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Kaposi’s sarcoma-associated herpesvirus (KSHV) has been consistently identified in Kaposi’s sarcomas,
body cavity-based lymphomas, and some forms of Castleman’s disease. The K9 open reading frame of KSHV
encodes a viral interferon regulatory factor (VIRF) which functions as a repressor for cellular interferon-
mediated signal transduction and as an oncogene to induce cell growth transformation. We demonstrate that
KSHYV VIRF directly interacts with cellular transcriptional coactivator p300 and displaces p300/CBP-associ-
ated factor from p300 complexes. This interaction inhibits the histone acetyltransferase activity of p300,
resulting in drastic reduction of nucleosomal histone acetylation and alteration of chromatin structure. As a
consequence, VIRF expression markedly alters cellular cytokine expression, which is regulated by acetylation
of nucleosomal histones. These results demonstrate that KSHV vIRF interacts with and inhibits the p300
transcriptional coactivator to circumvent the host antiviral immune response and to induce a global alteration
of cellular gene expression. These studies also illustrate how a cellular gene captured by a herpesvirus has
evolved several functions that suit the needs of the virus.

Interferons (IFNs) are a family of cytokines that exhibit
diverse biological effects that include the inhibition of cell
growth and protection against viral infection (39). Newly syn-
thesized IFN interacts with neighboring cells through cellular
surface receptors, resulting in the synthesis of a group of new
cellular proteins. The interaction leads to the activation of a
transcriptional factor that recognizes a conserved cis-acting
DNA element located within the regulatory sequences of tar-
get genes (11). This element binds to members of the IFN
regulatory factor (IRF) family and the alpha IFN (IFN-a)-
stimulated gene factor 3 complex (11). The p300/CBP tran-
scriptional cofactor which contains histone acetyltransferase
(HAT) activity (16, 17, 20, 30, 42, 44, 45) has been shown to
interact with IRFs including IRF1 and IRF3 and STATS to
form a virus-activated factor complex (4, 47). Upon viral in-
fection, the virus-activated factor complex accumulates in the
nucleus, binds to the promoters of IFN-mediated virus-induc-
ible genes, and activates their gene expression as part of the
host defense mechanism (4, 7, 44, 47). In addition, the adeno-
virus E1A and simian virus 40 large T-antigen oncoproteins
have been shown to bind to the p300/CBP transcriptional co-
activator family (13, 23). These interactions have been shown
to be important for blocking IFN signaling and for inducing
cell growth transformation (23, 40, 51).

Kaposi’s sarcoma (KS) is a multifocal vascular tumor of
mixed cellular composition that is the most common neoplasm
in patients with AIDS (8). A new member of the herpesvirus
group, Kaposi’s sarcoma-associated herpesvirus (KSHV) or
human herpesvirus 8, has been consistently identified in KS,
body cavity-based lymphoma, and some forms of Castleman’s
disease (37). Although still limited, the presently available data
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provide compelling evidence that KSHV is the long-sought
infectious agent of KS. The genomic sequence indicates KSHV
to be a gammaherpesvirus that is closely related to herpesvirus
saimiri (35), the recently isolated rhesus monkey rhadinovirus
(12, 38), and retroperitoneal fibromatosis-associated herpesvi-
ruses (34). DNA sequence analysis of the entire 140.5 kbp of
the KSHV genome reveals a number of cellular homologs
which could possibly contribute to the pathogenesis associated
with this virus (35). These include a virus-encoded interleu-
kin-6 (IL-6) (27, 28, 29), MIP1-o/B chemokines (19, 27, 29), a
bcl-2 homolog (36), v-cyclin (15, 22), vIL-8 receptor (2), and
VvFLIP (43) and a vN-CAM homolog.

The KSHV K9 open reading frame exhibits significant homol-
ogy with cellular IRFs. We and others have demonstrated that
expression of K9 dramatically represses transcriptional activation
induced by IFN-a/B/y (14, 21, 52). In addition, K9 is involved in
regulation of KSHV gene expression (21). Furthermore, K9 ex-
pression leads to transformation of rodent fibroblast cells result-
ing in morphological change, focus formation, growth at reduced
serum concentration, and tumor induction in nude mice (14, 21).
Thus, the K9 gene of KSHV encodes a viral IRF (VIRF) which
functions as a repressor of cellular IFN-mediated signal transduc-
tion and as an oncogene to induce cell growth transformation.

Cellular IRFs interact with and recruit the p300 transcrip-
tional coactivator to specific promoters to induce transcrip-
tional activation in response to virus infection. In this report,
we demonstrate that KSHV vIRF directly interacts with cellu-
lar p300 transcriptional coactivator. This interaction inhibits
p300 HAT activity, resulting in hypoacetylation of nucleosomal
histones, alteration of chromatin structure, and perturbation of
cytokine gene expression. These results suggest that KSHV
employs an elaborate decoy mechanism by harboring vIRF to
circumvent host antiviral defense.

