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Burkitt lymphoma (BL) is etiologically associated with Epstein-Barr virus (EBV). EBV-positive BL tumors
display two latent forms of infection. One is referred to as latency I infection, in which EBV expresses the virus
genome maintenance protein EBNAL1 as the only viral protein. The other is referred to as Wp-restricted latency
and was recently identified in a subset of BL tumors. In these tumors, EBV expresses EBNA1, EBNA3A,
EBNA3B, EBNA3C, a truncated form of EBNA-LP, and the viral Bcl-2 homologue BHRF1, all of which are
driven by the BamHI W promoter (Wp). To investigate the role of EBV in Wp-restricted BL, we conditionally
expressed a dominant-negative EBNA1 (dnEBNA1) mutant which interrupts the virus genome maintenance
function of EBNAI1 in the P3HR-1 BL cell line. Induction of dnEBNA1 expression caused loss of the EBV
genome and resulted in apoptosis of P3HR-1 cells in the absence of exogenous apoptosis inducers, indicating
that P3HR-1 cells cannot survive without EBV. Stable transfection of the BHRF1 gene into P3HR-1 cells
rescued the cells from the apoptosis induced by dnEBNA1 expression, whereas stable transfection of truncated
EBNA-LP, EBNA3A, or EBNA3C did not. Moreover, knockdown of BHRF1 expression in P3HR-1 cells resulted
in increased cell death. These results indicate that EBV is essential for the survival of P3HR-1 cells and that
BHRF1 functions as a survival factor. Our finding implies a critical contribution of BHRF1 to the pathogenesis

of Wp-restricted BLs.

Epstein-Barr virus (EBV), a gammaherpesvirus with B-cell
growth-transforming ability, is causally implicated in Burkitt
lymphoma (BL) (see reference 40 for a review). In vitro, EBV
infection efficiently transforms human B cells into lymphoblas-
toid cell lines (LCLs), which display a transcription program
called latency III, during which the virus expresses 6 nuclear
proteins (EBNAL, -2, -3A, -3B, -3C, and -LP), 3 integral mem-
brane proteins (LMP1, -2A, and -2B), 2 small nonpolyadenyl-
ated EBV-encoded RNAs (EBERs) (EBER1 and EBER?2),
BamHI A rightward transcripts (BARTSs), and microRNAs
(see reference 24 for a review). However, EBV-positive BL
tumors express a limited set of viral genes and do not express
EBNA2 or LMP1, which play essential roles in B-cell growth
transformation. Two latency forms of infection are known in
EBV-positive BLs. One is referred to as latency I infection, in
which EBV expresses only the virus genome maintenance pro-
tein EBNA1 (whose expression is driven by the Qp promoter),
EBERS, and BARTs. In addition to the classical latency I BLs,
another subset of BLs that express EBNA1, EBNA3A,
EBNA3B, EBNA3C, truncated EBNA-LP, EBERs, and
BARTs was recently identified, and this form of infection is
referred to as Wp-restricted latency because the expression of
the EBNAs is driven by the Wp promoter (19). These Wp-
restricted BLs are characterized by infection with an EBV that
carries a deletion of the EBNA2 gene and its surrounding
sequences (19). A more recent report has shown that Wp-
restricted BLs express the EBV-encoded Bcl-2 homologue
BHRF1 as a latent gene (21). BHRF1 was primarily identi-
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fied as a member of the early antigen complex (38). How-
ever, it was also reported that BHRF1 could be expressed as
a latent gene (3).

The hallmark of BL tumors is reciprocal translocation be-
tween the c-myc gene and one of the immunoglobulin (Ig) loci,
which leads to constitutive and deregulated expression of c-
myc (26). The c-myc/Ig translocation appears to play a critical
role in the pathogenesis of BL (30, 49). Activation of c-myc not
only stimulates cell proliferation, but also increases suscepti-
bility to apoptosis (6). In BLs, EBV is postulated to counteract
the proapoptotic effects that are probably induced by c-myc
activation, because several lines of evidence have demon-
strated that EBV provides a survival advantage to BL cells. It
has been shown that EBV-positive BL lines are more resistant
to apoptotic triggers than EBV-negative BL lines (22, 28, 31,
36, 41). EBERs confer resistance to apoptosis induced by var-
ious stimuli in BL lines (27, 36). EBNAL is also reported to
have an antiapoptotic function. Inhibition of EBNAL by a
retrovirus vector expressing a dominant-negative derivative of
EBNA1 (dnEBNAT1) decreased survival and cloning efficiency
in BL lines (23). Enforced expression of EBNAI in EBV-
negative cells inhibits apoptosis induced by p53 (23, 42). Fur-
thermore, Wp-restricted BL lines are more resistant to apop-
tosis than latency I BL lines (20, 22). Some viral proteins that
are expressed in Wp-restricted but not in latency I BLs are
reported to have antiapoptotic functions. For example, the
truncated form of EBNA-LP that is specifically expressed in
Wp-restricted BLs confers resistance to apoptosis induced by
verotoxin 1 or staurosporine (10). EBNA3A and EBNA3C
cooperate to repress expression of the proapoptotic tumor
suppressor Bim and contribute to resistance to apoptosis in-
duced by cytotoxic agents, such as nocadazole and cisplatin (1).
Enforced BHRF1 expression protects latency I BL cells from
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ionomycin-induced apoptosis (21). These previous reports
demonstrate that various EBV gene products have the ability
to confer resistance to apoptosis induced by exogenous apop-
totic triggers. However, it is still unclear whether EBV is es-
sential for the survival of EBV-positive BL cells in the absence
of exogenous apoptotic stimuli and, if so, which viral gene plays
a central role in the survival.

