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We demonstrate here that the Epstein-Barr virus (EBV) BZLF1 gene, a switch from latent infection to lytic
infection, is expressed as early as 1.5 h after EBV infection in Burkitt’s lymphoma-derived, EBV-negative Akata
and Daudi cells and primary B lymphocytes. Since BZLF1 mRNA is expressed even when the cells are infected
with EBV in the presence of anisomycin, an inhibitor of protein synthesis, its expression does not require
prerequisite protein synthesis, indicating that BZLF1 is expressed as an immediate-early gene following

primary EBV infection of B lymphocytes.

Epstein-Barr virus (EBV) efficiently infects human B lym-
phocytes and establishes latent infection, in which the entire
EBYV genome is maintained as an episome and restricted num-
bers of EBV genes are expressed (14). EBV binds to B lym-
phocytes through a direct interaction of the EBV glycoprotein
gp350/220 with the complement receptor CD21. Additional
interaction of the ternary EBV glycoprotein gp85-gp25-gp42
complex with HLA class IT molecules allows endocytosis of the
EBV virion into smooth vesicles. Subsequently the viral DNA
is transported to the nucleus. The binding of EBV to B lym-
phocytes induces several signaling pathways that are required
for efficient transcription of the viral genome (21). The genes
encoding EBV-determined nuclear antigen 2 (EBNA2) and
EBNA leader protein are the first viral genes known to be
expressed following infection, and both genes have been shown
to contribute to the ability of EBV to immortalize primary B
lymphocytes (1, 2, 18). Protein synthesis is not required for events
leading to the transcription of these genes (18), suggesting that
the early stages of infection do not depend on the de novo syn-
thesis of cellular proteins. This is consistent with the Wp pro-
moter, which is constitutively active in B lymphocytes, being the
first viral promoter used for transcription of the genes encoding
EBNA2 and EBNA leader protein upon infection (26).

The BZLF1 protein is a transcriptional activator that binds
to AP-1-like motifs in the promoters of early lytic genes (8, 9)
and induces lytic infection in latently EBV-infected cells (5,
25). Analysis of Burkitt’s lymphoma (BL)-derived Akata cells,
in which lytic infection is efficiently and synchronously induced
upon cross-linking of cell surface immunoglobulins (Ig) with
anti-Ig antibodies, has revealed that BZLF1 is the first gene
expressed in the absence of protein synthesis (22, 24). Here, we
demonstrate that BZLF1 mRNA is expressed as early as 1.5 h
postinfection in the absence of protein synthesis in primary
EBV infection of B lymphocytes. A possible mechanism of
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early expression of the BZLF1 gene and its possible role in
establishing latent infection are discussed.