MATERIALS AND METHODS

Cell culture and transfection. HS27 and NIH 3T3 cells were grown in Dul-
becco’s modified Eagle medium supplemented with 10% fetal calf serum.
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BCBL-1 and BJAB cells were grown in RPMI 1640 medium supplemented with
10% fetal calf serum. Insect cells were maintained at 27°C in Grace’s medium
containing 10% fetal calf serum, yeastolate, and lactalbumin. A DEAE-dextran
transfection procedure was used for transient expression in COS-1 cells. The
pcDNA3.1-vIRF constructs (5 pg) were introduced into HS27 and NIH 3T3 cells
by Fusin transfection (Boehringer Mannheim). After a 48-h incubation, the cells
were cultured with selection medium containing 500 pg of neomycin per ml for
the next 4 weeks.

Purification of flag-tagged proteins from insect cells. Sf-9 or High-5 insect
cells were infected with baculovirus containing the flag-tagged p300, vIRF, or
v-cyclin for 2 to 3 days. Cells were pelleted, washed with phosphate-buffered
saline (PBS), lysed with lysis buffer (0.15 M NaCl, 1% Nonidet P-40, and 50 mM
HEPES buffer [pH 8.0]) containing 1 mM Na,VO;, 1 mM NaF, and protease
inhibitors (leupeptin, aprotinin, phenylmethylsulfonyl fluoride, and bestatin),
and briefly sonicated. Supernatants were mixed on an antiflag (M2; Sigma)
antibody column at 4°C overnight. After extensive washing with Tris-buffered
saline (50 mM Tris [pH 7.5], 150 mM NaCl), flag-tagged proteins were eluted by
adding an excessive amount of flag peptide (100 pg/ml; Sigma) and dialyzed
against PBS overnight.

Mutant constructions. All deletion mutations in the VIRF gene were gener-
ated with PCR using oligonucleotide-directed mutagenesis. The amplified DNA
fragments containing mutations in VIRF were purified and cloned into pSP72
vector. Each vIRF mutant was completely sequenced to verify the presence of
the mutation and the absence of any other changes. After confirmation of the
DNA sequence, DNA containing the desired vIRF mutation was recloned into
the pcDNA3.1 vector.

In vitro HAT assay. In vitro HAT assays were performed according to the
manufacturer’s protocol (Upstate Biotechnology Inc.). In brief, histone H4 (Sig-
ma) was incubated with 0.25 p.Ci of [*HJacetyl coenzyme A (CoA) (NEN) and 30
nM purified p300 in the presence or absence of purified vIRF or v-cyclin protein
in 30 pl of acetylation buffer (50 mM Tris [pH 8.0], 5% glycerol, 0.1 mM EDTA,
50 mM KCI, 1 mM dithiothreitol, and 1 mM phenylmethylsulfonyl fluoride).
Reaction mixtures were incubated at 30°C for 30 min, and the reaction was
stopped by addition of sodium dodecyl sulfate (SDS) sample buffer. HAT activity
was quantitated by filter binding assays to measure the *H incorporation into
histone H4 or by immunoblotting assays with an antibody which detected only
the acetylated form of histone H4 (Upstate Biotechnology).

Immunofluorescence tests. Cells were fixed with 4% paraformaldehyde for 15
min, permeabilized with 70% ethanol for 15 min, blocked with 10% goat serum
in PBS for 30 min, and reacted with 1:100-diluted primary antibody in PBS for
30 min at room temperature. After incubation, cells were washed extensively
with PBS, incubated with 1:100-diluted secondary antibody (Vector Laborato-
ries, Burlingame, Calif.) in PBS for 30 min at room temperature, and washed
three times with PBS. Protein staining was performed with 1:500-diluted Sypro
(Molecular Probes) for 1 min, and DNA staining was performed with 1:5,000-
diluted To-Pro 1 or 3 (Molecular Probes) for 1 min. Confocal microscopy was
performed using a Leica TCS SP laser scanning microscope (Leica Microsystems,
Exton, Pa.) fitted with a 100X Leica objective (Planaprochromatic; 1.4 numerical
aperture) and using the Leica image software. Images were collected at 512- by
512-pixel resolution. The stained cells were optically sectioned in the z axis, and
the images in the different channels (photomultiplier tubes) were collected
simultaneously. The step size in the z axis varied from 0.2 to 0.5 wm to obtain 30
to 50 slices/imaged file. The images were transferred to a Macintosh G3 com-
puter (Apple Computer, Cupertino, Calif.), and NIH Image v1.61 software was
used to render the images.

Cell cycle analysis. Cells were washed once with PBS, fixed in 70% ethanol for
15 min, and stained with staining solution (1% Triton X-100, 50 g of propidium
iodide [PI] or Hoechst 33342 per ml, 1 mg of RNase A per ml) for 30 min at room
temperature. Cell cycle analysis was performed with a FACScan cell sorter
(Becton Dickinson, Mountain View, Calif.).

RNase protection assays. RNA was extracted from cells, using Trizol reagent
(Gibco-BRL). The RNase protection assay was performed using 5 ng of RNA
with the RiboQuant multiprobe RNase protection assay system (PharMingen,
San Diego, Calif.) according to the manufacturer’s specifications. In brief, RNA
was individually hybridized overnight with the in vitro-transcribed 3*P-labeled
probe of migration inhibition factor (MIF) or glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH) from mCK-3b cytokine template sets from PharMingen.
Following hybridization, samples were treated with RNase and proteinase K,
phenol-chloroform extracted, and ethanol precipitated. The protected fragments
were resolved by electrophoresis on a 5% acrylamide—urea gel, and autoradio-
grams were developed in a Fuji Phospho Imager.

