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The irreversible cell cycle arrest and apoptosis induced by p53 are part of the host surveillance mechanisms
for viral infection and tumor induction. Kaposi’s sarcoma-associated herpesvirus (KSHV), the most recently
discovered human tumor virus, is associated with the pathogenesis of Kaposi’s sarcoma, primary effusion
lymphoma, and multicentric Castleman’s disease. The K9 open reading frame of KSHV encodes a viral
interferon (IFN) regulatory factor (vIRF) which functions as a repressor for cellular IFN-mediated signal
transduction and as an oncoprotein to induce cell growth transformation. Here, we demonstrate that KSHV
vIRF interacts with the cellular p53 tumor suppressor through the putative DNA binding region of vIRF and
the central region of p53. This interaction suppresses the level of phosphorylation and acetylation of p53 and
inhibits transcriptional activation of p53. As a consequence, vIRF efficiently prevents p53-mediated apoptosis.
These results suggest that KSHV vIRF interacts with and inhibits the p53 tumor suppressor to circumvent host
growth surveillance and to facilitate uncontrolled cell proliferation.

The p53 gene is the first tumor suppressor gene to be iden-
tified and is a common denominator in human cancer (42).
Abnormalities of the p53 gene are among the most frequent
molecular events in human and animal neoplasms (15, 17, 36).
In about half of human tumors, p53 is directly inactivated as a
result of mutations in the p53 gene. In many others, it is
indirectly inactivated as a result of alterations by cellular or
viral genes whose products interact with p53 (42).

The p53 tumor suppressor transmits signals arising from
various forms of cellular stresses, including DNA damage, che-
motherapeutic agents, and aberrant growth signal, to genes
and factors that induce cell cycle arrest, cell death, and senes-
cence. The best-characterized targets of p53-mediated cell
growth control are the cell cycle inhibitor p21 and the pro-
apoptotic protein Bax (11, 32). The p53 binds to its sequence-
specific sites in the promoter regions of p21 and Bax and
induces a drastic increase of their gene expression (11, 32). As
a result, p21 arrests the cell cycle in the G1 phase by inhibiting
cellular cyclin–cyclin-dependent kinase complex activity, and
Bax induces cell death by disrupting the cellular powerhouses,
the mitochondria.

The irreversible cell cycle arrest and cell death induced by
p53 are considered part of host surveillance mechanisms for
detecting and preventing viral infection and tumor induction
(2, 3, 9, 34). To escape this host scrutiny, viral oncogene prod-
ucts frequently target p53 for inactivation (24). These include
simian virus 40 (SV40) large T antigen (22, 27), human papil-
lomavirus (HPV) E6 (16, 21, 38, 43), hepatitis B virus X anti-
gen (12), adenovirus E1B (8, 20, 44), and human cytomegalo-
virus IE84 (40). In addition to interactions with numerous viral
proteins, the covalent modifications of p53 have been shown to

regulate its transcriptional activity (19). Phosphorylation at the
amino-terminal transactivation domain of p53 by the DNA-
activated protein kinase or ATM kinase results in increased
stability (1, 23). In addition, phosphorylation in the carboxyl-
terminal region by casein kinase II enhances p53 activities,
including growth suppression, DNA binding activity, and tran-
scriptional activation (31). Finally, acetylation of the carboxyl-
terminal region of p53 by p300 and p300/CBP-associated factor
(PCAF) leads to increased DNA binding activity (28, 37).

Interferons (IFNs) are a family of cytokines that exhibit such
diverse biological effects as inhibition of cell growth and pro-
tection against viral infection. Viruses have evolved a variety of
mechanisms to counteract the inhibitory effects of IFNs (41).
Kaposi’s sarcoma-associated herpesvirus (KSHV), the most
recently discovered human tumor virus, is associated with the
pathogenesis of Kaposi’s sarcoma, primary effusion lymphoma,
and multicentric Castleman’s disease (5, 6, 35). The K9 open
reading frame of KSHV exhibits significant sequence homol-
ogy with cellular IFN regulatory factors (IRFs) (33). We and
others have demonstrated that expression of K9 dramatically
represses transcriptional activation induced by IFN-abg (13,
26, 45) and also leads to transformation of rodent fibroblasts,
resulting in morphological change, focus formation, growth at
reduced serum concentration, and tumor induction in nude
mice (13, 26). Thus, the K9 gene of KSHV encodes the first
viral IFN regulatory factor (vIRF) which functions as a repres-
sor of cellular IFN-mediated signal transduction and as an
oncoprotein to induce cell growth transformation.

Recent detailed studies have demonstrated that these func-
tional activities of vIRF appear to be attributed in part to an
interaction with and inhibition of p300 (4, 18, 25). Interaction
of vIRF with p300 inhibits the histone acetyltransferase (HAT)
activity of p300 in vitro and induces a dramatic hypoacetylation
of nucleosomal histone H3 and H4 in vivo, resulting in global
alteration of nucleosomal chromatin structure and inhibition
of IFN-mediated gene expression (25). Thus, the modulation
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of p300 HAT activity is likely part of the mechanisms which
vIRF employs to block cellular IFN-mediated antiviral activity
(25).

Despite extensive studies of the anti-IFN activity of vIRF,
little is known about the molecular mechanisms used by vIRF
in cell growth transformation. In this study, we demonstrate
that KSHV vIRF interacts with tumor suppressor p53 and that
this interaction suppresses p53-mediated transcriptional acti-
vation of p21 and Bax, the result of which is inhibition of
p53-mediated cell growth control. These results indicate that
vIRF inhibits cellular tumor suppressor p53 protein to facili-
tate cell growth transformation.

