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Herpesviruses start their transcriptional cascade at nuclear domain 10 (ND10). The deposition of virus
genomes at these nuclear sites occurs due to the binding of the interferon-inducible repressor protein promy-
elocytic leukemia protein (PML) and/or Daxx to a viral DNA-protein complex. However, the presence of
repressive proteins at the nuclear site of virus transcription has remained unexplained. We investigated the
mouse cytomegalovirus (MCMV) immediate-early 1 protein (IE1), which is necessary for productive infection
at low multiplicities of infection and therefore likely to be involved in overcoming cellular repression. Temporal
analysis of IE1 distribution revealed its initial segregation into ND10 by binding to PML and/or Daxx and
IE1-dependent recruitment of the transcriptional repressor histone deacetylase-2 (HDAC-2) to this site.
However, these protein aggregates are dissociated in cells producing sufficient IE1 through titration of PML,
Daxx, and HDAC-2. Importantly, binding of IE1 to HDAC-2 decreased deacetylation activity. Moreover,
inhibition of HDAC by trichostatin-A resulted in an increase in viral protein synthesis, an increase in cells
starting the formation of prereplication compartments, and an increase in the total infectious viruses pro-
duced. Thus, IE1, like trichostatin-A, reverses the repressive effect of HDAC evident in the presence of
acetylated histones in the immediate-early promoter region. Since HDAC also binds to the promoter region of
IE1, as determined by the chromatin immunoprecipitation assay, these combined results suggest that IE1
inhibits or reverses HDAC-mediated repression of the infecting viral genomes, possibly by a process akin to
activation of heterochromatin. We propose that even permissive cells can repress transcription of infecting
viral genomes through repressors, including HDAC, Daxx, and PML, and the segregation of IE1 to ND10 that
would inactivate those repressors. The virus can counter this repression by overexpressing IE1 when present
in sufficient copy number, thus reducing the availability and effectiveness of these repressors.

The biological features of murine cytomegalovirus (MCMV)
and human cytomegalovirus (HCMV) infection are similar.
Both MCMV and HCMV genes are expressed in a sequential
and coordinated manner. The genomes are of similar large size
and organization and display analogous gene products, repli-
cation patterns, and pathogenesis (31, 32, 36). During infec-
tion, MCMV brings a number of tegument proteins into the
cells, which transactivate the immediate-early transcription
unit. Immediate-early proteins are produced first and regulate
the subsequent early protein synthesis, DNA replication, and
late protein synthesis. Immediate-early protein 1 (IE1) shares
exons 1, 2, and 3 with IE3.

IE1 of MCMV is phosphorylated, with an apparent molec-
ular weight of 89,000 (31), and is the most abundant viral
protein of the immediate-early phase. It has been character-
ized to have the same general molecular structure as IE1 of
HCMV, but IE1 of MCMV has no amino acid similarity with
IE1 of HCMV except for a stretch in the Glu-rich region (19,
20). Although IE1 proteins are necessary for the production of
early proteins, in transfected cells, IE1 cannot activate the
MCMV early gene promoter e1. It requires IE3, the equivalent
of the HCMV ie2 gene product (6). In the absence of IE1,
MCMV replication is markedly restricted.

To effect productive infection with virus devoid of IE1, mul-
tiple hits appear to be necessary (15), suggesting that IE1 is not
essential but enhances early protein synthesis through its effect
on the host cell. IE1 of MCMV has a domain homologous to
one in histone 2B, but a different binding region interacts with
cellular histones (33). Binding to cellular histones is quite avid,
and no association of IE1 with cellular DNA in dividing cells
could be detected. However, in vitro, a domain different from
the H2B-like domain has been identified that binds without
sequence specificity to DNA (34).

Expression of IE1 is under the control of the major imme-
diate-early promoter, a large and complex enhancer sequence
that can bind to a variety of activators and repressors, all of
which are nuclear transcription factors. The role of these tran-
scription factors in viral infection remains unclear, although
recent studies point to the importance of the interaction be-
tween repressors and the major immediate-early promoter in
CMV infection. For example, it was found that all the repres-
sors capable of binding with the major immediate-early pro-
moter are preferentially expressed in undifferentiated cells
which are resistant to HCMV replication (30). Also, retinoic
acid treatment of undifferentiated cells before but not after
infection renders these cells permissive (30), suggesting that
once the genome is repressed, removal of the repressors does
not reactivate it. In addition, trichostatin-A treatment to in-
hibit the nuclear repressor histone deacetylase (HDAC) re-
sults in the release of infectious viruses from latently infected
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NT2 cells, suggesting a role for HDAC in maintaining suppres-
sion of competent viral genomes (35).

Herpesviruses begin their reproductive cycle at nuclear do-
main 10 (ND10) (18, 27), supramolecular aggregates of various
proteins that appear as 0.3- to 1-�m nuclear structures upon
immunostaining of its constitutive proteins promyelocytic leu-
kemia protein (PML), Sp100, and Daxx, all of which are re-
pressive and can be upregulated by interferon (8, 9, 14, 16, 24,
38). PML is considered to have suppressive activity on tran-
scription (21, 25, 40, 46, 47). The transcriptional suppression by
Daxx is supported by its interaction with Pax3 and HDAC (25,
26). The herpesviruses have evolved genes that destroy or
disperse this nuclear structure, and in the absence of such
genes, the reproductive success of the virus is dramatically
reduced.

Immediate-early proteins that disperse ND10, such as ICP0
for herpes simplex virus type 1 (13, 28) and IE1 for HCMV (1,
22, 45), are considered transactivators because they augment
or enhance the transcription and/or viral protein synthesis of
the early genes. Such transactivation might reflect enhance-
ment of viral and host transcription to benefit the viral repli-
cative program or to inhibit any host defenses (27). In the case
of herpes simplex virus type 1, ICP0 appears to induce the
hydrolysis of PML and other ND10 proteins by a ubiquitina-
tion process based on the E3-like properties of the ICP0 RING
finger domain (12). In the case of HCMV IE1, ND10 destruc-
tion has been suggested to come about by binding of IE1 to
PML (1).