MIF promoter cloning and reporter assays. The bp —1033 to +63 sequence of
the murine MIF promoter was PCR amplified from NIH 3T3 genomic DNA
using specific primers (46) and subsequently cloned into the pGL3 basic (Pro-
mega, Madison, Wis.) luciferase reporter vector (MIF-luc). An insert DNA
fragment was completely sequenced to show the sequence identical to that of the
previously reported MIF promoter region (46). All transfections included 2.5 ng
of pGKpgal, which expresses B-galactosidase from a phosphoglucokinase pro-
moter, and 2.5 pg of MIF-luc, which expresses luciferase from a MIF promoter
together with 2.5 pg of VIRF vector, wild-type (wt) p300 vector, or p300 AHAT
vector. At 48 h posttransfection, cells were washed once in PBS and lysed in 200
wl of reporter lysis buffer (Promega). Assays for luciferase were performed with
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a Luminometer using a luciferase assay (Promega). Values were normalized by
B-galactosidase activity.

RESULTS

VvIRF interacts with cellular p300 in vivo. To define the
molecular action of vVIRF in IFN-mediated signal transduction
and cell growth transformation, we investigated the potential
interaction of VIRF with cellular transcriptional factors. We
show that VIRF strongly interacts with p300 (Fig. 1). COS-1
cells were transfected with an expression vector containing a
flag-tagged vIRF. Proteins present in antiflag immune com-
plexes were separated by SDS-polyacrylamide gel electro-
phoresis (PAGE), transferred to nitrocellulose, and reacted
with an anti-p300 antibody. Endogenous cellular p300 was
readily detected in antiflag immune complexes from COS-1
cells with VIRF expression (Fig. 1A, lane 2), but it was not
detected in antiflag immune complexes from COS-1 cells with-
out VIRF expression (Fig. 1A, lane 1). In addition, approxi-
mately 5 to 10% of vIRF in KSHV-infected BCBL cells after
tetradecanoyl phorbol acetate (TPA) stimulation was found to
be interactive with p300 (Fig. 1B). To further demonstrate an
interaction between VIRF and p300, purified flag-tagged p300
and VIRF proteins from insect cells were mixed in vitro. Anti-
p300 immune complexes were subjected to antiflag immuno-
blotting analysis to detect the interaction of VIRF (Fig. 1C).
These results indicated that p300 specifically interacted with
VvIRF in vitro. Recently, an interaction of VIRF with p300/CBP
has also been demonstrated in an in vitro glutathione S-trans-
ferase (GST) pull-down assay (6) and a transient-expression
assay (18). Our results further demonstrate an interaction of
vIRF with p300 in various experimental settings including
KSHV-infected BCBL-1 cells.

Identification of the region of VIRF required for p300. Cel-
lular IRFs contain a conserved DNA-binding domain at the
amino terminus and a divergent regulatory domain at the car-
boxyl terminus (10). The amino terminus of VIRF shows sig-
nificant homology to the amino-terminal DNA-binding do-
main of IRF, while the carboxyl terminus of VIRF is divergent
from the carboxyl transactivator-repressor region of IRF (27).
In addition, KSHV VvIRF contains 80 amino acids at the amino
terminus which are not homologous to cellular IRFs. Interest-
ingly, this region contains six repeats of a proline-rich P(X), ;P
motif. To identify the regions of VIRF required for p300 inter-
action in vivo, three deletion mutations were generated as
follows: vVIRF mtl has a deletion of the first 80 amino acid,
which contain a unique proline-rich sequence; VIRF mt2 has
a deletion of amino acid residues 255 to 449, which contain
the divergent carboxyl terminus; and vVIRF mt3 has both dele-
tions (Fig. 2A). To demonstrate expression of these dele-
tion mutants, flag-tagged vIRF mutants were cloned into the
pcDNA3.1 vector and expressed in COS-1 cells. After trans-
fection, whole-cell lysates were used for immunoblotting anal-
ysis with antiflag antibody. wt VIRF and the mutants were
expressed at somewhat variable but still comparable levels in
COS-1 cells (Fig. 2B). The same cell lysates were used for
immunoprecipitation with an anti-p300 antibody, followed by
immunoblotting with an antiflag antibody to detect VIRF as-
sociated with p300 (Fig. 2B). These results demonstrated that
vIRF mt2 interacted with p300, whereas VIRF mtl and vIRF
mt3 did not. In addition, repeated experiments showed that,
while vVIRF mt2 was expressed at a higher level in COS-1 cells
than was wt vIRF, the amount of vIRF mt2 associated with
p300 was lower than that of wt VIRF (Fig. 2B and data not
shown). This suggests that full-length VIRF has a higher bind-
ing affinity for p300 than does vIRF mt2. Mutational analysis
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FIG. 1. Interaction of vIRF with p300. (A) In vivo interaction of VIRF with p300. COS-1 cells were transfected with expression vector (lane 1) or the flag-tagged
VIRF expression vector (lane 2). After 48 h, cell extracts were used for immunoprecipitations (I.P.) with an antiflag antibody, followed by immunoblotting assay (I.B.)
with an anti-p300 antibody. VIRF expression in transfected COS-1 cells was determined by immunoblotting with an antiflag antibody (bottom panel). (B) In vivo
interaction of vIRF with p300 in KSHV-infected BCBL-1 cells. Lysates of BJAB (lane 1) and TPA-induced BCBL-1 (lane 2) cells were used for immunoprecipitation
with an anti-p300 antibody, followed by immunoblotting with an anti-vIRF antibody. A whole-cell lysate was used to show VIRF expression (bottom panel). (C) In vitro
interaction of VIRF with p300. flag-tagged p300 and vIRF proteins were purified using an antiflag antibody column, eluted by a competing peptide, and dialyzed
overnight. After 30 min of incubation of the purified flag-p300 and flag-vIRF proteins (lane 2) or the purified flag-vIRF protein alone (lane 3), an anti-p300 antibody
was used to precipitate p300 complexes. Immune complexes were resolved by SDS-8% PAGE, followed by immunoblotting with an antiflag antibody. A mixture of

