugated antibody
(1:20,000; Jackson ImmunoResearch, Westgrove, PA).

qRT-PCR quantitation of viral messages. Total RNA was harvested,
DNase treated, reverse transcribed, and analyzed by real-time PCR as
described in reference 31.

Assessment of recombination efficiency. Cellular DNA was isolated
from HDAC1/2"F X ER-Cre-positive or control macrophages as previ-
ously described (32). Recombined HDAC1 and -2 alleles were detected by
PCR, using primers 5'-GCC-TCT-GCT-TCC-TTA-GTG-TTG-3" (for-
ward) and 5'-CAA-CTG-ACT-ACA-GAC-TGT-TGG-G-3' (reverse, R2)
for HDAC1 and 5'-GTG-GGA-AGC-ATG-GCA-GCA-TGC-3" (for-
ward) and 5'-GCC-TTC-TAA-GAA-CCC-CAG-GGA-AC-3" (reverse)
for HDAC2. Levels of intact, nonrecombined HDACI allele were quanti-
fied by real-time PCR using the same forward HDACI primer as above
and 5'-GAG-CAA-GGA-AAG-AGC-ACA-AGC-CTG-3' for the reverse
primer (R1), with subsequent normalization to cellular GAPDH gene.

HDAC activity assays. Infected macrophages were lysed in 1X re-
porter lysis buffer (Promega, Madison, WI) and freeze-thawed twice.
Global HDAC activity was measured in lysates using a fluorescent HDAC
activity kit according to the manufacturer’s recommendations (Enzo Life
Sciences, Farmingdale, NY). Protein content was determined using Brad-
ford reagent (Fermentas, Glen Burnie, MD) and used to normalize HDAC
activity. Normalized HDAC activity levels in mock-infected macrophage
lysate were set at 1, and values for other conditions were expressed as fold
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HDAC activity over mock within each experiment. For trichostatin A
(TSA)-treated samples, 200 nM TSA was added to the sample prior to
HDAC activity analysis.

Immunoprecipitation. Primary bone marrow macrophages were
mock infected or infected at a multiplicity of infection (MOI) of 10 with
wild-type or 36-FLAG MHV68 (36F MHV68) (27, 30). At 30 hpi, cells
were lysed in 0.2% NP-40 lysis buffer (0.2% NP-40, 50 mM Tris HCI, 300
mM NaCl, 5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [PMSF])
and briefly sonicated (Microson Cell Disruptor; Misonix, Farmingdale,
NY). Lysates were precleared with protein A/G agarose beads (Santa Cruz
Biotechnology, Santa Cruz, CA) for 2 h at 4°C and combined with 1 pg
a-HDACI (clone 2e10; Millipore, Billerica, MA) or 1 pl anti-FLAG M2
monoclonal antibody (Sigma-Aldrich, St. Louis, MO). Lysates and anti-
bodies were incubated while rotating for 16 h at 4°C. Protein A/G beads
were added, and rotation continued for 4 h at 4°C. Immunoprecipitated
complexes on agarose beads were washed six times with lysis buffer and
once with phosphate-buffered saline (PBS) and then eluted with Laemmli
buffer.

Immunofluorescence. Primary macrophages were seeded on cover-
slips and infected at an MOI of 10 with 36F MHV68. At 16, 30, and 40 hpi,
coverslips were subjected to immunofluorescence as previously described
(30). Primary antibodies included anti-HDACI (mouse monoclonal,
1:500; Millipore, Billerica, MA) and anti-orf6/ssDBP (rabbit polyclonal,
1:500) (32). Alexa Fluor goat anti-rabbit 488 and goat anti-mouse 594
(Invitrogen, Eugene, OR) were used as secondary antibodies. Colocaliza-
tion of HDACI and orf6 was measured using Pearson’s correlation coef-
ficient, as calculated by JACoP (33) in Image] (34). The significance of
correlation coefficients (compared to r* = 0) was measured using Stu-
dent’s t test with « of 0.05.

Expression constructs. MHV68 orf36, BGLF4, KSHV orf36, HSV-1
UL13, and HDACs 1 to 3 were amplified with specific primers flanked by
BamHI and EcoRI restriction sites (Table 1), cloned into the pT7CFE1-
CHis vector (Pierce Biotechnology, Rockford, IL), and sequenced to ver-
ify the insertion. Plasmids containing HDAC1 and -2 cDNA were a kind
gift from Eric Olson. U69 from HHV-7B was amplified from viral
genomic DNA provided by Amy Hudson. FLAG-tagged Vaccinia I3 was
expressed from the pTM1 vector, courtesy of Paula Traktman. Cellular
Fas (14-3-3 zeta/delta) was subcloned from pET13b vector, provided by
Joseph Barbieri. Viral kinases were amplified with primers including
FLAG tags at the N terminus; cellular proteins, including HDACs, were
cloned using primers encoding the hemagglutinin (HA) epitope on the N
terminus. The MHV68 RTA construct in a pFLAG-CMV-2 vector was
generously contributed by Ren Sun. Orf36 and Orf36KN in the pFLAG-
CMV-2 vector were previously described (30).