HCMV IE1 is produced in substantially larger quantities
than IE2 from the same transcript through differential splicing.
Because high concentrations of IE1 do not appear to be re-
quired for transactivation of a few viral genomes and genes or
for the potential activation of host genes, we asked whether
one mechanism for IE1-based success in viral replication might
be the repression of a host defense. The possibility for a nu-
cleus-based innate defense might lie in the ND10-associated
proteins because PML, Daxx, and Sp100 are thought to rep-
resent repressors and they can be upregulated by interferon (8,
9, 16, 24, 38). The basic hypothesis to be tested, therefore, is
whether IE1 functions to antagonize cellular defenses by ren-
dering ineffective certain host-repressive proteins.

In this study, we investigated nuclear localization and mo-
lecular interaction between MCMV IE1 and host nuclear re-
pressors, including ND10-associated proteins Daxx and PML
and the Daxx-interacting histone deacetylase HDAC-2, during
acute infection to determine whether the cell has an innate
mechanism to suppress productive infection. We found evi-
dence for a single mechanism, binding of host repressor pro-
teins with IE1, that results in two competing processes, viral
repression and viral activation, depending on the amount of
IE1 produced in a given infected cell.

MATERIALS AND METHODS

Tissue culture and viruses. Primary mouse embryo fibroblasts (MEF), PML-
negative MEF (PN2) (44), and Daxx-negative MEF (Daxx�/� MEF; Ishov et al.,
unpublished data) were maintained in Dulbecco’s modified Eagle’s medium
supplemented with 10% fetal calf serum, and 1% penicillin-streptomycin. For
immunohistochemical staining, cells were grown on round coverslips (Corning
Glass Inc., Corning, N.Y.) in 24-well plates (Falcon; Becton Dickinson Labware,
Lincoln Park, N.J.). Wild-type MCMV (42, 43) and its IE1 deletion mutant
(�IE1 MCMV) were kindly provided by M. Messerle; in the �IE1 genome, exon

4 of ie1 was completely removed, and exon 3 was fused to exon 5 (M. Messerle,
personal communication). Cells were infected when 80% confluent with virus at
a multiplicity of infection of 1 PFU/cell. In experiments to assess the effect of
trichostatin-A on viral infection, cells were treated with the HDAC inhibitor for
2 h before infection.

Effect of trichostatin-A on MCMV infection in MEF. MEF cells were seeded
in 12-well plates. When the cells reached confluence, one plate of MEF cells was
treated with 50 ng of trichostatin-A per ml for 2 h, and another remained
untreated as control. Cells were infected with wild-type MCMV at multiplicity of
infection of 1. After 2 h of adsorption, unadsorbed virus was removed by washing
twice with Dulbecco’s modified Eagle’s medium and adding new Dulbecco’s
modified Eagle’s medium containing 5% fetal calf serum. For the trichostatin-A
treatment plate, the medium contained 50 ng of trichostatin-A per ml. Cells and
supernatant were collected after washing and at days 1, 2, 3, 4, and 5. After three
freeze-thaw cycles, the cellular debris was removed by centrifugation, and the
supernatant was kept at �70°C for detection of virus titers by plaque assay in
MEF.

Antibodies and plasmids. Mouse cell ND10-associated proteins were visual-
ized with the following antibodies: rabbit serum R14 produced against the N-
terminal half of PML, monoclonal antibody 116 against PML (S. Lowe; Cold
Spring Harbor), rabbit antibodies against Daxx (Santa Cruz Biotechnology, Inc.,
Santa Cruz, Calif.). Rabbit antibody against HDAC-2 was purchased from
Zymed Laboratory Inc. (South San Francisco, Calif.), and the acetylhistone
H3(Lys23) antibodies were from Cell Signaling Technologies (Beverly, Mass.).
The monoclonal antibody against tubulin was from Sigma Co. (St. Louis, Mo.).
The monoclonal antibodies against MCMV IE1 and E1 and plasmid pp89UC,
containing all introns and exons of ie1 under the control of the major immediate-
early promoter, were generous gifts from M. Messerle.

Immunohistochemistry. The localization of ND10 by immunohistochemistry
has been described (39). Briefly, 24 h after seeding cells, coverslips were washed
twice with phosphate-buffered saline, fixed in 1% paraformaldehyde for 10 min
at room temperature, washed again twice with phosphate-buffered saline and
permeabilized with 0.2% Triton X-100 on ice for 20 min. Primary antibody was
added for 30 min at room temperature, and cells were washed twice with phos-
phate-buffered saline before addition of secondary antibody labeled with Texas
Red, indodicarbocyanine (blue), or fluorescein isothiocyanate (green) of either
anti-rabbit or anti-mouse immunoglobulin G for another 30 min at room tem-
perature. After washing with phosphate-buffered saline, cells were stained with
Hoechst 33258.

Immunoblot analysis. Immunoblot analysis was performed to detect proteins
by loading 10 to 20 �g in each lane for sodium dodecyl sulfate–7.5% polyacryl-
amide gel electrophoresis (SDS-PAGE). After electrophoresis, proteins were
transferred to nitrocellulose membranes (Amersham Inc., Piscataway, N.J.) and
blocked with 5% nonfat milk for 60 min at room temperature. Membranes were
incubated at 4°C overnight with primary antibody, followed by incubation with a
horseradish peroxidase-coupled secondary antibody (Amersham Inc.) and de-
tection with enhanced chemiluminescence (Pierce, Rockford, Ill.) according to
standard methods. Membranes were stripped with stripping buffer (100 mM
�-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl [pH 6.8]), washed with phos-
phate-buffered saline–0.1% Tween 20, and used to assay for additional proteins.

