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Epstein-Barr virus (EBV), a human oncogenic herpesvirus that establishes a lifelong latent infection in the host, occasionally
enters lytic infection to produce progeny viruses. The EBV oncogene latent membrane protein 1 (LMP1), which is expressed in
both latent and lytic infection, constitutively activates the canonical NF-�B (p65) pathway. Such LMP1-mediated NF-�B activa-
tion is necessary for proliferation of latently infected cells and inhibition of viral lytic cycle progression. Actually, canonical
NF-�B target gene expression was suppressed upon the onset of lytic infection. TRAF6, which is activated by conjugation of
polyubiquitin chains, associates with LMP1 to mediate NF-�B signal transduction. We have found that EBV-encoded BPLF1
interacts with and deubiquitinates TRAF6 to inhibit NF-�B signaling during lytic infection. HEK293 cells with BPLF1-deficient
recombinant EBV exhibited poor viral DNA replication compared with the wild type. Furthermore, exogenous expression of
BPLF1 or p65 knockdown in cells restored DNA replication of BPLF1-deficient viruses, indicating that EBV BPLF1 deubiquiti-
nates TRAF6 to inhibit NF-�B signal transduction, leading to promotion of viral lytic DNA replication.

Epstein-Barr virus (EBV), a human lymphotropic gammaher-
pesvirus with a linear double-stranded DNA, 172 kb in length

(1), infects resting B lymphocytes, inducing their continuous pro-
liferation without production of virus particles, this being termed
latent infection. In the latent phase, a limited number of viral
genes are expressed, and the expression pattern of viral latent
genes varies depending on the tissue origin and the state of the
cells/tumors. Productive (lytic) infection, which occurs spontane-
ously or can be induced artificially, is triggered by BZLF1 imme-
diate-early protein and characterized by the expression of a num-
ber of lytic genes, leading to virus production. The EBV genome is
thereby amplified several-hundred-fold by viral replication ma-
chinery.

In lymphocytes that are latently infected with EBV, latent
membrane protein 1 (LMP1) is expressed to promote survival and
proliferation of the cells. LMP1 is uniformly expressed in latency
III EBV infection of human B lymphoblastoid cell lines (LCLs),
and also in latent II EBV infection in Hodgkin’s disease B lympho-
cytes and in nasopharyngeal carcinoma (NPC) epithelial cells (2).
It is a transmembrane protein consisting of a short cytoplasmic
N-terminal domain, six transmembrane domains, and a long cy-
toplasmic C-terminal domain (3, 4). Two subdomains within the
C-terminal domain, C-terminal activating region 1 (CTAR1) and
CTAR2, associate with tumor necrosis factor receptor-associated
factors (TRAFs) which are critical for LMP1 signaling (3, 5, 6).
LMP1 is a functional mimic of the tumor necrosis factor receptor
superfamily member CD40, an activating receptor constitutively
expressed on B cells, macrophages, and dendritic cells (7, 8). As a
result, LMP1 causes constitutive activation of cellular signaling,
with upregulation of factors such as NF-�B, mitogen-activated
protein kinase (MAPK), JAK/STAT, and Akt (9–13). Of several
transcriptional activators targeted by LMP1, NF-�B is most im-
portant for LMP1-stimulated gene expression (14–18).

The canonical NF-�B, consisting of p65/RelA and p50, plays an
important role in regulation of a variety of genes involved in host
immune responses and in different features of carcinogenesis, in-