In vitro transcription-translation assays. Plasmid DNA (500 ng) was
combined with rabbit reticulocyte lysate (Promega, Madison, WI) and 10
nCi [**S]methionine. Reaction mixtures were incubated at 30°C for 90
min. Translated protein products (10% of total reaction volume) were
then combined as designated below (see Fig. 2) in 0.4% NP-40 buffer (50
mM Tris-HCI [pH 8.0], 300 mM NaCl, 5 mM EDTA, 0.4% [wt/vol] NP-
40, 1 mM PMSF). Complexes were immunoprecipitated overnight with
anti-HDACI, -HDAC2, -FLAG, and -HA antibodies and Prot A/G aga-
rose beads, washed five times with 0.4% NP-40 buffer, resuspended in
Laemmli buffer, and analyzed by SDS-PAGE and autoradiography.

Nucleofection of primary bone marrow macrophages. Macrophages
were cultured as described previously (30), and cells were lifted on day 10
of culture, combined with plasmid DNA, and resuspended in Buffer T
(Lonza, Basel, Switzerland). Electroporation was performed using pro-
gram T-20 on Amaxa Nucleofector (Lonza, Basel, Switzerland). At 6 h
posttransfection, cells were collected in 1X rapid lysis buffer (Promega,
Madison, WI) and subjected to HDAC activity assays with subsequent
normalization against protein content as measured by the Bradford assay
(Fermentas, Glen Burnie, MD).

ChIP. For chromatin immunoprecipitation (ChIP) assays, primary
macrophages were infected at an MOI of 1, and chromatin was collected at
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TABLE 1 Primer sequences for cloning

Insert Sense” Restriction enzyme Sequence (5'-3")
FLAG-tagged protein” F BamHI GAT AAT GGA TCC GAC TAC AAA GAC GAT GAC GAC AAG
MHV68 Orf36/0Orf36KN R Xhol CAG GGA CTC GAG TCA AAA AAA TCC AGA ATA ATC
EBV BGLF4 R Xhol CAG GGA CTC GAG ACA GTT GAA GAA GTA GCT CTC
KSHV Orf36 R Xhol CAG GGA CTC GAG TCA GAA AAC AAG TCC GCG GG
HSV-1UL13 F BamHI GAT AAT GGA TCC GAT TAC AAG GAT GAC GAT GAC AAG
ATG GAT GAG TCC CGC AGA CAG
R Pstl CAG GGA CTG CAG TCA ACG ACA GCG CGT GCC GCG
HHV-7b U69 F EcoRI GAT AAT GAA TTC GAT TAC AAG GAT GAC GAT GAC AAG
ATG GAG CAG CTT AAG ACA CC
R Pstl CAG GGA CTG CAGTCA TTA CAC CCG AAATAC AGA ATA TG
HDACI1 F BamHI GAT AAT GGA TCC TAC CCA TAC GAC GTC CCA GACTAC
GCT ATG GCG CAG ACT CAG GGC ACC
R Xhol CAG GGA CTC GAG GGC CAA CTT GACCTCTTC
HDAC2 F BamHI GAT AAT GGA TCC TAC CCA TAC GAC GTC CCA GACTAC
GCT ATG GCG TAC AGT CAA GGA G
R Xhol CAG GGA CTC GAG AGG GTT GCT GAG TTG TTC
HDAC3 F BamHI GAT AAT GGA TCC TAC CCA TAC GAC GTC CCA GACTAC
GCT ATG GCC AAG ACC GTG GCG TAT
R Xhol GAT AAT CTC GAG CTA AAT CTC CACATC ACT TTC
Fas F BamHI GAT AAT GGA TCC TAC CCA TAC GAC GTC CCA GACTAC
GCT ATG GAT AAA AAC GAG CTG GT
R Pstl CAG GGA CTGCAGTCATTAATTTTC CCCTCCTTC

“F, forward; R, reverse.

b Primer used for subcloning sequences containing FLAG at the N terminus (MHV68 Orf36/Orf36KD, BGLF4, KSHV Orf36).

16 hpi and prepared as described previously (32, 35). Chromatin was
immunoprecipitated with anti-HDACI (clone 2e10; Millipore, Billerica,
MA), anti-HDAC2 (Sigma-Aldrich, St. Louis, MO), or rabbit IgG (Santa
Cruz Biotechnology, Santa Cruz, CA). Coimmunoprecipitated DNA was
purified and analyzed by RT-PCR using primers described previously
(32). Right orilyt was amplified using 5'-GTG-TGG-CCT-TTG-TGT-
GCC-TGT-AAA-3' (forward) and 5'-AAA-TCG-GTT-TGC-GGT-TAG-
ACC-AGG-3' (reverse) primers, and the orf57 promoter was amplified
using 5'-AGA-ACA-GCT-TCG-TGC-TGA-CAA-ACC-3’ (forward) and
5"-TTT-GGT-AAG-CTG-GCC-ACA-GTC-TTG-3' (reverse) primers.

Viral stock preparation and infections. Wild-type MHV68 and orf36
mutant virus stocks (27, 30) were prepared and measured on NIH 3T12
cells. Bone marrow-derived macrophages were infected at the indicated
MOI as previously described (30). 36F MHV68 encoding a Flag-tagged
orf36 was kindly provided by Ren Sun (27). For TSA experiments, viral
inoculum was removed and cells were replenished with medium contain-
ing 40 nM TSA (Sigma-Aldrich, St. Louis, MO).

Statistical analysis. Student’s t test (Graphpad Prism, La Jolla, CA)
was used to measure statistical significance with an « value of 0.05.