Preparation of nuclear extracts. Nuclear extracts were obtained essentially as
described before (3). Briefly, monolayer cells were washed with phosphate-
buffered saline once and scraped into fresh Eppendorf tubes. Cell pellets were
resuspended in cold buffer A (10 mM HEPES-KOH [pH 7.9] at 4°C, 1.5 mM
MgCl2, 10 mM KCl, 0.5 mM dithiothreitol, 0.2 mM phenylmethylsulfonyl fluo-
ride) and incubated at 4°C for 10 min. After centrifugation, pellets were resus-
pended in cold buffer C (20 mM HEPES-KOH [pH 7.9], 25% glycerol, 420 mM
NaCl, 1.5 mM MgCl2, 0.2 mM EDTA, 0.5 mM dithiothreitol, 0.2 mM phenyl-
methylsulfonyl fluoride) by vortexing and incubated at 4°C for 30 min. Clarified
extracts were transferred to fresh tubes and stored at �70°C until use.

Coimmunoprecipitation. Antibodies were coupled to Dynabead M-450 para-
magnetic beads (Dynal, Oslo, Norway) coated with anti-rabbit or anti-mouse IgG
as described by the manufacturer. After washing with phosphate-buffered saline–
0.1% bovine serum albumin, beads were incubated overnight at 4°C with clarified
extracts, washed again in phosphate-buffered saline–0.1% bovine serum albumin,
and resuspended in a mixture of phosphate-buffered saline and 2� Laemmli
buffer (20 �l of each). After heating at 95°C for 5 min, beads were removed by
centrifugation, and supernatants were analyzed by SDS-PAGE and immunoblot-
ting.

Chromatin immunoprecipitation assay. Adherent cells were washed twice
with phosphate-buffered saline and incubated in 1% formaldehyde for 30 min at
room temperature for DNA-protein cross-linking. After addition of glycine
(0.125 M final concentration), cells were incubated for 5 min, washed twice in
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phosphate-buffered saline, scraped off, and resuspended in immunoprecipitation
buffer (20 mM Tris [pH 8.0], 0.1% deoxycholate, 0.5% Triton X-100, 2 mM
EDTA, 150 mM NaCl, 1 mM phenylmethylsulfonyl fluoride). Cells were soni-
cated six times at 30% output for 10 s to yield 200- to 1,000-bp DNA fragments.
After centrifugation in a Sorvall RT7 centrifuge (4,000 rpm for 20 min), anti-
bodies against Daxx (Santa Cruz; 5 �g/ml) along with bovine serum albumin (100
�g/ml) were added to the supernatant and incubated overnight at 4°C. An
untreated aliquot of each supernatant served as a control for input DNA.

In parallel, protein G beads (Amersham Pharmacia Biotech, N.J.) were
washed twice with immunoprecipitation buffer and incubated overnight at 4°C in
immunoprecipitation buffer containing 0.5 mg of bovine serum albumin and 0.5
mg of heat-denatured salmon sperm DNA per ml. Beads were washed twice with
immunoprecipitation buffer, incubated with the antibody-containing superna-
tants for 2 h at 4°C, and retrieved by centrifugation, followed by sequential
washing with immunoprecipitation buffer which contained 600 mM NaCl, LiCl
buffer (10 mM Tris [pH 8.0], 0.1% deoxycholate, 0.5% Triton X-100, 5 mM
EDTA, 0.5% Nonidet P40, 250 mM LiCl, 1 mM phenylmethylsulfonyl fluoride),
and TE (Tris-EDTA) buffer.

To purify DNA from the beads and from untreated control supernatants,
samples were supplemented with 1% SDS, incubated overnight at 65°C, ex-
tracted with phenol-chloroform, and ethanol, precipitated. Samples were ana-
lyzed by PCR with 30 cycles of 94°C, 56°C, and 72°C for 1 min each. Primers used
for the MCMV ie2 promoter were 5�-GGC TCC GTT CAC CCG CTC GT-3�
(sense) and 5�-TAA AGG CCA TTG AGT CAC CA-3� (antisense); for the
MCMV ie1/ie3 promoter, the primers were 5�-GTA CAA AAG GTC AAT
AGG GG-3� (sense) and 5�-GTA CCG ACG CTG GTC GCG CC-3� (anti-
sense). PCR products were visualized on 2% agarose gels.

Preparation of HDAC complex. HDAC complexes were isolated by using
protein G (Amersham Pharmacia Biotech) according to the manufacturer’s
instructions. Briefly, protein G-coupled beads were washed twice with phos-
phate-buffered saline–0.1% bovine serum albumin and incubated with primary
antibody (anti-IE1 or anti-HDAC-2) overnight at 4°C with continuous rolling.
After extensive washing with phosphate-buffered saline–0.1% bovine serum al-
bumin, beads were incubated with nuclear extracts overnight at 4°C on a roller.
Beads were washed at least three times, and an aliquot was used for Western
blotting to determine the concentration of HDAC-2; the remainder was stored at
�70°C. Blots were scanned, and the amount of HDAC-2 was determined with
ImageQuant Systems software. The results were used to normalize the input in
the HDAC deacetylation assay.

HDAC activity assay. HDAC activity was assessed with the HDAC activity
assay kit (Upstate Biotech, Lake Placid, N.Y.) according to the manufacturer’s
instructions. Immune complexes were incubated with 20,000 cpm of [3H]acetyl-
labeled histone H4 peptide (Upstate Biotech) in 1� HDAC buffer at room
temperature for 24 h with rolling. Reactions were stopped by adding 50 �l of 0.12
N acetic acid–0.72 N HCl. The released acetate was extracted in 0.5 ml of ethyl
acetate and mixed in 5 ml of scintillation solution, and radioactivity was mea-
sured in a scintillation counter. All assays were performed in duplicate.