The experiments reported here focus on the role of EBV in
the growth and survival of Wp-restricted BL cells. We estab-
lished a Wp-restricted P3HR-1 BL cell line in which dnEBNA1
was conditionally expressed in a tetracycline-regulated man-
ner. The EBV genome disappeared from the cells after induc-
tion of dnEBNA1 expression because dnEBNALI interrupted
the virus genome maintenance function of EBNA1 (23, 25, 32,
37). The growth and survival of P3HR-1 cells in the absence
and presence of dnEBNA1 expression were compared. Our
data presented here clearly show that EBV is essential for the
survival of P3HR-1 cells and that BHRF1 functions as a sur-
vival factor.

MATERIALS AND METHODS

Cell lines. P3HR-1 (HH514 cl. 16), a Wp-restricted BL cell line carrying an
EBV genome in which the EBNA2 gene and part of the EBNA-LP gene are
deleted (5, 14, 15, 39); an EBV-negative subline of Akata BL (44); and an
EBV-negative subline of Daudi BL (36) were grown in RPMI 1640 medium
supplemented with 10% fetal bovine serum. P3-dnEBNA1 and Ak(—)-
dnEBNAL cells that conditionally express a dnEBNAL in a tetracycline-regu-
lated (Tet-off) manner were maintained in complete medium (RPMI 1640 me-
dium supplemented with 10% fetal bovine serum) supplemented with G418 (400
pg/ml) and doxycycline (Dox) (100 ng/ml). P3-dnEBNAI cell lines that were
stably transfected with Bcl-2 (P3-dnEBNA1-Bcl2), BHRF1 (P3-dnEBNAI1-
BHRF1), truncated EBNA-LP (P3-dnEBNA1-LPd45), EBNA3A (P3-
dnEBNA1-E3A), EBNA3C (P3-dnEBNA1-E3C), or EBERs (P3-
dnEBNAI-EBER) were maintained in complete medium supplemented with
G418, hygromycin B (300 pg/ml), and doxycycline.

Plasmids. dnEBNAI1, which encodes amino acids (aa) 379 to 386 fused in
frame to aa 451 to 641 of EBNA1 (Fig. 1A) (25, 37), was generated by PCR using
EBNA1 cDNA of EBV strain B95-8 as a template and 5'-GAATTCGGATCC
ATCATGAAGAGGCCCAGGAGTCCCAGTAGTCGGGGTCAGGGTGAT
GGAGG-3'" and 5'-GAATTCGGATCCTCACTCCTGCCCTTCCTCAC-3" as
primers. The PCR product was digested with BamHI and cloned into the BamHI
site of pSGS5 (Stratagene) to make pSG5-dnEBNA1. The simian virus 40 (SV40)
promoter-driven neomycin resistance gene derived from pcDNA3 (Invitrogen)
was cloned into Xbal- and Xhol-digested pBluescript IT KS(+) (Stratagene),
referred to as pBS-Neo. The tetracycline-responsive gene expression cassette
derived from pUHDI10-3 (11) was inserted into Xhol- and HindIII-digested
pBS-Neo, referred to as pBSN-tet. The dnEBNA1 gene derived from pSGS5-
dnEBNALI was inserted into the BamHI site of pBSN-tet to make pBSN-tet-
dnEBNAIL. The tetracycline-regulatable transactivator (tTA) derived from
pUHDI15-1 (11) was inserted into the Nhel site of pBSN-tet-dnEBNATI, and the
resulting vector was named pBSN-tetOff-dnEBNAI. The human Bcl-2a cDNA
derived from pBcl-2 (29) was cloned into the EcoRI site of pSG5 to make
pSG5-Bcel2, and the hygromycin resistance gene derived from pSilencer 2.1-U6
hygro (Ambion) was inserted into the Xbal site of pSG5-Bcl2 to make pSGS-
Bcl2-hyg. The BHRF1 gene was PCR amplified using P3HR-1 genomic DNA as
a template and 5'-TTAAGAATTCAAGATGGCCTATTCAACAAG-3' and 5'-
AATTGAATTCTTAGTGTCTTCCTCTGGAGA-3' as primers. The PCR
product was digested with EcoRI and cloned into the EcoRI site of pSGS5. The
hygromycin resistance gene was inserted into the Xbal site of the vector to make
pSG5-BHRF1-hyg. pSG5-flagEBNA3A and pSG5-flagEBNA3C have been de-
scribed previously (35). The hygromycin resistance gene was inserted into the
Xbal site of pSG5-flagEBNA3A or pSGS5-flagEBNA3C, referred to as pSGS5-
E3A-hyg or pSG5-E3C-hyg, respectively. The Sspl-Xbal fragment derived from
pEKS10 (27) was cloned into HincII- and Xbal-digested pBluescript II KS(+) to
make pBS-EKS10, and the hygromycin resistance gene was inserted into the
Xbal site of pBS-EKS10 to make pBS-EKS10-hyg. EBNA-LP ¢cDNA with four
W1W2 repeats and the unique domain encoded by Y1Y2, derived from B95-8
virus-transformed IB4 LCL, was cloned into EcoRI- and BamHI-digested pBlue-
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FIG. 1. Enforced expression of dnEBNA1 in P3HR-1 cells results
in loss of the EBV genome and viral gene products. (A) Schematic
representations of wt EBNA1 and dnEBNAI1. The basic amino acid-
rich chromosome association domains (Basic), the Gly-Gly-Ala re-
peats (Gly-Ala), the nuclear localization sequence (NLS), the DNA-
binding and dimerization domain (DBD/DD), and the acidic domain
(AC) are shown. The numbers indicate the positions of amino acid
residues. (B) P3-dnEBNAT1 cells were cultured in the absence (—) or
presence (+) of Dox. Every 3 days, the cultures were split. Total cell
lysates were prepared at the indicated time points and subjected to
Western blot analysis with EBV-immune human sera (reactive to
dnEBNAI, wt EBNA1, or EBNA3s), anti-EBNA-LP (reactive to trun-
cated [tr] EBNA-LP), or anti-B-actin antibody (B-actin). Total RNAs
were prepared at the indicated time points and subjected to Northern
blot analysis to detect EBERs. Ethidium bromide-stained 28S rRNA
as a loading control is shown below. (C) P3-dnEBNAI cells were
cultured in the absence (—) or presence (+) of Dox. Every 3 days, the
cultures were split. Genomic DNAs were prepared at the indicated
time points, digested with EcoRI, and subjected to Southern blot
analysis to detect the EBV genome. Ethidium bromide-stained DNA
as a loading control is shown below (EtBr staining).

