View metadata, citation and similar papers at core.ac.uk

JOURNAL OF VIROLOGY, July 2001, p. 6135-6142
0022-538X/01/$04.00+0 DOI: 10.1128/JV1.75.13.6135-6142.2001

brought to you by 4{ C(

provided by Carolina Digital Repo

Vol. 75, No. 13

Copyright © 2001, American Society for Microbiology. All Rights Reserved.

Epstein-Barr Virus Immediate-Early Protein BRLF1 Induces
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Expression of the Epstein-Barr virus (EBV) immediate-early (IE) protein BRLF1 induces the lytic form of
viral replication in most EBV-positive cell lines. BRLF1 is a transcriptional activator that binds directly to a
GC-rich motif present in some EBV lytic gene promoters. However, BRLF1 activates transcription of the other
IE protein, BZLF1, through an indirect mechanism which we previously showed to require activation of the
stress mitogen-activated protein kinases. Here we demonstrate that BRLF1 activates phosphatidylinositol-3
(PI3) kinase signaling in host cells. We show that the specific PI3 kinase inhibitor, LY294002, completely
abrogates the ability of a BRLF1 adenovirus vector to induce the lytic form of EBV infection, while not affecting
Iytic infection induced by a BZLF1 adenovirus vector. Furthermore, we demonstrate that the requirement for
PI3 kinase activation in BRLF1-induced transcriptional activation is promoter dependent. BRLF1 activation
of the SM early promoter (which occurs through a direct binding mechanism) does not require PI3 kinase
activation, whereas activation of the IE BZLF1 and early BMRF1 promoters requires PI3 kinase activation.
Thus, there are clearly two separate mechanisms by which BRLF1 induces transcriptional activation.

Epstein-Barr virus (EBV) infects the majority of the world’s
population and causes infectious mononucleosis (25, 39). EBV
infection is also associated with an increasing number of ma-
lignancies (39). As is the case for all herpesviruses, EBV can
infect cells in either a latent or lytic form. Viral proteins ex-
pressed during the latent form of EBV infection are sufficient
to immortalize B cells in vitro and contribute to the develop-
ment of EBV-associated malignancies in vivo (25, 39). How-
ever, the virus must periodically convert to the lytic form of
infection to promote secretion of viral particles in the saliva
and infection of new hosts (25, 39).

Expression of either EBV immediate-early (IE) protein,
BZLF1 or BRLF]I, is sufficient to convert the latent form of
EBV infection into the lytic form in most cell types (5, 7, 38, 41,
44, 50, 51). Both BZLF1 and BRLF1 are transcriptional acti-
vators (4, 14, 15, 20-24, 29, 32, 37, 38), and each IE protein
activates transcription of the other (1, 2, 11, 28, 37, 42, 51).
Mutational analysis in the intact viral genome has recently
confirmed that both IE proteins are required for lytic EBV
infection (11). However, in certain EBV-positive cell lines
(such as the Raji Burkitt’s lymphoma line), only BZLF1 ex-
pression induces lytic EBV infection (37, 51). BZLF1 binds
directly to AP1-like motifs present in many early EBV pro-
moters, as well as the BRLF1 promoter (2, 4, 10, 14, 36, 41, 42).
In contrast, BRLF1 binds directly to a GC-rich motif present in
certain early promoters (17, 18, 36) but activates other pro-
moters (including the two promoters driving BZLF1 transcrip-
tion) through an indirect mechanism (1, 20). The inability of
BRLF1 to induce the lytic form of EBV infection in Raji cells
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is associated with its inability to activate BZLF1 transcription
from the endogenous viral genome, although BRLF1 is capa-
ble of activating the EBV SM early promoter in Raji cells (37,
51).

The ability of BRLF1 to induce transcription of some target
genes but not others in Raji cells suggests that it activates genes
by more than one mechanism. We recently demonstrated that
BRLF1 activates BZLF1 transcription at least partially
through an indirect mechanism requiring a CREB motif in the
Zp promoter (1). We showed that this CREB site is bound by
a c-Jun/ATF2 heterodimer and that BRLF1 induces phosphor-
ylation of the ATF2 transcription factor by activation of the
c-Jun and p38 stress kinase pathways (1). However, the exact
mechanism(s) by which BRLF1 activates these signal transduc-
tion pathways remains unknown.

