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The Epstein-Barr virus (EBV) immediate-early protein BZLF1 is a transcriptional activator that mediates
the switch between the latent and the lytic forms of EBV infection. It was previously reported that BZLF1
inhibits p53 transcriptional function in reporter gene assays. Here we further examined the effects of BZLF1
on p53 function by using a BZLF1-expressing adenovirus vector (AdBZLF1). Infection of cells with the
AdBZLF1 vector increased the level of cellular p53 but prevented the induction of p53-dependent cellular
target genes, such as p21 and MDM2. BZLF1-expressing cells had increased p53-specific DNA binding activity
in electrophoretic mobility shift assays, increased p53 phosphorylation at multiple residues (including serines
6,9, 15, 33, 46, 315, and 392), and increased acetylation at lysine 320 and lysine 382. Thus, the inhibitory effects
of BZLF1 on p53 transcriptional function cannot be explained by its effects on p53 phosphorylation, acetyla-
tion, or DNA binding activity. BZLF1 substantially reduced the level of cellular TATA binding protein (TBP)
in both normal human fibroblasts and A549 cells, and the inhibitory effects of BZLF1 on p53 transcriptional
function could be partially rescued by the overexpression of TBP. Thus, BZLF1 has numerous effects on p53
posttranslational modification but may inhibit p53 transcriptional function in part through an indirect

mechanism involving the suppression of TBP expression.

The p53 gene encodes a multifunctional protein that partic-
ipates in cell cycle control, programmed cell death, genomic
stability, and DNA replication, transcription, and repair (42,
53, 54, 71). Under normal conditions, p53 is maintained at low
levels by ubiquitin-dependent degradation, but in response to
stresses, such as genotoxic insults, viral infection, nucleotide
depletion, hypoxia, and oncogenic activation, pS3 is modified.
These alterations then contribute to p53 stabilization and stim-
ulate the accumulation of p53 in the nucleus, where it acts as
a transcriptional factor (5, 71). Posttranscriptional modifica-
tions to the p53 protein, which include phosphorylation, acet-
ylation, and sumoylation, also play a role in the activation of
p53 as a transcriptional factor (6). p53 binds DNA in a se-
quence-specific manner and regulates its many downstream
gene targets both positively and negatively (34, 70). Transcrip-
tional activation by p53 is mediated through an acidic domain
at the N terminus that binds directly to the TATA binding
protein (TBP) and to TBP-associated factors (44, 57, 62, 80).

DNA tumor viruses interfere with p53 function through mul-
tiple different mechanisms. The papillomavirus E6 protein in-
teracts directly with p53 and promotes its degradation (8, 79).
The simian virus 40 large T antigen interacts directly with p53
and prevents its binding to DNA (9, 92). The hepatitis B virus
X protein inhibits the nuclear translocation of p53 (84). The
adenovirus E1A protein and the papillomavirus E7 protein
repress p53 transactivation by binding to and apparently se-
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questering limiting quantities of cellular TBP (65, 78). Adeno-
virus E1A also competes with p53 for limiting quantities of the
acetyltransferase p300 (78). The adenovirus E1B 55-kDa pro-
tein interacts directly with p53 and inhibits its acetylation. (64,
66, 90). Thus, the inhibition of p53 function clearly is advan-
tageous for the replication of many viruses, and numerous and
diverse strategies have been developed to inhibit pS3 function.

Epstein-Barr virus (EBV) is a human herpesvirus associated
with a number of different malignancies. EBV predominantly
infects B lymphocytes, where it exists in a latent state, express-
ing only a small subset of viral genes (51, 72). The EBV Iytic
program is initiated by the expression of the viral immediate-
early (IE) protein BZLF1 (15, 16, 74, 83). The BZLF1 protein
is a DNA binding, b-zip transcriptional factor which binds to
AP-1-like sequences present in the promoters of early lytic
genes (13, 25, 28, 29, 41, 49, 55, 88). The BZLF1-induced
cascade of viral gene expression eventually results in viral
DNA replication and virion production (26, 27, 51, 72).

As is the case for the smaller DNA viruses, members of the
herpesvirus family have also been found to manipulate p53 for
their own purposes. For example, the cytomegalovirus IE2
protein (11, 82, 85, 87), the Kaposi’s sarcoma-associated her-
pesvirus open reading frame (ORF) K8 protein (67), and the
human herpesvirus 6 ORF 1 protein (20) all stabilize p53, thus
increasing overall levels of p53 protein but inhibiting its trans-
activation ability. The latency-associated nuclear antigen of
Kaposi’s sarcoma-associated herpesvirus and latent membrane
protein 1 of EBV also interfere with p53 function (30, 31).
However, in comparison to the effects of the smaller DNA
viruses, considerably less is known regarding the various mech-
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anisms by which herpesviruses inhibit the transcriptional func-
tion of p53.