Confocal microscopy. Cells were examined with a Leica TCS SPII confocal
laser scanning system. Two or three channels were recorded simultaneously
and/or sequentially and controlled for possible breakthrough between the fluo-
rescein isothiocyanate and Texas Red signals and between the blue and red
channels.

RESULTS

IE1 of MCMV colocalizes with PML and Daxx and recruits
HDAC. To determine where IE1 is positioned in the nucleus,
MEF were infected with MCMV at a multiplicity of infection
of 1, fixed at different times after infection, and immunostained
for IE1 and PML. At early times (2 h postinfection) and at low
IE1 expression levels at later times (3 to 5 h postinfection), IE1
colocalized almost completely with PML (Fig. 1A, left nucle-
us), indicating that IE1 at that stage is segregated into ND10.
The same observations were made for Daxx (Fig. 1B), as ex-
pected because of the association of Daxx with SUMO-modi-
fied PML in ND10 (17). The apparently uninfected cells to the
right in both Fig. 1A and B are not labeled with IE1 antibody,
providing an internal control that the IE1 antibodies do not
recognize ND10 antigens. Unexpected was the finding that

already at 2 h postinfection, HDAC-2 colocalizes with PML
and IE1 (Fig. 1C to F) and therefore at ND10.

Figure 1D to F depict the infected nucleus in Fig. C with
three colors used for separated IE1, PML, and HDAC-2,
showing the enrichment of HDAC-2 at ND10. To establish
whether HDAC’s recruitment to ND10 was due to IE1 or some
other viral protein, we transfected MEF with pp89UC and
tested for IE1 and HDAC-2. As shown in Fig. 1G and H, the
transfected lower cell has HDAC-2 enriched at sites of IE1
aggregation, whereas in the untransfected cell HDAC-2 was
evenly distributed throughout the nucleus except in the nucle-
olus (upper cell in Fig. 1G and H). Thus, IE1 and not some
other viral protein is responsible for the presence of HDAC-2
at ND10. The presence of Daxx, with which HDAC reportedly
interacts (26), at ND10 is not sufficient for this recruitment in
untreated mouse fibroblasts.

PML has been shown to interact with IE1 of HCMV (1). We
asked whether PML was necessary for IE1 of MCMV to be
segregated. Both by infection and by transfection of PML�/�

cells, we found that IE1 and Daxx colocalized in individual dots
(shown in Fig. 1I for transfection). In most uninfected or un-
transfected PML�/� cells, Daxx was highly enriched in con-
densed chromatin (17). During IE1 accumulation, Daxx ap-
peared to be enriched together with IE1 in certain aggregates
and possibly diffuse in the nucleoplasm, while the condensed
chromatin accumulations of Daxx were depleted. Therefore, it
remains unclear whether the known interaction of Daxx with
PML is essential for the recruitment of IE1 to ND10.

We used Daxx�/� cells to test whether Daxx is necessary for
the deposition of IE1 at ND10. At 2 h postinfection, Daxx�/�

cells showed colocalization of IE1 and PML (lower right nu-
cleus in Fig. 1J and K), demonstrating that IE1 can be re-
cruited to ND10 in the absence of Daxx. However, any nucleus
with high IE1 content showed IE1 dispersed throughout the
nucleus as well as the PML dispersal (upper left nucleus in Fig.
1J and K). These images were prevalent at 3 h postinfection
and later. Normal mouse cells infected with MCMV or trans-
fected with pp89UC also revealed dispersal of ND10 (data not
shown) and thus showed an effect similar to that of IE1 of
HCMV on human cells. The dispersal of ND10 by transient
expression of IE1 takes many hours, as previously reported for
human IE1 (data not shown) (18). Thus, IE1 recruitment to
ND10 can be affected by either PML or Daxx, and the disper-
sion of ND10 by the latter was due to high concentrations of
IE1.

We had observed that HDAC-2 needed IE1 to be deposited
at ND10 in wild-type MEF. When we tested whether MCMV-
infected Daxx�/� MEF had HDAC-2 at ND10 at very early
infection times and before ND10 dispersal, we found no en-
richment for HDAC-2 at PML aggregates (Fig. 1L and M).
Recruitment of HDAC-2 therefore appears to depend on the
presence of both IE1 and Daxx.

Dispersion of ND10 in herpes simplex virus type 1 is due to
the ubiquitination activity of ICP0, followed by the proteo-
some-dependent hydrolysis of PML, Daxx, and Sp100 (11). To
determine whether the MCMV IE1-dependent dispersion of
ND10 might involve a similar process of protein degradation,
we monitored the abundance of PML, Daxx, and HDAC-2 at
different times of infection by Western blotting as shown in
Fig. 2. IE1 synthesis was evident at 3 h postinfection, and the
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production increased over time. PML was present at low con-
centrations in uninfected cells, but instead of a reduction, an
increase was already apparent after 3 h of infection, and it
became even more abundant at 10 h postinfection The same
results were observed for Daxx and HDAC-2. Tubulin served
as a loading control. The increase in ND10-associated proteins,
which usually results in larger ND10 (32), shows that MCMV
IE1 disperses ND10 by a mechanism other than degradation of
the constituent proteins.

IE1 binds PML, Daxx, and HDAC-2 independently. Because
single-cell analysis by immunohistochemical methods provides
spatial data but cannot address whether IE1 actually binds to
the proteins colocalizing with it, a coimmunoprecipitation as-
say was used to test for direct or indirect binding of IE1 to
PML, Daxx, and HDAC-2. Since PML can bind to Daxx (17)
and Daxx can bind to HDAC (26), we used PML�/� and
Daxx�/� cells in addition to wild-type MEF to determine
whether any of the interactions are mediated by PML or Daxx.
MEF and PML�/� and Daxx�/� MEF were infected with
MCMV, and nuclear extracts were prepared for immunopre-
cipitation at 16 h postinfection.

