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Epstein-Barr Virus (EBV) Tegument Protein BGLF2 Promotes EBV
Reactivation through Activation of the p38 Mitogen-Activated Protein
Kinase

XueQiao Liu, Jeffrey I. Cohen

Medical Virology Section, Laboratory of Infectious Diseases, National Institute of Allergy and Infectious Diseases, National Institutes of Health, Bethesda, Maryland, USA

ABSTRACT

Epstein-Barr virus (EBV) is a ubiquitous gammaherpesvirus associated with both B cell and epithelial cell malignancies. EBV
infection of B cells triggers activation of several signaling pathways that are critical for cell survival, virus latency, and growth
transformation. To identify EBV proteins important for regulating cell signaling, we used a proteomic approach to screen viral
proteins for AP-1 and NF-kB promoter activity in AP-1- and NF-kB-luciferase reporter assays. We found that EBV BGLF2 acti-
vated AP-1 but not NF-kB reporter activity. Expression of EBV BGLF2 in cells activated p38 and c-Jun N-terminal kinase (JNK),
both of which are important for mitogen-activated protein kinase (MAPK) signaling. Deletion of the carboxyl-terminal 66
amino acids of BGLF2 reduced the ability of BGLF2 to activate JNK and p38. Expression of BGLF2 enhanced BZLF1 expression
in latently EBV-infected lymphoblastoid cell lines, and knockdown of BGLF2 reduced EBV reactivation induced by IgG cross-
linking. Expression of BGLF2 induced BZLF1 expression and virus production in EBV-infected gastric carcinoma cells. BGLF2
enhanced BZLF1 expression and EBV production by activating p38; chemical inhibition of p38 and MAPK/ERK kinases 1 and 2
(MEK1/2) reduced expression of BZLF1 and virus production induced by BGLF2. In summary, the EBV tegument protein
BGLF2, which is delivered to the cell at the onset of virus infection, activates the AP-1 pathway and enhances EBV reactivation
and virus production.

IMPORTANCE

Epstein-Barr virus (EBV) is associated with both B cell and epithelial cell malignancies, and the virus activates multiple signaling
pathways important for its persistence in latently infected cells. We identified a viral tegument protein, BGLF2, which activates
members of the mitogen-activated protein kinase signaling pathway. Expression of BGLF2 increased expression of EBV BZLF1,
which activates a switch from latent to lytic virus infection, and increased production of EBV. Inhibition of BGFL2 expression or
inhibition of p38/MAPK, which is activated by BGLF2, reduced virus reactivation from latency. These results indicate that a viral
tegument protein which is delivered to cells upon infection activates signaling pathways to enhance virus production and facili-
tate virus reactivation from latency.

pstein-Barr virus (EBV) is a cause of infectious mononucleosis

and is associated with both B lymphocyte and epithelial cell
malignancies. EBV encodes a number of proteins that trigger cell
signaling pathways, such as AP-1, JAK-STAT, NF-«B, and phos-
phatidylinositol 3-kinase (PI3K)/Akt, which are critical for cell
survival, virus latency, and growth transformation (1-6). For ex-
ample, EBV latent membrane protein 1 (LMP1) mimics CD40
signaling and is important for EBV-induced B cell growth prolif-
eration, inhibition of apoptosis, and EBV transformation. LMP1
interacts with tumor necrosis factor receptor-associated factors
(TRAFs), leading to activation of NF-kB, c-Jun N-terminal kinase
(JNK), p38 mitogen-activated protein kinase (MAPK), PI3K/Akt,
and STAT3 (7-12). EBV LMP2A mimics B cell receptor signaling
and contributes to the long-term survival of B cells (13-16).
LMP2A activates extracellular signal-related protein kinase
(ERK), PI3K/Akt, and JNK (17) and downregulates NF-kB and
STAT signaling pathways (18). The EBV immediate early protein
BZLF1 activates virus reactivation from latency (19-21). BZLF1
activates p38 and JNK to turn on the ATF2 transcription factor
(22). BRLF1, another EBV immediate early protein, activates the
AP-1 pathway by increasing the levels of phosphorylated p38,
JNK, and ERK (22, 23) and induces phosphorylation of Akt
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through the PI3K pathway (24). Activation of Akt, ERK, and p38
signaling is required for EBV reactivation from latency (25-28).