script IT KS(+) to make pBS-EBNA-LP. The EBNA-LP stop codon mutant
encoding the form of the protein with Y1Y2 deleted, referred to as LPd45 (12),
was generated by inserting the sequence 5'-GTCTAGACTAG-3’ into Sfil- and
BamHI-digested pBS-EBNA-LP by linker ligation. The LPd45 cDNA fragment
was then excised and cloned into EcoRI- and BamHI-digested pSGS, followed by
insertion of the hygromycin resistance gene to make pSG5-LPd45-hyg. To make
an oriP plasmid expressing short hairpin RNA (shRNA) and enhanced green
fluorescent protein (EGFP), a human U6 RNA pol III promoter-driven shRNA
targeting BHRF1 (or control siRNA) and an SV40 promoter-driven EGFP gene
cassette were subcloned into an Xbal-Nrul-digested pCEP4 vector (Invitrogen).
The shRNA-targeted sequences were as follows: BHRF1 (5'-GCGTTATCATG
TGTTGCTTGA-3") and firefly luciferase (control) (5'-GGATTTCAGTCGAT
GTACACGTTCGTC-3').

Establishment of stable cell lines. P3-dnEBNAL1 cells and Ak(—)-dnEBNA1
cells were made by electroporating P3HR-1 cells and EBV-negative Akata cells
with linearized pBSN-tetOff-dnEBNAL1, followed by selection with 700 pg/ml of
G418 in the presence of doxycycline (100 ng/ml). Clones that expressed high
levels of dnEBNAL in response to doxycycline withdrawal and little or no de-
tectable dnEBNAL in the presence of doxycycline were chosen by immunoblot-
ting. P3-dnEBNAL cell lines that stably expressed the transfected, truncated
EBNA-LP (P3-dnEBNAI1-LPd45), EBNA3A (P3-dnEBNAI1-E3A), EBNA3C
(P3-dnEBNA1-E3C), EBERs (P3-dnEBNAI1-EBER), Bcl-2 (P3-dnEBNAL-
Bcl2), or BHRF1 (P3-dnEBNAI1-BHRF1) were made by electroporating P3-
dnEBNAL cells with a linearized pSG5-LPd45-hyg, pSG5-E3A-hyg, pSG5-E3C-
hyg, pBS-EKS10-hyg, pSG5-Bcl2-hyg, or pSG5-BHRF1-hyg, respectively,
followed by selection with G418 (400 wg/ml) and hygromycin B (300 pg/ml) in
the presence of doxycycline (100 ng/ml).
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Cell growth. Cells (1 X 10°) were extensively washed with medium without
doxycycline and cultured in 25-cm? culture flasks in 10 ml of complete medium
(1 X 10° cells per milliliter) with or without doxycycline. Every 3 days, the
viable-cell number was determined with a hemocytometer based on trypan blue
exclusion, and the cultures were diluted to 1 X 10° cells per milliliter by adding
similar amounts of fresh medium to maintain optimum growth. Total viable-cell
numbers were calculated based on the expansion from the initial 1 X 10° cells.

Cell cycle analysis. Approximately 10° cells were fixed and stained with phos-
phate-buffered saline (PBS) containing propidium iodide and RNase A. The cells
were analyzed by using a FACSCalibur and Cell Quest software (BD Bio-
science). Apoptotic cells were measured by the appearance of cells with sub-G1
DNA content (a DNA content of less than 2N).

Western blotting. Whole-cell lysates were separated by sodium dodecyl sul-
fate-polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins were
blotted onto nitrocellulose membranes. The membranes were incubated with
EBV-immune human sera (reactive to EBNAs and dnEBNAL1), anti-EBNA-LP
(4D3) (43), anti-BHRF1 (5B11; Millipore), anti-LMP1 (S12), anti-LMP2A
(14B7; Santa Cruz), anti-Bcl-2 (clone 7; BD), anti-PARP (4C10-5; BD), anti-
caspase 9 (5B4; MBL), or anti-B-actin (AC-15; Sigma) antibody. The membranes
were reacted with horseradish peroxidase-conjugated species-specific secondary
antibodies and developed with enhanced-chemiluminescence (ECL) detection
reagents (GE Healthcare).