Zhang et al. reported that the EBV IE protein BZLF1
directly binds p53 and inhibits its ability to activate a reporter
construct containing p53 binding motifs (95). However, the
effects of BZLF1 on p53 function remain somewhat contro-
versial. While other researchers similarly found that BZLF1
increases the level of cellular p53, these groups reported that
this effect is accompanied by increased, rather than decreased,
p53 transcriptional function (12, 14, 21). The reason for these
different results is not clear but could reflect cell type-depen-
dent effects of BZLF1 on p53 function. BZLF1 induces cell
growth arrest in certain cell types, and this effect is associated
with increased expression of the cyclin-dependent kinase in-
hibitors p21 and p27 (12, 73). Although p53 activates p21
expression, inhibition of cell cycle progression by BZLF1 has
been shown to be independent of p53 (73).

In this report, we further examined the effects of BZLF1 on
pS3. Using an adenovirus vector to express BZLF1, we dem-
onstrated that BZLF1 expression resulted in an increased p53
level in A549 cells. Although BZLF1 expression induced many
posttranslational modifications of p53 that would be antici-
pated to increase p53 transcriptional function, including phos-
phorylation at seven different sites and acetylation at two sites,
we found that p53 transcriptional function was nevertheless
inhibited by BZLF1 in A549, U-2 OS, and normal human
fibroblast cells. BZLF1 also enhanced p53-specific DNA bind-
ing. However, we showed that BZLF1 significantly reduced
the levels of TBP in both normal human fibroblast and A549
cells and that the inhibitory effects of BZLF1 on p53 function
were partially overcome by the overexpression of TBP. Thus,
BZLF1 expression in cells induces both potentially activating
and inhibitory effects on p53 function. We speculate that in
certain cell types, the activating effects of BZLF1 on p53 func-
tion may predominate, thus explaining the apparently contra-
dictory results in the previous literature.

MATERIALS AND METHODS

Cell cultures. Normal human fibroblasts (NHF5-neo or NHF) were derived
from neonatal foreskin. NHF were maintained in Eagle’s minimal essential
medium supplemented with 10% fetal bovine serum (FBS) and nonessential
amino acids. A549 cells (ATCC CCL-185), derived from a human lung carci-
noma which expresses wild-type p53, were maintained in Dulbecco’s modified
essential medium supplemented with 10% FBS. U-2 OS (ATCC HTB-96), a
human osteosarcoma cell line which expresses wild-type 53, was maintained in
McCoy’s 5a medium with 15% FBS. The AGS-EBV cell line (a generous gift
from Lindsey Hutt-Fletcher) was obtained by G418 selection of AGS cells (gas-
tric carcinoma cells) that were infected with recombinant Akata virus in which a
neomycin resistance cassette had been inserted into the nonessential BDLF3
ORF. The AGS-EBV cell line was maintained in Ham’s F12 medium supple-
mented with 10% FBS. All media contained penicillin (100 U/ml) and strepto-
mycin (100 pg/ml). The cells were maintained at 37°C in a humidified atmo-
sphere containing 5% CO,.

Adenovirus vectors and infections. An E1- and E3-deficient adenovirus type 5
vector expressing EBV IE protein BZLF1 ¢cDNA (under the control of a cyto-
megalovirus promoter) was made by using the recombinant Cre-Lox-mediated
recombination system as previously described (AdBZLF1) (91). The control
adenovirus vector (AdLacZ) is identical to AJBZLF1, except that it contains the
bacterial B-galactosidase gene in place of BZLF1 cDNA. An El1- and E3-defi-
cient adenovirus type 5 vector expressing wild-type p53 also was used (a generous
gift from Wendell Yarbrough, University of North Carolina, Chapel Hill).

NHF were plated at a cell density of 107 per 150-mm plates. Cells were
infected with no adenovirus (mock infected), AdLacZ, or AJBZLF1 at a mul-
tiplicity of infection (MOI) of 250. A549 and U-2 OS cells were plated at a cell
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density of 2 X 10° per 150-mm plate and infected at an MOI of 50 as described
above. Cells were harvested 24 to 72 h postinfection.

Cellular irradiation. A549 cells were infected (or mock infected) with adeno-
virus vectors 24 to 48 h before gamma irradiation. Cells were irradiated with 8 Gy
of gamma radiation and then harvested at 1 and 6 h after gamma irradiation to
examine the levels of p53 and p21 proteins, respectively. For examination of p53
acetylation, Trichostatin A (Sigma) was added at a final concentration of 5 pM
immediately after gamma irradiation. N-acetylleucylleucylnorleucinal (ALLN), a
proteosome inhibitor, also was used as a control in acetylation experiments (75)

Immunoblotting. Whole-cell extracts were harvested as previously described
(1). A total of 50 to 100 wg of protein was separated by polyacrylamide gel
electrophoresis and blotted onto nitrocellulose membranes. The membranes
were incubated first in blocking buffer (phosphate-buffered saline, 0.1% Tween
20, 5% milk) at room temperature for 60 min and then with primary antibody in
blocking buffer for 60 min. Primary antibodies included anti-p53 mouse mono-
clonal antibody (1:500; DO-1 [Santa Cruz]), anti-p21 rabbit polyclonal antibody
(1:500; C-19 [Santa Cruz]), anti-MDM2 mouse monoclonal antibody (1:500;
SMP14 [Santa Cruz]), anti-TBP mouse monoclonal antibody (1:500; 58C9 [Santa
Cruz]), and anti-BZLF1 mouse monoclonal antibody (1:200; AZ-69 [Argene]).
The membranes were incubated in wash buffer (phosphate-buffered saline, 0.1%
Tween 20) and then with horseradish peroxidase-conjugated secondary antibody
(1:10,000; Promega) at room temperature for 60 min. The membranes were
further washed, and proteins were detected by enhanced chemiluminescence
(Amersham).