purified flag p300 and flag VIRF protein (lane 1) was used as a control.

demonstrates that the unique amino terminus of vIRF is re-
quired for interaction with p300, and the results also provide
additional evidence for the specificity of the interaction of
vIRF with p300.

Inhibition of p300 HAT activity by vIRF. In addition to its
role as a transcriptional adapter that integrates signals from
many sequence-specific activators via direct interactions, p300
has HAT activity (16, 17, 42). This activity is thought to stim-
ulate transcription by acetylating histones and disrupting nu-
cleosomal structure when p300 is recruited to a specific pro-
moter. To define the role of the interaction of vIRF with p300,
we investigated whether this interaction altered p300 HAT
activity. Purified full-length p300 was mixed with histone H4
and *H-labeled acetyl-CoA in the presence or absence of pu-
rified VIRF protein. Purified KSHV v-cyclin protein was in-
cluded as a control. HAT activity of p300 was measured by
quantitating the *H incorporation into histone H4 (Fig. 3B)
and immunoblotting with an antibody that detected only the
acetylated form of histone H4 (Fig. 3A). p300 HAT activity
was dramatically reduced by increasing amounts of VIRF,
whereas it was not significantly reduced by purified v-cyclin
under the same conditions (Fig. 3). To determine if VIRF
directly inhibits p300 HAT activity or instead itself has an
intrinsic deacetylase activity, p300 protein was first mixed with
histone H4 and *H-labeled acetyl-CoA for 5 min, followed by
incubation with VIRF protein for an additional 25 min (Fig. 3,
lanes 7). Under these conditions, purified vIRF did not reduce
the level of histone H4 acetylation by p300, indicating that
VIRF itself does not have a deacetylase activity. These results
demonstrate that, unlike interaction of cellular IRFs with
p300, which leads to IFN-mediated nuclear signaling (48), the
interaction of vIRF with p300 strongly inhibits p300 HAT
activity.

VIRF competes with P/CAF for binding to p300. p300 not
only has acetyltransferase activity but also interacts with p300/
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FIG. 2. Mutational analysis of VIRF binding to p300. (A) A summary of vVIRF
deletion mutants. Amino-terminally flag-tagged VIRF mutants were cloned into
the pcDNA3.1 vector to allow for their expression in COS-1 cells. (B) Mutational
analysis of VIRF binding to p300. COS-1 cells were transfected with wt vVIRF and
its mutants (mt1, mt2, and mt3). Cell lysates were used for immunoprecipitation
(IP.) with an anti-p300 antibody, followed by immunoblotting (I.B.) with an
antiflag antibody to detect vIRF (lanes 6 to 10). The expression level of wt vVIRF
and its mutants was demonstrated by immunoblotting with an antiflag antibody
(lanes 1 to 5). Lanes 1 and 6, vector alone; lanes 2 and 7, wt VIRF; lanes 3 and
8, VIRF mtl; lanes 4 and 9, vIRF mt2; lanes 5 and 10, vVIRF mt3. Asterisks
indicate the heavy chain of immunoglobulin and background, and arrows indi-
cate wt VIRF and vIRF mt2 protein.
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FIG. 3. Inhibition of p300 HAT activity by vIRF. Recombinant baculovirus
containing the flag-tagged p300, VIRF, or v-cyclin was used to purify each protein
from insect cells. Purified p300 protein (30 nM) was mixed with [*H]acetyl-CoA
and histone H4 serving as substrates in the presence of increasing nanomolar
amounts of VIRF or v-cyclin as indicated at the bottom of panel A. After 5 min,
p300 HAT activity was measured by immunoblotting with an antibody specific for
acetylated histone H4 (A) and quantitating radioactivity of *H-labeled histone
H4 (B). In lane 7, p300 protein was first mixed with the substrates for 5 min,
followed by incubation with VIRF protein (150 nM) for an additional 25 min. The
bottom panel of panel A shows the amount of histone H4 protein used in each
reaction, detected by an anti-H4 antibody. The values in panel B represent the
averages of three independent experiments.