MATERIALS AND METHODS

Cell culture and transfection. COS-1, 293T, and Saos-2 cells were maintained
in Dulbecco’s modified Eagle medium containing 10% fetal bovine serum (FBS).
Insect (Spodoptera frugiperda) Sf9 and High 5 cell lines were maintained in Grace
medium supplemented with 10% FBS. A Fugene 6 lipofection (Boehringer
Mannheim) procedure was used for transfection in COS-1, 293T, and Saos-2
cells. A total of 106 cells were transfected with 1 mg of plasmid DNA. Forty-eight
hours after transfection, cells were collected for luciferase reporter assays or
immunoprecipitations. To establish stable cell lines expressing vIRF, Saos-2 cells
were transfected with pTracer-vIRF or pTracer plasmid (Clontech, San Diego,
Calif.). At 72 h posttransfection, cells were cultured with selection medium
containing 1 mg of Zeocine per ml for 5 weeks.

Plasmid construction. A DNA fragment containing the Flag-tagged vIRF
sequence was subcloned into pAd-CMV-Track at HindIII and XbaI sites to
generate the recombinant virus Ad-vIRF and into pAcSG at HindIII and XbaI
sites to generate recombinant vIRF baculovirus. To generate glutathione S-
transferase (GST) fusion protein in Escherichia coli, a DNA fragment containing
each domain of vIRF or p53 was PCR amplified and cloned in frame into BamHI
and XhoI sites or BamHI and EcoRI sites, respectively, of pGEX4T-3 GST
fusion plasmid. DNA fragments containing each region of p53 were also sub-
cloned in frame into plasmid pEGFP-C1 to produce enhanced green fluores-
cence protein (EGFP) fusion proteins. Flag-tagged wild-type (wt) and mutant
vIRF were subcloned at BamHI and EcoRI sites into pTracer-A (Clontech).
PG13 and p21 reporter plasmids were kindly provided by J. Alwine. All PCR-
amplified product were completely sequenced to confirm the presence of au-
thentic sequence and the absence of aberrant alteration.

Construction of recombinant viruses. The AdEasy system (14) and recombi-
nant adenoviruses Ad-p53, Ad-p53 (R273H), and Ad-GFP were kindly provided
by B. Vogelstein. The recombinant adenovirus Ad-vIRF was constructed as
previously described (14). All recombinant adenoviruses were amplified and
titered in 293 cells. Recombinant vIRF baculovirus was constructed by using the
BaculoGold system (PharMingen). High-titer recombinant baculovirus was ob-
tained in Sf9 cells. The recombinant p53 baculovirus was kindly provided by C.
Prives.

Metabolic labeling, immunoprecipitation, and immunoblotting. Saos-2 cells
were infected with recombinant adenoviruses, and High-5 cells were infected
with recombinant baculoviruses at a multiplicity of infection of 5. COS-1 cells
were transfected with expression plasmid by Fugene 6 transfection. After 48 h of
infection and transfection, cells were collected, lysed in 1 ml of lysis buffer
containing 50 mM HEPES (pH 7.4), 150 mM NaCl, 1% Nonidet P-40, and
protease inhibitors, and immunoprecipitated as described previously (25). For
pulse-chase analysis, Saos-2 cells were rinsed three times with phosphate-buff-
ered saline (PBS), washed once with labeling medium (RPMI 1640 minus me-
thionine and cysteine plus 10% dialyzed fetal calf serum), then incubated with 5
ml of the same medium containing 100 mCi of [35S]methionine and [35S]cysteine
(New England Nuclear, Boston, Mass.) for 3 h, and chased for 6 h. Anti-p53
antibody (DO-1) and anti-Flag antibody (M2) were purchased from Santa Cruz
Biotechnology (Santa Cruz, Calif.), Sigma Chemical Co. (St. Louis, Mo.), and
Novagen, respectively. Anti-phospho-p53 (Ser15) and anti-phospho-p53
(Ser392) antibodies were purchased from Cell Signaling Technology (Beverly,
Mass.) and New England Biolabs (Beverly, Mass.), respectively, and anti-acety-
lated p53 antibodies anti-p53(Ac320) and anti-p53(Ac373) were purchased from
Upstate Biotechnology. Immune complexes were analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by immuno-
blotting using enhanced chemiluminescence. All primary antibodies were diluted
1:2,000, and the secondary antibodies were diluted 1:10,000.

GST fusion proteins and pull-down assay. GST fusion proteins were expressed
in Escherichia coli, bound to glutathione-Sepharose beads, and eluted with buffer
containing 25 mM glutathione. Purified or Sepharose-bound GST fusion pro-
teins were mixed with lysates of Saos-2 cells infected with recombinant adeno-
viruses for 3 h. The precipitated protein complexes were extensively washed with
lysis buffer and analyzed by SDS-PAGE.

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. DNA staining was performed with 1:5,000-diluted Topro-I
(Molecular Probe) for 1 min. Confocal microscopy was performed with a Leica
TCS SP laser-scanning microscope (Leica Microsystems, Exton, Pa.) fitted with
a 1003 Leica objective (PL APO, 1.4NA) 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 (pho-
tomultiplier tubes) were collected simultaneously. The step size in the z axis
varied from 0.2 to 0.5 mm to obtain 30 to 50 slices per imaged file. The images
were transferred to a Macintosh G3 computer (Apple Computer, Cupertino,
Calif.), and NIH Image version 1.61 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 mg 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 (Becton Dick-
inson, Mountain View, Calif.).