RESULTS

orf36 prevents association of HDACI and -2 with the distal RTA
promoter. orf36 expression and enzymatic activity are required
for optimal expression of RTA in primary macrophages under
conditions of low but not high MOI (32). The MOI-dependent
phenotype of orf36 is reminiscent of herpesvirus HDAC regula-
tors, such as HSV ICPO0, that stimulate viral gene expression under
low but not high MOI conditions (9). To determine if attenuated
RTA expression in the absence of orf36 could be rescued by
HDAC inhibition, primary bone marrow-derived macrophages
were infected at an MOI of 1 with wild-type MHV68, an N36S
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mutant that encodes a translational stop codon in the orf36 se-
quence, or a 36KN mutant that encodes a catalytically null orf36
(27, 30). Immediately following absorption, macrophages were
treated with 40 nM TSA, a broad HDAC inhibitor (5), and RTA
expression was measured at 16 h postinfection by qRT-PCR. As
expected, RTA transcript levels were decreased in macrophages
infected with the orf36 MHV68 mutants compared to wild-type
MHV68 (Fig. 1A). Consistent with previous reports (17), TSA
treatment increased RTA expression in wild-type MHV68-in-
fected macrophages, indicating that the RTA promoter is sensitive
to HDAC inhibition. Interestingly, TSA treatment rescued RTA
expression in N36S- and 36KN-infected macrophages (Fig. 1A),
suggesting that orf36 may counteract HDAC:s to facilitate RTA
expression. Orf36 was expressed at 16 h postinfection (Fig. 1B),
consistent with its contribution to RTA transcription.

HDACI and 2 are ubiquitously expressed, frequently localize
to gene promoters to mediate transcriptional repression, and are
targeted by alpha- and betaherpesvirus proteins. Thus, HDACI1
and -2 could suppress transcription of RTA by localizing to the
two known RTA promoters (core and distal [Fig. 2C]) (22, 36). To
determine if HDACI1 and -2 directly regulated RTA promoters,
primary macrophages were infected with wild-type MHV68 or
orf36 mutant viruses at an MOI of 1. The association of HDAC 1
and 2 with RTA promoters and proximal sequences (primers in-
dicated by arrows in Fig. 2C) was measured by chromatin immu-
noprecipitation (ChIP). Interestingly, HDAC1 and -2 were signif-
icantly enriched at the distal RTA promoter in N36S-infected cells
at 16 h postinfection (Fig. 2A and B), coincident with attenuated
RTA expression (Fig. 1A). Association of HDACI and -2 with the
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FIG 1 Global inhibition of HDACs rescues RTA transcription in the absence of functional orf36. (A) Primary bone marrow-derived BL6 macrophages were
infected at a multiplicity of infection (MOI) of 1 PFU/cell with wild-type (WT) or indicated orf36 mutant MHV68 viruses and treated with 40 nM TSA
immediately after virus absorption. Total RNA was collected at 16 hpi, and RTA mRNA levels were measured by qRT-PCR. Data were pooled from three
independent experiments. (B) Primary macrophages were mock infected or infected at an MOI of 1 with the MHV68 virus expressing Flag-tagged orf36 (36F).
Orf36 and B-actin protein levels were measured at the indicated times postinfection.

distal RTA promoter was minimal in wild-type virus- and 36KN
mutant-infected cells (up to 2-fold above background levels [Fig,
2A and B)), suggesting that orf36 enzymatic activity was not re-
quired to prevent association of HDAC 1 and 2 with the distal RTA
promoter. In contrast to the distal promoter, low levels of HDAC
1 and 2 associated with the core RTA promoter, and this associa-
tion was not regulated by orf36 (Fig. 2A and B).

In the absence of orf36 expression, enrichment of HDAC1 and
-2 was specific to the distal RTA promoter, as evidenced by de-
creased association of these HDACs with sequences 5’ and 3’ of
the distal promoter (Fig. 2A and B) and with the orf57 promoter
and right orilyt (Fig. 2D and E). Association of HDACI and 2 with
the distal RTA promoter was also controlled temporally, as no
enrichment of either HDAC was observed at the RTA promoters
at 5 h postinfection (Fig. 2F). Finally, differential association of
HDACI and -2 with the distal RTA promoter was specific to the
low MOI conditions. When macrophages were infected at an MOI
of 10, HDACI was not detected at either distal or core promoter in
N36S- or 36KN-infected macrophages (Fig. 2G and data not
shown), suggesting that another viral HDAC regulatory mecha-
nism compensated for the absence of orf36 at a high MOI. Similar
HDACI and -2 protein levels were detected in wild-type-, N36S-,
and 36KN-infected cells at 5 and 16 h postinfection (see Fig. 5),
suggesting that the observed differences in HDACI1 and -2 associ-
ation with the distal RTA promoter were not due to differential
expression of HDAC1 and -2. In summary, orf36, in an enzymat-
ically independent manner, regulated association of HDAC1 and
-2 with the distal RTA promoter, and HDAC inhibition rescued
RTA expression in orf36-mutant-infected cells.