cluding proliferation, enhanced survival, inflammation, and an-
giogenesis (19). NF-�B is usually under tight regulation, being
kept inactive in the cytoplasm by certain mechanisms, including
binding of inhibitors of kappa B (I�Bs). A series of NF-�B-acti-
vating stimuli converge on the activation of I�B kinase (IKK)
complexes composed of a IKK� regulatory subunit or the NF-�B
essential modulator (NEMO), and two kinases, IKK� and IKK�.
The IKK complexes phosphorylate and promote proteasomal
degradation of I�B, resulting in release of NF-�B from the inhib-
itor complex. It was recently demonstrated that TRAF6 associates
with the CTAR1 subdomain of LMP1 and is critical for LMP1-
mediated activation of NF-�B signaling (5, 20). TRAF6 activates
IKK in a K63-ubiquitin (Ub) chain-dependent manner. Ub chains
conjugated to signaling molecules during activation of the NF-�B
pathway can be inactivated by cellular deubiquitination enzymes
(DUBs) such as A20, CYLD, and DUBA (21–23), suggesting that
ubiquitin modification enzymes and DUBs play critical roles in
the NF-�B response, leading to modulation of immune responses.

High levels of NF-�B protect the cell from the cytopathic ef-
fects by viral protein synthesis and promote the establishment of a
latent infection. In contrast, EBV lytic reactivation requires down-
regulation of NF-�B because basal or LMP1-stimulated NF-�B
activity suppresses the expression and function of lytic transacti-
vator BZLF1 (also known as ZEBRA and EB1), resulting in inhi-
bition of lytic cycle induction (24, 25). However, LMP1 is para-
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doxically expressed during the lytic cycle in EBV-positive B cells
(26).

EBV-encoded BPLF1 protein is a lytic gene product with DUB
activity. Whitehurst et al. (2009) showed that its N-terminal frag-
ment deubiquitinates viral ribonucleotide reductase (RR), result-
ing in downregulation of viral RR activity (27). Also, Gastaldello et
al. (2010) showed that a 325-amino-acid (aa)-length N-terminal
fragment of BPLF1 cleaves ubiquitin and NEDD8 conjugates and
promotes EBV replication (28). More recently, Whitehurst et al.
reported that BPLF1 deubiquitinates the cellular DNA polymerase
processivity factor PCNA and attenuates Pol� to DNA damage
sites (29). In this study, we demonstrated that BPLF1 interacts,
directly or indirectly, with and deubiquitinates TRAF6 to block
cellular NF-�B signal responses during lytic replication. Cells har-
boring BPLF1-deficient EBV exhibited poor viral lytic DNA rep-
lication, and exogenous expression of BPLF1 restored it. Thus,
DUB activity of BPLF1 is required for efficient viral genome rep-
lication.

MATERIALS AND METHODS
Cells. AGS cells transduced with CR2/CD21, the receptor for the EBV
expression vector, and infected with enhanced green fluorescent protein
(EGFP)-EBV (30) (AGS-EBV cells) were established previously (31) and
maintained at 37°C in RPMI 1640 supplemented with 10% fetal calf se-
rum and 150 �g/ml hygromycin B. B95-8 and Namalwa cells were main-
tained at 37°C in RPMI 1640 supplemented with 10% fetal calf serum.
HEK293 cells and derivatives were grown and maintained at 37°C in Dul-
becco’s modified Eagle’s medium (Sigma) supplemented with 10% fetal
calf serum. HEK293 cells latently infected with recombinant EBV-bacmid
(293-EBV) were maintained as previously reported (32).

BAC mutagenesis and transfection. Wild-type (WT) EBV-bacmid
(EBV-WT) has been described previously (33). The region between nu-
cleotides (nt) 1 and 975 of the BPLF1 open reading frame (ORF) was
replaced with tandemly arranged neomycin resistance and streptomycin
sensitivity (NeoSt�) genes using homologous recombination to construct
a BPLF1-deficient EBV-bacmid (EBV-dBPLF1/NeoSt) (34). DNA frag-
ments for recombination were generated by PCR with the following prim-
ers: 5=-GCG TAA GAC CCC GGA CCA GAA GGG GGG CGA CAA GGC
GTC CTC CCC GCC CCA CCG CCG AAG GGC CTG GTG ATG ATG
GCG GGA TC-3= (forward) and 5=-GGG CCG CAG AGG CCG GGG
CCG CAG AGG CCG GAG ACG ACG GCG GGG AGT TGG TCT TTG
CAG TCA GAA GAA CTC GTC AAG AAG G-3= (reverse). Electropora-
tion of Escherichia coli was performed using Gene Pulser III (Bio-Rad).
DNAs of EBV-WT and EBV-�BPLF1/NeoSt were purified using Nucleo-
Bond Bac 100 (Macherey-Nagel, Germany) and transfected into HEK293
cells using Lipofectamine 2000 reagent (Invitrogen) to establish HEK293
cells latently infected with either EBV-WT (293-EBVwt) or EBV-dBPLF1/
NeoSt (293-EBV�).