Southern blotting. Genomic DNA was extracted and digested with EcoRI,
separated by electrophoresis in a 0.8% agarose gel, and transferred to a nylon
membrane. The EcoRI K fragment of Akata EBV (corresponding to the EcoRI
J fragment of B95-8 EBV) was used as a probe. Probe labeling was carried out
using the AlkPhos direct-labeling kit, and signals were detected with the CDP-
Star detection reagent (GE Healthcare).

Northern blotting. Total RNA was isolated and electrophoresed on a 1%
agarose gel containing 0.66 M formaldehyde and then transferred to a nylon
membrane. The EcoRI K fragment of Akata EBV was used as a probe to detect
EBERs. Probe labeling and signal detection were carried out with the AlkPhos
direct-labeling kit and the CDP-Star detection reagent.

Immunofluorescence. Cells were smeared on glass slides and fixed. Indirect
immunofluorescence was performed with C30-1 (specific to gp110) and C844-1
(specific to BHRF1) (18) mouse monoclonal antibodies, anti-BZLF1 rabbit
polyclonal antibody, or EBV-immune human sera as primary antibodies. A
Cy3-conjugated anti-mouse IgG, Cy3-conjugated anti-rabbit IgG, or fluorescein
isothiocyanate (FITC)-conjugated anti-C3C antibody was used as a secondary
antibody. The slides were counterstained with 4’,6-diamidino-2-phenylindole
(DAPI).

Knockdown experiment. P3HR-1 cells were transfected with oriP plasmids
expressing shRNA and EGFP by using an electroporator (CUY-21; NEPA
Gene). Square electric pulses were applied at 275 V (pulse length, 0.5 ms; 1
pulse; interval, 50 ms), followed by 20 V (pulse length, 50 ms; 10 pulses; interval,
50 ms). Four days after transfection, the cells were harvested and stained with
annexin V-phycoerythrin (PE) (MBL) according to the manufacturer’s instruc-
tions and were analyzed by using FACSCalibur and Cell Quest software. Sorting
of EGFP-positive cells was performed on a FACS Vantage cell sorter (BD).

RESULTS

Enforced expression of dnEBNA1 in P3HR-1 cells results in
loss of the EBV genome and viral gene products. dnEBNALI,
which contains the nuclear localization sequence, the DNA-
binding and dimerization domain, and the acidic domain of
EBNALI (Fig. 1A), has been shown to inhibit the function of
EBNAL (16, 17, 23, 25, 32, 37). We established P3-dnEBNAI,
a cell line derived from a Wp-restricted P3HR-1 BL cell line
that conditionally expresses dnEBNAL in a tetracycline-regu-
lated manner. Western blot analysis revealed that dnEBNA1
was not expressed when P3-dnEBNAL cells were cultured in
the presence of Dox, whereas dnEBNAI expression was
strongly induced after the withdrawal of Dox from the medium
(Fig. 1B). Next, we examined the level of the EBV genome in
P3-dnEBNAL1 cells by Southern blot analysis. The level of the
EBV genome did not change in the presence of Dox but
progressively decreased in the absence of Dox, indicating that
the EBV genome was lost from the cells after dnEBNAL in-
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FIG. 2. Enforced expression of dnEBNA1 in P3HR-1 cells results
in the suppression of cell growth and the induction of apoptosis.
(A) P3-dnEBNAL cells were cultured in the absence (—) or presence
(+) of Dox. Every 3 days, viable cells were counted, and the cells were
split as described in Materials and Methods. The total numbers of
viable cells derived from the initial cultures were calculated and plot-
ted at each time point. The number “10E6” along the y axis indicates
that the cell number plotted should be multiplied by 1,000,000. (B) P3-
dnEBNAL cells were cultured in the absence (—) or presence (+) of
Dox for the indicated number of days. The cells were fixed and stained
with propidium iodide, and cell cycle analysis was performed with a
FACSCalibur. The percentages of apoptotic cells were determined and
are shown (sub-G1). (C) P3-dnEBNALI cells were cultured in the
absence (—) or presence (+) of Dox. Total cell lysates were prepared
at the indicated time points and subjected to Western blot analysis with
anti-PARP (top) or anti-caspase 9 (bottom) antibody.

duction (Fig. 1C). Consistent with the loss of the EBV genome,
the expression levels of viral gene products, such as wild-type
(wt) EBNAL, EBNA3s, and truncated EBNA-LP proteins, and
EBERSs also decreased in the absence of Dox (Fig. 1B). There-
fore, as expected, these results indicate that enforced
dnEBNALI expression caused the loss of the EBV genome
from P3HR-1 cells, as well as the loss of viral gene products.