To identify additional EBV proteins important for regulating
cell signaling, we used a proteomic approach to screen viral pro-
teins for AP-1 promoter activity in AP-1-luciferase reporter as-
says. We found that the EBV tegument protein BGLF2 induced
AP-1 reporter activity and activated p38 and JNK. BGLF2 pro-
moted EBV reactivation by enhancing BZLF1 expression and EBV
production, and p38 activation by BGLF2 was required for these
activities.
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MATERIALS AND METHODS

Cells. Human embryonic kidney (HEK293T) cells were grown in Dulbec-
co’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum
(FBS), EBV-infected Akata and Raji Burkitt lymphoma cells were grown
in RPMI medium with 15% FBS, and EBV-infected AGS-EBV-GFP cells
(29) were grown in Ham’s F-12 medium with 15% FBS.

Plasmids and cosmids. Individual EBV open reading frames (ORFs)
were amplified by PCR from DNAs of five cosmids that encompass the
complete EBV genome (30) and were inserted into the multiple-cloning
site of pcDNA3.1 (Invitrogen). The following ORFs were cloned: BVRF2,
BRRF2, BCRF1, BBLF4, BBRF1, BWRF1, BSRF1, BKRF2, BRRF1, BBRF2,
BKRF4, BALF1, BNLF2a, BBRF3, K15, BHRF1, BFLF2, BFRF2, BFREF3,
BaRF1, BLLF3, BLRF1, BLRF2, BZLF1, BBLF1, BGLF4, BGLF3, BGLF2,
BDLF4, BDLF3, BDLF2, BXLF1, BXRF1, BVRF1, BVLF1, BILF1, BALF4,
BARF1, LMP-1, BALF2, BDLF1, BcLF1, and BXLF2. The plasmids express
the EBV proteins tagged with a V5 epitope (found in the P and V proteins
of the simian virus 5 [SV5] paramyxovirus) at their carboxyl termini. All
plasmid inserts were sequenced, and protein expression was verified by
transfection followed by immunoblotting with anti-V5 antibody (AbD
Serotec). Plasmid pDK24 (which contains the EBV BamHI Z fragment)
and cosmids EBV Sall-EC and EBV EcoRI-B each contain the BZLF1 gene
and its promoter (30, 31). A plasmid expressing varicella-zoster virus
(VZV) ORF12 was constructed previously (32), and a plasmid expressing
the catalytic domain of MEK kinase 1 (MEKK1) was obtained from Strat-
agene.

Luciferase reporter assays. 293T cells were transfected using Gene-
Juice (Novagen) and a combination of (i) 20 ng of plasmid expressing an
EBV open reading frame, (ii) 20 ng of plasmid with an AP-1 (Stratagene)-
or NF-kB-responsive element driving firefly luciferase expression (kindly
provided by Katherine Fitzgerald, University of Massachusetts), and (iii) 5
g of plasmid expressing Renilla luciferase under the control of the herpes
simplex virus (HSV) thymidine kinase promoter (Promega). At 24 h post-
transfection, cells in 96-well plates were incubated for 12 min with 50 pl of
1X passive lysis buffer (Promega), cell lysates (30 pl) were transferred to
a luciferase assay plate (Costar), 30 pl of Dual-Glo substrate was added,
and firefly and Renilla luciferase activities were assayed using a dual-lucif-
erase assay system (Promega) as described previously (33). The ratio of
firefly to Renilla luciferase activity was calculated. The reporter activity
was expressed as the fold induction of the luciferase reporter after nor-
malization to green fluorescent protein (GFP) expression in plasmid-
transfected cells.

Lentivirus production. Lentiviral vectors were constructed to express
FLAG-tagged BGLF2 (pLenti6/Ubc-BGLF2-Flag), V5-tagged BGLF2
(pLenti6/Ubc-BGLF2-V5 or pSILK-TTmiR-BGLF2-V5, which expresses
BGLEF2 under the control of a doxycycline-inducible promoter [34]), or
shBGLF2 (pSILK-shBGLF2). The shBGLF2 sequences used were as fol-
lows: shBGLF2-1, 5'-GCCCGAGGTTCTCTTCACTAAG; and shB-
GLF2-2, 5'-ACCTGCTAACCAGATGTGATAA. These sequences corre-
spond to BGLF2 nucleotides 257 to 280 and 598 to 620, respectively, and
were cloned as described previously (35, 36). HEK293T cells in 10-cm
dishes were transfected with 7.5 g of lentiviral vectors expressing BGLF2
along with 5 pg of a plasmid expressing vesicular stomatitis virus glyco-
protein G (pVSV-G) and 7.5 ng each of the two packaging plasmids (pM-
DLg/pRRE and pRSVREV) (34) diluted in Opti-MEM (Gibco Invitrogen)
by using Lipofectamine 2000 reagent (Invitrogen). The medium was re-
placed with DMEM containing 10% FBS 16 h after transfection, and 48 h
after transfection, the supernatant (containing virus) was centrifuged, fil-
tered, and stored at —80°C.