orf36 interacts with HDACI and 2. The finding that orf36
prevented association of HDACI and -2 with the distal RTA pro-
moter suggested that orf36 may directly interact with these two
HDAGs. To determine if orf36 and HDACI were present in the
same protein complex during lytic infection, primary macro-
phages were mock infected or infected with wild-type or 36F
MHV68, which encodes a Flag-tagged orf36 (27). Lysates were
collected at 30 h postinfection and immunoprecipitated with anti-
Flag or anti-HDACI. Immunoprecipitated HDAC1 ran at a
higher molecular weight than did HDACI in cell lysates, likely due
to the proximity of the heavy chain (Fig. 3A). HDACI coimmu-
noprecipitated with anti-Flag in lysates collected from 36F
MHV68-infected macrophages. However, HDACI was not de-
tected in anti-Flag immunoprecipitates from wild-type- or mock-
infected cells (Fig. 3A). Thus, orf36 and HDACI were present in
the same protein complex in infected macrophages.
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To determine if orf36 could directly interact with HDACI and
-2 in the absence of infection, radioactively labeled proteins were
generated using in vitro transcription/translation system, allowed
to interact, and subjected to immunoprecipitation using anti-
HDACI, anti-Flag, or anti-HA antibodies. When orf36 and
HDACI were coincubated, both proteins were pulled down with
either antibody, suggesting that the HDAC1-orf36 association is
likely to be direct (Fig. 3B, lanes 6 and 7). This association was not
dependent on the enzymatic activity of orf36 (Fig. 3B, lanes 8 and
9) and was specific, as neither HDAC1 nor orf36 bound G protein
beads (Fig. 3B, lanes 14 and 15), vaccinia virus-encoded 13 failed
to coimmunoprecipitate with HDACI (Fig. 3B, lanes 10 and 11),
and orf36 failed to interact with an irrelevant cellular protein
(Fig. 3B, lanes 12 and 13). Similarly, both wild-type orf36 and the
catalytically null 36KN mutant specifically interacted with
HDAC2 (Fig. 3C). Thus, orf36 interacted with HDAC1 and -2 in
vitro, and this interaction was independent of catalytic activity of
the kinase.

EBV BGLF4 interacts with HDACI and -2. To determine the
conservation of the viral kinase-HDACI interaction, members of
the UL13 family of herpesvirus kinases, including U69, encoded
by human herpesvirus 7 (HHV-7), BGLF4, encoded by EBV, and
orf36, encoded by KSHV, were tested for interaction with HDAC1
in vitro. When the viral kinases and HDAC1 were coincubated and
immunoprecipitated with an antibody against HDACI, both
MHV68 orf36 and EBV BGLF4 coimmunoprecipitated with
HDACI (Fig. 3D, lanes 6 and 7) and HDAC2 (data not shown),
suggesting that the interaction between gammaherpesvirus pro-
tein kinases and HDACI and -2 is not limited to the MHV68
system.

HDACI colocalizes with MHV 68 single-stranded DNA bind-
ing protein (ssDBP) during infection. HSV-1 protein kinase
(Ug3) relocalizes HDACI to the cytoplasm (10). In contrast,
HDAC?2 colocalizes with nuclear prereplication foci and viral rep-
lication compartments in HCMV-infected cells (14). To define
the effect of orf36 on HDACI nuclear localization, primary mac-
rophages were infected with wild-type or orf36 mutant MHV68
viruses, and subcellular localization of HDAC1 was examined
throughout the replication cycle. Similar to that observed in
mock-infected macrophages, HDACI remained nuclear at all
times postinfection (Fig. 4 and data not shown). To determine if
HDACI1 was enriched in viral replication compartments, cells
were costained with the antibody recognizing MHV68 ssDBP
(32). At 16 h postinfection, ssDBP-positive nuclear structures
were present in macrophages infected with wild-type or orf36 mu-
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FIG 2 Orf36 inhibits association of HDACI and 2 with the distal RTA promoter. (A, B) Primary macrophages were infected as indicated, and chromatin was
collected at 16 hpi and subjected to ChIP using HDAC1-specific (A) or HDAC2-specific (B) antibodies or a nonspecific IgG control. Enrichment of RTA core and
distal promoter sequences was calculated using the AAC;. method. Results are presented as fold enrichment over IgG. (C) Schematic of the core and distal RTA
promoters. Arrows above the sequence indicate the locations of PCR primers used in experiments depicted in panels A and B. (D, E) Primary macrophages were
infected, and chromatin was harvested as described for panels A and B. ChIP enrichment of orilyt and orf57 promoter sequences immunoprecipitated with
anti-HDACI were calculated as above. (F) ChIP was performed using chromatin from primary macrophages infected as indicated for 5 h at an MOI of 1. (G)
Primary macrophages were infected with wild-type (WT) MHV68 or the N36S mutant at an MOI of 10. Chromatin was harvested at 16 h postinfection and
subjected to ChIP as described above. All ChIP data in this figure were pooled from 3 to 5 independent experiments; error bars represent the standard errors of
the means. *, P < 0.05.