In this report, we have further examined the effect of BRLF1
on signal transduction pathways in the host cell. We show that
BRLF1 induces Akt phosphorylation through a phosphatidyl-
inositol-3 (PI3) kinase-dependent pathway and that PI3 kinase
activation is required for BRLF1-induced (but not BZLF1-
induced) disruption of viral latency. The requirement for PI3
kinase activation is promoter dependent, in that BRLF1 can
efficiently activate the early SM promoter but not the IE
BZLF1 and early BMRF1 promoters in the presence of a PI3
kinase inhibitor. In addition, we show that activated RAS is
required for both BRLF1- and BZLF1-induced disruption of
viral latency, at a stage downstream of BZLF1 and BRLF1
transcription. Our results suggest that BRLF1 activates EBV
promoters through at least two different mechanisms. One
mechanism is mediated by direct binding of BRLF1 to GC-rich
motifs in certain early viral promoters, as previously described
(17, 18, 36). The other mechanism (which may be cell type
dependent) is mediated through activation of PI3 kinase and
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the stress mitogen-activated protein (MAP) kinases and is re-
quired for activation of the IE BZLF1 promoter.

MATERIALS AND METHODS

Cell culture and reagents. Raji and Akata cells are EBV-positive Burkitt’s
lymphoma cell lines. D98/HE-R-1 is an epithelial cell line formed by the fusion
of a HeLa subclone (D98) with the EBV-positive Burkitt’s lymphoma cell line
P3HR/1. Normal human fibroblasts (NHF5-neo), a gift from William Kaufmann
at the University of North Carolina at Chapel Hill, were derived from neonatal
foreskin. NHF5-neo was maintained in Eagle’s minimal essential medium (Gibco
BRL) supplemented with 10% fetal bovine serum (FBS) and nonessential amino
acids. The AGS-EBV cell line (a gift from Lindsey Hutt-Fletcher) was obtained
by G418 selection of AGS cells (a gastric carcinoma line) that were infected with
a recombinant Akata virus in which a neomycin resistance cassette had been
inserted into the nonessential BDLF3 open reading frame. All lymphoid cell
lines were maintained in RPMI 1640 medium (Gibco BRL) supplemented with
10% FBS. Epithelial cell lines were maintained in Dulbecco’s modified Eagle’s
medium H (Sigma) supplemented with 10% FBS or, in the case of the AGS-EBV
cells in Ham’s F-12 medium, with 10% FBS and 400 g of G418/ml. All media
contained penicillin (100 U/ml) and streptomycin (100 pg/ml).

Adenovirus vectors and infection. The BZLF1 and BRLF1 c¢cDNAs were
cloned under the control of the cytomegalovirus IE promoter into shuttle vectors
containing a Lox P site, the left adenovirus terminal repeat, and a packaging
signal. Recombination of these shuttle vectors into the Lox P site of an E1- and
E3-gene-deficient adenovirus produced adenovirus Z (Ad-Z; vector for BZLF1)
and adenovirus R (Ad-R; vector for BRLF1) (50). The control vector, adenovi-
rus Lac Z (Ad-Lac Z), contains the bacterial B-galactosidase gene and was
constructed in the same manner.

Normal human fibroblasts were cultured at a cell density of 3 X 10° per 150
mM plate and were infected at a multiplicity of infection (MOI) of 500. D98/
HE-R-1 cells were cultured in 100 mM plates at a cell density of 1.5 X 10° and
were infected at an MOI of 50. Normal growth media were removed from all
cells prior to infection and were replaced with Dulbecco’s modified Eagle’s
medium plus 2% heat-inactivated serum. Cells were infected for 2 h; media were
removed and were then replaced with normal growth medium.

DNA plasmids. The BRLF1 expression plasmid pRTS15 was provided by
Diane Hayward and contains a genomic BRLF1 fragment expressed by the
simian virus 40 promoter in the pSGS5 vector (Stratagene). The dominant-nega-
tive RAS plasmid (pZip-HRAS17N, a gift from Channing Der) has been previ-
ously described (12, 35) and contains a cysteine-to-serine substitution of the
cysteine residue in the C-terminal CXXX prenylation signal sequence present in
all RAS proteins.