In Fig. 3A, we show in each row the input protein from
uninfected cells (lane 1) and infected cells (lane 2). Lane 3
shows the control for beads with nonimmune serum or beads
with no serum from infected cells, whereas lane 4 shows the
immunoprecipitate from anti-IE1-charged beads used on the
uninfected cell extract and lane 5 shows the experimental sam-
ple where anti-IE1-charged beads were used on extracts from
infected cells. The anti-IE1-charged beads immunoprecipi-
tated IE1 in all three cell types. When the gels were analyzed
for coimmunoprecipitated proteins, we found that IE1 brought
down PML, Daxx, and HDAC-2 from MCMV-infected MEF
extract. In PML�/� cells, Daxx and HDAC-2 were coimmuno-
precipitated, and in Daxx�/� cells, PML and HDAC-2 were
immunoprecipitated. These results suggest that PML and
HDAC-2 are not dependent on Daxx and that Daxx and
HDAC-2 are not dependent on PML for binding to IE1.

The reverse immunoprecipitation, to confirm the binding of
IE1 to Daxx and HDAC-2, revealed that IE1 and, as expected,
PML and HDAC-2 precipitated with anti-Daxx antibodies
(Fig. 3B). The specificity of the coimmunoprecipitation was
confirmed by the absence of IE1, PML, and HDAC-2 in
Daxx�/� cells (Fig. 3B, lanes 4 and 5). The lower band labeled
in the anti-HDAC-2-probed samples represents the heavy

chain because we used rabbit serum. When anti-HDAC-2 an-
tibodies were used, IE1 but not Daxx or PML immunoprecipi-
tated (Fig. 3C). At present it is not clear why PML and Daxx
were not precipitated by HDAC-2 in infected cells, although
HDAC-2 did also not precipitate Daxx in the uninfected cells,
contrary to expectations based on a previous study (26). Im-
munoprecipitation was not successful with the available anti-
bodies against mouse PML.

Figure 4 summarizes the results from the coimmunoprecipi-
tation analyses in schematic form. The arrowheads point to the
protein used to “capture” the protein from which the arrow
originates. The figure indicates that IE1 can bind to PML,
Daxx, and HDAC-2 and that neither Daxx nor PML is neces-
sary for the other proteins to interact with IE1, validating the
recruitment data derived by in situ staining of cells at very early
times after infection.

HDAC activity is suppressed by binding to IE1. If IE1 binds
PML, Daxx, and HDAC-2, we wondered what effect this bind-
ing has on these repressors. For PML and Daxx, indirect evi-
dence from transient overexpression studies exists for repres-
sive activities, but no direct in vitro assay is known. For HDAC,
however, an in vitro assay exists with which to assess the
deacetylation activity of HDAC. We used HDAC-2 immuno-

FIG. 2. Western blot analysis of various proteins from MEF in-
fected with MCMV at increasing times postinfection There was an
increase in PML, Daxx, and HDAC-2 beginning at 3 h postinfection
which was quite obvious at 10 h postinfection. Tubulin was used as a
loading control. Lane M, mock-infected MEF.

FIG. 1. Immunohistochemical localization of IE1 in infected and transfected cells. Proteins recognized by the respective antibodies are
indicated by the colors used in the upper corners of each panel. The cell types used were MEF, PML-knockout MEF (PML�/� MEF), and
Daxx-knockout MEF (Daxx�/� MEF). Infection with MCMV or transfection with IE1-producing plasmid pp89UC is indicated at the bottom of
each panel. (A) The cell on the right was infected with MCMV and produced IE1 colocalizing with PML-positive sites (ND10). (B) The cell on
the right was MCMV infected, and IE1 colocalized with Daxx, i.e., Daxx was not removed from ND10 by IE1. (C) MCMV-infected green
fluorescent protein-PML fusion-producing MEF were double labeled for HDAC and IE1, revealing enrichment of HDAC-2 at PML-positive sites
to which IE1 has been recruited. (D to F) Color separation demonstrating the location of IE1, PML, and HDAC-2, as shown combined in C.
(G) The lower transfected cell produced small amounts of IE1 aggregated into specific domains, which also contained increased amounts of
HDAC-2, proving that no other viral protein is necessary for HDAC-2 accumulation. (H) Same as G, showing HDAC-2 only. The upper cell has
the normal diffuse distribution of HDAC-2 except for exclusion from some spaces representing nucleoli. (I) PML�/� cells revealing Daxx
enrichment in regions of condensed chromatin (solid blue from Hoechst 33258 staining). In the IE1-producing cell (lower right), most Daxx was
removed from condensed chromatin and colocalized with IE1 at sites without chromatin (arrow). (J) Daxx�/� cell in lower right shows that in the
presence of a small amount of IE1, PML was still in aggregates, whereas the cell in the upper left had PML dispersed in the presence of large
amounts of IE1. (K) Same as J but stained only for PML, revealing dispersion of PML in the upper left cell. (L) Infected Daxx�/� cell in which
Daxx HDAC-2 did not cosegregate with IE1 into specific domains. (M) Same as L, showing the distribution of HDAC-2 alone. p.i., postinfection.
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precipitated from uninfected control cells and compared the
deacetylation activity with that of HDAC-2 from MCMV-in-
fected cells. The conditions of the in vitro assay were normal-
ized by determining the amount of immunoprecipitated
HDAC-2 with a Western blot as in Fig. 3. The immunopre-
cipitated HDAC was within a twofold range, and its concen-
tration was adjusted accordingly before addition to the assay
mixture.