7318 jvi.asm.org Journal of Virology


http://jvi.asm.org

A IP: anti- IP: anti-
Input  HDAC1 FLAG
S S S
w o w o w o
g2 g52 gt2
HOACH -
Lighter
| DY e —-— Exposure
B-Actin
FLAG w»»

B HDAC1 + — — — — + + + + + + — — — +
FLAGOM36 — + — — — + + — — — — + + + =—
FLAGOHf36KN — — + = — = = 4+ + = = = = — —

FLAG3 — = — #+ = = = = = + + = = = =
HAFas — = = =+ — = = = = = + + - -
S o 8 0o 0 0 o S o
IP Ab 22 292 ¢ g9 g ¢
2 7 2 @d ¢d27d¢F g4
- — v e -—
- e —- = -
= -
o s
Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

C HDAC2 + — — — — + + + + + + — — + —
FLAG-0rf36 — + — — — + — - = =+ + _ +
FLAG-orf36KN _ _ 4 _ — — — 4 4 — — — — — —

FLAG3 _ _ _ 4 _ _ _ _ _ - -
HA-Fas____+ ______ + o+ _ _
IP Ab o . - o
O 0 © o 0 © o o O
< < < < < <
g8 idzdzsge
e -~ FE
- ] fen)
- —_—
= fan}
Lane 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
[{=} [{=}
< <
D 278 278%e
o-4t® o-4t®
0@ 02 00>
©ocOsNO o0 N
>>I>< 2> >
ImMmnIOo Imn
SWXTITIT SwWwXTIT
Lane 1 2 3 4 5 6 7 8 9
= [NpUt == = -HDAC1 =
“
]
—— — s

FIG 3 orf36 and BGLF4 interact with HDACI1 and -2. (A) Primary macro-
phages were infected at an MOI of 10 with wild-type or 36F MHV68 virus for
30 h, and lysates were immunoprecipitated with anti-HDACI or anti-Flag
antibodies. Immunoprecipitates were probed for HDACI. (B to D) Radioac-
tively labeled proteins were generated using the in vitro transcription/transla-
tion system (TNT). TNT-generated proteins were combined and immunopre-
cipitated using indicated antibodies (against HDAC1, HDAC?2, Flag, or HA
tag). Immunoprecipitated complexes were analyzed by SDS-PAGE and auto-
radiography. Images are representative of at least three independent experi-
ments. Signal in lanes 1 to 5 represents input.
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tant MHV68 viruses but not in mock-infected controls (Fig. 4).
Over the course of the replication cycle, the ssDBP staining pro-
gressed from a punctate pattern to large globular domains. While
HDACI1 did not exclusively colocalize with ssDBP in the nucleus
(* = 0.6, P < 0.01), an enrichment of HDACI in replication
compartments was detected in all infected cells, independent of
orf36 expression or catalytic activity (Fig. 4). The pattern of
HDACI nuclear staining was similar in mock- and MHV68-in-
fected macrophages prior to ssDBP expression (data not shown).
Thus, HDAC1 was recruited to MHV68 nuclear replication com-
partments in an orf36-independent manner.

orf36 modulates global HDAC activity during lytic infection
of primary macrophages. In spite of a significant number of re-
ports dissecting regulation of individual HDACs within alpha-
and betaherpesvirus systems, there is a paucity of information
regarding global HDAC activity in infected cells. Of the four de-
fined classes of HDAC:s, class I and class III (sirtuins) HDACs are
thought to be responsible for the majority of global deacetylase
activity, whereas class ITa HDACs have lower deacetylase activity
and are thought to repress gene expression primarily via interac-
tions with other transcriptional repressors (37). Importantly, the
relative contribution of individual HDACs to the overall deacety-
lase activity in primary macrophages has not been defined. To
measure changes in global HDAC activity during gammaherpes-
virus lytic replication, primary macrophages were infected with
wild-type and orf36 mutant MHV68 viruses at MOlIs of 1 and 10,
and HDAC activity of total cell lysates was measured at 5, 16, and
30 h postinfection using a commercially available fluorimetric as-
say. At 5 h postinfection, a time prior to expression of immediate
early MHV68 genes (35), global HDAC activity was elevated in
N36S-infected compared to wild-type- and 36KN-infected mac-
rophages (P < 0.05; Fig. 5A). These differences in global HDAC
enzymatic activity were not a result of increased expression of
HDACI and -2 (Fig. 5A). Furthermore, measured HDAC activity
was susceptible to TSA inhibition, suggesting that TSA-insensitive
class I HDAC:s (sirtuins) were not the major contributors to the
overall HDAC enzymatic activity observed in primary macro-
phages (Fig. 5A).

By 16 h postinfection, concurrent with expression of immedi-
ate early and early viral genes and viral DNA synthesis (35), global
HDAC activity was similar in all infected conditions and appeared
to be slightly elevated above mock-infected levels, although the
difference did not reach statistical significance (Fig. 5B). Surpris-
ingly, at 30 h postinfection global HDAC activity remained signif-
icantly elevated in wild-type- and 36KN-infected macrophages
but not N36S-infected cells (Fig. 5C). The elevated global HDAC
activity during later stages of MHV8 replication is consistent with
a previous report showing elevated global HDAC activity in
HCMV-infected fibroblasts during late stages of lytic replication
(14). orf36 was detected in high-MOI-infected macrophages as
early as 5 h postinfection (Fig. 5E), consistent with the orf36-
dependent effects on total HDAC activity during early and late stages
of infection. Thus, orf36, independent of its enzymatic function, reg-
ulated overall HDAC activity in infected macrophages.