Loss of the EBV genome from P3HR-1 cells coincides with
the suppression of cell growth and the induction of apoptosis.
We evaluated the contribution dnEBNA1 expression makes to
the growth and survival of P3HR-1 cells. The number of viable
P3-dnEBNAL cells exponentially increased in the presence of
Dox (Fig. 2A). However, in the absence of Dox, viable-cell
numbers dropped dramatically compared to those seen in the
presence of Dox (Fig. 2A). To examine whether apoptosis
occurs in P3HR-1 cells after dnEBNA1 induction, cell cycle
analyses were performed (Fig. 2B). The percentage of the
sub-G1 fraction was only 1.8% in P3-dnEBNAL cells in the
presence of Dox but was 25.1% and 34.1% 6 and 9 days,
respectively, after the withdrawal of Dox. Moreover, Western
blot analysis revealed an increase in cleaved PARP and cleaved
caspase 9 in the absence of Dox (Fig. 2C). Therefore, these
data indicate that enforced expression of dnEBNA1 results in
apoptosis and reduced P3HR-1 cell growth.

To investigate the possibility that dnEBNA1 nonspecifically
attenuates cell growth, we established Ak(—)-dnEBNAI, a cell
line derived from an EBV-negative subline of Akata BL cells
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FIG. 3. Enforced expression of dnEBNA1 does not affect the
growth of EBV-negative Akata cells. (A) Ak(—)-dnEBNAI cells were
cultured in the absence (—) or presence (+) of Dox. Total cell lysates
were prepared and subjected to Western blot analysis with EBV-
immune human serum (reactive to dnEBNA1 and wt EBNAI) and
anti-B-actin antibody. EBV-positive Akata cells served as a positive
control for wt EBNAL1 detection [EBV(+)AK]. (B) Ak(—)-dnEBNA1
cells were cultured in the absence (—) or presence (+) of Dox. Viable
cells were counted every 3 days, and the cells were split. The total
numbers of viable cells derived from the initial cultures were calcu-
lated and plotted.

that conditionally expresses dnEBNAL in a tetracycline-regu-
lated manner. Similar to P3-dnEBNAI1 cells, Ak(—)-
dnEBNALI cells expressed dnEBNAL in the absence of Dox,
but not in its presence (Fig. 3A). However, the numbers of
viable Ak(—)-dnEBNAI cells increased similarly in the ab-
sence and presence of Dox (Fig. 3B). Namely, the negative
effect of dnEBNAL on cell growth was not observed in EBV-
negative cells, indicating that dnEBNAT is not nonspecifically
toxic.

Stable overexpression of Bcl-2 rescues P3HR-1 cells from
dnEBNA1-induced cell growth inhibition and apoptotic cell
death. We next asked whether apoptosis is the main cause of
the loss of P3HR-1 cell growth under dnEBNA1-induced con-
ditions. We established a P3-dnEBNA1-Bcl2 cell line by stably
transfecting an antiapoptotic Bcl-2 gene into P3-dnEBNA1
cells. As expected, P3-dnEBNA1-Bcl2 cells, but not P3-
dnEBNAL cells, had an increased level of Bcl-2 protein (Fig.
4A). When P3-dnEBNA1-Bcl2 cells were cultured in medium
without Dox, dnEBNA1 expression was induced and the EBV
genome was lost (Fig. 4B and C), as observed with parental
P3-dnEBNAL1 cells (Fig. 1B and C). Western blot and immu-
nofluorescence analyses also revealed the disappearance of the
wt EBNAL1 protein after dnEBNA1 induction (Fig. 4B and D).
In contrast to parental P3-dnEBNAL cells, the sub-G1 fraction
of P3-dnEBNA1-Bcl2 cells did not increase after dnEBNAL1
induction, showing that Bcl-2 overexpression blocked
dnEBNAI-induced apoptosis, as expected (Fig. 4E). Impor-
tantly, the growth rate of P3-dnEBNA1-Bcl2 cells in the ab-
sence of Dox was almost the same as in its presence (Fig. 4F).
These data demonstrate that stable overexpression of Bcl-2
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FIG. 4. Stable overexpression of Bcl-2 rescues P3HR-1 cells from
dnEBNAI-induced growth inhibition and apoptosis. (A) P3-dnEBNAI
and P3-dnEBNA1-Bcl2 cells were subjected to Western blot analysis with
anti-Bcl-2 and anti-B-actin antibodies. (B) P3-dnEBNA1-Bcl2 cells cul-
tured in the absence (—) or presence (+) of Dox were subjected to
Western blot analysis with EBV-immune human serum (reactive to
dnEBNAI and wt EBNA1), anti-Bcl-2, and anti-B-actin antibodies.
(C) P3-dnEBNA1-Bcl2 cells cultured in the absence (—) or presence (+)
of Dox were subjected to Southern blot analysis to detect the EBV ge-
nome. (D) P3-dnEBNA1-Bcl2 cells were cultured in the absence (—) or
presence (+) of Dox for 12 days. The cells were processed for immuno-
fluorescence analyses with EBV-immune human serum (reactive to wt
EBNAL, but not to dnEBNA1) as a primary antibody and FITC-conju-
gated anti-C3C antibody as a secondary antibody. (E) P3-dnEBNAL cells
and P3-dnEBNA1-Bcl2 cells were cultured in the absence (—) or pres-
ence (+) of Dox for 9 days. Cell cycle analysis was performed, and the
percentages of cells in the sub-G1 fraction were determined. (F) P3-
dnEBNALI and P3-dnEBNA1-Bcl2 cells were cultured in the absence (—)
or presence (+) of Dox. Viable cells were counted every 3 days, and the
cells were split. The total numbers of viable cells derived from the initial
cultures were calculated and plotted.
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almost completely protected P3HR-1 cells, not only from
dnEBNAI1-induced apoptosis, but also from growth inhibition.
Hence, apoptosis is likely to be the main cause of the loss of
P3HR-1 cell growth under dnEBNA1-induced conditions.