Reporter assays. Saos-2 cells at 70% confluence in 24-well plates were trans-
fected 1 mg of mixed plasmid DNAs (0.2 mg of reporter plasmid and various
amounts of p53 and vIRF expression plasmids). All transfections included 0.2 mg
of pGKbgal, which expresses b-galactosidase from a phosphoglucokinase pro-
moter. At 48 h posttransfection, cells were washed once in PBS and lysed in 200
ml of reporter lysis buffer (Promega, Madison, Wis.). Assays for luciferase were
performed with a luminometer using a luciferase assay kit (Promega, Madison,
Wis.), and assays for chloramphenicol acetyltransferase (CAT) were performed
with CAT assay kit (Promega). Values were normalized by b-galactosidase ac-
tivity.

RESULTS

Interaction of vIRF with p53. To investigate the detailed
mechanisms of growth transformation used by vIRF, we exam-
ined the potential interactions of vIRF with cellular proteins
that regulate cell growth control. Among numerous cellular
proteins, p53 tumor suppressor was found to specifically inter-
act with vIRF. p53-null Saos-2 cells were infected with Ad-p53
and Flag-tagged Ad-vIRF. After 48 h of infection, Saos-2 cell
lysates were used for immunoprecipitation with an anti-Flag
antibody, and polypeptides present in anti-Flag immune com-
plexes were separated by SDS-PAGE, transferred to nitrocel-
lulose, and reacted with an anti-p53 antibody. The p53 protein
was readily detected in the anti-Flag immune complexes from
Saos-2 cells coinfected with Ad-p53 and Ad-vIRF, whereas it
was not detected from Saos-2 cells infected with Ad-p53 or
Ad-vIRF alone (Fig. 1A). When Sf9 insect cells, infected with
recombinant baculoviruses expressing p53 and Flag-tagged
vIRF, and COS-1 cells, transfected with expression vectors for
p53 and Flag-tagged vIRF, were used for coimmunoprecipita-
tion assay, the results were essentially the same as for recom-
binant adenoviruses (Fig. 1B). Finally, KSHV-infected BCBL-1
cells were used to detect an interaction between vIRF and p53.
Lysates of BCBL-1 cells were subjected to immunoprecipita-
tion with an anti-p53 antibody, followed by immunoblotting
with rabbit polyclonal antibodies against vIRF, K3, and K5.
Approximately 5% of vIRF in KSHV-infected BCBL-1 cells
interacted with cellular p53 (Fig. 1C). In contrast, K3 and K5
did not interact with p53 under the same conditions (Fig. 1C).
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These results demonstrate that KSHV vIRF specifically inter-
acts with cellular p53.

Subcellular colocalization of vIRF with p53. To further in-
vestigate an interaction of vIRF with p53, we examined their
subcellular localization by indirect immunofluorescence tests.
KSHV-infected BCBL-1 cells were fixed, reacted with anti-
vIRF and anti-p53 antibodies, and examined under a confocal
immunofluorescence microscope. Both vIRF and p53 proteins

were present throughout the cytoplasm and nucleus, with a
high degree of overlapping staining between them (Fig. 2A). In
addition, COS-1 cells transfected with expression vector con-
taining the Flag-tagged vIRF were used for the confocal im-
munofluorescence assay. vIRF was also colocalized with p53 in
the nucleus of COS-1 cells (Fig. 2B). Thus, confocal immuno-
fluorescence tests demonstrate that a considerable amount of
vIRF is colocalized with cellular p53, further suggesting a spe-
cific interaction of vIRF with p53.

A drastic increase of p53 staining was detected in BCBL-1
cells with vIRF expression compared to that in BCBL-1 cells
without vIRF expression (Fig. 2A). However, expression of
vIRF in 293T, COS-1, U2OS, and BJAB cells altered neither
the level of p53 protein staining nor the level of p53 protein
expression (Fig. 2B and data not shown). In addition, vIRF
expression did not alter the stability of p53 protein at detect-
able levels (data not shown). These results indicate that factors
other than vIRF likely affect p53 expression in KSHV-infected
BCBL-1 cells.

The putative DNA binding region of vIRF is necessary for
p53 interaction. Cellular IRFs contain a conserved DNA bind-
ing domain at the amino terminus and a divergent activation
domain at the carboxyl terminus (7). The amino terminus of
vIRF shows significant homology to the amino-terminal DNA
binding domain of IRF, while the carboxyl terminus of vIRF is
divergent from the carboxyl activation domain of IRF (33). In
addition, KSHV vIRF contains 80 amino acids at the amino
terminus that are not homologous with cellular IRFs (33). This
region contains six repeats of a proline-rich PX2–3P motif. To
map the regions of vIRF required for p53 interaction, GST-
vIRF fusion proteins containing the individual domains of
vIRF were used for in vitro pull-down assays (Fig. 3A). Lysates
of Saos-2 cells infected with Ad-p53 were precleared with 5 mg
of GST and then incubated with 5 mg of GST or GST-vIRF
fusion proteins. Polypeptides associated with GST-vIRF fusion
proteins after pull-down assays were immunoblotted with an
anti-p53 antibody. This demonstrated that GST-vIRF fusion
proteins containing the potential DNA binding domain of
vIRF could bind to p53 in vitro (Fig. 3A). In contrast, GST and
GST-vIRF fusion proteins containing the amino-terminal pro-
line-rich region or the carboxyl activation region did not bind
to p53 under the same conditions (Fig. 3A).