CBP-associated factor (P/CAF), another HAT. This interac-
tion has been shown to be an important factor for cell cycle
progression (1), differentiation (32), and IFN responses (24).
In addition, adenovirus E1A disrupts the interaction between
p300 and P/CAF, and this disruption leads to suppression of
the IFN-a-activated antiviral response (4, 23, 40, 49). We fur-
ther examined whether VIRF was able to displace P/CAF from
p300 complexes. For this study, a constant amount of a flag-
tagged P/CAF expression vector was transfected into COS-1
cells together with increasing amounts of a flag-tagged vIRF
expression vector. Immune complexes of p300 were washed,
separated by SDS-PAGE, and reacted with antiflag antibody to
detect P/CAF and vIRF associated with p300. Consistent with
previous findings (49), P/CAF strongly interacted with the en-
dogenous p300 (Fig. 4A, lane 1). However, P/CAF binding to
p300 decreased with increased vIRF binding to p300 (Fig.
4A). An antiflag immunoblotting assay of whole-cell lysates
showed that P/CAF expression was not altered by the in-
creased amount of VIRF expression (Fig. 4B). These results
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suggest that, similar to E1A, vIRF can compete with P/CAF for
binding to p300.

Alteration of chromosomal structure by vIRF. To examine
the consequences of inhibition of p300 HAT activity and dis-
placement of P/CAF from the p300 complexes by VIRF, we
established human fibroblast HS27 cell lines stably expressing
wt VIRF. Expression of VIRF was detected by immunoblotting
assay with an anti-vIRF antibody (data not shown). Expression
of VIRF resulted in morphological changes of HS27 cells. HS27
cells expressing VIRF (HS27/vIRF) were significantly larger
than the control HS27 cells containing an empty expression
vector (HS27/cDNA3) (data not shown). Since p300 and
P/CAF have been shown to be important factors for cell cycle
regulation, the effect of vIRF expression on cell cycle progres-
sion was investigated. Exponentially growing cells were stained
with PI or Hoechst 33342 DNA intercalating dye and analyzed
for cell cycle progression by flow cytometry. Other than a slight
reduction of the cell number in S phase, no obvious alteration
of cell cycle progression was detected in HS27/VIRF cells com-
pared to control HS27/cDNA3 cells (Fig. 5). However, to our
surprise, the level of chromosomal DNA staining of HS27/
VIRF cells was approximately half that of the control HS27/
cDNA3 cells (Fig. 5). DNA staining of HS27/cDNA3 cells at
G, phase peaked at 200 mean fluorescence intensity units
(MFT), whereas that of HS27/VIRF cells at G, phase peaked at
100 MFT; DNA staining of HS27/cDNA3 cells at G,/M phase
peaked at 410 MFI, whereas that of HS27~VIRF cells at G,/M
phase peaked at 210 MFI (Fig. 5). Previous experiments have
shown that the expression of VIRF in mouse fibroblast NIH
3T3 cells results in the downregulation of IFN-mediated sig-
naling and the alteration of cell growth control (21). Cell cycle
analysis of these cells also showed that the expression of wt
VIRF led to a marked reduction in the level of chromosomal
DNA staining (Fig. 5). Cell cycle analysis with Hoechst 33342
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FIG. 4. Competition of VIRF with P/CAF for binding to p300. (A) The
displacement of P/CAF from p300 complexes by vVIRF. COS-1 cells were trans-
fected with 0.5 pg of an expression vector containing the flag-tagged P/CAF gene
together with an increasing amount of expression vector containing the flag-
tagged VIRF gene as indicated at the bottom of the figure. At 48 h posttrans-
fection, p300 complexes were precipitated with an anti-p300 antibody coupled to
agarose beads, resolved by SDS-PAGE, transferred onto a nitrocellulose mem-
brane, and reacted with an antiflag antibody. (B) Expression of P/CAF and vIRF.
Whole-cell lysates of transfected COS-1 cells were used to determine the level of
P/CAF and vIRF by immunoblotting with an antiflag antibody. I.B., immuno-
blotting; I.P., immunoprecipitation.
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FIG. 5. Cell cycle analysis of vIRF-expressing cells. Exponentially growing cells were stained for chromosomal DNA with PI and were analyzed on a FACScan flow
cytometer. Results presented are representative of five individual experiments using two independently established HS27 and NIH 3T3 cell lines.

dye produced essentially the same results as seen with PI dye
(data not shown).

To further document the reduction of chromosomal DNA
staining in VIRF-expressing cells, HS27 cells were stained with
two different DNA intercalating dyes, To-Pro 1 and 3, which
have a high affinity with double-stranded DNA and are detect-
able by confocal microscopy. To determine the localization of
nucleosomal histones, cells were also costained with an antihi-
stone antibody which reacts with all forms of histones. Consis-
tent with flow cytometry results, confocal microscope analysis
also showed that the level of DNA staining with To-Pro 1 and
To-Pro 3 dyes in HS27/VIRF cells was drastically reduced com-
pared to that in control HS27/cDNA3 cells (Fig. 6A; see also
Fig. 9). Strong punctate chromosomal DNA staining was de-
tected in HS27/cDNA3 cells, whereas weak diffuse staining was
detected in HS27NVIRF cells. In addition, the localization of
nucleosomal histones in HS27NVIRF cells was found to be
somewhat different from that in control HS27/cDNA3 cells.
The nucleosomal histones in HS27/cDNA3 cells were densely
localized at the edge of the nucleus, whereas they were evenly
distributed throughout the nucleus of HS27/VIRF cells (Fig.
6A). To further investigate whether this phenotype was solely
attributable to VIRF expression and not to other changes in-
troduced during the construction of these cell lines, HS27 cells
were transiently transfected with an expression plasmid con-
taining the flag-tagged vIRF gene, reacted with To-Pro 1 DNA
staining dye and antiflag antibody, and examined by confocal
microscopy. Immunofluorescence testing with an antiflag anti-
body showed the nuclear localization of vIRF in HS27 cells