Cell line construction. HEK293T, AGS-EBV-GFP, and Akata-EBV
cells were transduced with lentiviruses expressing V5- or FLAG-tagged
BGLF2 or BGLF2AC and selected with blasticidin to obtain cell lines
stably expressing BGLF2, termed HEK293T-BGLF2-V5, HEK293T-
TTmiR-BGLF2-V5, AGS-EBV-GFP-BGLF2-Flag, AGS-EBV-GFP-BGLF2AC,
and Akata-EBV-TTmiR-BGLF2-V5. Induction of BGLF2 expression in
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cells transduced with lentivirus from plasmid pSILK-TTmiR-BGLF2-V5
was achieved by adding doxycycline to the medium for 48 to 72 h.

Immunoblotting, antibodies, and inhibitors. Cell lysates were frac-
tionated in polyacrylamide gels, transferred to nitrocellulose membranes,
and incubated with mouse anti-EBV BZLF1 (sc-53904; Santa Cruz), anti-
BMRF1 (MAB8186; Millipore), anti-FLAG (M2; Sigma), rabbit anti-p-
ERK1/2, anti-ERK1/2, anti-p-p38, anti-p38, anti-p-JNK, anti-JNK, and
anti-GFP antibodies (Cell Signaling Technology), or mouse anti-actin
antibody (Sigma). The MEK1/2 inhibitor U0126 (EMD Chemicals), the
p38 inhibitor SB202190 (Gibco), and the JNK1/2 inhibitor SP600125
(Gibco) were added to cells where appropriate.

Detection of infectious EBV. Supernatants from AGS-EBV-GFP cells
were collected 2 or 3 days after treatment with methotrexate (MTX) or a
p38, INK, or ERK inhibitor and filtered through 0.45-pm filters (Corn-
ing). Two milliliters of filtered supernatant was used to infect Raji cells,
and 3 days later the cells were collected for immunoblotting to detect GFP
for quantitation of the amount of infectious EBV in the supernatants.

RESULTS

BGLF2 activates the AP-1 pathway. Since several EBV proteins,
including LMP1, LMP2, and BZLF1, activate the MAPK pathway,
and since this pathway is important for EBV lytic infection and
virus reactivation, we searched for additional viral proteins that
activate this pathway by using a proteomic approach. We con-
structed an EBV protein expression library and screened viral pro-
teins for activation of the MAPK pathway by using an AP-1 re-
porter assay. 293T cells were transfected with (i) individual
plasmids encoding EBV open reading frames, (ii) an AP-1 re-
porter plasmid expressing firefly luciferase under the control of an
AP-1-responsive promoter, and (iii) a plasmid expressing Renilla
luciferase under the control of the HSV-1 thymidine kinase pro-
moter (pRL-TK), which allowed us to control for the efficiency of
transfection. Of the EBV open reading frames tested, BGLF2
strongly enhanced AP-1 reporter activity, with a level approxi-
mately 100-fold higher than that of a control plasmid expressing
GFP (Fig. 1A). The level of activation of the AP-1 reporter by EBV
BGLEF2 was about 2-fold higher than that observed with a plasmid
expressing VZV ORF12, which we previously showed to activate
the AP-1 pathway (32). We also confirmed that EBV LMP1 and
BZLF1 activate the AP-1 pathway as reported previously (22, 37),
although the level of activation was lower than that with BGLF2.
In contrast, expression of other EBV proteins, including the teg-
ument proteins BBLF1, BDLF2, BGLF4, BKRF4, BLRF2, BRRF2,
BSRF1, and BVRF1, did not activate the AP-1 reporter; expression
of each of these tegument proteins was confirmed by using an
antibody to the V5 epitope tag. To ensure that BGLF2 activation of
the AP-1 reporter was specific and not due to a general effect on
the luciferase reporter, we tested the ability of BGLF2 to activate
an NF-kB-luciferase reporter. Transfection of the BGLF2-ex-
pressing plasmid did not activate the NF-«kB reporter, while LMP1
expression activated NF-kB reporter activity as expected (Fig. 1B).
AP-1 reporter activity increased in response to larger amounts of
transfected BGLF2 plasmid (Fig. 1C).