Plasmids. pcDNA-Flag/TRAF6 (pFlag-TRAF6) was a kind gift from E.
Harhaj (University of Miami), and pcDNA-BZLF1 (pBZLF1) was gener-
ously donated by K. Kuzushima and R. Ohta (Aichi Cancer Center Re-
search Institute). pcDNA-HA-Ub (pHA-Ub) was prepared as described
previously (35). To prepare the expression vector for the Flag-tagged N-
terminal fragment of BPLF1, pFlag-BPLF1, a portion of the BPLF1 ORF
sequence (nt 1 to 975, which is sufficient for deubiquitinase activity), was
cloned into EcoRI and XhoI sites of pcDNA3 with a Flag tag (28). Primers
used for BPLF1 amplification were as follows: 5=-GAC GAC GAT GAC
AAG GAA TTC ATG AGT AAC GGC GAC TGG GGG-3= (forward) and
5=-AGA TGC ATG CTC GAG TCA AGG ACT ATA CCT GGC GGC AGG
GAA TGA GTC-3= (reverse). A BPLF1 point mutation (C61A, which is a
catalytically inactive mutation) was introduced to make pFlag-
BPLF1C61A by PCR using the following primers: 5=-ACT GCG TCC TCT
ACC TGG TCA AGA G-3= (forward) and 5=-TGC TGA CTG CCT GGA
TGC CG-3= (reverse) (36).

Antibodies and reagents. Primary antibodies were purchased from
Cell Signaling Technology (IKK�, phosphorylated-IKK�/�, I�B�, �/�-
tubulin, TRAF6), Chemicon (EBV BMRF1-R3, GAPDH [glyceraldehyde
3-phosphate dehydrogenase]), Roche Applied Science (hemagglutinin
[HA]-3F10), and Sigma (Flag-M2). The antibodies to BZLF1, BALF2,
BALF5, BGLF4, BBLF2 and -3 (BBLF2/3), and LMP1 have been described
previously (37–42). Human p65-targeted small interfering (siRNA) was
purchased from Santa Cruz. Control siRNA sequence (siRNA-DsRed)
was 5=-GCA GAG CUG GUU UAG UGA AdT dT-3= and 5=-UUC ACU
AAA CCA GCU CUG CdT dT-3=, where dT means deoxythymidine.

Transfection and luciferase assays. Plasmid DNA was transfected
into HEK293, 293-EBVwt, or 293-EBV� cells using a MP-100 micropo-
rator (Digital Bio). The total amounts of plasmid DNA were standardized
by addition of an empty vector. Proteins were extracted from cells with the
lysis buffer supplied in a dual-luciferase reporter assay system kit (Pro-
mega), and luciferase activities were measured using the kit. The counts of
firefly luciferase were normalized to those of Renilla luciferase. The pro-
tein samples were then subjected to SDS-PAGE followed by immunoblot-
ting.