BL-derived EBV-negative Akata and Daudi cell clones and
primary B lymphocytes were used as targets for EBV infection.
The Akata and Daudi cell lines were originally EBV positive.
As reported previously, we isolated EBV-negative subclones
from the parental Akata and Daudi cell cultures by a limiting-
dilution culture (16, 20). Primary B lymphocytes were purified
from peripheral blood mononuclear cells of EBV-seropositive
donors by using Dynabeads CD19 and DETACHaBEAD
CD19 (Dynal AS, Oslo, Norway). The purity of separated B
lymphocytes was more than 95% as assessed by fluorescence-
activated cell sorting analysis with CD19 and CD21 antibodies
(Dako Denmark A/S, Glostrup, Denmark). Akata virus-de-
rived recombinant EBV carrying the enhanced green fluores-
cence protein (EGFP) was used as a source of EBV (15). For
virus production, Akata cells (2 X 10° cells) infected with
EGFP-carrying EBV were suspended with 1 ml of fresh me-
dium containing 0.5% goat antihuman IgG (Dako Denmark
A/S) (24) and incubated for 6 h to induce lytic replication. The
culture medium was replaced with fresh medium, and 2 days
later, the culture supernatant was harvested. The culture su-
pernatant was filtered with a 0.45-pm-pore-size membrane and
used as a virus solution. For EBV infection, EBV-negative
Akata and Daudi cells and primary B lymphocytes (10°) were
suspended in 1 ml of virus solution and incubated at 37°C for
90 min with continuous gentle mixing. After the removal of the
virus solution, the infected cells were suspended in fresh me-
dium. At the designated times of incubation, portions of the
cells were examined by reverse transcriptase PCR (RT-PCR)
for expression of BZLF1. Cellular RNA was isolated using the
Trizol reagent (Invitrogen, Carlsbad, CA) and then treated
with DNase I (Invitrogen) according to the manufacturer’s
instructions. RNA (1 ng) was reverse transcribed by using
Moloney murine leukemia virus reverse transcriptase (Invitro-
gen) and 100 pmol of a random primer (Takara, Otsu, Japan)
at 37°C for 60 min, followed by inactivation of reverse tran-
scriptase at 94°C for 10 min. One-tenth of the cDNA samples
was then subjected to 35 cycles of PCR consisting of denaturation
for 30 s at 94°C, annealing for 30 s at 55°C, and extension for 1
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(A) The cells were infected with EBV carrying the EGFP gene. At the designated time of incubation, expression of BZLF1 and EBNA2 mRNAs was
examined by RT-PCR. To secure the quality of the RNA sample, GAPDH mRNA was also amplified by RT-PCR. (B) The cells were infected with EBV
carrying the EGFP gene. At the designated time of incubation, expression of the BZLF1 protein was examined by immunoblot analysis using a mouse
monoclonal antibody (Dako Denmark A/S). EBV-positive Akata cells treated with anti-Ig antibody were used as a positive control (pc). The B-actin
protein was detected to show the quantity of each protein preparation. (C) Detection of the BZLF1 protein by immunofluorescence assay. The cells were
infected with EBV carrying the EGFP gene. At 12 h postinfection, the cells were harvested and subjected to the immunofluorescence assay. (D) Analysis
of early and late gene expression in primary B lymphocytes. At the designated time of incubation, expression of BMRF1 and gp350/220 mRNAs was
examined by RT-PCR. (E) EBV-negative Akata and Daudi cells were infected with wild type EBV. At the designated time of incubation, expression of
BZLF1 and GAPDH mRNA was examined by RT-PCR. (F) Detection of defective heterogenous EBV DNA. DNA extracted from het EBV-positive
P3HRI1 cells or recombinant Akata EBV was subjected to PCR. The molecular size marker (HaellI digestion of ®X174 DNA) is indicated in base pairs.

min at 72°C. Primers used for amplification of BZLF1 mRNA alized by ethidium bromide staining. The quality of RNA was
were 5'-CATGTTTCAACCGCTCCGACTGG-3" (upstream) checked by PCR amplification of glyceraldehydes-3-phosphate
and 5-GCGCAGCCTGTCATTTTCAGATG-3'. The PCR dehydrogenase (GAPDH) cDNA.

products were electrophoresed in a 2% agarose gel and visu-

The results are shown in Fig. 1A. BZLF1 mRNA was de-
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tected as early as 1.5 h postinfection, peaked at 6 h in Akata
cells and primary B lymphocytes and at 3 to 12 h in Daudi cells,
and quickly decreased thereafter. EBNA2 mRNA was also
investigated under the same PCR conditions with primer pairs
of 5'-GCTGCTACGCATTAGAGACC-3' (upstream) and 5'-
TCCTGGTAGGGATTCGAGGG-3'. EBNA2 mRNA was
first detected at 6 h postinfection and was constitutively ex-
pressed thereafter.

Expression of BZLF1 as a protein was examined by immu-
noblot analysis as described previously (12). Whole-cell lysates
were prepared from EBV-infected Akata and Daudi cells
(10%), and 1/10 of the protein sample was separated in a so-
dium dodecyl sulfate-polyacrylamide (10%) gel. For EBV-in-
fected primary B lymphocytes, protein samples obtained from
1.5 X 10° cells were used for each lane. The expression of the
BZLF]1 protein was detected with a monoclonal antibody spe-
cific for the BZLF1 protein (Dako Denmark A/S) as the pri-
mary antibody and a peroxidase-conjugated antimouse IgG
(GE Healthcare, Buckinghamshire, United Kingdom). The re-
sults indicated that the BZLF1 protein was detected in EBV-
infected Akata and Daudi cells and primary B lymphocytes at
6 h and 12 h postinfection (Fig. 1B). The efficiency of EBV
infection was determined by EGFP expression at 24 h postin-
fection. EBV-infected Akata, Daudi, and primary B lympho-
cytes expressed EGFP in 20%, 32%, and 45% of cells, respec-
tively. The fraction of infected cells expressing the BZLF1
protein was assessed by immunofluorescence. Smears of cells
were fixed in 3.5% formaldehyde in phosphate-buffered saline
at room temperature for 10 min and treated with a polyclonal
rabbit antibody for BZLF1 and Cy3-conjugated antirabbit IgG
antibody (Jackson ImmunoResearch Laboratories, West Grove,
PA) sequentially. The results indicated that Akata and Daudi
cells expressed the BZLF1 protein in about 8% and 10% of cells
at 12 h postinfection, respectively (Fig. 1C).