Deacetylation activity was substantially reduced in infected
cells (Fig. 5, lane 2). Also in IE1-transfected cells (Fig. 5, lane
4), HDAC activity was reduced despite the fact that only about
30% of the cells were transfected and therefore much of the
HDAC was not exposed to IE1 in the cell. Potentially soluble
IE1 and HDAC interacted after the opening of the cell. A
somewhat stronger repression of HDAC-2 activity was ob-
served when anti-IE1 antibodies were used to coimmunopre-

cipitate HDAC from MCMV-infected cells and thus all of the
HDAC used for the activity assay was bound at the time of
immunoprecipitation. A strong reduction in HDAC-2 activity
was also found when anti-IE1 antibodies were used to coim-
munoprecipitate HDAC-2 from IE1-transfected cells (Fig. 5,
lane 5). However, the decrease in HDAC activity in infected
cells does not appear to be due solely to IE1, because when
IE1� MCMV was used for infection, we found a repeatable
lowering of HDAC activity (Fig. 5, lane 3). The HDAC activity
assay after infection or transfection strongly suggests that bind-
ing of HDAC-2 to IE1 decreases the deacetylation activity and
that binding is not transitory.

If deacetylation suppresses transcriptional activity, prevent-
ing this deacetylation activity should have the opposite effect.
We tested this contention on MCMV-infected cells by inhib-
iting HDAC activity with various concentrations of the HDAC
inhibitor trichostatin-A and assaying for IE1 and E1 protein

FIG. 3. Coimmunoprecipitation analysis with antibodies against
IE1, Daxx, and HDAC-2 in MCMV-infected wild-type cells. PML�/�

and Daxx�/� cells were used as controls. Lane 1 shows the uninfected
and lane 2 the infected nuclear extract; lane 3 contains the proteins
precipitated by bare beads (when used with monoclonal antibodies)
(A) or with beads charged with nonimmune serum (when used with
rabbit serum) (B and C); lane 4 contains the proteins immunoprecipi-
tated from uninfected cells. and lane 5 contains those from infected
cells. In B and C, lanes 3 to 5 of the HDAC-2 row, the lower band
represents the IgG heavy chain.

FIG. 4. Schematic diagram of coimmunoprecipitation results. The
arrowhead points to the protein used to capture the protein from
which the arrow originates.

FIG. 5. Deacetylation activity with 3H-acetylated histone 4 as the
substrate and HDAC immunoprecipitated (IP) by anti-HDAC-2 anti-
bodies or anti-IE1 antibodies. Infection substantially reduced HDAC
activity (second bar). IE1 bound HDAC from infected (inf.) and trans-
fected (transf.) cells showed low activity (fifth and sixth bars, respec-
tively). Results are mean 102 cpm from two independent experi-
ments.wt, wild type.
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accumulation. Western blot analysis at 5 h postinfection re-
vealed a substantial increase in IE1 at the lowest concentration
of trichostatin-A used (50 ng/ml) (Fig. 6). E1 accumulation
tested at 5 h postinfection with 50 ng of trichostatin-A per ml
showed a similar increase. Together, the results of the in vitro
deacetylation assay and the in vivo HDAC inhibition assay
show independently that HDAC is inhibited by IE1.

HDAC and acetylated histone 3 bind to the major immedi-
ate-early promoter. If trichostatin-A leads to an increase in
IE1 protein expression, HDAC may, under normal conditions,
repress immediate-early transcription. It may deacetylate the
major immediate-early promoter or keep it deacetylated. To
test whether HDAC is associated with the immediate-early
promoter, we used chromatin immunoprecipitation analysis.
Chromatin was precipitated with anti-HDAC-2 antibodies, fol-
lowed by PCR with primers against two parts of the immedi-
ate-early promoter region. Figure 7 shows that both regions
tested were precipitated by anti-HDAC-2 antibodies. Rabbit
serum-coated beads were used as a control. If the major im-
mediate-early promoter exists in a nucleosomal form, the his-
tones of the active promoter should be acetylated. Chromatin
precipitated with the antibodies against histone 3 acetylated at
K23 contained the expected PCR products with the two prim-
ers of the IE1 promoters. These results demonstrate that
MCMV genomes are present as chromatin and that some
histone associated with those viral genomes is acetylated, ap-
parently representing the active histones. Other nucleosome-
bound histones of viral genomes are deacetylated and may
represent inactive genomes.

In vivo effect of HDAC inhibition on infectivity and prerep-
lication domain formation. If there are competent inactive
genomes in the nucleus and if they are held inactive by the
deacetylation of histones bound to the immediate-early pro-
moter, inhibition of deacetylation should relieve the repres-
sion. Also, the possibility existed that a 2-h pretreatment with
trichostatin-A might change the infectivity of the cell. This
could also result in changes in IE1 and E1 production in
cultures of cells incubated with the same number of particles.

We quantitated the number of infected cells in cultures ex-
posed or not exposed to 100 ng of trichostatin-A per ml by
labeling with anti-IE1 and anti-E1 antibodies. Lengthy tricho-
statin-A treatment was avoided to guard against potential tri-
chostatin-A-dependent detrimental effects on the host cell (2,
41). Cells producing IE1 at 3 h postinfection were counted as
infected.

IE1 was found in ND10 only, in ND10 and diffuse, or com-
pletely diffuse (where ND10 is already dispersed) (Fig. 8A).
The different images provide a rough measure of the progres-
sion of infection, with high concentrations and diffuse IE1
distribution representing the more advanced stage (18). The
different images in the same culture at the same time after
infection are thought to depend on the number of competent
particles infecting individual cells (18). We found that the total
number of cells displaying IE1 was the same independent of
trichostatin-A treatment (Table 1), indicating that the rate of
infection was not influenced by trichostatin-A. However, the
number of cells with IE1 diffusely distributed throughout the
nucleus was increased after trichostatin-A treatment versus
untreated control cells. This suggests either that an increased
number of viral genomes actively transcribe in the presence of
trichostatin-A or that a constant number of viral genomes have
increased transcription.