EMSA. Whole-cell extracts were prepared from A549 cells approximately 48 h
after adenovirus infection as previously described (4). The p53 electrophoretic
mobility shift assay (EMSA) was performed as previously described (17). The
radiolabeled double-stranded p53 oligonucleotide probe (5'-GATCCCGGCAT
GTCCGGGCATGTCCGGGCATGT-3") contains two tandem repeats of the
nearly palindromic sequence GGCATGTCC, known to be bound by p53 with a
high affinity. Ten micrograms of extract was added to a mixture containing 4 .l
of 5X binding buffer (50 mM Tris-Cl [pH 8], 0.5 mM zinc acetate, 5 mM
dithithreitol, 25% glycerol). Specific (p53) and nonspecific (AP-1) cold compet-
itor DNAs were added to some reactions (200-fold excess) for 15 min prior to the
addition of the oligonucleotide probe master mixture [2 X 10° cpm and 1 pg of
poly(dI-dC)-poly(dI-dC)]. To enhance p53-DNA complex formation, 100 ng of
affinity-purified Pab421 (p53; Ab-1 [Oncogene]) was added to the binding reac-
tions (36). The total reaction volume was 20 pl. After the addition of the probe,
the reaction mixtures were incubated at room temperature for 30 min and
subsequently were electrophoresed at 4°C on a 6% nondenaturing polyacryl-
amide gel in 0.5X Tris-borate-EDTA (45 mM Tris-borate, 1 mM EDTA) at 400
V. Complexes were visualized by autoradiography.

Phosphorylation- and acetylation-specific p53 antibodies. Rabbit polyclonal
antibodies specific for p53 phosphorylated at Ser6, Ser9, Serl5, or Ser33 or
acetylated at Lys320 or Lys382 have been described elsewhere (40, 46, 75, 76). A
similar approach was used to generate antibodies specific for p53 phosphory-
lated at Ser46, Ser315, or Ser392. Briefly, the PAbSer(P)46, PAbSer(P)315, and
PAbSer392 antibodies were raised against the human p53 sequences Ac-41-51
(46P)C [i.e., Ac-Asp-Asp-Leu-Met-Leu-Ser(P)-Pro-Asp-Asp-Ile-Glu-Cys-NH,],
Ac-310-321(315P)C [i.e., Ac-Asn-Asn-Thr-Ser-Ser-Ser(P)-Pro-Gln-Pro-Lys-Lys-
Lys-Cys-NH,], and Ac-C-385-393(392P) [i.e., Ac-Cys-Phe-Lys-Thr-Glu-Gly-
Pro-Asp-Ser(P)-Asp-NH,], respectively, coupled to keyhole limpet hemocyanin.
Phosphorylation-specific antibodies were affinity purified from the resulting se-
rum by use of each phosphorylated peptide coupled with Sulfolink (Pierce). The
purified antibodies were then passed through a column coupled with the respec-
tive unphosphorylated peptide to deplete antibodies that reacted with unphos-
phorylated p53. The specificity of each antibody was confirmed by enzyme-linked
immunosorbent and immunoblot assays.

Immunoprecipitation and immunoblotting for phosphorylated and acetylated
p53. Cells were solubilized in ice-cold lysis buffer (50 mM Tris-HCI [pH 7.5], 5
mM EDTA, 150 mM NaCl, 1% Triton X-100, 50 mM NaF, 10 mM sodium
pyrophosphate, 25 mM B-glycerophosphate, 1 mM sodium orthovanadate, 1 mM
sodium molybdate, 10 g of aprotinin/ml, 10 pg of leupeptin/ml, 5 pg of pep-
statin/ml, 0.5 mM phenylmethylsulfonyl fluoride). Immunoprecipitation and
Western blotting were performed as described previously (40, 76).

Reverse transcription and DNA amplification. Total RNA was isolated from
NHF by using an RNeasy minikit (Qiagen) according to the manufacturer’s
instructions. The synthesis of single-stranded cDNA from total cellular RNA was
carried out by using a reverse transcription system (Promega). One microgram of
total cellular RNA was placed at 70°C for 10 min and then placed on ice. Avian
myeloblastosis virus reverse transcriptase (RT), random primers, deoxynucleo-
side triphosphates, RT buffer, MgCl, and recombinant RNasin RNase inhibitor
were added according to the manufacturer’s instructions, and the reaction mix-



VoL. 76, 2002

ture was incubated at room temperature for 10 min and then at 42°C for 1 h. The
samples were heated to 99°C for 5 min and then placed on ice for 5 min to
inactivate the avian myeloblastosis virus RT.