Activation of AP-1 is regulated by upstream MAPKs, including
ERK1/2, p38, and JNK. To determine which MAPK(s) is activated
by BGLF2, 293T cells were transfected with the BGLF2 plasmid,
the AP-1 reporter plasmid, and the pRL-TK plasmid, and 20 h
later cells were treated with a MEK1/2 inhibitor (U0126), a p38
inhibitor (SB202190), a JNK inhibitor (SP600125), or a PI3K in-
hibitor (LY2940001). Measurement of luciferase activity 6 h after
treatment showed that BGLF2 activation of the AP-1 reporter was
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FIG 1 BGLEF2 activates AP-1 promoter activity. An AP-1-firefly luciferase reporter plasmid (A) or NF-kB—firefly luciferase reporter plasmid (B), along with a
Renillaluciferase plasmid and plasmids expressing EBV proteins, the VZV ORF12 protein, Myd88, or GFP, were transfected into 293T cells, and AP-1 and NF-«kB
reporter activities were plotted as luciferase units normalized for transfection efficiency. (C) AP-1 reporter activity was determined in 293T cells transfected with
different amounts of BGLF2 or GFP plasmid. (D) 293T cells were transfected with an AP-1 reporter plasmid, a control pRL-TK plasmid, and a BGLF2 expression
plasmid for 20 h. Cells were then treated with a MEK1/2 inhibitor (U0126; 20 wM), a p38 inhibitor (SB202190; 20 uM), a JNK inhibitor (SP600125; 50 uM), or
a PI3K inhibitor (LY294002; 10 pM), and luciferase activity was measured as described as above. The errors bars represent the standard errors.

markedly reduced by the p38 inhibitor and, to a lesser extent, by
the JNK and MEK1/2 inhibitors, but not by the PI3K inhibitor
(Fig. 1D).

Expression of BGLF2 induces p38 and JNK phosphorylation.
To verify that the increased AP-1 reporter activity was due to
BGLF2 activation of MAPKs, we measured the levels of phosphor-
ylated p38, JNK, Akt, and ERK1/2 in 293T cells transfected with a
plasmid expressing BGLF2 tagged with the V5 epitope. Expression
of BGLF2 strongly activated p38 and JNK, similar to the activation
observed with a positive-control plasmid expressing the catalytic
portion of MEKK1, while expression of BGLF2 did not activate
Akt or ERK (Fig. 2A). BGLF2 was expressed, and the levels of actin
were similar for all the samples. To ensure that BGLF2 activation
of p38 and JNK was not due to the transfection procedure, we
constructed a cell line expressing BGLF2 under the control of a
doxycycline-inducible promoter (293T-BGLF2-V5), and the ad-
dition of doxycycline induced BGLF2 expression (Fig. 2B). Ex-
pression of BGLF2 increased both p38 and JNK phosphorylation,
while the total levels of p38 and JNK did not increase with in-
creased BGLF2. BGLF2 expression also activated ERK, although
ERK was constitutively phosphorylated in the cell line (Fig. 2B).

Transduction of 293T-BGLF2 cells with lentiviruses constitu-
tively expressing BGLF2-specific short hairpin RNAs (shRNAs)
(shBGLF2-1 and -2) resulted in reduced levels of BGLF2; in con-
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trast, the level of BGLF2 remained elevated after transduction with
a control lentivirus expressing luciferase-specific shRNA (Fig.
2C). Reduction of the BGLF2 level in 293T-BGLF2 cells after len-
tivirus transduction with BGLF2 shRNAs resulted in reduced
phosphorylation of both p38 and JNK. Activated p38 affects a
number of downstream effector molecules, such as heat shock
protein 27 (HSP27) and MAP kinase-activated protein kinase 2
(MAPKAPK-2). Activation of p38 by EBV BGLF2 resulted in
phosphorylation of HSP27 and MAPKAPK-2, while reduced ex-
pression of BGLF2 by shBGLF2 resulted in less phosphorylation of
these proteins. Thus, BGLF2 activation of p38 affected its down-
stream targets.