Subsequently, to assess whether BZLF1-expressing cells un-
dergo lytic replication, we analyzed early (BMRF-1) and late
(gp350/220) lytic gene expression in EBV-infected primary B
lymphocytes by RT-PCR. Primers used for BMRF-1 and
gp350/220 mRNA expression analysis were 5'-CTAGCCGTC
CTGTCCAAGTGC-3' (upstream) and 5'-AGCCAAACAGC
TCCTTGCCCA-3' or 5'-GTCAGTACACCATCCAGAGCC-
3'(upstream) and 5'-TTGGTAGACAGCCTTCGTATG-3',
respectively. cDNA samples were subjected to 25 cycles of
PCR consisting of denaturation for 30 s at 94°C, annealing for
30 s at 59°C (BMRF1) or 55°C (gp350/220), and extension for
1 min at 72°C. As shown in Fig. 1D, no early and late lytic gene
expression was observed in EBV-infected cells, indicating that
BZLF1 expressing cells do not undergo lytic infection.

Because we performed the experiments with a recombinant
EBYV, in which both GFP and neomycin resistance genes were
driven by a simian virus 40 promoter inserted in BXLF1, it is
possible that the presence of strong exogenous enhancer could
result in BZLF1 expression. To exclude this possibility, we
prepared wild-type Akata EBV and repeated the experiments.
As shown in Fig. 1E, we observed the same patterns of early
BZLF1 expression in Akata and Daudi cells as in the cells
infected with recombinant EBV. Finally, we checked whether
rearranged defective EBV (het virus) is present in the Akata
virus population, since the rearrangement has been reported to
cause early BZLF1 expression after EBV infection (13). DNA
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from het EBV DNA-positive P3HR-1 cells or culture super-
natant containing recombinant Akata EBV was subjected to 40
cycles of PCR consisting of denaturation for 1 min at 94°C,
annealing for 1 min at 45°C and extension for 1 min at 72°C.
Primers were selected that framed the junction of rearranged
DNA (5'-GCACATTAGCAATGCCTGTG-3' and 5'-GTCC
AGCGCGTTTACGTAAG-3"). het DNA amplification was
detected in P3HR-1 DNA but not in Akata EBV DNA (Fig.
1F). Thus, we conclude that early BZLF1 expression is not due
to the rearranged defective EBV.

To confirm that BZLF1 was induced by EBV infection, we
examined whether UV-treated EBV could induce BZLF1
mRNA. Virus solution was exposed to 9.8 mJ of UV irradia-
tion (7) in a UV cross-linker (Bio-Rad Laboratories, Hercules,
CA) and then inoculated into EBV-negative Daudi and Akata
cells and primary B lymphocytes. As shown in Fig. 2A, UV-
treated EBV could not induce expression of BZLF1 as well as
EBNA2 mRNAs, indicating that intact viral DNA was neces-
sary for BZLF1 and EBNA2 expression.

The early detection of BZLF1 mRNA prompted us to ex-
amine whether it was expressed as an immediate-early gene.
EBV-negative Daudi cells were preincubated for 3 h in a me-
dium containing 25 pg/ml anisomycin (Sigma, St. Louis, MO),
an inhibitor of protein synthesis. The culture was then centri-
fuged, and the cell pellet was resuspended in virus solution
containing anisomycin and incubated for 90 min. Thereafter,
the cells were resuspended in fresh medium containing aniso-
mycin, incubated for the designated time, and examined for
BZLF1 mRNA expression by RT-PCR. The results indicated
that BZLF1 mRNA was detected as early as 1 h postinfection
and the levels of expression were higher that those in control
cells infected in the absence of anisomycin (Fig. 2B). On the
other hand, anisomycin was efficient in blocking synthesis of
the B-actin protein. These results demonstrated that BZLF1
was induced in the absence of protein synthesis following EBV
infection and could be classified as an immediate-early gene.