The primers used for PCR were as follows: human TBP-specific sequences
were amplified by using sense-strand primer 1, 5'-GCTGCAGCCGTTCAGCA
GTC-3' (residues 295 to 314), and antisense-strand primer 2, 5'-GCTCTGACT
TTAGCACCTGT-3' (residues 937 to 956), to give a 662-bp product. B,-Micro-
globulin-specific sequences were amplified by using sense-strand primer 1, 5'-T
TCTGGCCTGGAGGGCATCC-3' (residues 925 to 946) (exon 1), and antisense
strand primer 2, 5'-ATCTTCAAACCTCCATGATG-3’ (residues 2244 to 2263)
(exon 3).

For PCR, 5 ul of the RT reaction mixture was added to a final volume of 50
wl containing PCR buffer (10 mM Tris-HCI [pH 9.0 at 25°C], 50 mM KCl, 0.1%
Triton X-100), 2.5 mM MgCl, 0.2 mM deoxynucleoside triphosphates, sequence-
specific primers (each at a concentration of 5 uM), and 2.5 U of thermostable
Taq DNA polymerase (Promega). Amplification was carried out with a Perkin-
Elmer DNA thermal cycler 480 with an initial denaturing step at 95°C for 10 min,
followed by 50 cycles of annealing at 56°C for 1 min, extension at 72°C for 1 min,
and denaturing at 95°C for 1 min. PCR products were examined on a 2% agarose
gel stained with ethidium bromide.

CAT assay and plasmids. Construction of the BZLF-1 (pCMV-Z), p53 (pC53-
SN3; a generous gift from Bert Vogelstein), and TBP (LTReTBP; a generous gift
from Deborah Johnson) expression plasmids has been described elsewhere (7,
10, 95). The p53 reporter construct, pG13-CAT (a generous gift from Bert
Vogelstein), contains 13 copies of the consensus p53 binding site upstream of the
polyomavirus early promoter linked to the chloramphenical acetyltransferase
(CAT) gene (50). Plasmid DNA was purified with a Qiagen maxikit as specified
by the manufacturer. DNA was transfected by electroporation with 11 g of
DNA and approximately 7.5 X 10° cells per condition. The cells were shocked at
1,500 V with a Zapper electroporation unit (Medical Electronics Shop, Univer-
sity of Wisconsin, Madison). A549 cells were trypsinized and resuspended in
RPMI medium with 10% FBS prior to electroporation. Protein extracts were
harvested 72 h after transfection. CAT assays were performed as previously
described (33). Briefly, 65 .l of whole-cell extract was incubated with ['*C]chlor-
amphenicol in the presence of acetyl coenzyme A at 37°C for 2 h. The percent
acetylation of chloramphenicol was quantitated by thin-layer chromatography
followed by analysis with a phosphorimager screen.

Fluorescence-activated cell sorting analysis. The level of cellular BZLF1 ex-
pression was determined by fixing cells in 60% acetone and incubating them with
anti-BZLF1 antibody (1:100; Argene) and then with fluorescein isothiocyanate-
conjugated anti-mouse antibody (1:100; Sigma).

RESULTS

BZLF1 inhibits p21 induction in gamma-irradiated cells.
One of the best-characterized targets of p53 transcriptional
function is p21 (23). The p21 gene encodes a cyclin-dependent
kinase inhibitor that stops cell cycle progression in G, by bind-
ing to G, cyclin-dependent kinases (Cdk2, Cdk3, Cdk4, and
Cdk6) (37). Cayrol and Flemington previously reported that
BZLF1 induces a G, cell cycle block by activating p21 expres-
sion (12).

To determine whether BZLF1 expression at a physiologic
level alters the transcriptional function of endogenous p53, we
examined its effects in gamma-irradiated A549 cells by using
adenovirus vectors; gamma irradiation of cells activates p53
transcriptional function through multiple mechanisms (32, 47).
The level of BZLF1 expression in A549 cells infected with the
AdBZLF1 vector at an MOI of 50 was similar to that in the
lytically infected population of AGS gastric carcinoma cells
infected with the intact EBV genome (Fig. 1A). As shown in
Fig. 1B, when A549 cells were infected with the AdLacZ or
AdBZLF1 vector 48 h prior to treatment of the cells with
gamma irradiation, BZLF1 expression significantly increased
the level of endogenous p53 expression and slightly increased
the level of p21 expression in untreated cells but prevented the
induction of p21 expression that normally occurs following
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gamma irradiation. Similar results were observed in normal
human fibroblasts (data not shown). Thus, BZLF1 inhibited
the ability of endogenous p53 to transcriptionally activate the
p21 gene following gamma irradiation.

BZLF1 prevents the induction of p21 and MDM2 in U-2 OS
cells overexpressing p53. To determine whether the ability of
BZLF1 to inhibit p53 transcriptional effects is unique to the
p21 gene or affects other p53 target genes as well, U-20S cells
were infected with an adenovirus vector expressing the p53
protein (Adp53), with or without concomitant infection with a
BZLF1 adenovirus vector. As previously observed, the over-
expression of p53 by itself induced p21 expression, while the
expression of BZLF1 and p53 together, while not affecting the
level of adenovirus vector-produced p53, inhibited the ability
of p53 to activate the expression of p21 (Fig. 2). Infection of
cells with the p53 adenovirus vector by itself also induced the
expression of another known p53 target gene, MDM2. The
MDM2 protein negatively regulates pS3 function by inducing
its degradation and preventing its interaction with TBP (38, 43,
52, 86). As was the case for p21, coinfection of cells with both
the p53 and the BZLF1 adenovirus vectors also inhibited the
ability of p53 to induce MDM2 expression. Thus, BZLF1 in-
hibition of p53 transcriptional function is not limited to the p21
target gene.