orf36 overexpression induces global HDAC activity in an en-
zymatically dependent manner. To determine if orf36 was suffi-
cient to regulate global HDAC activity, HDAC activity was mea-
sured in primary macrophages transiently expressing wild-type
orf36 or a catalytically defective orf36 mutant 1 (orf36KN) that
has a single amino acid substitution of the same ATP-positioning
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FIG 4 HDACI colocalizes with viral replication compartments. Primary macrophages were infected at an MOI of 10 with wild-type or orf36 mutant MHV68
viruses. At 16 hpi, cells were fixed and stained with DAPI (4',6-diamidino-2-phenylindole) and antibodies directed against MHV68 ssDBP and HDACI. Images
were merged, with HDACI in green, ssDBP in red, and DAPI in blue. Colocalization was tested using Pearson’s correlation coefficient.

lysine as the 36KN virus (30). As expected, expression of wild-
type, but not catalytically null orf36 increased yYH2AX levels in
primary macrophages (Fig. 5D). Surprisingly, HDAC activity was
found to be elevated in cells expressing wild-type orf36, but not
catalytically null 36KN, in spite of similar levels of expression
(Fig. 5D; P < 0.05). Furthermore, global HDAC activity was not
altered in cells expressing MHV68 RTA, and increased global
HDAC activity observed in orf36-expressing macrophages was
not due to increased expression of HDACI and -2 (Fig. 5D and
data not shown). Thus, orf36 expression and catalytic activity
were sufficient to increase cellular HDAC activity in primary mac-
rophages.

Depletion of HDAC1 and -2 rescues MHV68 replication in
the absence of orf36. We observed that while global HDAC inhi-
bition with TSA rescued attenuated RTA expression in the absence
of catalytically active orf36 (36KN; Fig. 1A), catalytic activity of
orf36 was not required to prevent association of HDACI1 and -2
with the distal RTA promoter (Fig. 2A and B), raising the possi-
bility that several HDACs may suppress RTA transcription in the
absence of orf36. Because treatment with HDAC inhibitors is as-
sociated with inadequate specificity and potential off-target ef-
fects, a genetic approach was used to address the specific role of
HDACs 1 and 2 in RTA transcription. We took advantage of a
previously described mouse system in which HDACI and -2 al-
leles are rendered conditional via the insertion of exon-flanking
loxP sites (7) (see schematic in Fig. 6A). These HDAC1/2 condi-
tional mice (HDAC1/2™F) were crossed to mice with ubiquitous
expression of the modified estrogen receptor fused to Cre recom-
binase (ER-Cre) (29). Because ER-Cre-mediated recombination
is induced by 4-hydroxytamoxifen (OHT), this system offers a
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tractable approach that allows depletion of HDACI and 2 in pri-
mary cells. Primary macrophages were derived from bone marrow
cultures of HDAC1/2"* X ER-Cre-positive and Cre-negative
mice and were treated with OHT on day 4 of in vitro differentia-
tion. Recombined HDACI and -2 alleles were detected 8 days after
initial OHT treatment (day 12 of culture; Fig. 6B). On average,
approximately 84% of genomic HDACI alleles were recombined
following OHT treatment of Cre-positive compared to OHT
treatment of Cre-negative HDAC1/2™F macrophages (Fig. 6C).
Consistent with genomic recombination, on average, OHT treat-
ment reduced HDACI and -2 protein levels by 85% and 70%,
respectively, in Cre-positive compared to Cre-negative HDAC1/
2F/F cells (8 days following OHT treatment; combined data are
shown in Fig. 6F, and data from a representative experiment are
shown in Fig. 6D and E).

To identify the effect of combined HDACI and 2 depletion on
RTA transcription, OHT- or mock-treated HDAC1/2"* macro-
phages that were ER-Cre positive or negative were infected at an
MOI of 1 with wild-type, N36S, or 36KN MHV68. At 16 h postin-
fection, RTA expression was measured via gRT-PCR. As expected,
macrophages infected with either the N36S or the 36KN mutant
exhibited reduced RTA expression in all control infections
(Fig. 7A). RTA transcription in infected, HDAC1/2-depleted (ER-
Cre-positive, OHT-treated) macrophages was similar to that ob-
served in control cultures, including attenuated RTA expression
in the absence of a catalytically active orf36 (Fig. 7A).

Having observed similar RTA expression in HDACI- and
HDAC2-depleted and control macrophages, we wished to inves-
tigate the extent to which HDACI and -2 affect MHV68 replica-
tion, as orf36 expression and activity are required for efficient
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the mean. *, P < 0.05; ***, P < 0.001.

MHV68 replication in primary macrophages (30, 32). Primary
macrophages were derived from HDAC1/2"F ER-Cre-positive or
-negative littermates and treated with OHT to induce recombina-
tion. Subsequently, macrophages were infected at an MOI of 1,
and virus yield was assessed at 72 h postinfection. As expected,
growth of the N36S virus was attenuated in Cre-negative macro-
phages (Fig. 7B). Intriguingly, the attenuated replication of the
N368S virus mutant was rescued in HDACI1- and HDAC2-depleted
macrophages (Fig. 7B). A similar phenotype was observed at a
high MOI (MOI of 10; data not shown). Thus, HDACI1 and -2
depletion rescued attenuated MHV68 replication in the absence
of orf36, despite having very little effect on RTA transcription at
16 h postinfection.