Stable transfection with EBERs, truncated EBNA-LP,
EBNA3A, or EBNA3C does not protect P3HR-1 cells from
dnEBNAI1-induced growth inhibition. The correlation between
the loss of the EBV genome and the growth inhibition of
P3HR-1 cells suggests that one or more viral gene products
are responsible for the survival of P3HR-1 cells. In P3HR-1
cells, EBV expresses viral genes, including nuclear proteins
(EBNA1, EBNA3s, and truncated EBNA-LP) and EBERs
(Fig. 1B). We transfected a vector expressing EBERs, trun-
cated EBNA-LP, EBNA3A, or EBNA3C into P3-dnEBNAL1
cells and established stable cell lines expressing the respective
EBV gene products. A P3-dnEBNAT1 cell line stably trans-
fected with the EBER gene (P3-dnEBNA1-EBER) clearly ex-
pressed more EBERSs than the parental cells in the presence of
Dox (Fig. 5A). In the absence of Dox, EBER expression in
P3-dnEBNA1-EBER cells decreased but was still present on
day 12, indicating that EBER expression provided by the trans-
fected vector remained after dnEBNA1 induction. However,
the growth of P3-dnEBNA1-EBER cells was clearly more in-
hibited by the absence of Dox than by its presence (Fig. 5A).
We also confirmed that P3-dnEBNAI cell lines stably trans-
fected with a truncated EBNA-LP (P3-dnEBNA1-LPd45),
EBNA3A (P3-dnEBNA1-E3A), or EBNA3C (P3-dnEBNAL-
E3C) gene expressed the transfected genes (Fig. 5B, C, and D).
The growth of these stable cell lines was also inhibited when
they were cultured in media without Dox (Fig. 5B, C, and D).
These results demonstrate that exogenous expression of
EBERs, truncated EBNA-LP, EBNA3A, or EBNA3C alone
does not protect P3HR-1 cells from dnEBNA1-induced growth
inhibition. The expression of LMP1 or LMP2A was barely
detectable or marginal in P3HR-1 cells by Western blot anal-
ysis (data not shown), which is consistent with the previous
report that LMP1 and LMP2A proteins were undetectable in
Wp-restricted BL lines (19).

BHRF1 is constitutively expressed in P3HR-1 cells as a
latent protein. BHRF1, an EBV-encoded Bcl-2 homologue,
has been classified as an early lytic gene (38). In addition to its
expression in lytic infection, it has recently been reported that
BHRFT1 is also expressed as a latent gene in Wp-restricted BLs
(21), which prompted us to examine BHRF1 expression in
P3HR-1 cells. Western blot analysis revealed that P3-
dnEBNALI cells clearly expressed BHRF1 in the presence of
Dox, and the expression disappeared after inducing dnEBNA1
by Dox withdrawal (Fig. 6A). To determine whether BHRF1 is
expressed as a latent protein in P3HR-1 cells, we performed
immunofluorescence analyses of BHRF1 expression, as well as
the expression of the immediate-early protein BZLF1 and the
late protein gp110. Less than 1% of P3HR-1 cells were positive
for BZLF1 or gp110, indicating that spontaneous lytic replica-
tion had occurred only in a small population of P3HR-1 cells
(Fig. 6B). In contrast, almost all P3HR-1 cells were positive for
BHRF1 expression (Fig. 6B). These results signify that BHRF1
is constitutively expressed in latently infected P3HR-1 cells and
that dnEBNAI1 expression results in the loss of BHRF1 ex-
pression in these cells.
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FIG. 5. Stable transfection with EBERSs, truncated EBNA-LP,
EBNA3A, or EBNA3C does not protect P3HR-1 cells from
dnEBNATl-induced growth inhibition. (A) P3-dnEBNA1 and P3-
dnEBNAI1-EBER cells cultured in the absence (—) and presence (+)
of Dox were subjected to Northern blot analysis to detect EBERs. An
ethidium bromide-stained rRNA loading control is also shown. Viable
cells were counted, and the total numbers of viable cells derived from
the initial cultures were calculated and plotted. (B) P3-dnEBNA1-
LPd45 cells were subjected to Western blot analysis with EBV-immune
human serum (reactive to dnEBNAL), anti-EBNA-LP, and anti-p-
actin antibodies (left). The bands representing transfected truncated
(tr) EBNA-LP (transfect) and endogenous trEBNA-LP (endo) are
shown. Viable cells were counted, and the total numbers of viable cells
derived from the initial cultures were calculated and plotted (right). (C
and D) P3HR-1, P3-dnEBNAI1-E3A, and P3-dnEBNAI1-E3C cells
were subjected to Western blot analysis with human serum (reactive to
type 1 EBNA3s, but not to type 2 EBNA3s) and anti-B-actin antibody.
Note that transfected EBNA3s are type 1 and P3HR-1s endogenous
EBNA3s are type 2. An IB4 lysate was used as a positive control for
type 1 EBNA3A and type 1 EBNA3C (left). Viable cells were counted,
and the total numbers of viable cells derived from the initial cultures
were calculated and plotted (right).
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FIG. 6. Expression of BHRF1 as a latent protein in P3HR-1 cells.
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man serum (reactive to dnEBNAL), anti-BHRF1, and anti-B-actin
antibodies. (B) P3HR-1 cells and EBV-negative Daudi cells
[Daudi(—)] were processed for immunofluorescence analyses with
mouse anti-BHRF]I, rabbit anti-BZLF1, or mouse anti-gp110 antibody
as a primary antibody and Cy3-conjugated anti-mouse IgG or Cy3-
conjugated anti-rabbit IgG as a secondary antibody.
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Stable transfection with the BHRF1 gene rescues P3HR-1
cells from dnEBNA1-induced apoptosis and cell growth inhi-
bition. Next, we transfected a BHRF1 expression vector into
P3-dnEBNAI1 cells and established a stable cell line, P3-
dnEBNA1-BHRF1. P3-dnEBNA1-BHRF1 cells expressed
more BHRF1 than the parental P3-dnEBNAI1 cells in the
presence of Dox (Fig. 7A). When P3-dnEBNA1-BHRF1 cells
were cultured in medium without Dox, dnEBNA1 expression
was induced, the EBV genome was lost, and the wt EBNA1
protein disappeared (Fig. 7B, C, and D). BHRF1 expression in
P3-dnEBNA1-BHRF1 cells also decreased in the absence of
Dox but was still present on day 12 (Fig. 7B). This result
indicates that BHRF1 expression provided by the transfected
vector remained after loss of the EBV genome. Notably, in
contrast to P3-dnEBNAI1 cells, neither apoptosis nor cell
growth inhibition was observed when P3-dnEBNA1-BHRF1
cells were cultured in the absence of Dox (Fig. 7E and F).
These results demonstrate that stable transfection of the
BHRF1 gene alone can rescue P3HR-1 cells from dnEBNA1-