DNA transfections. Plasmid DNA was purified using the QIAGEN maxi kit as
described by the manufacturer. DNA was transfected by electroporation at 1,500
V with a Zapper electroporation unit (Medical Electronics Shop, University of
Wisconsin) using 6 pg of DNA. Epithelial cells were harvested and resuspended
in RPMI 1640 medium prior to electroporation.

Immunoblot analysis. Inmunoblot analysis was performed for the detection of
total Akt, BMRF1, BZLF1, BRLF1, and SM as follows: equal amounts of
protein were loaded in each lane, and sodium dodecyl sulfate-polyacrylamide gel
electrophoresis was performed. The proteins were transferred overnight onto
nitrocellulose (Osmonics), blocked in 1X phosphate-buffered saline (PBS) con-
taining 5% milk and 0.1% Tween 20, and incubated in primary antibody for 1 h
at room temperature or 24 h at 4°C. Antibodies were as follows: total Akt
(1:1,000) (catalog no. 9272; from Cell Signaling Technology); BMRF1 (1:100)
from Capricorn; BZLF1 (1:100) anti-EBV ZEBRA from Argene; anti-BRLF1
(1:100) from Argene; and anti-SM rabbit polyclonal antibody (1:400), a gift from
Sankar Swaminathan. The membrane was washed in PBS-0.1% Tween 20, in-
cubated in secondary antibody for 1 h at room temperature (horseradish perox-
idase-conjugated goat anti-mouse [1:10,000] or horseradish peroxidase-conju-
gated goat anti-rabbit [1:10,000] from Promega), and washed, and the results
were visualized with the enhanced-chemiluminescence kit (Amersham) as spec-
ified by the manufacturer.

The detection of phosphorylated Akt (Ser 473) differed as follows: membranes
were blocked in 1X Tris-buffered saline containing 0.1% Tween 20 and 5%
bovine serum albumin (BSA) and were incubated overnight at 4°C (phospho-Akt
[1:1,000], catalog no. 9271S; New England Biolabs). The secondary antibody was
diluted in blocking buffer and was incubated for 1 h at room temperature.

Protein preparation. Cells used in the immunoblots with phosphospecific
antibodies were washed twice with PBS, resuspended in 150 pl of low-salt buffer
(150 mM NaCl, 20 mM Tris-HCI [pH 7.5], 5 mM EDTA, 1% Triton X-100, 50
mM NaF, 10% glycerol, 1 mM Na;VO,, and protease inhibitors), tumbled for 15
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min at 4°C, and centrifuged. All other cells were resuspended in 50 pl of buffer
(0.25 M NaCl, 0.1% NP-40, 0.05 M HEPES [pH 7.0], 5 mM EDTA, and protease
inhibitors), freeze-thawed twice, and centrifuged. The supernatants from centri-
fuged cells were used for Western blots.

P13 kinase inhibition. Cells treated with the PI3 kinase inhibitors L'Y294002
(Sigma) and wortmannin (Calbiochem) were incubated in medium containing
final inhibitor concentrations of 15 uM (LY294002) and 0.1 uM (wortmannin)
for 24 to 48 h. Inhibitors were replenished after 24 h.

FACS analysis. Akata cells were induced into the lytic form of EBV infection
using anti-immunoglobulin G (IgG) as previously described (45). Anti-IgG-
treated Akata cells (100 pg of anti-human IgG [Sigma]/ml for 24 h) in the
absence or presence of the PI3 kinase inhibitor LY294002 were washed twice
with PBS, fixed with 60% acetone for 10 min on ice, washed three times with
PBS-0.5% BSA, and incubated with a 1:100 dilution of the primary antibody
(BMRF1; Capricorn) for 1 h at room temperature. The cells were washed three
times and were then incubated in the secondary antibody (donkey anti-mouse—
fluorescein isothiocyanate [1:100]; Sigma) for 1 h at room temperature. The cells
were washed three times and resuspended in 0.5 ml of PBS. The percentage of
immunofluorescent cells was determined with a fluorescence-activated cell sorter
(FACS) (Becton-Dickinson). To examine the level of BZLF1 expression, similar
experiments were performed using a BZLF1 antibody (1:200 dilution; Argene).