We also examined the effects of BGLF2 expression in EBV-
positive Burkitt lymphoma cells latently infected with EBV.
Transduction of EBV-positive Akata cells with a lentivirus ex-
pressing BGLF2 resulted in phosphorylation of p38 and JNK (Fig.
2D). Taken together, these results indicate that BGLF2 activates
p38 and JNK in both epithelial (293T) cells and B lymphoma cells
and that BGLF2 activation of p38 results in phosphorylation of its
downstream targets.

The carboxyl-terminal domain of BGLF2 is required for activa-
tion of AP-1 and JNK. To map the elements in BGLF2 for activa-
tion of AP-1 signaling, we constructed amino- and carboxyl-ter-
minal deletion mutants of the protein. When these mutants were
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FIG 2 Expression of BGLF2 induces p38 and JNK phosphorylation. (A) 293T cells were transfected with a plasmid expressing the BGLF2 protein with a V5
epitope tag, a plasmid expressing MEKK1 (positive control), or pcDNA3.1 (negative control), and after 48 h, cell lysates were immunoblotted with an antibody
to p38, p-p38, INK, p-JNK, Akt, p-Akt, ERK1/2, p-ERK1/2, actin, or V5 (to detect BGLF2). (B) 293T-BGLF?2 cells, which express BGLF2 under the control of a
doxycycline (DOX)-inducible promoter, were treated with or without DOX for 2 days to induce expression of BGLF2, and cell lysates were immunoblotted for
signaling proteins. (C) 293T-lenti6-BGLF2 cells, which constitutively express BGLF2, were transduced with a lentivirus-mediated shRNA against BGLF2
(shBGLF2) or luciferase (shLuc), and after 4 days, cell lysates were collected for immunoblotting. (D) Akata-EBV cells were transduced with a lentivirus
expressing BGLF2 under the control of a DOX-inducible promoter and were treated with or without DOX for 4 days, and cell lysates were collected to detect

p-p38, p38, p-JNK, JNK, BGLF2 (using an antibody to V5), and actin.

expressed in 293T cells, only a carboxyl-terminal 66-amino-acid
deletion mutant of BGLF2, BGLF2AC (Fig. 3A), expressed levels
of protein similar to those of wild-type BGLF2. Transfection of a
plasmid expressing BGLF2AC into 293T cells showed that the mu-
tant protein had lost the ability to activate AP-1 signaling (Fig. 3B)
and failed to activate p38 and JNK (Fig. 3C). Examination of the
sequence of the carboxyl-terminal 66 amino acids of BGLF2
showed a leucine zipper-like motif in which the leucine residues
are separated by 5 amino acids (*°*Lxsooc®®Lxxaxxx®L
xxxxx>'L). While leucine zipper motifs have leucine residues sep-
arated by 6 amino acids, leucine zipper-like motifs have been re-
ported in which leucine residues are separated by 5 amino acids
(38). To determine the importance of the leucine residues in the
carboxyl-terminal region of BGLF2, we mutated leucines 309 and
315 to alanine (BGLF2LL-AA) (Fig. 3A) and found that the mu-
tant retained the ability to activate p38 and JNK similarly to wild-
type BGLF2 (Fig. 3C). Thus, while the carboxyl terminus of
BGLEF2 is required for phosphorylation of p38 and JNK, the leu-
cine zipper-like motif is not required for this activity.

BGLF2 forms homodimers. Since BGLF2 contains a possible
leucine zipper-like motif and proteins with leucine zipper or leu-
cine zipper-like motifs dimerize (38, 39), we determined whether
BGLF2 forms homodimers. 293T cells were cotransfected with
V5-tagged and FLAG-tagged BGLF2, and lysates were immuno-
precipitated with anti-FLAG or anti-V5 agarose beads and immu-
noblotted with anti-V5 antibody or anti-FLAG antibody, respec-
tively. V5-tagged BGLF2 immunoprecipitated with FLAG-tagged
BGLF2, and FLAG-tagged BGLF2 immunoprecipitated with V5-
tagged BGLF2 (Fig. 4A and B). Therefore, BGLF2 forms ho-
modimers. As a control, 293 cells were cotransfected with FLAG-
tagged BGLF2 and V5-tagged BZLF1. BGLF2 did not form
heterodimers with BZLF1.