The N36S virus mutant displays a significant attenuation in
viral DNA synthesis at both high and low MOIs (32). Because RTA
expression was not rescued in N36S-infected HDACI- and
HDAC2-depleted macrophages (Fig. 7A) in spite of rescued N36S
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replication, accumulation of viral DNA was assessed in HDACI-
and HDAC2-depleted or control macrophages. As expected (32),
viral DNA synthesis was significantly attenuated in control, Cre-
negative macrophages infected with the N36S mutant MHV68
(Fig. 7C). Interestingly, accumulation of viral DNA was similar in
HDACI1- and HDAC2-depleted macrophages infected with either
wild-type or N36S MHV68 (Fig. 7C, Cre™), suggesting that
HDACI and -2 counteract viral DNA synthesis and orf36 allevi-
ates this inhibitory effect in infected macrophages.

DISCUSSION

In this study, we identify orf36, a conserved gammaherpesvirus
protein kinase, as a regulator of HDACI and -2 during de novo
Iytic infection of primary macrophages. orf36 interacted with
HDACI and -2 and prevented association of these two enzymes
with the distal RTA promoter, independent of orf36 enzymatic
activity. While attenuated RTA transcription in the absence of a
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catalytically active orf36 was rescued by TSA, a global HDAC in-
hibitor, combined depletion of HDACI and -2 failed to rescue
attenuated RTA transcription in macrophages infected with orf36
mutant viruses (Fig. 7A). These and other data demonstrating
catalytic activity-independent regulation of HDACI and -2 by
orf36 suggest that, in addition to HDACI and -2, orf36 is likely to
target other HDACs (Fig. 8). Importantly, we found that attenu-
ated replication of the N36S mutant was rescued in HDACI1- and
HDAC2-depleted primary macrophages, indicating that the reg-
ulation of HDACI and -2 by orf36 is critical to ensure optimal
MHV68 replication. Interestingly, while HDACI and -2 depletion
failed to rescue RTA expression in N36S infections, attenuated
viral DNA synthesis in the absence of orf36 was rescued in
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HDACI- and HDAC2-depleted macrophages (Fig. 7C). This sug-
gests that, in the context of de novo lytic infection, orf36 interac-
tion with HDAC1 and 2 has evolved to counteract inhibitory ef-
fects of these HDACs on viral DNA replication.
Gammaherpesvirus kinases as regulators of lytic infection.
All gammaherpesviruses encode a protein kinase that supports
lytic gene expression, DNA replication, nuclear egress, and reac-
tivation from latency (28, 32, 38—41). However, the role of gam-
maherpesvirus kinase in the context of de novo lytic infection has
not been fully appreciated, in spite of the fact that gammaherpes-
virus kinases are virion components (42). In this study, orf36 was
found to regulate HDAC:s, a role shared with other herpesvirus
virion-associated regulators of HDAC-containing complexes,
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FIG 7 Effects of HDACI and -2 depletion on MHV68 replication. (A) Pri-
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MHV68 as described for panel A, and viral yield was measured at the indicated
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cated Cre genotypes were infected at an MOI of 10, and viral DNA accumula-
tion was measured at the indicated time points by real-time PCR. *, P < 0.05.
Data are representative of three independent experiments. Error bars repre-
sent a standard error of the mean.

such as HCMV pp71 and pUL29/28 (15, 43). The conserved na-
ture of HDAC regulation by herpesvirus kinases is further high-
lighted in an accompanying article by Bigley et al. (44). Thus, we
propose the following model based on published and current re-
sults (Fig. 8). orf36 regulates early events in de novo lytic infection
by differentially targeting the two known RTA promoters. In do-
ing so, the kinase taps into two major signaling networks of the
host. At the core promoter, orf36 enzymatic activity induces
vYH2AX, a marker of the DNA damage response (32). At the distal
RTA promoter, orf36, independent of its enzymatic activity, pre-
vents association of HDACI and -2, two important transcrip-
tional repressors. Regulation of HDACs by orf36 is not limited to
HDACI and -2, based on the phenotype of the catalytically null
orf36 mutant and the TSA phenotype (Fig. 1 and 2), suggesting
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promoter activity. In addition to directly regulating RTA promoters, orf36
counteracts HDACI1 and -2 to promote viral DNA synthesis and MHV68 rep-
lication in primary macrophages.

that orf36-mediated phosphorylation of an unknown HDAC also
supports RTA expression. Thus, orf36 is poised as a master HDAC
regulator, due to its potential role in counteracting multiple
HDAGCs at the RTA promoters, a role to be explored in future
studies.

While effects of orf36 on RTA transcription are MOI depen-
dent, viral DNA synthesis remains attenuated in the absence of
orf36, regardless of the MOI (32). We have found that while
HDACI and -2 depletion did not rescue attenuated RTA expres-
sion, both viral replication and viral DNA synthesis were rescued
in the absence of orf36 when HDACI and 2 expression was de-
creased (Fig. 7C and 8). This suggests that, in spite of many viral
processes that may be regulated by gammaherpesvirus protein
kinases, the critical bottleneck for virus replication is the inability
to efficiently synthesize viral DNA in the absence of orf36. How-
ever, it is also possible that the ability of orf36 to stimulate RTA
expression becomes paramount in situations other than de novo
infection (i.e., during virus reactivation), a possibility to be ex-
plored in future studies.