Immunocytochemistry. Normal human fibroblasts were grown on glass cover-
slips and infected with Ad-R or Ad-LacZ at an MOI of 250. Two days later, cells
were rinsed in PBS and fixed in 100% methanol for 10 min at —20°C. The cells
were rehydrated in cold PBS with 0.01% Tween for 5 min, incubated in incuba-
tion mix (PBS-0.3% BSA-5% donkey serum) at room temperature for 10 min,
and then incubated in primary antibody (monoclonal anti-BRLF1 [1:100] from
Argene or equal amounts of an isotype control) diluted in incubation mix. Cells
were washed four times with PBS-0.5% BSA for 5 min each and were then
incubated in secondary antibody (donkey anti-mouse fluorescein isothiocyanate
[1:100] [Jackson Immuno Labs] diluted in incubation mix) for 45 min at 37°C.
Cells were washed as done before and mounted on Antifade media (Molecular
Probes) and viewed on a Zeiss confocal microsope.

RESULTS

BRLF1, but not BZLF1, induces Akt phosphorylation
through a PI3 kinase-dependent pathway. The PI3 kinase
pathway is a major signaling pathway involved in the control of
cell proliferation and survival (16, 26, 27), and activation of this
pathway can lead to activation of a variety of downstream
kinases (3, 26). To study the effects of BZLF1 and BRLF1 on
the PI3 kinase pathway, we examined their effect on phosphor-
ylation of the Akt protein using an antibody that specifically
recognizes only the activated form (phosphorylated at residue
Ser 473) of Akt. Phosphorylation and activation of the serine/
threonine kinase Akt have been shown to be downstream ef-
fects of PI3 kinase activation (reviewed in reference 16). Se-
rum-starved normal human fibroblasts were infected with
Ad-Z, Ad-R, or Ad-Lac Z, and the level of Akt phosphoryla-
tion was examined by immunoblot analysis 2 days later. As
shown in Fig. 1, BRLF1 expression in normal human fibro-
blasts induced Akt phosphorylation while not increasing the
level of total Akt. In contrast, infection with the control or
BZLF1 adenovirus had little effect.

To confirm that BRLF1 activates Akt phosphorylation
through a PI3 kinase-dependent pathway, we examined the
effect of two different PI3 kinase inhibitors, wortmannin and
LY294002, on BRLFIl-induced Akt phosphorylation. As
shown in Fig. 2, both PI3 kinase inhibitors significantly de-
creased the ability of BRLF1 to activate Akt phosphorylation
while not affecting the level of total Akt. Therefore, BRLF1
expression in cells appears to activate the PI3 kinase signaling
pathway.

PI3 kinase activation is required for BRLF1 induction of
lytic EBV infection. To determine if the ability of BRLF1 to
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FIG. 1. BRLF1 expression is associated with Akt phosphorylation. Normal human fibroblasts were serum starved for 3 days and then either
mock infected or infected with adenovirus vectors encoding B-galactosidase (Ad-LacZ), BZLF1 (Ad-Z), or BRLF1 (Ad-R). Phosphorylation of
Akt was quantitated 2 days later by immunoblot analysis using an antibody that recognizes only the activated (phosphorylated on Ser 473 residue)
form of Akt (top panels) or an antibody which recognizes total Akt (bottom panels). Two separate experiments are shown.

activate the PI3 kinase pathway is in fact important for induc-
tion of lytic EBV infection, latently infected EBV-positive
D98/HE-R-1 cells were infected with Ad-LacZ, Ad-Z, or Ad-R
in the presence or absence of the PI3 kinase inhibitor
LY294002. Two days later, induction of the lytic form of EBV
infection was quantitated by immunoblot analysis using anti-
bodies directed against the early lytic EBV protein, BMRF]1, as
well as the two EBV IE proteins.