BZLF1 does not inhibit p53-specific DNA binding in A549
cells. To further define the mechanism(s) by which BZLF1
inhibits p53 transcriptional function, we examined its effects on
p53-specific DNA binding. A549 cells were infected with the
control adenovirus vector (AdLacZ), AdBZLF1, or Adp53,
and the amount of p53 binding activity in cell extracts was
quantitated by an EMSA with a radiolabeled oligonucleotide
probe containing two copies of a high-affinity p5S3 binding mo-
tif. The Pab421 antibody, which has been shown to dramati-
cally enhance p53-specific DNA binding in EMSAs (36), was
added to identify the p53 binding complex.

As shown in Fig. 3, extracts from A549 cells infected with the
AdBZLF1 vector had much more p53-specific DNA binding
activity than those from cells infected with the AdLacZ vector.
Cells infected with the Adp53 vector, as expected, had massive
quantities of p53-specific DNA binding activity. In a separate
experiment, the level of p53-specific DNA binding activity in
AdBZLFl-infected A549 cells (without gamma irradiation)
was similar to that observed in gamma-irradiated A549 cells
(data not shown). These results indicate that BZLF1 actually
enhances the amount of cellular p53-specific DNA binding and
thus clearly does not interfere with p53 transcriptional function
by inhibiting p53-specific DNA binding.

BZLF1 expression is associated with enhanced phosphory-
lation at multiple serine residues. The transcriptional function
of p53 is enhanced by phosphorylation. The amino terminus of
p53, which contains the transcriptional regulatory domain, has
eight known phosphorylation sites (serines 6, 9, 15, 20, 33, 37,
and 46 and threonine 18) (5). The carboxyl terminus contains
the nuclear import and export signals, the tetramerization do-
main, a non-sequence-specific DNA binding domain, and four
phosphorylation sites (serines 315, 376, 378, and 392).

By using antibodies that recognize specific sites when phos-
phorylated, we examined the effects of BZLF1 on p53 phos-
phorylation in A549 cells. Treatment of cells with gamma ir-
radiation served as a positive control for p53 phosphorylation
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FIG. 1. BZLF1 inhibits the induction of p21 in gamma-irradiated cells. A549 cell cultures were mock infected or infected with adenovirus
vectors (MOI, 50) expressing the LacZ and BZLF1 genes. (A) The level of cellular BZLF1 expression was determined by fluorescence-activated
cell sorting analysis of A549 cells infected with the adenovirus vectors and EBV-positive gastric carcinoma cells (AGS-EBV), of which approxi-
mately 5% express BZLF1. (B) At 48 h after adenovirus infection, A549 cells were treated with 8 Gy of gamma radiation (IR). Cells were harvested
for immunoblot analysis at 1 h after gamma irradiation to quantitate the level of cellular p53 and at 6 h after gamma irradiation to quantitate p21
and B-actin levels. (C) The results of two separate experiments were quantitated to show the effects of BZLF1 on p53 and p21 expression in A549
cells in the presence and absence of gamma irradiation. The average and the range are shown; the level of p21 or p53 expression in mock-infected

cells in the absence of gamma irradiation was set at 1.

in these experiments. As shown in Fig. 4, both BZLF1 expres-
sion and gamma irradiation increased the level of total p53 in
A549 cells; both also increased the level of p5S3 phosphoryla-
tion at a number of different sites. Most notably, the phosphor-
ylation of p53 serine 15, which is phosphorylated by the ATM
and ATR kinases in vivo and which is important for efficient
p53 transcriptional function (6), was dramatically enhanced in
cells expressing BZLF1 as well as in gamma-irradiated cells.
Likewise, BZLF1 expression in A549 cells also induced the
phosphorylation of p53 at serine 33 and serine 46, which also
are thought to be involved in the activation of p53 transcrip-
tional function (5, 6). BZLF1 also increased phosphorylation
at several other serines in p53 for which the functional effects

of phosphorylation are unclear, including serine 6, serine 9,
serine 315, and serine 392 (5, 6). These results indicate that the
ability of BZLF1 to reduce p53 transcriptional function cannot
be attributed to decreased phosphorylation of p53 in the pres-
ence of BZLFI.