The interaction between vIRF and p53 was further assessed
by in vivo coimmunoprecipitation assay. Four deletion muta-
tions were generated as follows: vIRFmt2 has a deletion of the
first 80 amino acids, which contain the amino-terminal proline-
rich sequence; vIRFmt3 has a deletion of amino acid residues
1 to 255, which contain the amino-terminal proline-rich region
and the putative central DNA binding region; vIRFmt4 has a
deletion of amino acid residues 255 to 449, which contain the
carboxyl-terminal putative activation region; and vIRFmt5 has
deletions of both the amino-terminal proline-rich region and
the carboxyl activation region (Fig. 3B). To demonstrate ex-
pression of these deletion mutants, the Flag-tagged vIRF mu-
tants were cloned into the pcDNA3.1 vector and expressed in
COS-1 cells. After transfection, whole-cell lysates were used
for immunoblotting with an anti-Flag antibody. Wild-type and
mutant vIRF were expressed at somewhat variable but still
comparable levels in COS-1 cells (Fig. 3B, bottom). The same
cell lysates were used for immunoprecipitation with an anti-

FIG. 1. Interaction of vIRF with p53. (A) Interaction of vIRF with
p53 in recombinant adenovirus-infected Saos-2 cells. p53-null Saos-2
cells were infected with Ad-p53 and/or Ad-vIRF as indicated at the
top. After 48 h, cell extracts were used for immunoprecipitations (IP)
with an anti-Flag antibody, followed by Western blot assay with an
anti-p53 antibody. p53 and vIRF expression in whole-cell lysates
(WCL) of infected Saos-2 cells were determined by Western blotting
with anti-p53 and anti-Flag antibodies. (B) Interaction of vIRF with
p53 in COS-1 cells transfected with p53 and vIRF expression vectors
and in High-5 cells infected with recombinant p53 and vIRF baculo-
viruses. As indicated at the top, COS-1 cells were transfected with p53
and/or Flag-tagged vIRF expression vector, and High-5 insect cells
were infected with recombinant p53 and/or vIRF baculoviruses. After
48 h, cell extracts were used for immunoprecipitations with an anti-
Flag antibody, followed by Western blot assay (WB) with an anti-p53
antibody (left). Whole-cell lysates (WCL) of transfected COS-1 cells
and infected High-5 cells were used to show p53 expression (right) and
vIRF expression (data not shown). In addition, vIRF expression did
not alter the level of SV40 large T antigen interaction of p53 in COS-1
cells (data not shown). (C) Interaction of vIRF with p53 in KSHV-
infected BCBL-1 cells. Lysates of KSHV-negative BJAB (lane 1) and
KSHV-infected BCBL-1 (lane 2) cells were used for immunoprecipi-
tation (IP) with an anti-p53 antibody, followed by Western blot assay
(WB) with anti-vIRF, anti-K3, and anti-K5 antibodies. A whole-cell
lysate (WCL) was used to show vIRF, K3, and K5 expression.
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Flag antibody, followed by immunoblotting with an anti-p53
antibody to detect the presence of p53 in anti-Flag immune
complexes (Fig. 3B, middle). The results showed that vIRFmt2,
vIRFmt4, and vIRFmt5 interacted with p53, whereas vIRFmt3
did not. In addition, repeated experiments showed that wt
vIRF and vIRFmt4, containing both the amino-terminal pro-
line-rich region and the central DNA binding region, exhibited
stronger interaction with p53 than vIRFmt2 and vIRFmt5 in
the in vivo binding assay but not the in vitro GST pull-down
assay (Fig. 3). Thus, these results demonstrate that the central
putative DNA binding region of vIRF is necessary for binding

to p53 and that the amino-terminal proline-rich region of vIRF
likely enhances its p53 binding activity in vivo.

Multiple regions of p53 interact with vIRF. To further de-
lineate an interaction between vIRF and p53, we attempted to
define the regions of p53 required for this interaction. The p53
protein consists of five distinctive domains: an activation do-
main, a proline-rich SH3 binding (SH3B) domain, a DNA
binding domain, a tetramerization domain, and a basic domain
(Fig. 4A) (34, 42). Because of a high level of nonspecific bind-
ing of the GST-p53 fusion protein, we used a GFP-p53 fusion
protein for in vivo coimmunoprecipitation assays. A series of