As shown in Fig. 3A, the PI3 kinase inhibitor L'Y294002
almost completely abrogated the ability of Ad-R to induce
expression of the early lytic BMRF1 gene, although the level of
BRLF1 expression in cells was not affected. In sharp contrast,
induction of lytic EBV infection using Ad-Z did not require the
PI3 kinase pathway. Since it is known that activation of the
early BMRF1 gene requires both BZLF1 and BRLF1 (2, 37,
51), we also examined the effect of the PI3 kinase inhibitor on
BRLF1 induction of BZLF1 expression from the endogenous
viral genome. The ability of BRLF1 to activate BZLF1 expres-
sion was decreased in the presence of the PI3 kinase inhibitor
(Fig. 3A).

Given that the BRLF1 adenovirus induces only a small
amount of BZLF1 expression from the endogenous EBV ge-
nome in D98/HE-R-1 cells, we considered the possibility that
an inhibitory effect of LY294002 on cells infected with Ad-Z
(using an MOI of 50) was missed due to nonphysiologic over-
expression of BZLF1. To confirm that this is not the case, we
used FACS analysis to compare the level of BZLF1 expression
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in D98/HE-R-1 cells infected with various amounts of Ad-Z
with the level of cellular BZLF1 expression in EBV-positive
gastric epithelial cells (AGS-EBV). Although the level of cel-
lular BZLF1 expression in D98/HE-R-1 cells infected with
Ad-Z at an MOI of 1 was considerably lower than the level of
BZLF1 expression observed in AGS-EBV cells (Fig. 3B),
BMRF1 expression was not inhibited by LY294002 in D98/
HE-R-1 cells infected with Ad-Z at an MOI of 1 (Fig. 3C).
These results confirm that BRLF1-induced but not BZLF1-
induced lytic EBV infection requires activation of the PI3
kinase pathway.

BRLF1 activation of the early SM gene does not require PI3
kinase activation. It was recently shown that BRLF1 induces
transcription of the early EBV gene SM but not of the BZLF1
or BMRF1 genes in Raji cells (37). Thus, BRLF1 activates the
SM early gene even in the absence of any concomitant BZLF1
expression. To determine if PI3 kinase activation is required
only for a subset of BRLF1-responsive genes, we examined the
effect of the PI3 kinase inhibitor LY294002 on BRLF1 activa-
tion of the SM gene in D98-HE-R-1 cells. Immunoblot analysis
was performed on the same cell extracts shown in Fig. 3A
(experiment 1), using an antibody that recognizes the SM pro-
tein. As shown in Fig. 4, inhibition of PI3 kinase activity with
LY294002 did not significantly affect the ability of BRLF1 to
activate the SM promoter in D98-HE-R-1 cells. Thus, PI3
kinase activation is required for only a subset of BRLF1-re-
sponsive promoters.
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FIG. 2. BRLF1 induces Akt phosphorylation through a PI3 kinase-dependent pathway. Serum-starved normal human fibroblasts were infected
with the various adenovirus vectors in the presence or absence of the PI3 kinase inhibitors, L'Y294002 (15 uwM) or wortmannin (0.1 wM). The
amount of phosphorylated Akt was quantitated 2 days later by immunoblot analysis using an antibody that recognizes only the phosphorylated form
of Akt (top panel; NS is a nonspecific band) or an antibody that recognizes total Akt (bottom panel).
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BRLF1 is both a nuclear and cytoplasmic protein. To fur-
ther investigate the potential mechanism(s) by which BRLF1
induces PI3 kinase activation, we examined the cellular distri-
bution of BRLF1 using confocal microscopy. Although it is
generally accepted that BRLF1 is a nuclear protein, the orig-
inal description of BRLF1 in fact characterized it as both a
nuclear and cytoplasmic protein (33). As shown in Fig. 5,
although the majority of normal human fibroblasts infected
with Ad-R had BRLF1 protein visualized only in the nucleus,
in some cells BRLF1 was also clearly observed in the cyto-
plasm. The difftuse BRLF1 staining observed in some cells did
not result from membrane localization, since this type of
BRLF1 staining was observed on multiple different cuts of the
same cell using confocal microscopy (data not shown). Thus,
the ability of BRLF1 to induce PI3 kinase activation could
potentially be due to either transcriptional or nontranscrip-
tional mechanisms in either the nucleus or cytoplasm.