To determine if the leucine zipper-like motif in the carboxyl-ter-
minal region of BGLF2 is required for dimerization of the protein, we
cotransfected 293T cells with V5-tagged and FLAG-tagged
BGLF2LL-AA, in which leucines 309 and 315 of the leucine zipper-
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like motif are replaced with alanines. Unlike BGLF2, BGLF2LL-AA
was unable to dimerize with wild-type BGLF2 (Fig. 4A and B). Thus,
the leucine zipper-like motif in the carboxyl-terminal region of
BGLEF2 is required for the BGLF2 protein to dimerize.

BGLF2 enhances EBV BZLF1 expression. EBV can be reacti-
vated from latently infected B cells by cytotoxic chemotherapeutic
agents, such as methotrexate (MTX); by histone deacetylase in-
hibitors, such as sodium butyrate; and, in some Burkitt lymphoma
cell lines, by cross-linking of surface IgG. Induction of lytic EBV
infection by MTX requires activation of p38, PI3K, and MEK
pathways and the EBV immediate early promoters, BZLF1 and
BRLF1 (29). BZLF1 is the major switch for lytic reactivation of
EBV in B cells, and expression of BZLF1 is regulated by the AP-1
transcription factor (28). Phosphorylation of p38 also plays a key
role in reactivation of EBV from latency (27). Since BGLF2 acti-
vated AP-1 and AP-1 regulates BZLF1 (25, 28, 40), we postulated
that BGLF2 may be important for EBV reactivation. To test this
hypothesis, we transduced EBV-positive Akata and Raji cells with
lentiviruses expressing BGLF2, an shRNA against BGLF2, or GFP
and measured BZLF1 expression as an indicator of EBV reactiva-
tion. BGLF2 induced BZLF1 expression in both Akata and Raji
cells (Fig. 5A and B). Transduction of EBV-Akata cells with the
lentivirus expressing shRNA against BGLF2 followed by cross-
linking of surface IgG to induce EBV replication showed that
knockdown of BGLF2 reduced EBV reactivation as measured by
BZLF1 and BMRF1 expression (Fig. 5C). Taken together, these
results indicate that BGLF2 can enhance EBV reactivation in lym-
phoma cell lines and that BGLF2 is important for virus reactiva-
tion by cross-linking of surface IgG.

To verify that the knockdown of BGLF2 was specific, Raji cells
were transfected with plasmids expressing two different shRNAs
against BGLF2 or with a nonspecific small interfering RNA
(siRNA) pool, and virus replication was induced. Treatment with
either BGLF2 shRNA reduced expression of BZLF1 and activation
of p38 (Fig. 5D). We also determined whether the leucine zipper-
like motif of BGLF2 was important for the ability of the protein to
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beads (A) or anti-V5 agarose beads (B). Immune complexes were Western blotted (WB) with an antibody to the V5 or FLAG epitope.
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with lenti6-BGLF2 (expressing BGLF2), or with a lentivirus expressing shBGLF2. After 4 days, cell lysates were prepared and immunoblotted for detection of the
EBV immediate early protein BZLF1, BGLF2, or actin. (C) Akata-EBV cells were transduced with a lentivirus expressing shRNA against BGLF2 (shBGLF2) under
the control of a doxycycline (DOX)-inducible promoter and treated with or without rabbit anti-human IgG (10 pg/ml). After 2 days, cell lysates were collected
and immunoblotted for BZLF1, the EBV early antigen BMRF1, or actin. (D) Raji-EBV cells were transfected with plasmids expressing two different BGLF2
shRNAs (targeting BGLF2 nucleotides 257 to 280 or 598 to 620) or a control siRNA pool. Two days later, cell lysates were treated with sodium butyrate (NaB) and
12-O-tetradecanoylphorbol 13-acetate (TPA) to induce EBV reactivation, and after 2 more days, cell lysates were prepared and immunoblotted for detection of
BZLF1, p-p38, p38, or actin. (E) Raji-EBV cells were transfected with a plasmid expressing GFP, BGLF2, or BGLF2LL-AA, and after 3 days, lysates were

immunoblotted for BZLF1, p-p38, p38, BGLF2, and actin.

natants were collected to test for EBV production. Supernatants
were filtered and used to infect Raji cells, and immunoblotting of
infected Raji cell lysates for GFP was performed 3 days after infec-
tion to detect the presence of infectious progeny virus released
from AGS-EBV-GFP cells. BGLF2 induced BZLF1 expression in
AGS-EBV-GFP cells, and it enhanced the ability of MTX to induce
BZLF1 expression (Fig. 6A). BGLF2 enhanced the release of infec-
tious progeny virus production from AGS-EBV-BGLF2 cells, as
determined by increased GFP levels in Raji cells (Fig. 6B, lanes 1
and 2). BGLF2 also increased the yield of EBV from AGS-EBV-
GFP cells after treatment of the cells with MTX (Fig. 6B, lanes 3
and 4).