In addition to its regulation of HDACI and -2, the MHV68
kinase usurps two other important cellular systems. orf36 is re-
sponsible for induction of YH2AX, a marker of an activated DNA
damage response in infected cells, and attenuation of beta inter-
feron transcription via interaction with interferon regulatory fac-
tor 3 (IRF-3) (27, 30). Importantly, the ability of MHV68 orf36 to
interact with HDACI and -2, induce yH2AX, and target IRF-3 is
shared with EBV-encoded BGLF4 (references 30 and 45 and this
study), emphasizing the conserved nature of gammaherpesvirus
protein kinase biology that transcends across species. An interest-
ing puzzle that remains to be solved is the interplay between the
orf36-targeted cellular networks in infected cells and the effect of
these interactions on RTA expression and viral replication.

The abilities of orf36 to repress beta interferon transcription
and regulate HDACs are independent of orf36 enzymatic activity,
highlighting the multifunctional nature of this viral protein. Be-
cause of important roles in viral replication and latency, herpes-
virus protein kinases are attractive therapeutic targets. Maribavir,
an inhibitor of HCMV-encoded protein kinase, is a prototype
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drug developed to control HCMV infections in immunocompro-
mised patients (46). Unfortunately, maribavir failed to meet its
efficacy endpoints in the initial phase 3 clinical trial (47). Numer-
ous factors could have contributed to the lack of maribavir effi-
cacy, including the design of the clinical protocol. However, it is
also clear that there is a need for better herpesvirus kinase inhibi-
tors that specifically target both enzymatic and nonenzymatic
functions of herpesvirus kinases.

Gammaherpesviruses and histone deacetylases. HDACI and
-2 are classically considered to repress transcription and are thus
targeted by several alpha- and betaherpesvirus proteins (9, 10, 14,
15, 48, 49). The identity of a gammaherpesvirus protein that reg-
ulates HDAC:s in lytically infected cells has remained elusive until
recently, when KSHV-encoded K-bZIP was shown to regulate
RTA expression via targeting HDAC 1 and -2 (16). Paradoxically,
K-bZIP promotes recruitment of HDACI to the RTA promoter.
Intriguingly, KSHV protein kinase orf36 associates with K-bZIP
and regulates its sumoylation (50). However, it is not known if
KSHV protein kinase also interferes with the recruitment of
HDAGCs to the KSHV RTA promoters. In the MHV68 system,
HDAC:s 3 and 4 associate with the core RTA promoter and repress
transcription in a retinoic acid-dependent manner (17). Intrigu-
ingly, the same study showed that small interfering RNA (siRNA)
directed against HDACI or -2 had no effect on wild-type MHV68
replication, consistent with the role of orf36 as a regulator of
HDACI and -2.

Itis intriguing that, in spite of clearance of HDACI and -2 from
the distal RTA promoters in 36KN-infected cells (Fig. 2A and B),
RTA transcription remains attenuated and can be rescued by
global inhibition of HDACs (Fig. 1A), but not HDACI and -2
depletion (Fig. 7A). A trivial explanation could attribute this phe-
notype to incomplete depletion of HDAC1 and -2 or to off-target
effects of TSA. However, a more intriguing possibility is that orf36
regulates another cellular HDAC and this regulation is dependent
on the orf36 enzymatic activity. Herpesviruses target several
HDAC:s and their complexes, including class I HDACs. HSV-1-
encoded ICPO, in addition to its role in antagonizing HDACI-
containing CoREST complexes (9), interacts with class I HDACs
4, 5, and 7 to relieve myocyte enhancer factor 2D (MEF2D)-
mediated repression of viral promoters (51). Additionally, a com-
plex containing HDACs 4 and 5 is recruited to the BZLF1 pro-
moter of EBV (52). Intriguingly, phosphorylation is responsible
for negative regulation of HDACs 4 and 5 (53). Thus, targeting of
additional HDACs by orf36 is an important area of future studies.

Aside from orf36’s potential role as a master HDAC regulator,
this study establishes the physiological relevance of HDAC1/2-
orf36 interaction, as replication of the orf36 null MHV68 mutant
(N36S) was rescued in macrophages depleted of HDACI and -2
(Fig. 7B). This rescue occurred in spite of attenuated RTA expres-
sion in N36S- and 36KN-infected macrophages (Fig. 7A). Intrigu-
ingly, we found that HDACI and -2 depletion rescued viral DNA
synthesis in the absence of orf36, suggesting that HDAC1 and -2
counteract viral DNA replication and orf36 inhibits such effects.
HDACI and -2 are well-known regulators of gene expression;
thus, they could inhibit viral DNA synthesis indirectly, by regulat-
ing host gene expression. However, we have also observed that
HDACI and -2 localize to the MHV68 replication compartments
(Fig. 4 and data not shown), suggesting an intriguing possibility
that these HDACs may directly inhibit viral DNA synthesis by
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deacetylating key viral or cellular proteins. These two nonexclu-
sive mechanisms are currently being explored.

This study demonstrates that HDACI1 and -2 are physiologi-
cally relevant targets of MHV68 protein kinase orf36. While global
HDAC inhibitors induce gammaherpesvirus reactivation from
tumor cell lines and in vivo (17-19), the role of individual HDACs
in the regulation of chronic gammaherpesvirus infection is not
defined. Pan-HDAC inhibition has emerged as a promising ther-
apeutic for lymphomas and solid tumors, and HDAC inhibitors
with increased specificity against individual HDACs are currently
undergoing clinical trials as cancer therapy agents (54). Because of
the high seroprevalence of gammaherpesvirus infection in hu-
mans, defining the regulation of specific HDACs during chronic
gammaherpesvirus infection is another important focus of future
studies.
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