PI3 kinase activation is required for anti-Ig-induced lytic
EBYV infection in Akata cells. Engagement of the B-cell recep-
tor activates PI3 kinase signaling (8) and also induces the lytic
form of EBV infection in some cell lines (45). To determine if
activation of the PI3 kinase pathway is required for induction
of lytic EBV infection by B-cell receptor activation, we treated
Akata cells (an EBV-positive Burkitt’s lymphoma line) with

=. B .' <« BMRF1

FIG. 3. PI3 kinase activation is required for BRLF1-induced, but
not BZLF1-induced, lytic EBV infection. (A) EBV-positive D98/HE-
R-1 cells were infected with the various adenovirus vectors (MOI of
50) in the presence or absence of the PI3 kinase inhibitor LY294002.
Induction of the lytic form of EBV infection was quantitated by im-
munoblot analysis 1 day later using antibodies directed against the
early lytic EBV protein BMRF1 or against the IE proteins BRLF1 (R)
and BZLF1 (Z). Two separate experiments are shown. (B) The level of
cellular BZLF1 expression was quantitated by FACS analysis in D98/
HE-R-1 cells (top panel) infected with Ad-LacZ (MOI of 20) or Ad-Z
(MOI of 1 or of 20) and in AGS-EBV cells (bottom panel). In AGS-
EBV cells, only about 5% of cells express BZLF1. Isotype control
antibodies and EBV-negative AGS cells were also used in the exper-
iments described above to confirm which cells are the BZLF1-express-
ing cells (data not shown). (C) Procedure given for panel A was
followed, except that D98/HE-R-1 cells were infected with adenovirus
vectors using an MOI of 1. Abbreviations are the same as those given
for panel A. —, absence of LY294002; +, presence of LY294002.

anti-IgG either in the absence or presence of the PI3 kinase
inhibitor LY294002. The number of cells expressing the lytic
BMREF1 viral protein before and after engagement of the B-
cell receptor was quantitated using a BMRF1 antibody and
FACS analysis; only viable cells were included in the analysis
(Fig. 6). In the absence of the PI3 kinase inhibitor, anti-IgG
treatment of Akata cells induced BMRF1 expression in essen-
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FIG. 4. PI3 kinase activation is not required for BRLF1 activation
of the early SM promoter. EBV-positive D98/HE-R-1 cells were in-
fected with the various adenovirus vectors in the presence or absence
of the PI3 kinase inhibitor LY294002. Induction of the early SM EBV
gene was quantitated by immunoblot analysis using an antibody di-
rected against the early lytic EBV protein SM.
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FIG. 5. BRLF1 is both a nuclear and cytoplasmic protein. Normal human fibroblasts were infected with Ad-LacZ or Ad-R. Immunocyto-
chemistry was performed 2 days later using a BRLF1 monoclonal antibody and confocal microscopy. An isotype control primary antibody produced
no visible staining (data not shown). Cells containing primarily nuclear BRLF1 (red arrows) versus those containing diffuse BRLF1 (white arrows)

are indicated.

tially all cells. In the presence of the PI3 kinase inhibitor,
BMREF1 induction by anti-IgG was completely abolished. How-
ever, LY294002 treatment of Akata cells also completely in-
hibited the ability of anti-IgG treatment to induce expression
of both the BZLF1 and BRLF1 IE proteins (data not shown).
Similar results were obtained using immunoblot analysis (data
not shown). Therefore, the disruption of EBV viral latency by

- LY 294002 + LY 294002
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FIG. 6. PI3 kinase activation is required for anti-Ig-induced lytic
EBYV infection in Akata cells. Akata cells were treated with 100 pg of
anti-IgG/ml for 24 h in the absence (—) or presence (+) of the PI3
kinase inhibitor LY294002. The level of BMRF1 expression in cells
was determined by FACS analysis using a BMRF1-specific antibody.
Similar results were obtained in two separate experiments.

B-cell receptor activation requires the PI3 kinase signaling
pathway for the activation of both BZLF1 and BRLF1 tran-
scription.