BZLF1 expression increases p53 acetylation. Acetylation of
the carboxyl terminus of p53 at lysine 320 and lysine 382
enhances p53 transcriptional function (6). BZLF1 interacts
directly with the CREB binding protein (CBP), an acetyltrans-
ferase (2, 94), and thus could modulate p53 acetylation. There-
fore, we examined the effects of BZLF1 expression in A549
cells on the levels of p53 acetylation at lysine 320 and lysine 382
by using antibodies that specifically recognize p53 acetylated at
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each lysine (Fig. 5). In the experiment shown, the mock-infect-
ed cells were also treated with a proteosome inhibitor (ALLN)
in an attempt to compensate for the effects of BZLF1 on total
pS3. As expected, gamma irradiation increased the level of
total p53 as well as p53 acetylation at lysine 320 and lysine 382.
However, even in nonirradiated cells, BZLF1 expression dra-
matically increased p53 acetylation, particularly at lysine 382.
Thus, inhibition of p53 acetylation cannot explain the absence
of p53 transcriptional function in the presence of BZLF1.
BZLF1 decreases protein and RNA levels for TBP. To fur-
ther investigate BZLF1 repression of p53 transcriptional func-
tion, we examined the effects of BZLF1 on TBP, since it is
known that p53 must interact directly with TBP to transcrip-
tionally activate promoters (24, 80) and since certain inhibitors
of p53 have been shown to prevent the interaction between p53
and TBP (63, 65, 78). In the course of performing coimmuno-
preciptation experiments with TBP and p53 in the presence
and absence of BZLF1 (data not shown), we discovered that
BZLF1 expression substantially reduces the level of cellular
TBP. The effects of BZLF1 expression on TBP are shown in
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FIG. 2. BZLF1 inhibits p53 transcriptional function. U-2 OS cells
were mock infected or infected with equal amounts of AdLacZ,
AdBZLF1, Adp53 and AdLacZ, or Adp53 and AdBZLF]1. Cells were
harvested for immunoblot analysis at 48 h postinfection to quantitate
the levels of cellular p53, p21, and MDM2.

Fig. 6. Compared to mock-infected and AdLacZ-infected cells,
AdBZLF1-infected NHF and A549 cells had decreased levels
of TBP, and these effects were not reversed by a proteosome
inhibitor.

We therefore examined the effects of BZLF1 expression on
the level of cellular TBP mRNA. As shown in Fig. 7, BZLF1
decreased the levels of TBP mRNA in NHF in two separate
experiments while having no effect on a control transcript
(B,-microglobulin). Thus, BZLF1 likely decreases the amount
of TBP in cells by decreasing TBP transcription.

Overexpression of TBP partially rescues BZLF1 inhibition
of p53 transactivation. Inhibition of TBP expression in cells
suggests a mechanism by which BZLF1 could repress p53 tran-
scriptional function in spite of also inducing multiple post-
translational modifications of p53. If the inhibition of p53
transcriptional function by BZLF1 were due to the relative
lack of TBP, then we would expect that the overexpression of
TBP would reverse the BZLF1 inhibitory effects. The effects of
TBP overexpression were examined in transient transfection
experiments by using a p53-responsive promoter construct
(pG13-CAT, which contains 13 copies of the p53 binding mo-
tif) in A549 cells. As shown in Fig. 8, a p53 expression vector
by itself activated the expression of the pG13-CAT construct.
BZLF1, while dramatically increasing the level of transfected
pS3, nevertheless decreased the transcriptional function of
p53. TBP by itself did not activate the pG13-CAT construct
and did not enhance the ability of transfected p53 to activate
this construct, implying that the level of endogenous TBP in
cells is sufficient for maximal activation. Most notably, how-
ever, the overexpression of TBP reduced the inhibitory effects

Virus LacZ BZLF1 pS3
221 F + + +1-+ + +1-+ + +1
DNA Competitor = = ps3 AP-1 = = ps3 AP-1= = pS3 AP-1
p53 > o oW
i |

FIG. 3. BZLF1 enhances p53-specific DNA binding activity. A549
cells were infected with adenovirus vectors expressing LacZ, BZLF1,
and p53. Whole-cell extracts were prepared at 48 h postinfection, and
the level of p53-specific DNA binding activity was quantitated by
EMSA analysis as described in Materials and Methods. The Pab421
antibody (421 Ab) has been shown to enhance p53 sequence-specific
DNA binding activity.
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FIG. 4. BZLF1 enhances p53 phosphorylation at multiple serine
residues. A549 cells were either mock infected or infected with Ad-
LacZ or AABZLF1. Some cells were gamma irradiated with 8 Gy. Cells
were harvested at 48 h postinfection (and 1 h postirradiation) for
immunoblot analysis with antibodies recognizing total p53 or antibod-
ies specific for various phosphorylated (P) p53 residues.

of BZLF1 on p53 function while not affecting the levels of p53
or BZLF1. In contrast, the overexpression of CBP, which is
also required for both BZLF1 and p53 transcriptional function
and which is thought to be limiting in cells, did not significantly
affect the inhibitory effects of BZLF1 on p53 function (data not
shown). Therefore, it appears that BZLF1 at least partially
inhibits p53 transcriptional function by reducing the level of
cellular TBP.

DISCUSSION

Virus infection may activate p53-mediated responses, lead-
ing to cell cycle arrest or apoptosis; thus, many viruses encode
proteins that interfere with pS3 function to ensure an optimal
environment for viral replication, either by releasing cells from
cell cycle checkpoints or by protecting cells from p53-depen-
dent apoptosis (23, 89, 93). Virus-encoded proteins that mod-
ulate p53 function include simian virus 40 large T antigen,
adenovirus E1A and E1B, hepatitis B virus X protein, and
human papillomavirus E6 and E7. These interfere with p53
function in a variety of ways. Large T antigen and E1B bind to
p53 and increase its stability but inhibit its function (64, 66).
Human papillomavirus E6, on the other hand, induces the
degradation of p53 in a ubiquitin-dependent manner (66, 79).
Moreover, the hepatitis B virus X protein binds p53 and in-
hibits its translocation to the nucleus (84, 90). Here we show
that an IE protein of EBV, BZLF1, has both potentially acti-
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vating and inhibitory effects on p53. We speculate that the
balance between the activating and the repressive effects of
BZLF1 on p53 function in EBV-infected host cells has a pro-
found impact on the efficiency of viral replication and the fate
of the cells.