Immunoprecipitation. To detect ubiquitinated forms of TRAF6 or
physical interaction between BPLF1 and TRAF6, HEK293, 293-EBVwt, or
293-EBV�, cells transfected with expression plasmids were lysed 24 h
posttransfection (hpt) in 100 �l of TX-100mCSK buffer (10 mM PIPES
[pH 6.8], 100 mM NaCl, 300 mM sucrose, 1 mM MgCl2, 1 mM EGTA, 1
mM dithiothreitol, 0.1% Triton X-100, and protease inhibitor mixture
[Roche]). Cell lysates were then diluted with the same buffer. Immuno-
precipitation under stringent conditions was carried out as described pre-
viously (43). In brief, denaturing lysis buffer (50 mM Tris-HCl [pH 7.5],
2% SDS) was used in place of TX-100mCSK buffer, and the lysate was
subsequently incubated at 95°C for 10 min followed by dilution with the
dilution buffer (950 mM Tris-HCl [pH 7.5], 2% bovine serum albumin
[BSA]). Diluted cell lysates were precleared with protein G-Sepharose
(Amersham Biosciences). Supernatants were then mixed with anti-Flag
antibodies and incubated overnight at 4°C. Immunocomplexes were re-
covered by incubating protein G-Sepharose for 1 h, and the resin was
washed five times with the same buffer. The immunoprecipitates were
then subjected to SDS-PAGE followed by immunoblotting.

Immunoblotting. Cells were suspended in 1	 sample buffer (65 mM
Tris-HCl [pH 6.8], 3% SDS, 10% glycerol, 2% 2-mercaptoethanol) and
then sonicated. The debris was removed by centrifugation, and the super-
natants were applied for SDS-PAGE and immunoblotting, carried out as
described previously (37).

qrt-PCR and PCR analysis. Lytic replication-induced 293-EBV-WT
or 293-EBV� cells (1 	 106 cells) were harvested, and total cellular RNA
was purified using TriPure isolation reagent (Roche) followed by conver-
sion to cDNA using a SuperScript III first-strand synthesis system (Invit-
rogen). Quantitative real-time PCR (qrt-PCR) was performed with SYBR
Premix Ex Taq II Tli RNaseH Plus (TaKaRa Bio), an ABI Prism 7300
machine (Applied Biosystems), and 3-step cycling conditions (95°C for 30
s, followed by 50 cycles of 95°C for 5 s, 55°C for 30 s, and 72°C for 1 min).
Dissociation curves were recorded after each run. Cycle threshold (CT)
values were determined by automated threshold analysis with ABI Prism
version 1.0 software. qrt-PCR assays were performed in triplicate. The
value for an arbitrary RNA in the isolated RNAs was set to 1.0, and a
standard curve was constructed using serial dilutions of cDNA from the
RNA set to 1.0. A constant amount of RNAs was quantitated based on the
standard curve. qrt-PCR with GAPDH primers was also performed to
serve as an internal control for input RNA. Primer sequences used were as
follows: for interleukin-8 (IL-8), 5=-CAA ACC TTT CCA CCC CAA
AT-3= (forward) and 5=-CTC TGC ACC CAG TTT TCC TT-3= (reverse);
for intercellular adhesion molecule 1 (ICAM-1), 5=-CAA CCG GAA GGT
GTA TGA AC-3= (forward) and 5=-CAG CGT AGG GTA AGG TTC-3=
(reverse); for AGT, 5=-GGA TGA GAG AGA GCC CAC AG-3= (forward)
and 5=-CTC ACT CCA TGC AGC ACA CT-3= (reverse); for CCL2, 5=-
CAT TGT GGC CAA GGA GAT CTG-3= (forward) and 5=-CTT CGG
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AGT TTG GGT TTG CTT-3= (reverse); and for GAPDH, 5=-GGG AAG
GTG AAG GTC GGA GT-3= (forward) and 5=-AAG ACG CCA GTG GAC
TCC AC-3= (reverse). Quantification of viral DNA synthesis during lytic
replication was essentially conducted as described previously (44).

PCR analysis was performed with GoTaq Green Master Mix (Pro-
mega) and a Veriti thermal cycler (Applied Biosystems), and the PCR
conditions used were 94°C for 30 s, 35 cycles of 94°C for 30 s, 55°C for 30
s, and 68°C for 1 min. Primer sequences used in reverse transcription-PCR
(RT-PCR) analysis were as follows: for BPLF1, 5=-GGA CCA TGG ATG
TGA ATG C-3= (forward) and 5=-GAG TCG GAT GTG AAA GAT CG-3=
(reverse); for BZLF1, 5=-AAC AGC CAG AAT CGC TGG AG-3= (for-
ward) and 5=-GGC ACA TCT GCT TCA ACA GG-3= (reverse); and for
GAPDH, 5=-TGC ACC ACC AAC TGC TAG C-3= (forward) and 5=-GGC
ATG GAC TGT GGT CAT GAG-3= (reverse) (45).