To determine if the carboxyl-terminal 66 amino acids of
BGLF?2 are important for its ability to enhance production of EBV,
AGS-EBV-GFP cells stably expressing BGLF2 or BGLF2AC were
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immunoblotted for BZLF1, and supernatants were assayed for
production of EBV. Cells expressing BGLF2AC, unlike those ex-
pressing wild-type BGLF2, expressed little or no BZLF1 (Fig. 6C)
and did not produce infectious EBV (Fig. 6D).

Inhibition of p38 and MEK1/2 activity reduces the ability of
BGLF2 to enhance EBV reactivation. Because BGLF2 promotes
EBV reactivation with production of infectious EBV and activates
both p38 and JNK, we determined if BGLF2 activation of p38
and/or JNK was necessary for enhanced reactivation of EBV by
BGLF2. AGS-EBV-BGLEF2 cells were treated with an inhibitor of
p38 (SB202192), JNK (SP600125), or MEK1/2 (U0126) or with
dimethyl sulfoxide (DMSO) for 48 h, BZLF1 was measured in cell
lysates, and EBV released into the supernatant was assayed in Raji
cells. Inhibition of p38 and MEK1/2 markedly reduced BZLF1
expression and production of infectious EBV (Fig. 7A and B). In
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FIG 6 BGLF2 induces EBV reactivation in AGS-EBV cells. (A) AGS-EBV-GFP cells stably expressing BGLF2 or luciferase were treated with DMSO or
methotrexate (MTX; 50 wg/ml) for 2 days, and then cell lysates were collected and immunoblotted with an antibody to BZLF1, BGLF2, or actin. (B) Supernatants
from the cells in panel A were filtered through a 0.45-pm filter and used to infect Raji cells. After 3 days, the cells were lysed and immunoblotted for GFP to
determine if virus had been produced from the cells in panel A. (C) AGS-EBV-GFP cells stably expressing BGLF2, BGLF2AC, or luciferase were immunoblotted
for BZLF1 and actin. (D) Supernatants from the cells in panel C were collected and processed as described for panel B.

contrast, inhibition of JNK had a more modest effect. Therefore,
p38 and MEK1/2 are critical for the ability of BGLF2 to enhance
EBV reactivation.

BGLF?2 activates the BZLF1 promoter. Since BGLF2 enhances
BZLF1 expression and promotes the release of infectious EBV in
latently infected cells, we determined whether BGLF2 can upregu-
late expression of the immediate early BZLF1 protein. 293T cells
were cotransfected with pcDNA or BGLF2 and the EBV cosmid
EcoRI-B, EBV cosmid Sall-EC (31), or plasmid pDK24 (30). Each
of the two cosmids and plasmid pDK24 contain the BZLF1 gene
with its promoter; plasmid pDK24 does not contain any other
full-length EBV ORFs. Expression of BGLF2 induced BZLF1 ex-
pression in cells transfected with each of the cosmids or with the
plasmid containing BZLF1 (Fig. 8), suggesting that BGLF2 can
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FIG 7 Inhibition of p38 reduces BGLF2-induced EBV reactivation. (A) AGS-
EBV-BGLEF?2 cells were treated with an inhibitor of p38 (SB202190; 20 M),
JNK (SP600125; 50 M), or MEK1/2 (U0126; 20 wM) or with DMSO for 2
days, and cell lysates were immunoblotted for BZLF1, BGLF2, and actin. (B)
EBV released into the supernatant from the cells in panel A was used to infect
Raji cells, and cell lysates were immunoblotted for GFP to measure virus pro-
duction.
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upregulate the expression of BZLF1 in the absence of other viral
proteins.

DISCUSSION

In this study, we found that the EBV tegument protein BGLF2
activates AP-1 and induces phosphorylation of both p38 and JNK
MAPKSs. Expression of BGLF2 in cells latently infected with EBV
enhances EBV reactivation by induction of BZLF1 expression, re-
sulting in production of infectious EBV. p38 and MEK1/2 were
required for enhancement of EBV reactivation by BGLF2, and
inhibition of p38 or MEK1/2 reduced EBV reactivation and virus
production.