(left panel of Fig. 6B). The cell with vIRF expression (i.e., the
left cell in Fig. 6B) showed a twofold reduction of chromo-
somal DNA staining in comparison to the cell without vIRF
expression (i.e., the right cell in Fig. 6B). Finally, the level of
chromosomal DNA staining in BCBL-1 cells with VIRF expres-
sion was also dramatically reduced compared to that in KSHV-
infected BCBL-1 cells without VIRF expression (Fig. 6C).
Thus, both flow cytometry and confocal microscopy showed
that VIRF expression in human and mouse fibroblast cells and
KSHV-infected BCBL-1 cells resulted in a significant reduc-
tion of chromosomal staining by DNA intercalating dyes.
Hypoacetylation of nucleosomal histones by VIRF expres-
sion. Spectrophotometry and agarose DNA gel analysis with
purified chromosomal DNA showed that HS27/VIRF cells con-
tained an amount of chromosomal DNA per cell equivalent to
that of HS27/cDNA3 cells (data not shown). This suggests that
the reduction of the level of chromosomal staining is due to
factors other than DNA content in vIRF-expressing cells. We
hypothesized that inhibition of p300 HAT by vIRF led to the
reduction of cellular histone acetylation, resulting in an alter-
ation of chromatin structure which limited accessibility of
DNA staining dyes. To test this hypothesis, we first examined
in vivo acetylation of the nucleosomal histones H3 and H4
using immunoblotting analysis with antibodies that specifically
reacted with the acetylated forms of histones H3 and H4.
These experiments revealed that the levels of in vivo acetyla-
tion of nucleosomal histones H3 and H4 were drastically re-
duced in HS27/VIRF cells compared to that in control HS27/
c¢DNA3 cells (Fig. 7, lanes 1 and 2). This result was confirmed
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FIG. 6. Confocal microscopic analysis of chromosomal DNA staining. (A)
Reduction of chromosomal DNA staining by the stable expression of VIRF.
HS27/cDNA3 and HS27/VIRF cells were stained with To-Pro 3 dye or antihis-
tone antibody. Stained cells were examined under the Leica confocal immuno-
fluorescence microscope. (B) Reduction of chromosomal DNA staining by the
transient expression of VIRF. HS27 cells were transfected with an expression
vector containing flag-tagged VIRF. At 48 h posttransfection, HS27 cells were
stained with antiflag antibody (left panel) and To-Pro 1 dye (right panel). Stained
cells were examined under the Leica confocal immunofluorescence microscope.
Comparison of two cells in this panel shows that the left one had vIRF expres-
sion, as shown in positive green immunofluorescence with antiflag antibody,
whereas the right one did not have vIRF expression, as shown in negative
immunofluorescence staining with antiflag antibody. (C) Reduction of chromo-
somal DNA staining by VIRF expression in BCBL-1 cells. BCBL-1 cells were
stimulated with TPA for 48 h, fixed with 1% paraformaldehyde, and stained with
anti-vIRF antibody (left panel) and To-Pro 3 dye (right panel). Stained BCBL-1
cells were examined under the Leica confocal immunofluorescence microscope.
Among the cells in this panel, the BCBL-1 cell at left had VIRF expression, as
shown in positive green immunofluorescence with anti-vIRF antibody, whereas
the other cells did not have vIRF expression, as shown in negative immunoflu-
orescence staining with anti-vIRF antibody.

To-pro3

by immunofluorescence tests using the same antibodies (Fig.
8). These results demonstrate that vIRF expression leads to
drastic hypoacetylation of nucleosomal histones.

Treatment of cells with butyric acid and trichostatin specif-
ically inhibits histone deacetylase activity and leads to a general
hyperacetylation of nucleosomes and selective activation of
cellular genes (33, 50). To recreate chromatin acetylation in
vivo, HS27/cDNA3 and HS27N~IRF cells were treated with
butyric acid overnight and cell lysates were reacted with anti-
bodies specific for the acetylated forms of histones H3 and H4.

Butyric acid treatment of HS27/VIRF cells not only restored in
vivo acetylation of nucleosomal histones H3 and H4 (Fig. 7,
lanes 4) but also resulted in a marked increase of chromosomal
DNA staining (Fig. 9). Treatment with trichostatin produced
essentially the same results as those shown with butyric acid
(data not shown).