Herpesviruses can infect cells in either a latent or a lytic
form. For EBV, the switch between the latent and the lytic
forms of infection is mediated by BZLF1. While the latent type
of infection allows herpesviruses to persist in the host for life,
protected from the immune system, the lytic form of infection
is required for the transmission of these viruses from cell to cell
and from host to host. Inhibition of p53 function appears to be
important for efficient lytic herpesvirus infection, given that a
number of these viruses encode lytic proteins that inhibit p53
function (11, 20, 67, 82, 85, 87). Decreased p53 activity during
lytic herpesvirus infection likely serves to protect the virus
from cellular apoptosis, thereby allowing sufficient time for
virus assembly and release.

Although BZLF1 expression in A549 cells was associated
with decreased p53 transcriptional function, it nonetheless in-
duced a variety of posttranslational p53 modifications that
would normally serve to activate p53 function. The ability of
BZLF1 expression in A549 cells to enhance the level of p53
phosphorylation at multiple different serine residues was un-
expected and, to our knowledge, unprecedented. The cellular
kinases responsible for phosphorylating p53 include ATM and
ATR kinases (serine 15), casein kinase II (serine 392), c-Jun
N-terminal kinase (serine 33), p38 kinase (serine 33 and serine
46), Cdk kinases (serine 315), and unknown kinases (serines 6
and 9) (5). Interestingly, Adamson et al. have shown that
BZLF1 expression upregulates at least two of these kinases,
p38 kinase and c-Jun N-terminal kinase (1). The dramatic
activation of p53 phosphorylation (as well as acetylation) by
BZLF]1 expression in cells suggests the possibility that BZLF1
induces DNA damage. Consistent with this notion, early lytic
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FIG. 5. BZLF1 enhances p53 acetylation. A549 cells were either
mock infected or infected with AdLacZ or AABZLF1. Some cells were
also treated with gamma irradiation or treated with the proteosome
inhibitor ALLN. Cells were harvested and analyzed as described in the
legend to Fig. 4, except that antibodies recognizing specific acetylated
(Ac) p53 lysines were used.
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FIG. 6. BZLF1 reduces the level of cellular TBP. NHF or A549
cells were either mock infected or infected with AdLacZ or AABZLF1.
Some cells were also treated with the proteosome inhibitor ALLN.
Immunoblot analysis was performed at 48 h postinfection to quantitate
the levels of TBP and B-actin in A549 cells and NHF (top and bottom
panels) or in a time course experiment with A549 cells (middle panel;
time points indicate hours after adenovirus infection).

EBV infection has been shown to induce DNA breakage in
host cells (48). Alternatively, the ability of BZLF1 to increase
the level of p53 phosphorylation at most phosphorylation sites
suggests that it may instead inhibit the function of one or more
cellular protein phosphatases.

BZLF1 expression in A549 cells also dramatically increased
the level of p53 acetylation. Recent studies have shown that
p53 is acetylated at two different lysine residues in the carboxyl
region by p300/CBP and p300/CBP-associated factor (PCAF)
and that acetylation increases DNA binding affinity and tran-
scriptional function (56, 75). p300/CBP and PCAF exhibit
specificity for different lysine residues of p53; while lysine 320
is the preferential target for PCAF, lysine 382 is the target for
p300/CBP (56, 75). Adenovirus has been shown to alter p53
acetylation at two different levels: E1B interacts with p53 and
inhibits its acetylation induced by PCAF (58), whereas E1A
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interacts with p300/CBP and PCAF and represses their acety-
lation activity for p53 (60, 78). Like E1A, BZLF1 also interacts
directly with cellular CBP and requires this interaction for
efficient transcriptional function (2, 94). Although we antici-
pated that BZLF1 would inhibit the acetylation of p53 by
competing for limiting quantities of cellular CBP, the opposite
proved to be the case, especially at lysine 382. Since it is known
that BZLF1 binds to the carboxyl-terminal end of p53 (95), it
is possible that it enhances p53 acetylation by bringing CBP to
p53. Alternatively, BZLF1 may indirectly enhance p53 acety-
lation by inducing cellular DNA damage (48).

As we observed here with BZLF1, both the human papillo-
mavirus E7 and the adenovirus E1A proteins were shown to
perturb p53 function through their interactions with TBP (65,
78). This inhibition is thought to be due to competition for
limiting quantities of cellular TBP, and the overexpression of
TBP is able to release the E1A-mediated repression of p53 (65,
78). We show here that BZLF1 reduces the expression of TBP
in normal human fibroblasts and A549 cells and that the inhib-
itory effects of BZLF1 on p53 transcriptional function are par-
tially ameliorated by the overexpression of TBP. Thus, BZLF1
likely inhibits p53 transcriptional function at least partially by
reducing the level of cellular TBP. Since BZFL1 can also
interact directly with TBP (18), this interaction could also play
a role in inhibiting p53 transcriptional activity. However, since
we have not found that BZLF1 expression reduces the activity
of a variety of other cellular promoters in A549 cells, the de-
creased TBP level in BZLF1-positive cells is presumably still
capable of supporting transcription by some transcription fac-
tors.