Activated RAS is required for both BRLF1- and BZLF1-
induced lytic EBV infection. Our previous results (1), in com-
bination with the data presented above, indicate that BRLF1
can activate PI3 kinase signaling, as well as that of the c-Jun
and p38 stress MAP kinases. Since RAS can mediate activation
of PI3 kinase as well as of the stress MAP kinases (6, 40, 46),
we examined whether a dominant-negative RAS mutant (17N)
can inhibit the ability of transfected BRLF1 or BZLF1 to
induce the lytic form of EBV infection in D98/HE-R-1 cells. As
shown in Fig. 7, the dominant-negative RAS mutant signifi-
cantly reduced the ability of both BZLF1 and BRLF1 to acti-
vate BMRF1 expression while not affecting the level of trans-
fected BRLF1 protein or the ability of BZLF1 to induce
BRLF1 transcription from the endogenous viral genome. In
addition, using reverse transcriptase PCR analysis, we did not
find that the ability of transfected BRLF1 to activate BZLF1
transcription from the endogenous viral genome was reduced
by the dominant-negative RAS mutant (data not shown). Thus,
activated RAS may be required for induction of lytic EBV
infection at a step downstream of IE gene transcription.

DISCUSSION

The EBV IE protein, BZLF1, was shown to mediate the
switch from latent to lytic EBV infection some time ago, but it
has only recently been recognized that the other EBV IE
protein, BRLF1, can also mediate this switch (38, 50, 51).
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FIG. 7. Activated RAS is required for BRLF1- and BZLF1-in-
duced lytic EBV infection. D98/HE-R-1 cells were transfected with a
control vector (vector) or BRLF1 (R) and BZLF1 (Z) expression
vectors in the presence or absence of a dominant-negative RAS mu-
tant (RAS17N). The level of BMRF1 induction (top panel) was ana-
lyzed 2 days after transfection by immunoblot analysis. The level of
transfected BRLF1 (R) (or BRLF1 induced by BZLF1 from the en-
dogenous viral genome) is shown in the bottom panel.

Interestingly, only the BRLF1 homologue (ORF 50), not the
BZLF1 homologue, can induce the lytic form of viral infection
in human herpesvirus 8 (the closest human herpesvirus relative
of EBV) (31, 43). Thus, BRLF1 and its homologues encode a
more universal mechanism for inducing the lytic form of viral
infection in the gammaherpesviruses, whereas BZLF1 activa-
tion of lytic viral infection may be specific to EBV. As yet,
however, the mechanism by which BRLF1 induces lytic viral
infection has remained somewhat elusive, since the first essen-
tial step in this cascade (activation of BZLF1 transcription)
occurs through an indirect mechanism (1). Our results here
suggest that BRLF1 induces lytic EBV infection by activating
a signal transduction cascade that culminates in BZLF1 tran-
scription.

There are a number of interesting differences between the
induction of lytic EBV infection by BZLF1 and that by BRLF1,
suggesting that the two IE proteins accomplish the same task
through quite different mechanisms. We previously demon-
strated that BRLF1, but not BZLF1, requires activation of the
p38 and c-Jun stress MAP kinase pathways for induction of
lytic EBV infection (1), and here we have shown that BRLF1,
but not BZLF1, also requires PI3 kinase activation. In addi-
tion, the ability of BRLF1 to induce lytic EBV infection ap-
pears to be more cell type dependent than that of BZLF1 (37,
51). For example, transfected BZLF1 efficiently induces lytic
EBV infection in Raji cells, whereas transfected BRLF1 is
incapable of inducing BZLF1 (or BMRF1) expression in this
cell line (37, 51). However, since BRLF1 can activate expres-
sion of certain lytic viral promoters (such as SM) in Raji cells
and since the BZLF1 promoter is not mutated in this line (37),
there appear to be at least two different mechanisms by which
BRLF1 activates transcription (only one of which is defective
in Raji cells).

In this study, we have further explored the effects of BRLF1
on signal transduction pathways in the host cell. We demon-
strate that BRLF1 activates the PI3 kinase pathway and that
induction of the PI3 kinase pathway is required for activation
of a subset of BRLF1-responsive promoters, as well as disrup-
tion of viral latency. These results, together with our previous
work showing that activation of the stress MAP kinase pathway
is required for BRLF1 to induce lytic EBV infection (1), sug-
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gest that BRLF1 must activate a signal transduction cascade(s)
in order to induce lytic EBV infection. Although a subset of
early EBV promoters (such as SM) remains BRLF1 responsive
even in the absence of BRLF1-induced signal transduction,
efficient activation of the BZLF1 IE promoter by BRLF1 re-
quires activation of the PI3 kinase and stress MAP kinases.
Since the early lytic gene BMRF1 encodes the essential viral
polymerase processivity function and since BMRF1 cannot be
activated in the intact EBV genome unless both BZLF1 and
BRLF1 are present (2, 37), blocking the ability of BRLF1 to
transcriptionally activate the BZLF1 IE promoter also blocks
its ability to induce the lytic form of EBV replication.