To demonstrate the role of p300 in histone acetylation, an
expression vector containing wt p300 HAT or a p300 AHAT
mutant containing a deletion of the HAT catalytic domain was
transfected into HS27/VIRF cells. Overexpression of wt p300
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FIG. 7. Alteration of in vivo histone H3 and H4 acetylation by VIRF expression or butyric acid treatment. Identical amounts of proteins from HS27/cDNA3 cells
(lanes 1 and 3) and HS27NVIREF cells (lanes 2 and 4) treated with butyric acid overnight (lanes 3 and 4) or mock treated (lanes 1 and 2) were used for immunoblotting
analysis with antibodies specific for the acetylated histone H3 (A) or H4 (B). Arrows indicate acetylated histones H3 (Ac-H3) and H4 (Ac-H4). Numbers at left of each

panel show sizes in kilodaltons.

significantly increased the level of histone H4 acetylation in
HS27NIRF cells, whereas overexpression of p300 AHAT mu-
tant did not (Fig. 10, lanes 3 and 4). Thus, these results support
the notion that VIRF expression leads to hypoacetylation of
nucleosomal histones H3 and H4, resulting in global alteration
of the chromatin structure which limits accessibility of DNA
dyes. This effect could be reversed by specific deacetylase in-
hibitors, butyric acid and trichostatin, or overexpression of wt
p300 HAT.

Alteration of MIF gene expression by vIRF. p300/CBP plays
a role in expression of cellular cytokine genes including mac-
rophage MIF (46). To investigate the effect of vVIRF on expres-
sion of MIF, mRNA was extracted from NIH 3T3/cDNA3 and
NIH 3T3NWIRF cells and subjected to an RNase protection
assay with the in vitro-transcribed **P-labeled MIF probe or
GAPDH probe (Fig. 11A). It showed that MIF expression was

Acetylated Histone H3

HS27/pcDNA3

HS27/vIRF

FIG. 8. Immunofluorescence test of in vivo histone H3 and H4 acetylation. HS27/cDNA3 and HS27/VIRF cells were stained with antibodies which specifically
reacted with the acetylated forms of histones H3 and H4. Cells were visualized with Nomarski optics. Immunofluorescence testing was performed with a Leica confocal
immunofluorescence microscope.

drastically reduced by vIRF, whereas GAPDH expression was
not altered under the same conditions (Fig. 11A). To further
investigate the effect of vVIRF on the promoter activity of the
MIF gene, we cloned the bp —1033 to +63 sequence of the
MIF promoter region into a luciferase reporter vector. Com-
puter analysis of the 5'-flanking sequence of the MIF gene has
revealed that it contains multiple potential transcriptional fac-
tor binding sequences (46). The MIF promoter-luciferase re-
porter was transfected into NIH 3T3 cells together with an
expression vector containing wt VIRF. As seen in the RNase
protection assay (Fig. 11A), wt VIRF expression suppressed the
MIF promoter activity by four- to fivefold (Fig. 11B). To fur-
ther examine the role of p300 HAT in the promoter activity of
the MIF gene, an expression vector containing wt p300 HAT or
a p300 AHAT mutant containing a deletion of the HAT cata-
lytic domain was included in the reporter assay. Expression of

Acetylated Histone H4
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FIG. 9. Enhanced DNA staining of vIRF-expressing cells by butyric acid
treatment. HS27/cDNA3 and HS27/VIRF cells were treated with butyric acid (5
mM) overnight or mock treated. Cells were stained with To-Pro 1 dye for 1 min
and examined under the Leica confocal microscope.

wt p300 partially reversed the VIRF effect on the MIF pro-
moter activity, whereas expression of p300 AHAT mutant did
not (Fig. 11B). wt p300 and the p300 AHAT mutant were
expressed at equivalent levels in these cells (Fig. 11B). Thus,
these results suggest that hypoacetylation of nucleosomal his-
tones H3 and H4 by vIRF likely results in suppression of MIF
gene expression. Furthermore, this effect can be partially re-
versed by overexpression of wt p300, but not by that of the
p300 AHAT mutant.

DISCUSSION

In this report, we demonstrate that KSHV VvIRF interacts
with the p300 transcriptional coactivator and that this interac-
tion significantly inhibits p300 HAT activity. p300 is a global
transcriptional adapter which contains HAT activity (17, 30).
To date, four families of nuclear proteins have been described
that possess HAT activity. These include GCN5 and P/CAF
(5), SRC1 and ACTR (9, 41), p300 and CBP (3, 49), and
TAF;250 (26). Virus infection leads to an unusually stable
association of IRFs with p300, which is important for the ex-
pression of IFN-o/B genes as well as a subset of genes involved
in antiviral responses (25, 47). IFN-y induces rapid activation
of the latent transcription factor, STAT, which translocates to
the nucleus and also forms a complex with p300 to participate
in IFN-y-induced transcription (51). The adenovirus E1A and
simian virus 40 large T-antigen oncoproteins bind to the p300/
CBP transcriptional coactivator family (13, 23). Specifically,
interaction of E1A with p300 has been shown to be important
for blocking IFN signaling (23, 40, 51). Thus, our results sug-
gest that disruption of the interaction between cellular factors
and p300 and the inactivation of p300 HAT activity are like-
ly common mechanisms employed by adenovirus E1A and
KSHYV VIRF to circumvent IFN-mediated host defense func-
tions.