FIG. 2. Colocalization of vIRF with p53. (A) Colocalization of vIRF with p53 in KSHV-infected BCBL-1 cells. KSHV-infected BCBL-1 cells
were fixed and reacted with rabbit polyclonal anti-vIRF and mouse monoclonal anti-p53 antibodies. vIRF protein was detected with an anti-rabbit
secondary antibody conjugated with Alexa 568 (red), and p53 protein was detected with an anti-mouse secondary antibody conjugated with Alexa
488 (green). Cells were visualized with Nomarski optics after Topro-I nuclear staining (blue). These two panels are representatives of 10 different
fields. (B) Colocalization of vIRF with p53 in COS-1 cells. COS-1 cells were transfected with expression vector containing the Flag-tagged vIRF
gene. At 48 h posttransfection, cells were fixed and reacted with mouse monoclonal anti-Flag and rabbit polyclonal anti-p53 antibodies. p53 protein
was detected with an anti-rabbit secondary antibody conjugated with Alexa 488 (green), and the Flag-tagged vIRF protein was detected with an
anti-mouse secondary antibody conjugated with Alexa 568 (red). Cells were visualized with Nomarski optics after Topro-I nuclear staining (blue).
The immunofluorescence test was performed with a Leica confocal immunofluorescence microscope. The yellow color in merged panels indicates
colocalization of the red and green labels. The data were reproduced in three independent experiments.
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GFP-p53 fusion proteins containing individual domains of p53
were constructed as described in Fig. 4A. The Flag-tagged
vIRF expression vector and the various GFP-p53 fusion ex-
pression vectors were cotransfected into 293T cells. The GFP
expression vector without p53 sequence was also included as a
control. At 48 h posttransfection, whole-cell lysates were used
for immunoblot analysis with an anti-GFP antibody. GFP-p53
fusion proteins were expressed at comparable levels in COS-1
cells (Fig. 4B, right). The same cell lysates were used for
immunoprecipitation with an anti-Flag antibody, followed by
immunoblotting with an anti-GFP antibody. These experi-
ments demonstrated that the amino-terminal SH3B domain,
the central DNA binding domain, and the carboxyl tetramer-
ization domain of p53 were capable of binding to vIRF in vivo,
whereas the amino-terminal transactivation domain and the
carboxyl-terminal basic domain of p53 were not (Fig. 4B, left).
Furthermore, GFP did not interact with vIRF under the same
conditions (Fig. 4B, left). These results suggest that multiple
regions of p53, including the amino-terminal SH3B domain,
the central DNA binding domain, and the carboxyl tetramer-
ization domain, are involved in an interaction with vIRF.

FIG. 3. Mutational analysis of vIRF for p53 interaction. (A) Sum-
mary of GST-vIRF fusion constructs and in vitro GST pull-down assay.
Individual domains of vIRF were cloned into the pGEX4T-1 vector to
generate GST-vIRF fusion proteins. Lysates of Saos-2 cells infected
with Ad-p53 were precleared with 5 mg of GST, followed by incubation
with 5 mg of GST or GST-vIRF fusion proteins. Polypeptides associ-
ated with the GST-vIRF fusion proteins were subject to Western
blotting with an anti-p53 antibody. A whole-cell lysate (WCL) which
represents 5% of cellular p53 was used for a positive control. Arrows
in the bottom indicate GST and GST-vIRF mutant fusion proteins
(GST-vIRFmt) stained with Coomassie blue solution. Boxes with
slashed lines indicate GST, and boxes with dots indicate a domain of
vIRF, PD, proline-rich domain; DBD, DNA binding domain; AD,
activation domain. 1 and 2 indicate positive and negative binding of
GST-vIRF fusion proteins to p53. (B) Summary of vIRF mutants and
in vivo interaction of vIRF mutants with p53. COS-1 cells were trans-
fected with the Flag-tagged wt vIRF and mutants vIRFmt2 to -5. Cell
lysates were used for immunoprecipitation with an anti-Flag antibody,
followed by Western blotting with an anti-p53 antibody to detect p53.
PD, proline-rich domain; DBD, DNA binding domain; AD, activation
domain. Western blotting of whole-cell lysates with an anti-Flag anti-
body showed equivalent expression of wt and mutant vIRF: arrows
indicate the Flag-tagged wt and mutant vIRF (bottom). 1, 11, and 2
indicate weak, strong, and no binding of vIRF mutants to p53.

FIG. 4. Mutational analysis of p53 for vIRF interaction. (A) Sum-
mary of p53 mutants. Individual domains of p53 were cloned in frame
into the GFP vector to generate GFP-p53 fusion proteins. Boxes with
large cross lines indicate individual domains of p53; boxes with small
cross lines indicate GFP. AD, activation domain; SH3D, SH3B do-
main; DBD, DNA binding domain; TD, tetramerization domain; BD,
basic domain. 1 and 2 indicate positive and negative binding of
GFP-p53 fusion proteins to vIRF. (B) Identification of the vIRF bind-
ing domains of p53. 293T cells were cotransfected with Flag-tagged wt
vIRF and GFP-p53 fusion constructs. Cell lysates were used for im-
munoprecipitation (IP) with an anti-Flag antibody, followed by West-
ern blotting (WB) with an anti-GFP antibody to detect GFP-p53 fusion
proteins (left). Western blotting of whole-cell lysates with an anti-GFP
antibody showed GFP-p53 expression in transfected 293T cells (right).
Sizes are indicated in kilodaltons.
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vIRF suppresses the serine phosphorylation of p53. Upon
transmission of stress signals, the rapid activation of p53 is
often achieved through modifications, i.e., phosphorylation
and acetylation (19). Various stress-activated kinases phos-
phorylate p53 at multiple serine sites (1, 23, 31). DNA-depen-
dent protein kinase and ATM phosphorylate serine residue 15
(1, 23), and casein kinase II phosphorylates serine residue 392;
these phosphorylations enhance p53 activities (31). To exam-
ine the effects of vIRF interaction on the phosphorylation of
p53, we constructed Saos-2 cells stably expressing vIRF (Saos-
2/vIRF cells). At 48 h after infection with Ad-p53, lysates of
Saos-2 and Saos-2/vIRF cells were used for immunoblotting
with antibodies specific for p53 phosphorylated at serine resi-
dues 15 and 392. The levels of phosphorylation at both serine
residues of p53 were significantly lower in Saos-2/vIRF cells
than in Saos-2 cells (Fig. 5). A similar level of p53 was ex-
pressed in both Saos-2 and Saos-2/vIRF cells after infection
with Ad-p53 (Fig. 5, bottom). These results demonstrate that
vIRF suppresses the level of serine phosphorylation of p53.