J. VIROL.

induced apoptosis and growth inhibition. We compared the
level of BHRF1 expression in P3-dnEBNA1-BHRF1 cells to
that in P3HR-1 cells. Western blot analysis using serially di-
luted cell lysates revealed that the level of BHRF1 expression
in P3-dnEBNA1-BHRF1 cells in the presence of Dox was
almost twice that in P3HR-1 cells (Fig. 7G). This means that
the level of BHRF1 expression provided by the transfected
vector was almost equivalent to that of endogenous BHRF1
expression in P3HR-1 cells. Accordingly, these data indicate
that the expression level of BHRF1 in P3HR-1 cells is enough
to prevent P3HR-1 cells from undergoing apoptosis following
eradication of the EBV genome.

Knockdown of BHRF1 expression in P3HR-1 cells results in
increased cell death. To examine whether knockdown of
BHRF1 hampers P3HR-1 cell survival, we transfected an oriP
plasmid expressing shRNA against BHRF1 (BHRF1-shRNA)
and EGFP as a transfection marker into P3HR-1 cells. West-
ern blot analysis revealed that BHRF1-shRNA could signifi-
cantly knock down BHRF1 expression in P3HR-1 cells (Fig.
8A). The percentage of cells with positive annexin V staining
among BHRF1 shRNA-transfected cells was clearly higher
than that among control shRNA-transfected cells (Fig. 8B).
The data indicate that knockdown of BHRF1 causes an in-
crease in cell death, further supporting the importance of
BHRF1 in P3HR-1 cell survival.

DISCUSSION

The present study was performed to clarify the role of EBV
in the growth and survival of Wp-restricted BL cells. Our data
show that dnEBNAL1 expression in Wp-restricted P3HR-1 BL
cells resulted in the loss of the EBV genome, which was ac-
companied by cell growth inhibition, as evidenced by a drop in
the cell number increase and by an increase in apoptosis in
the absence of exogenous apoptosis inducers. Moreover,
dnEBNAIl-induced cell growth inhibition was almost com-
pletely counteracted by exogenous overexpression of the anti-
apoptotic protein Bcl-2. Thus, rather than promoting cell cycle
progression in P3HR-1 cells, EBV appears to play an essential
role in inhibiting apoptosis.

We demonstrated that dnEBNAIl-induced apoptosis of
P3HR-1 cells was almost completely inhibited by the exoge-
nous expression of BHRF1. The expression level of BHRF1
observed in parental P3HR-1 cells was enough to prevent
P3HR-1 cells from undergoing apoptosis. BHRF1-transfected
P3HR-1 cells could survive and grow without the EBV ge-
nome. Moreover, knockdown of BHRF1 expression in
P3HR-1 cells resulted in increased cell death. These results
indicate that dnEBNA1-induced apoptosis in P3HR-1 cells was
caused by a loss of BHRF1 expression following the elimina-
tion of the EBV genome. BHRF1 has a high degree of homol-
ogy to Bcl-2 and inhibits apoptosis induced by various stimuli
(8, 13, 21). Austin et al. first demonstrated that BHRF1 could
be expressed as a latent gene (3). Kelly et al. have recently
reported the existence of Wp promoter-driven BHRF1 tran-
scripts in Wp-restricted BLs, indicating that BHRF1 is ex-
pressed as a latent gene in these BLs (21). Our immunofluo-
rescence data presented here clearly reveal that BHRF1
protein is expressed in latently infected P3HR-1 cells, which
provides further evidence for BHRF1 expression as a latent
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FIG. 7. Stable transfection of the BHRF1 gene protects P3HR-1
cells from dnEBNA1-induced apoptosis and growth inhibition. (A) P3-
dnEBNAI and P3-dnEBNAI1-BHRFT1 cells cultured in medium with
Dox were subjected to Western blot analysis with anti-BHRF1 and
anti-B-actin antibodies. (B) P3-dnEBNA1-BHRF1 cells cultured in the
absence (—) or presence (+) of Dox were subjected to Western blot
analysis with EBV-immune human serum (reactive to dnEBNA1 and
wt EBNAI), anti-BHRF1, and anti-B-actin antibodies. (C) P3-
dnEBNAI1-BHRFT1 cells cultured in the absence (—) or presence (+)
of Dox were subjected to Southern blot analysis to detect the EBV
genome. (D) P3-dnEBNA1-BHRF]1 cells were cultured in the absence
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FIG. 8. Knockdown of BHRF1 expression in P3HR-1 cells results
in increased cell death. (A) P3HR-1 cells were transfected with oriP
plasmid expressing BHRF1-shRNA (or control shRNA) and EGFP.
Three days after transfection, EGFP-positive cells were sorted and
subjected to Western blot analysis with anti-BHRF1 and anti-B-actin
antibodies. (B) P3HR-1 cells transfected with BHRF1-shRNA (or
control ShRNA) and EGFP were stained with annexin V-PE 4 days
after transfection. The histograms represent annexin V staining after
gating on EGFP-positive cells (top). The percentages of annexin V-
positive cells among EGFP-positive cells are shown (bottom). Each bar
represents the average of triplicate transfections, with the error bar
representing the standard error of the mean.