To exclude the possibility that the BZLF1 RNA was pack-
aged in the infecting virus particles, EBV-negative Daudi cells
were infected with EBV in the presence of actinomycin D, an
inhibitor of RNA synthesis, and expression of BZLF1 mRNA
was examined by RT-PCR. The results indicated that actino-
mycin D completely inhibited expression of BZLF1 mRNA
(Fig. 2C), indicating that BZLF1 RNA was newly synthesized
after EBV infection.

It has been established that various agents, including 12-O-
tetradecanoylphorbol-13-acetate (TPA) and anti-Ig antibodies,
induce lytic infection in latently EBV-infected cells (23, 28).
These treatments trigger a variety of cellular signaling path-
ways, resulting in the activation of cellular transcription factors
leading to transcription from the BZLF1 promoter. The
BZLF]1 protein is a lytic switch transactivator and activates the
expression of EBV lytic genes necessary for lytic DNA repli-
cation. The BZLF1 promoter contains a consensus CREB/
AP-1 motif, recognized by c-Jun and c-Fos, which plays a
critical role in the induction of BZLF1 mRNA expression in
response to TPA and anti-Ig antibodies in latently EBV-in-
fected cells (10, 23). Since we first discovered that BZLF1 was
expressed as an immediate-early gene in EBV-infected cells,
we examined whether c-fos was involved in expression of
BZLF1 in EBV-infected cells. At first, it was examined
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FIG. 2. (A) Effect of UV inactivation of EBV preparation on expression of BZLF1 and EBNA2 mRNAs after EBV infection. EBV-negative
Daudi and Akata cells and primary B lymphocytes were infected with UV-treated EBV. At the designated time of incubation, expression of BZLF1
and EBNA2 mRNAs was examined by RT-PCR. (B) Effect of anisomycin, an inhibitor of protein synthesis, on expression of BZLF1 and EBNA2
mRNAs after EBV infection. EBV-negative Daudi cells were preincubated for 3 h in a medium containing 25 wg/ml anisomycin. The culture was
then centrifuged, and the cell pellet was resuspended in virus solution containing anisomycin and incubated for 90 min. Thereafter, the cells were
resuspended in fresh medium containing anisomycin, incubated for the designated time, and examined for expression of BZLF1 and EBNA2
mRNAs by RT-PCR. The effect of anisomycin on expression of the B-actin protein was examined by immunoblot analysis. (C) Effect of actinomycin
D, an inhibitor of RNA synthesis, on expression of BZLF1 mRNA after EBV infection. EBV-negative Daudi cells were infected with EBV in the
presence of 5 pg/ml actinomycin D, incubated for the designated time, and examined for expression of BZLF1 mRNA by RT-PCR.
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whether c-fos activated gene expression from the BZLF1 pro-
moter, as described previously (12). A BZLF1-luciferase re-
porter plasmid (pGVB2/BZLF1) and a c-fos-expressing plas-
mid or control plasmid were cotransfected into EBV-negative
Daudi cells using Lipofectamine 2000 (Invitrogen). After 48 h
of incubation, cells were harvested and luciferase activity was
determined. As shown in Fig. 3A, c-fos activated luciferase
expression from the BZLF1 promoter. Next, we used small
interfering RNA targeting c-fos to inhibit its expression in
EBV-infected cells. EBV-negative Daudi cells (5 X 10°) were
transfected with 20 pg of the TransSilent Fos shRNA vector
(Panomics, Redwood City, CA) or the TransSilent control
vector by the electroporation method. Transfected cells were
cultured for 2 days and plated in 96-well plates at 10* cells per
well in medium containing 700 wg of G418/ml for selection.
G418-resistant cell clones were examined for the expression of
the c-fos protein by immunoblotting using a rabbit polyclonal
antibody against c-Fos (Calbiochem, San Diego, CA) as the
primary antibody. Although we screened more than 50 cell
clones, completely c-Fos-negative cell clones could not be ob-
tained, possibly because the c-Fos protein is necessary for cell
survival and proliferation. Therefore, we chose the two cell
clones with the least c-Fos expression as shown in Fig. 3B.
Using these cell clones, we examined whether EBV infection
induced BZLF1 expression. RT-PCR and immunoblot analysis
of EBV-infected Daudi cells revealed that expression of
BZLF1 mRNA and protein was repressed in c-fos-silenced
Daudi cells (Fig. 3C), indicating that c-fos was necessary for
expression of BZLF1 as an immediate-early gene after EBV
infection. To assess whether c-fos silencing affected expression
of other viral transcripts, we examined the expression of
EBNAZ2 transcripts after EBV infection in c-fos-silenced Daudi
cells. The results indicated that c-fos silencing did not affect
EBNA2 expression (Fig. 3C).