We have previously shown that BRLF1 activation of the
BZLF1 promoter is at least partially mediated through a
CREB binding motif (1). This motif is bound by the CREB,
ATEF-2, ATF-1, and c-Jun transcription factors (1, 13, 30, 49).
BRLF1 induces an activating phosphorylation of ATF-2 by
activating the p38 and c-Jun stress MAP kinases (1, 19), and
these same kinases have also been shown to induce activating
phosphorylation of the c-Jun transcription factor (9, 19, 47).

Our finding here that BRLF1 activates the PI3 kinase path-
way and that activation of this pathway is required for BRLF1-
induced lytic EBV infection suggests that BRLF1 activates the
stress MAP kinases through a PI3 kinase-dependent mecha-
nism. However, we have found that inhibition of BRLF1-in-
duced PI3 kinase activation does not affect its ability to activate
p38 kinase (unpublished observations). Thus, it appears that
BRLF1 must activate at least two parallel signal transduction
pathways, one leading to downstream stress MAP kinase acti-
vation and the other leading to PI3 kinase activation. BRLF1
activation of both pathways appears to be required for activa-
tion of the BZLF1 promoter.

We also observed that both BZLF1 and BRLF1 require
RAS activation for induction of lytic EBV infection. However,
in comparison to the requirement for PI3 kinase and p38
kinase activation, our data suggest that activated RAS is re-
quired at a later step during the induction of lytic infection that
is downstream of IE gene transcription. It is possible that
either BRLF1 or BZLF1 expression in cells activates RAS
(although we have as yet been unable to demonstrate this) and
that RAS activation then leads to activation of both PI3 kinase
and the stress MAP kinases.

At this point, we are uncertain why PI3 kinase activation, in
addition to stress MAP kinase activation, is required for
BRLF1 activation of the BZLF1 promoter. Activation of the
PI3 kinase pathway has been previously shown to activate at
least two other promoters through CREB binding motifs (34,
48), and the CREB transcription factor has been shown to bind
to and activate the BZLF1 promoter (1, 13, 30, 49). It is
possible that efficient BZLF1 transcription requires the com-
bination of the CREB, ATF-2, and c-Jun transcription factors.
The requirement for activation of multiple, different signal
transduction pathways in order to induce BZLF1 transcription
may serve as a protective mechanism that prevents spurious
reactivation of the lytic form of EBV infection in B cells.

A key unresolved issue is the exact mechanism by which
BRLF1 activates the PI3 kinase and stress MAP kinase signal
transduction pathways. Although BRLF1 is primarily a nuclear
protein, it is clear from the results shown here as well as from
previously published results (33) that there is also a cytoplas-
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mic component of BRLF1. Thus, it is possible that BRLF1
regulates signal transduction pathways through protein-protein
interactions in the cytoplasm. Alternatively, BRLF1 may tran-
scriptionally activate expression of a cellular receptor that ac-
tivates the PI3 kinase and/or RAS signaling pathways or induce
expression of a ligand that activates a cellular receptor. We are
currently employing both differential gene array experiments,
as well as yeast two-hybrid studies, to identify the mecha-
nism(s) for the BRLF1-associated signal transduction effects.
In addition, the Raji cell line may prove useful for identifying
the mechanism by which BRLF1 induces signal transduction,
since this cell line appears to be specifically deficient in its
ability to support BRLF1-dependent activation of the BZLF1
promoter. We have shown that many of the same signal trans-
duction pathways required for BRLF1-induced lytic infection
(PI3 kinase, c-Jun N-terminal kinase, and p38 kinase) are also
required for the induction of lytic EBV infection which occurs
following activation of the B-cell receptor (1). Thus, BRLF1
expression may somehow mimic the effect of B-cell receptor
engagement.
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