One estimate of the number of active viral particles proceed-
ing to the replicative state is the formation of prereplication
domains, visualized as aggregation of the DNA-binding pro-
tein E1, which, like ICP8 for herpes simplex virus type 1,
indicates the location where replication domains are forming
(27, 29). E1 aggregates can be found as early as 2 h postinfec-
tion. Analysis of E1 distribution in wild-type MCMV-infected
MEF at 5 h postinfection revealed large and small aggregates
(Fig. 8B) in which progeny viral DNA will form (Tang et al.,
unpublished data). When they were independently assessed,
we found that the number of small or large aggregates did not
differ in trichostatin-A-treated versus untreated cells (10.7 ver-

FIG. 6. Comparison of IE1 and E1 protein production at 5 h
postinfection in trichostatin-A-treated and untreated MCMV-infected
MEF. Infection of MEF with wild-type virus had been predetermined
to produce approximately equal numbers of E1-positive cells in the
absence of trichostatin-A. Cells were exposed to various concentra-
tions of trichostatin-A (TSA) 2 h before and during infection. Both IE1
and E1 production increased in wild-type-infected cells at the lowest
trichostatin-A concentration tested. Tubulin was used as a loading
control. p.i., postinfection.

FIG. 7. Chromosome immunoprecipitation assay of MCMV-in-
fected MEF. Cells were fixed 24 h postinfection, and the sonicated
chromatin was immunoprecipitated with anti-HDAC2 and anti-his-
tone 3 K23 antibodies. PCR products are shown for the primers at the
indicated sites of the immediate-early promoter. Beads coated with
preimmune serum were used as controls. Both the HDAC-2 and his-
tone 3 K23 antibodies precipitated both immediate-early promoter
domains.
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sus 10.6), suggesting that it takes a certain number of active
genomes to reach productive infection. However, the total num-
ber of cells with E1 accumulations was nearly 50% higher when
trichostatin-A was present. So, in contrast to the infection rate,
the number of cells with E1 accumulations or prereplication do-
mains was lower when deacetylation activity was not inhibited.

If IE1 inhibits HDAC activity, HDAC activity should be
higher in the absence of IE1 and more viral genomes should be
suppressed. Trichostatin-A exposure of these infected cells
should prevent HDAC-dependent suppression. An apparently

higher productive infectivity should then be noticed in the
presence of trichostatin-A. When IE1-deleted MCMV was
used to infect MEF, we found that nearly twice as many cells
formed prereplication sites as in the absence of HDAC inhi-
bition with trichostatin-A (Table 1). Most of the additional
cells had small prereplication sites. These differences suggest
that inhibition of HDAC activity can bring additional cells into
the productive replicative cycle and that IE1 is involved in the
suppression of HDAC. They also suggest that infected fibro-
blasts with competent virus genomes exist that apparently do
not proceed to the replicative state.

The increase in cells with prereplication domains after ex-
posure to trichostatin-A was about 50% in wild-type MCMV-
infected cells, but this does not prove that an increase in
productivity can be achieved by the suppression of HDAC. An
increase in productively infected cells should be reflected in an
increase in competent viral particle formation. We therefore
determined the PFU produced in MEF after infection with
about 0.1 PFU in the presence and absence of trichostatin-A.
Figure 9 shows that there was already an early increase in PFU
at 24 h postinfection, which increased over time to a 10-fold-
higher number of PFU in trichostatin-A-treated cells.

DISCUSSION

Our analysis of MCMV-infected mouse cells showed that
ND10 are dispersed during immediate-early protein synthesis,
analogous to the findings in HCMV infection (18, 27, 29). Use
of an IE1-deleted virus and a plasmid transiently expressing
IE1 demonstrated that MCMV IE1, as in the human system,
disperses PML and, in turn, the other ND10-associated pro-
teins. However, unlike the ND10-dispersing ICP0 of herpes
simplex virus type 1, IE1 of MCMV did not lead to hydrolysis
of PML but instead to increased amounts of PML, consistent
with the increased transcripts of interferon-induced proteins in
HCMV infection (5), but an increase in Daxx and HDAC-2
was also observed. If these proteins are repressors and arede-
stroyed by ICP0 to advance the replicative success of herpes
simplex virus type 1, MCMV must use a different mechanism
to inactivate the increasing amounts of these repressor pro-
teins.

IE1 of MCMV, like its HCMV counterpart, is first segre-
gated into ND10 and only later disperses these structures when
present in larger quantities throughout the nucleus. IE1 ex-
pressed after transfection also remains segregated in ND10 for
prolonged times or until substantial amounts of IE1 have ac-

FIG. 8. MCMV-infected MEF used for quantitative assessment of
infection and prereplication compartment formation. (A) Cells used
for quantitative assessment of infection were tested after staining for
IE1 at 3 h postinfection (p.i.). The image presented shows the three
IE1 staining categories distinguished, although infected cells were usu-
ally not as closely spaced. (B) Location of prereplication domains, with
most cells showing several small ones and about two large ones, with
substantial amounts of E1 in the nucleoplasm. Large and small pre-
replication compartments were counted separately.

TABLE 1. Effect of trichostatin-A (TSA) on infection and prereplication domain formation

MCMV infection
and treatment

Time
postinfection (h)

Total no. of
cells counted

% IE
positive (no.)

% E1
positive (no.)

Ratio, no
TSA/TSA

Wild type 3 1:1.04
No TSA 1,038 14.3 (147)
TSA 1,089 14.9 (162)

Wild type 5 1:1.47
No TSA 1,056 6.6 (69)
TSA 1,065 9.7 (103)

�IE1 5 1:1.81
No TSA 1,529 6.5 (100)
TSA 1,448 11.8 (170)
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cumulated in the nucleus. Thus, rather than an enzymatically
dependent dispersion, ND10 might undergo a gradual decline
as IE1 binds PML and titrates it from ND10, as suggested
previously (1). Interestingly, HDAC-2 was recruited into ND10
by IE1 and later released upon the IE1-dependent dispersal of
ND10. From this observation, we contemplate the possibility of
two competing processes mediated through the same IE1 bind-
ing properties.