vIRF suppresses the acetylation of p53. Besides phosphor-
ylation, p53 is also acetylated at multiple lysine residues at its
carboxyl terminus by the cellular transcriptional coactivator
p300/CBP and PCAF and this modification has also been
shown to increase its DNA binding and transcription activities
(28, 37). To further investigate the effect of vIRF interaction
on the modification of p53, we examined the level of p53
acetylation in the presence of vIRF expression. At 48 h after
infection with Ad-p53 and Ad-vIRF, Saos-2 cell lysates were
used for immunoprecipitations with an anti-pan-p53, anti-
p53(Ac320), or anti-p53(Ac373) antibody. The anti-p53(Ac320)
antibody specifically reacts with the acetylated form of p53 at
lysine residue 320, and the anti-p53(Ac373) antibody specifi-
cally reacts with the acetylated form of p53 at lysine residue
373. The amount of p53 protein after immunoprecipitation was
assessed by immunoblotting with an anti-pan-p53 antibody that
reacted with all forms of p53. While p53 was expressed at
equivalent levels in Ad-p53-infected and Ad-p53/Ad-vIRF

coinfected Saos-2 cells (Fig. 6A, first two lanes), the levels of
acetylation at both lysine residue 320 and lysine residue 373 of
p53 were significantly reduced in Saos-2 cells with vIRF ex-
pression compared to Saos-2 cells without vIRF expression
(Fig. 6A, last four lanes). This result was further confirmed by
immunofluorescence tests using the same antibodies (Fig. 6B).
These results demonstrate that vIRF expression leads to hy-
poacetylation of the p53 protein.

Downregulation of p53-mediated transcriptional activation
by vIRF. p53 is a transcriptional activator that binds to se-
quence-specific binding sites at the promoter region of numer-
ous cellular genes and activates their transcription (10, 42). To
determine the effect of vIRF expression on p53-mediated tran-
scriptional activation, a PG13-luciferase reporter that contains
a synthetic promoter of 13 tandem copies of an endogenous
p53 DNA binding site (11) was transfected into p53-null Saos-2
cells together with p53 and/or vIRF expression vectors. While
p53 dramatically induced PG13 promoter activity, vIRF ex-
pression significantly inhibited p53-mediated activation of
PG13 promoter activity, and this inhibition was dependent on
the dose of vIRF (Fig. 7A).

One of the well-characterized cellular targets of p53-medi-
ated transcriptional activation is the cyclin-dependent kinase
inhibitor p21 gene (11). p53 binds to the sequence-specific
binding sites in the promoter region of p21, leading to a drastic
increase of p21 transcription (11). To examine the effect of
vIRF expression on p21 promoter activity, Saos-2 cells were
transfected with a p21 promoter CAT reporter construct to-
gether with p53 and vIRF expression constructs. p21 promoter
activity was dramatically activated by p53 expression, whereas
this activation was almost abolished by vIRF expression (Fig.
7B). These results demonstrate that vIRF expression strongly
inhibits p53-mediated transcriptional activation.

Inhibition of p53-mediated upregulation of p21 and Bax
protein by vIRF. Cell cycle inhibitor p21 and proapoptotic Bax
have been identified as targets for p53-mediated transcrip-
tional activation (11, 32). To further demonstrate an effect of
vIRF on p53-mediated transcriptional activation, we examined
the level of p21 and Bax protein in the presence and absence
of vIRF expression. Lysates of p53 null Saos-2 cells were col-
lected at different time points after infection with a mixture of
Ad-p53 plus Ad-GFP or Ad-p53 plus Ad-vIRF and immuno-
blotted with anti-p21 and anti-Bax antibodies. An increase of
p21 protein in Saos-2 cells infected with recombinant Ad-p53
plus Ad-GFP was detected 16 h postinfection, further en-
hanced 24 h postinfection, and prolonged until 32 h postinfec-
tion (Fig. 8). In contrast, p21 protein in Saos-2 cells coinfected
with Ad-p53 plus Ad-vIRF was not detected until 24 h postin-
fection (Fig. 8). In addition, the level of p21 protein was sig-
nificantly lower in Saos-2 cells coinfected with Ad-p53 plus
Ad-vIRF than in Saos-2 cells infected with Ad-p53 plus Ad-
GFP (Fig. 8). Bax protein was expressed at a low but detectable
level in Saos-2 cells before infection with recombinant adeno-
viruses and was induced at an appreciable level after infection
with Ad-p53 plus Ad-GFP (Fig. 8). However, the increase of
Bax protein by p53 expression was almost abolished by vIRF
expression (Fig. 8). Similar levels of p53 were expressed in the
presence and absence of vIRF expression (Fig. 9). These re-
sults further demonstrate that vIRF suppresses p53-mediated
upregulation of p21 and Bax expression.