Although our results suggest that its effects on TBP are an
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FIG. 7. BZLF1 reduces the level of TBP mRNA. NHF cells were
infected with AdLacZ or AABZLF1. RNA was prepared at 48 h postin-
fection, and RT PCR analysis was performed (+RT) with primers
specific for either the TBP or the B,-microglobulin (8,M) message.
PCR also was performed in the absence of reverse transcriptase
(—RT). Two separate experiments are shown. In experiment 1, RT
PCR analysis with the B,-microglobulin primers was performed with
decreasing amounts of the cDNA product.
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FIG. 8. BZLF1 inhibition of p53 transactivation is partially reversed by TBP overexpression. (A) The p53-responsive pG13-CAT construct was
cotransfected into A549 cells with vector DNA, the BZLF1 expression plasmid alone, the p53 expression plasmid alone, the TBP expression
plasmid alone, or various combinations of these plasmids (with total DNA kept constant). The level of CAT activity produced under each condition
at 72 h after transfection was quantitated. Results are expressed as the relative amount of p53 transactivator function for each condition (average
and range are shown), with the activity of the p53 expression vector alone set at 100%. (B) Immunoblot analyses of the extracts used in the CAT
assays were performed to quantitate the expression of BZLF1 and p53 under each condition.

important mechanism by which BZLF1 inhibits p53 transcrip-
tional function, it is likely that other mechanisms also contrib-
ute to its effects. For example, it recently was shown that p53
transport to promyelocytic leukemia (PML) (ND10) nuclear
bodies is important for its transcriptional function (35, 69).
PML bodies are also known to bind to CBP, and it has been
shown that PML bodies, p53, and CBP can form a stable
complex (68). Since it was recently shown that BZLF1 dis-
perses PML bodies (3), we speculate that this effect also con-
tributes to decreased p53 function in BZLF1-expressing cells.
In addition, it was shown that BZLF1 is strongly SUMO-1
modified and can compete for limiting quantities of SUMO-1
in host cells (3). Given that sumoylation was reported to be an
activating modulator of p53 (6), BZLF1 may also be expected
to potentially decrease pS3 function through its inhibition of
p53 sumoylation, similar to its ability to inhibit SUMO-1 mod-
ification of the PML body protein.

Zhang et al. reported that the EBV IE protein BZLF1
directly interacts with p53 (95). At this point, we are uncertain
which, if any, of the BZLF1 effects on p53 require a direct
interaction between BZLF1 and p53. Using BZLF1-specific

antibodies, we have been unable to show that the p53-specific
DNA binding complex in AdBZLFl1-infected cells contains
BZLF1. Furthermore, it is unlikely that the ability of BZLF1 to
decrease the level of cellular TBP, which we show here is a
major mechanism for the inhibition of p53 function, requires a
direct interaction between BZLF1 and p53. Therefore, if the
direct interaction between BZLF1 and p53 is functionally im-
portant in vivo, it more likely serves to enhance p53 function.
For example, it is possible that a larger complex containing
CBP, p53, and BZLF1 promotes the acetylation of p53.
Although our results here clearly document that BZLF1
inhibits p53 transcriptional function in at least some cell types,
Cayrol and Flemington reported that BZLF1 induces a G,
block in HeLa cells and suggested that this effect is mediated
through the activation of p21 (12). Although we have found
that BZLF1 inhibits p53 function in HeLa cells (unpublished
data), our results reported here do not exclude the possibility
that in some situations, the activating effects of BZLF1 on p53
function predominate, resulting in a G, block through the
pS53-dependent activation of p21. In contrast to the situation
for the smaller DNA viruses, which often activate cell cycle
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progression, there is growing evidence that it may be advanta-
geous for herpesviruses to induce a G, block during the lytic
form of infection, thus avoiding competition with host cells for
limiting nucleotide pools (19, 22, 45, 59, 77, 81). The BZLF1-
induced activation of p53 function may therefore enhance viral
replication in certain situations, particularly since BZLF1 ac-
tivates the expression of other lytic EBV proteins with known
antiapoptotic functions (39, 61). The development of cell lines
that can efficiently support primary lytic EBV infection in vitro
will be necessary to fully explore the interaction between
BZLF1 and p53 in the context of the intact virus.

In summary, we show here that BZLF1 expression in host
cells has dramatic effects on p53 posttranslational modifica-
tions as well as p53 transcriptional function. While many of the
effects of BZLF1 expression in cells would be anticipated to
enhance p53 function, including increased p53 protein stabil-
ity, increased p53-specific DNA binding activity, increased p53
phosphorylation, and increased p53 acetylation, in many cell
types these effects are apparently outweighed by the ability of
BZLF1 to reduce TBP expression. We speculate that this com-
plex regulation of p53 function by BZLF1 serves to enhance
the efficiency of lytic EBV replication.
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