gene in Wp-restricted BL cells. It has also been demonstrated
that stable BHRF1 transfection protects latency I BL cells
from ionomycin-induced apoptosis (21). However, the role of
BHRF1 in BL cells in the absence of exogenous apoptotic
triggers has never been examined. Thus, our present study is
the first to show that BHRF1 functions as a survival factor in

(—) or presence (+) of Dox for 12 days. The cells were processed for
immunofluorescence analyses with EBV-immune human serum (reac-
tive to wt EBNAI, but not to dnEBNAL1) as a primary antibody and
FITC-conjugated anti-C3C antibody as a secondary antibody. (E) P3-
dnEBNAI and P3-dnEBNA1-BHRF1 cells were cultured in the ab-
sence (—) or presence (+) of Dox for 9 days. Cell cycle analysis was
performed, and the percentages of cells in the sub-G1 fraction were
determined. (F) P3-dnEBNA1 and P3-dnEBNA1-BHRF1 cells were
cultured in the absence (—) or presence (+) of Dox. Viable cells
were counted every 3 days, and the cells were split. The total numbers
of viable cells derived from the initial cultures were calculated and
plotted. (G) Cell lysates of P3BHR-1 and serially diluted cell lysates of
P3-dnEBNA1-BHRF1 were subjected to Western blot analysis with
anti-BHRF1 antibody.
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Wp-restricted BL cells under normal culture conditions and in
the absence of exogenous apoptotic stimuli.

In contrast to BHRF1, we could not find any role for
EBNA3A, EBNA3C, truncated EBNA-LP, or EBERSs in the
survival of P3HR-1 cells when the cells were cultured in the
absence of exogenous apoptosis inducers. Exogenous expres-
sion of EBNA3A, EBNA3C, truncated EBNA-LP, or EBERs
did not protect P3HR-1 cells from dnEBNA1-induced growth
inhibition. This was somewhat surprising, as EBNA3A,
EBNA3C, EBNA-LP, and EBERs play important roles in B-
cell growth transformation and/or in LCL growth (33, 34, 35,
46, 47, 48). As EBNA3A and EBNA3C, truncated EBNA-LP,
and EBERs have been reported to repress apoptosis induced
by exogenous apoptotic triggers (1, 10, 27, 36), these viral
genes may have roles to play under more severe conditions
where various exogenous apoptotic stimuli may threaten the
survival of BL cells.

The apoptotic pathway seems to be intrinsically activated in
P3HR-1 cells, because the cells spontaneously undergo apop-
tosis in the absence of EBV. BL tumors carry a reciprocal
chromosomal translocation between the c-myc gene and one of
the Ig loci (26). The c-myc/Ig translocation results in constitu-
tive and deregulated expression of the c-myc. Constitutive c-
myc expression stimulates cell proliferation and increases sus-
ceptibility to apoptosis (2, 7). Accordingly, c-myc activation
could be a driving force behind dnEBNA1-induced apoptosis
in P3HR-1 cells. Our present data demonstrate that stable
transfection with the cellular Bcl-2 or the viral Bel-2 homo-
logue makes the EBV genome dispensable in P3HR-1 cells,
suggesting that the function of EBV can replace the functions
of these antiapoptotic proteins. It has been reported that Bcl-2
and BHRF1 can inhibit apoptotic cell death induced by c-myc
(4, 8,9). Moreover, it is well known that bcl-2 collaborates with
c-myc to accelerate lymphomagenesis in transgenic mice (45).
Therefore, it seems possible that BHRF1 collaborates with
c-myc in the development of Wp-restricted BLs.

The data presented here reinforce the idea that EBV con-
tributes to BL pathogenesis by counteracting the proapoptotic
effects that are probably induced by the c-myc/Ig translocation.
Furthermore, our work indicates the critical requirement for
BHRF1 in the maintenance of Wp-restricted BL cells. There-
fore, removal of the EBV genome from cells by inhibiting
EBNALI function could be an effective and attractive therapeu-
tic approach for the treatment of Wp-restricted BL tumors.
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