The first is the segregation of IE1 by the cell into ND10,
which, if totally effective, would result in a low productive
infection, as seen with competent IE1-deleted viral genomes
(15). The second process is overwhelming the cellular defense
by the abundant production of IE1, thus titrating the repressive
proteins of the cell through IE1-binding induced inactivation.
The former may more likely happen in low-particle infection,
and the latter with higher particle infection. The higher ratio of
cells forming prereplication domains in trichostatin-A-treated
IE1-deleted virus infection than in trichostatin-A-treated IE1-
producing cells suggests that many competent viruses are re-
pressed by the cell in the absence of IE1 (15). IE1 then should
function by counteracting the repressive activities of the cell.

The ability of IE1 to bind to certain repressive host proteins
and their functional inactivation through this binding would be
the crucial property of IE1 that allows it to advance productive
infection. Our coimmunoprecipitation experiments demon-
strated the binding of IE1 to PML, Daxx, and HDAC-2. In
those analyses, mouse PML�/� and Daxx�/� cells provided
crucial controls and the additional information that PML can
recruit and bind to IE1 without the adapter function of Daxx.
Conversely, Daxx can bind to IE1 in the absence of PML.
Thus, these proteins can interact with IE1 independently. It
even appears that Daxx can aggregate or precipitate small
amounts of IE1 in the absence of PML. Binding of the repres-
sor proteins Daxx and PML directly or indirectly is therefore
established for the multifunctional IE1 of MCMV. Unfortu-
nately, there are no direct assays for the functions of PML and
Daxx as an independent means to test if IE1 binding changes
the functions of the interferon-upregulated PML and Daxx
proteins that could change the replicative success of the virus.

Daxx had been reported to bind to HDAC (26), although we
could not detect any HDAC at ND10 in uninfected cells.
HDAC might bind to the same C-terminal domain on Daxx
that is used to bind to PML (17) and therefore not bind to
PML at ND10. However, HDAC-2 and presumably HDAC-1,
which is often found in the same complex (4), are segregated to
ND10 by IE1, and there Daxx appears to exert essential
adapter functions, as Daxx�/� cells show no enrichment of
HDAC at PML-positive sites. An in vitro assay exists for
HDAC, and we could show that HDAC bound to IE1 has
substantially decreased activity. This assay as well as the coim-
munoprecipitation analysis provided strong evidence that IE1
and HDAC-2 do not interact transiently but remain bound.
Assuming that this nontransient binding also occurs in the cell,
IE1 might inhibit HDAC activity by making it unavailable to its
histone substrate and thus retaining the acetylated state con-
ductive to continued transcription.

Deacetylation has been equated with inducing transcrip-
tional repression (23). We observed an increase in viral IE1
and E1 production as well as a substantial increase in the
production of competent viral particles when deacetylation was
inhibited by trichostatin-A. This is consistent with the idea that
IE1 suppresses HDAC. Since HDAC may not only deacetylate
histones (23), the mechanism of HDAC suppression of
MCMV remains obscure. However, histone deacetylation as a
potential repressive mechanism implies a requirement for
chromatinization of infecting viral genomes. The ability of
antibodies to precipitate the various immediate-early promoter
regions showed that MCMV is present as chromatin during
infection of permissive cells. Acetylation-dependent activation
of the lytic cycle of Epstein-Barr virus (7) and reactivation of
latent HCMV from T2 cells (35) by trichostatin-A have been
reported. Here we could show that both acetylated and
deacetylated IE1 promoter regions exist in the same culture of
permissive cells during lytic infection.

A possible consequence of histone-induced nucleosome for-
mation of MCMV is deacetylation of the respective histones
and suppression of transcription from those genomes. If such
chromatization and repression occur during normal infection
of permissive cells, a block of deacetylation would allow tran-
scription of more viral genomes. Such a shift in balance would
only be observed when some infected cells successfully block
all viral genomes from proceeding to the early stage of the
replication cascade. Our analysis of such a scenario revealed an
approximately 50% increase in the number of cells supporting
productive infection when deacetylation is blocked. Signifi-
cantly, an additional 87% of the cells produced prereplication
sites under the same conditions when IE1 was absent. This
increase was not due to a potential trichostatin-A-induced
change in infection rate.

Whether by deacetylation of histones or other proteins, in-
hibition of HDAC activity appears to drive viral genomes into
the productive cycle, genomes that would otherwise remain
repressed. The mechanism that represses MCMV in infected
permissive fibroblasts may have consequences for the progres-
sion to virus latency. In fact, this finding suggests that some
fibroblasts may harbor latent virus if the same mechanism
works in vivo and the cells are not eliminated by the immune
system. This should be a testable possibility.

The mechanism with which IE1 appears to effect suppres-

FIG. 9. Virus produced from equally infected MEF cultures
treated or not with 50 ng of trichostatin-A per ml were collected over
time and used to determine the number of PFU. Trichostatin-A
(TSA)-treated cultures produced about 8- to 10-fold more PFU than
untreated cells.
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sion of the cellular defense mechanism, here shown directly
only for HDAC, is binding and thus blocking HDAC activity
on viral genomes. If this is the case, HDAC seems to prevent
acetylation or reacetylation of the viral chromatin and the
accompanying activation of viral transcription. IE1 binding of
other proteins such as PML and Daxx might also be important
to prevent inactivation of the viral genome, although we pres-
ently have no good concept of how this might be. In this
context, it is interesting that IE1 has a histone-binding domain
and binds avidly to histones (33), thus making unavailable
histones that would tend to form nucleosomes with the repli-
cating viral DNA. IE1 may be using the same mechanism,
binding, to prevent nucleosome formation, which is detrimen-
tal in packaging in the late stage of the replicative cycle. Inac-
tivation of cellular repressors by binding may play an important
role in the apparent transactivating properties of some viral
proteins.
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