BGLE?2 is a tegument protein (41) that is expressed with late
kinetics and localizes to the nuclei of virus-infected cells undergo-
ing lytic infection (42). BGLF2 interacts with NIMA-related pro-
tein kinase (NEK9) and GEM-interacting protein (GMIP), in-
duces expression of p21, and induces cell cycle arrest at the G,/S
transition (43). Several orthologs of BGLF2, such as Kaposi’s sar-
coma-associated herpesvirus ORF33 (44), varicella-zoster virus
ORF44 (45, 46), and cytomegalovirus (CMV) UL94 (47), are es-
sential for virus replication; however, herpes simplex virus UL16 is
not essential for replication, but deletion of the gene impairs virus
growth (48, 49). HSV UL16 is important for DNA encapsidation
and virus assembly (50, 51), and CMV UL%4 is required for sec-
ondary envelopment of nucleocapsids in the endoplasmic reticu-
lum and the Golgi apparatus (47). Our finding that EBV BGLF2
activates AP-1 adds a potentially new function for BGLF2’s or-
thologs in other herpesviruses, in addition to their known activi-
ties in virus morphology and virion maturation.

We found that BGLF2 induces phosphorylation of p38 MAPK
and JNK. MAPKs regulate a number of cellular functions, such as
gene expression, cell differentiation, proliferation, and death. JNK
is important for cell stress responses, cellular apoptosis pathways,
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and inflammatory responses (52, 53). Two EBV immediate early
proteins, BZLF1 and BRFLI, and two latent proteins, LMP1 and
LMP2, have previously been shown to activate JNK (9, 17, 22), and
BZLF1, BRLF1, and LMP1 have also been reported to activate p38
(22, 37). Since BGLF2 is a tegument protein in the virion, it would
be released on entry of the virus into the cell and could activate
these signaling pathways even before viral gene expression is ini-
tiated.

We found that BGLF2 activates expression of BZLF1. Cross-
linking of the B cell receptor in Akata cells induces BZLF1 expres-
sion. Cross-linking of the B cell receptor results in activation of
phospholipase C, activation of MAPK, and binding of transcrip-
tion factors, including AP-1, to the ZII element on the BZLF1
promoter (reviewed in reference 40). Similarly, transforming
growth factor beta (TGF-B) induces BZLF1 expression by activat-
ing MAPK, resulting in binding of AP-1 to the ZII element on the
BZLF1 promoter (54, 55). Since BGLF2 activates AP-1 via p38
MAPK, BGLF2 likely uses the same pathways as B cell receptor
cross-linking and TGF-B to enhance expression of BZLF1. An-
other EBV tegument protein, BNRF1, was also shown to enhance
expression of BZLF1 (56).

The EBV tegument protein BGLF2 enhanced the production
and release of infectious EBV from latently infected AGS cells.
Other herpesvirus tegument proteins, such as HSV VP16 (57) and
CMV pp71 (58, 59), are also important for initiating lytic gene
expression and reactivation from latency. HSV VP16 and CMV
pp71 are excluded from the nuclei of sensory neurons and CD34
hematopoietic progenitor cells, respectively, during infection, al-
lowing establishment of latency (60, 61). EBV BGLF2 might also
be excluded from the nucleus during infection so that it does not
activate expression of BZLF1. Both HSV and CMV tegument pro-
teins are required for activating virus immediate early gene ex-
pression. HSV VP16 forms a complex with HCF and Oct1 to in-
teract with TAATGARAT motifs on immediate early gene
promoters (62). Expression of CMV IE1 and IE2 from the major
immediate early CMV promoter is dependent on viral tegument
proteins, including pp71 (63). Thus, our finding that the EBV
tegument protein BGLF2 enhances expression of BZLF1 and in-
creases release of infectious EBV has parallels with other herpes-
virus tegument proteins.

We found that inhibition of p38 and MEK1/2 activity reduced
the ability of BGLF2 to enhance EBV reactivation and resulted in
release of less EBV from infected cells. Taken together, our results
indicate that the EBV tegument protein BGLF2 contributes to

1136 jvi.asm.org

Journal of Virology

virus production and that the p38/MAPK and MEK signaling
pathways are required for this activity. Further studies are needed
to determine whether BGLF2 is sequestered in the cytoplasm
and/or inactivated in newly infected B cells that are destined for
latency and what additional cellular and viral proteins interact
with BGLF2 to mediate its effects.
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