FIG. 5. Suppression of in vivo p53 phosphorylation by vIRF expres-
sion. Identical amounts of proteins from Saos-2 cells (lane 1) and
Saos-2/vIRF (lane 2) cells were used for Western blot analysis with
antibodies specific for p53 phosphorylated at serine residue 15 (top)
and at serine residue 392 (middle). Western blot assay of whole-cell
lysate with horseradish peroxidase-conjugated anti-pan-p53 antibody
showed equivalent expression of p53 in both cells (bottom). Sizes are
indicated in kilodaltons.
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FIG. 6. Suppression of in vivo p53 acetylation by vIRF expression. (A) Western blot assay of in vivo p53 acetylation. Saos-2 cells were infected
with recombinant Ad-p53 and/or Ad-vIRF as indicated at the top. At 48 h postinfection, cell lysates were used for immunoprecipitation (IP) with
anti-p53, anti-p53(Ac320), and anti-p53(Ac373) antibodies, followed by Western blot (WB) analysis with the horseradish peroxidase-conjugated
anti-pan-p53 antibody. The data were reproduced in two independent experiments. (B) Immunofluorescence test of in vivo p53 acetylation. The
Saos-2 cells described above were stained with anti-p53(Ac320) and anti-p53(Ac373) antibodies. Cells were visualized with Nomarski optics.
Equivalent levels of p53 were detected in both cells with an anti-p53 antibody (see above). The immunofluorescence test was performed with a
Leica confocal immunofluorescence microscope.
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Inhibition of p53-mediated apoptosis by vIRF. To examine
the consequences of vIRF inhibition of p53 transcriptional
activation, we examined the effect of vIRF on p53-mediated
apoptosis. p53-null Saos-2 cells were infected with equivalent
titers of recombinant Ad-p53 together with Ad-GFP or Ad-
vIRF. In addition, Ad-p53 (R273H), carrying the p53 R273H
mutant which is not able to induce apoptosis, was included as
a control. At 48 h postinfection, cells were stained with PI and
analyzed by flow cytometry to determine the level of apoptosis.
Expression of wt p53 in Saos-2 cells induced extensive apopto-
sis, as indicated by the subdiploid cell population, whereas
coexpression of vIRF significantly blocked p53-induced apo-
ptosis: 75% apoptosis of Ad-p53- and Ad-GFP-infected Saos-2

cells, versus 32% apoptosis of Ad-p53- and Ad-vIRF-infected
Saos-2 cells (Fig. 9A and B). Interestingly, a large portion of
cells which were protected from p53-mediated apoptosis by
vIRF expression appeared to be accumulated at the G2/M
phase of cell cycle (Fig. 9B). In addition, infection of Saos-2
cells with Ad-GFP, Ad-p53 (R273H), or Ad-vIRF did not
induce apoptosis under the same conditions (Fig. 9C to F).
These results demonstrate that vIRF expression significantly
blocks p53-mediated apoptosis.

The p53 tumor suppressor transmits signals arising from
various forms of cellular stresses, including growth factor de-
pletion, to induce apoptosis (42). We have previously shown
that expression of vIRF in rodent NIH 3T3 fibroblasts and
human HS27 fibroblasts induces transformation, resulting in
morphological change and/or focus formation (25, 26). These
cells were used to further examine effects of vIRF on apoptosis
induced by growth factor depletion. NIH 3T3, NIH 3T3-vIRF,
HS27, and HS27-vIRF cells were incubated in medium con-
taining 0.5% serum condition for 48 and 72 h, stained with PI,
and analyzed by flow cytometry. These experiments showed
that vIRF expression markedly protected these cells from
growth factor depletion-induced apoptosis: 73% of NIH 3T3
cells underwent apoptosis after 72 h of serum starvation,
whereas 13% of NIH 3T3-vIRF cells underwent apoptosis;
55% of HS27 cells underwent apoptosis after 72 h of serum
starvation, whereas 18% of HS27-vIRF cells underwent apo-
ptosis (Fig. 10). These results further indicate that vIRF ex-
pression markedly inhibits p53-mediated apoptosis.

DISCUSSION

The irreversible cell cycle arrest and apoptosis induced by
p53 are considered part of host surveillance mechanisms for
viral infection and tumor induction (2, 3, 9, 34). In this study,

FIG. 7. Inhibition of p53 transcriptional activation by vIRF. (A)
Inhibition of p53-mediated activation of PG13 promoter activity by
vIRF. PG13-luciferase (0.25 mg) and pGKbgal (0.25 mg) reporter
plasmids were transfected into p53-null Saos-2 cells together with 0.25
mg of p53 expression vector and different amounts of vIRF expression
vector as indicated at the bottom. Luciferase activity was measured
48 h posttransfection, and luciferase values were normalized by b-ga-
lactosidase activity. Luciferase activity is represented as the average of
three independent experiments. (B) Inhibition of p53-mediated acti-
vation of p21 promoter activity by vIRF. p21-CAT (0.25 mg) and
pGKbgal (0.25 mg) reporter plasmids were transfected into p53-null
Saos-2 cells together with 0.5 mg of p53 expression vector and 1 mg of
vIRF expression vector as indicated at the bottom. CAT activity was
measured 48 h posttransfection by a Fuji phosphoimager, and values
were normalized by b-galactosidase activity. CAT activity is repre-
sented as the average of two independent experiments.