Recently, two other reports have also demonstrated an in-
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teraction of VIRF with p300/CBP (6, 18). In contrast to our
study, in which the amino-terminal region of vIRF is found to
be required for binding to p300 in vivo, Burysek et al. have
demonstrated that the carboxyl-terminal region of vIRF is re-
quired for binding to p300 in vitro GST pull-down assays (6).
Although it needs to be further characterized, this discrepancy
may be derived from different assay conditions: in vivo versus
in vitro and/or full-length protein versus GST fusion protein.
Regardless of this discrepancy, it is now clear that KSHV vIRF
targets the p300/CBP transcriptional cofactor and inhibits its
HAT activity. While both adenovirus E1A and KSHV vIRF
inhibit HAT activity of p300, they interact with the different
domains of p300; E1A interacts with the HAT domain of p300
(7) and vIRF interacts with the C/H2 domain of p300 (18). This
suggests that the interaction of vVIRF with the C/H2 domain of
p300 may stearically hinder HAT enzymatic activity of p300.
Thus, the continuously growing list of viral proteins which
apparently interact and interfere with p300/CBP cellular tran-
scriptional cofactor suggests that p300/CBP is an important
cellular factor in controlling viral infection and propagation.
Gene activation in response to extracellular signals, environ-
mental stresses, or infection by pathogens requires highly in-
tegrated signal transduction pathways that direct the transcrip-
tional machinery to the appropriate sets of genes. Specifically,
histone acetylation plays an important role in the modula-
tion of chromatin structure associated with signal-dependent
transcriptional activation (42). Here, we provide biochemical
and functional evidence demonstrating that KSHV vIRF is
a potent inhibitor of the HAT activity of p300. A simple but
attractive hypothesis is that vIRF suppresses the targeted
nucleosomal histone acetylation achieved by recruitment of
acetyltransferases to the signal-responsive promoters. Remov-
al of acetyl moieties from nucleosomal histones by VIRF leads
to an alteration of chromatin structure, thereby modulating
cellular gene expression. Recent reports (6, 18) and our un-
published study show that expression of cellular IL-6 and IFNs
is significantly reduced by vIRF, whereas expression of trans-
forming growth factors 1 and B3 and myc is drastically in-
duced by vIRF. In fact, some of these genes have been shown
to be regulated by acetylation of nucleosomal histone (31, 45).
Furthermore, our microarray analysis has found that vIRF
expression alters the transcriptional profile of 7% of genes
among 4,500 cellular genes by at least twofold (unpublished
results). These results also indicate that the hypoacetylation of
nucleosomal histones by VIRF leads to a global effect on cel-
lular gene expression. Characterization of these cellular genes
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FIG. 10. Recovery of histone acetylation by overexpression of wt p300 HAT.
HS27NIRF cells were transfected with wt p300 (lane 3) or p300 AHAT mutant
(lane 4). HS27/cDNA3 (lane 1) and HS27VIRF (lane 2) were included as con-
trols. Identical amounts of proteins from cell lysates were used for immunoblot-
ting analysis with an antibody specific for the acetylated histone H4. The bottom
panel shows the amount of cellular histone H4 protein in each lane, detected by
an anti-H4 antibody. Arrows indicate the acetylated form of histone H4 (Ac-H4)
or total histone H4 (H4). Numbers at left are molecular masses in kilodaltons.
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FIG. 11. Inhibition of cellular MIF gene expression by vIRF. (A) Inhibition of cellular MIF gene expression by vIRF. Total RNA was extracted from NIH
3T3/cDNA3 and NTH 3T3/VIRF cells and used for RNase protection assays with the in vitro-transcribed 3?P-labeled MIF or GAPDH probe. The protected fragments
were resolved by electrophoresis on a 5% acrylamide-urea gel, and autoradiograms were developed in a Fuji Phospho Imager. Detailed procedures are described in
Materials and Methods. (B) Alteration of the promoter activity of MIF by VIRF. MIF-luc reporter plasmid (0.25 ng) and pGKpgal reporter plasmid (0.25 pg) were
transfected into NIH 3T3 cells together with 0.25 pg of VIRF, wt p300, or p300 AHAT expression vector as indicated. Luciferase was measured at 48 h posttransfection,
and luciferase values were normalized by B-galactosidase activity. Values for luciferase activity represent the averages of three independent experiments. Lysates of
transfected NIH 3T3 cells were used to determine the level of p300 and p300 AHAT mutant by immunoblotting with an anti-p300 antibody. Lane 1, NIH 3T3 cells
transfected with vector alone; lane 2, NIH 3T3 cells transfected with vIRF; lane 3, NIH 3T3 cells transfected with vVIRF and p300; lane 4, NIH 3T3 cells transfected

with VIRF and p300 AHAT.

whose expression is altered by vIRF will further increase our
understanding of a role of p300/CBP in transcriptional regu-
lation and will identify the cellular targets of p300/CBP.

Antiviral responses include apoptosis, cell cycle arrest, and
enhanced immunological surveillance, which are all focused
toward preventing tumor cell growth. Cellular IRFs interact
with and recruit the p300 transcriptional coactivator to specific
promoters to induce transcriptional activation in response to
virus infection. It is now apparent that KSHV employs an
elaborate decoy mechanism by harboring vIRFs to circumvent
these antiviral defenses and to facilitate uncontrolled cell pro-
liferation. In addition to this activity, vVIRF has been shown to
play an important role in KSHV viral gene expression (21). We
have found that vIRF induces drastic alteration of viral gene
expression of KSHV and herpesvirus saimiri (unpublished
data). Further studies of the detailed role of vIRFs in the
regulation of cellular and viral gene expression are likely to be
important clues for a better understanding of the regulation of
the KSHYV life cycle and pathogenesis.
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