In the present study, we demonstrated that the BZLF1 gene,
a switch from latent infection to lytic infection, is expressed as
early as 1.5 h after EBV infection in BL-derived, EBV-negative
Akata and Daudi cells and primary B lymphocytes. Since
BZLF1 mRNA was expressed even when the cells were in-
fected with EBV in the presence of anisomycin, an inhibitor of
protein synthesis, its expression did not require prerequisite
protein synthesis, indicating that BZLF1 was expressed as an
immediate-early gene after EBV infection. In cells lytically
infected with herpes simplex virus, VP16, a tegument protein
packaged in the virion, acts in trans to induce « genes, the first
set of immediate-early genes to be expressed in the absence of
protein synthesis (17). Analogously, virion components might
act in frans to induce the BZLF1 gene.

Then what is the significance of BZLF1 expression in the
early stage of EBV infection? Savard et al. (19) showed that
primary EBV infection of monocytes resulted in the expression
of BZLF1 transcripts as early as 2 h postinfection, followed by
expression of other lytic genes. It is conceivable that BZLF1 is
first expressed to induce other regulatory genes required for
lytic replication. Several reports have demonstrated that the
BZLF]1 protein can induce expression of cell cycle regulators,
including p53, and cell growth arrest (3, 4, 6). Cell cycle arrest
is imposed by herpesviruses during viral lytic cycle DNA rep-
lication to prevent competition with host cell DNA synthesis
for limited free nucleotides and to provide nuclear space for
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FIG. 3. Involvement of c-fos in expression of BZLF1 mRNA after
EBV infection. (A) Effect of c-fos on gene expression from BZLF1
promoter. The BZLF1-luciferase reporter plasmid (pGVB2/BZLF1)
and a c-fos-expressing plasmid or control plasmid were cotransfected
into EBV-negative Daudi cells by lipofection. After 48 h of incubation,
cells were harvested and luciferase (luc) activity was determined. The
luciferase activities obtained from c-fos-transfected cells were divided
by those from control plasmid-transfected cells, and the results were
expressed as the mean relative activity (fold induction) * standard
error. (B) Expression of c-fos in c-fos-silenced EBV-negative Daudi
cell clones. EBV-negative Daudi cells were transfected with the Trans-
Silent Fos shRNA vector (Panomics), and c-fos-silenced cell clones
were isolated by cultivation in a selective medium. Expression of the
c-Fos protein in these cell clones was examined by immunoblot anal-
ysis using a rabbit polyclonal antibody (Calbiochem). The B-actin pro-
tein was detected to show the quantity of each protein preparation.
(C) Effect of c-fos silencing on expression of BZLF1 mRNA and
protein after EBV infection. c-fos-silenced, EBV-negative Daudi cells
were infected with EBV. At the designated time of incubation, expres-
sion of BZLF1 mRNA and protein was examined by RT-PCR and
immunoblot analysis. EBV-negative Daudi cell clones stably trans-
fected with the TransSilent control vector (Panomics) were also in-
fected with EBV and examined for BZLF1 mRNA and protein ex-
pression as a positive control. Effect of c-fos silencing on EBNA2
mRNA expression was examined by RT-PCR.
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progeny viral DNA storage (17). From these viewpoints,
BZLF]1 expression during latent infection may be a remnant of
Iytic infection. Indeed, we observed by immunofluorescence
that only the subpopulations of EBV-infected cells were
BZLF1 positive, suggesting that BZLF1-expressing cells un-
dergo lytic replication and die, whereas other cells without
BZLF1 expression establish latent infection. However, we did
not observe early and late lytic gene expression. Another pos-
sibility is that BZLF1-expressing cells are the only ones that
survive and establish latency. Zhang and colleagues reported
that the BZLF1 protein interacted directly in vitro and in vivo
with p53 and inhibited p53-dependent transactivation in lym-
phoid cells (27). It is probable that inhibition of p53 function
allows survival of the cells during the early stage of EBV
infection, thus contributing to efficient establishment of latent
infection. In addition, it was reported that BZLF1 expression
in early-passage lymphoblastoid cell lines may contribute to
tumor formation and cellular gene expression (11). This may
provide insight into the role of BZLF1 in the early stage of
EBV infection.
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