FIG. 8. Inhibition of p53-mediated upregulation of p21 and Bax
protein by vIRF. Lysates of p53-null Saos-2 cells were collected at
different time points after infection with a mixture of Ad-p53 plus
Ad-GFP or Ad-p53 plus Ad-vIRF as indicated at the top and subject
to Western blotting with anti-p21, anti-Bax, anti-p53, and anti-Flag
(vIRF) antibodies, as indicated at the right. Equivalent titers of re-
combinant adenoviruses were used for infection.
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we demonstrate that KSHV vIRF interacts with the cellular
p53 tumor suppressor and that this interaction inhibits modi-
fication and transcriptional activation of p53. As a conse-
quence, vIRF expression significantly inhibits p53-mediated
apoptosis. These results indicate that an inhibition of p53 func-
tion by KSHV vIRF is likely important to maintain persistent
infection and develop virus-associated malignancies.

p53 consists of five distinct domains that serve different
functions: amino-terminal transactivation domain, growth sup-
pression SH3B domain, central core DNA binding domain,
tetramerization domain, and carboxyl basic domain (34, 42).
SV40 large T antigen binds to the core DNA binding domain
(22, 27), adenovirus E1B binds to the amino-terminal transac-
tivation domain (8, 20, 44), and HPV E6 binds to both the core
DNA binding and carboxyl-terminal basic region (16, 38, 43).
Like HPV E6, KSHV vIRF targets multiple regions of p53,
including the growth suppression SH3B domain, the central
core DNA binding domain, and the tetramerization domain.
However, unlike HPV E6, which alters p53 protein stability
(39), vIRF does not appear to alter its stability. Thus, KSHV
vIRF targets p53 tumor suppressor similarly but not identically
to other viral oncoproteins. In addition, our preliminary study
indicates that BCBL-1 and BC-1 cells contain the wt p53 amino
acid sequence, indicating that p53 in KSHV-infected cells can
function to carry out cell growth control (unpublished results).

Upon transmission of stress signals, the rapid activation of
p53 is often achieved through modifications, including phos-
phorylation and acetylation (34, 42). Various stress-activated
kinases phosphorylate p53 at multiple serine sites. DNA-de-
pendent protein kinase and ATM phosphorylate serine residue
15 (1, 23), and casein kinase II phosphorylates serine residue
392; these phosphorylations enhance p53 activities (31). Many

tumor viruses have been shown to alter the level of p53 mod-
ifications, which is part of their defense against host growth
surveillance (19, 34, 42). We demonstrate that KSHV vIRF
also significantly suppresses the level of serine phosphorylation
at amino acids 15 and 392 of p53. Such aberrant levels of p53
phosphorylation are likely associated with the cell growth
transformation induced by vIRF.

Recent studies have also shown that p53 is acetylated at
multiple lysine residues in the carboxyl region by p300/CBP
and PCAF and that this acetylation increases its DNA binding
affinity and transcriptional activation (28, 37). p300/CBP and
PCAF exhibit specificity toward different lysine residues of
p53; lysine 320 is the preferential target for PCAF, whereas
lysine 373 is the target for p300/CBP but not for PCAF (28,
37). Adenovirus has been shown to alter the level of p53
acetylation at two different levels: E1B interacts with p53 and
inhibits its acetylation induced by PCAF (29); E1A interacts
with p300/CBP and PCAF and represses their acetylation ac-
tivity toward p53 (30). Previously, we have also shown that
vIRF interacts with cellular p300 HAT protein and that this
interaction not only inhibits p300 HAT activity but also dis-
places PCAF from p300 complexes (25). Thus, similar to ad-
enovirus E1A and E1B, KSHV vIRF affects p53 acetylation at
multiple levels: the interaction of p53, the inhibition of p300
acetylation activity, and the displacement of PCAF from p300.
These results raise several issues. Does vIRF directly interact
with p53, or do other cellular proteins, such as p300, bridge
these two protein? Is the reduced level of p53 acetylation due
to an inhibition of p300 HAT activity by vIRF or by physical
hindrance by vIRF interaction? Future studies should be di-
rected to answering these questions.

p53 is a transcriptional activator that binds to sequence-

FIG. 9. Inhibition of p53-mediated apoptosis by vIRF. Exponentially growing Saos-2 cells were infected with equivalent titers of recombinant
adenoviruses as indicated. At 48 h postinfection, cells were stained for the chromosomal DNA with PI and analyzed on a FACScan flow cytometer.
Numbers inside boxes indicate percentages of cells in the subdiploid phase of cell cycle, representing apoptotic cells. Results are representative
of three individual experiments.
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specific binding sites in the promoter regions of numerous
cellular genes and activates their transcription (10, 42). In
addition, phosphorylation and acetylation have been shown to
activate p53-mediated transcriptional activation, which leads
ultimately to apoptosis or the inhibition of cell division (19). In
this report, we demonstrate that vIRF interacts with p53 and
that this interaction suppresses its modification and transcrip-
tional activation, resulting in an inhibition of p53-mediated
apoptosis. Our studies suggest that vIRF contributes to KSHV-
associated pathogenesis at two different levels: inhibition of the
p53 tumor suppressor, which is likely involved in facilitating
cell growth transformation, and alteration of p300 cotranscrip-
tional factor activity, which is likely involved in deregulating
host IFN-mediated anti-viral activity. Our studies also eluci-
date how a virus-captured cellular gene has evolved to circum-
vent host immune surveillance and cell growth control mech-
anisms to achieve persistent infection and pathogenesis.
Finally, the continuously growing list of viral proteins which
apparently interact and interfere with p53 tumor suppressor
further emphasizes that p53 is an important cellular regulator
to control viral infection and tumor induction.
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