Statistical analysis. Results are expressed as means 
 standard devi-
ations (SD). Values were compared between groups using analysis of vari-
ance (ANOVA) and Fisher’s protected-least-significance-difference test.
Results were considered statistically significant at a P of �0.05.

RESULTS
Ectopic expression of BPLF1 decreases NF-�B-responsive pro-
moter activity in latently EBV-infected cells. Ubiquitination is
involved in multiple steps of the NF-�B signaling pathway. There-
fore, we first tested whether the EBV-encoded deubiquitinating
enzyme BPLF1 inhibits NF-�B-dependent promoter activity in
latently EBV-infected cells expressing LMP1. B95-8, AGS-EBV,
and 293-EBVwt cells were transfected with reporter plasmids
(pNF-�B-Fluc and pCMV-Rluc) and pBPLF1wt or pBPLF1C61A
expression vectors, and luciferase assays were performed. Ectopic
expression of the 325-aa-length N-terminal domain of BPLF1 ex-
hibiting DUB activity decreased NF-�B-dependent promoter ac-
tivity in these cells (Fig. 1). However, the EBV BPLF1C61A mu-
tant, a mutant that is enzymatically defective due to the mutation
of cysteine 61 to alanine (36), showed no significant inhibition
(Fig. 1). The result suggests that DUB activity is essential for
BPLF1 to suppress LMP1-induced NF-�B-dependent promoter
activity.

In addition, we tested if overexpression of BPLF1 alone could
induce EBV lytic cycle, because BPLF1 reduced NF-�B activity
(Fig. 1) and because it was previously reported that inhibition of
NF-�B by specific inhibitors causes spontaneous lytic gene expres-

sion in EBV-positive cells (46–49). While expression of immedi-
ate-early BZLF1 enhanced expression of early genes, including
BALF2 and BGLF4, ectopic expression of BPLF1, either wild type
or C61A, did not induce expression of the lytic genes (Fig. 1).
Therefore, it is likely that, whereas BPLF1 inhibits NF-�B signal-
ing, its expression alone is not sufficient for induction of EBV lytic
replication.

Construction of BPLF1-deficient recombinant virus. We
then constructed a BPLF1-deficient recombinant virus to deter-
mine the effect of BPLF1 on the NF-�B signaling pathway in EBV
lytic replication. A marker cassette was inserted into the BPLF1
gene (nt 1 to 975, encoding its catalytic domain) of EBV-WT to
construct dBPLF1/NeoSt, and, as a result, nt 181 to 183 encoding
the C61 residue, crucial for deubiquitinase activity, were disrupted
(Fig. 2A). The DNA of recombinant EBV bacmid was analyzed by
digestion with BamHI or EcoRI (Fig. 2B and C) and PCR
(Fig. 2D). Restriction enzyme digestion of wild-type and recom-
binant bacterial artificial chromosome (BAC) DNAs verified that
no large deletions or rearrangements of the EBV genome occurred
during recombination and that the BamHI-P and EcoRI-H frag-
ments were of the expected sizes in the wild type (Fig. 2B and C,
open arrowheads) and were increased in size by the insertion of a
NesSt cassette into the deletion mutant (Fig. 2B and C, closed
arrowheads). PCR analysis performed with BPLF1-specific prim-
ers amplified an DNA fragment of the expected size in the case of
EBV-WT DNA, but not in the case of dBPLF1/NeoSt DNA
(Fig. 2D). DNAs of the wild type and dBPLF1/NeoSt were intro-
duced into HEK293 cells, and hygromycin-resistant cell colonies
were cloned for further analysis. HEK293 cells containing
EBV-WT and dBPLF1/NeoSt DNAs were designated 293-EBVwt
and 293-EBV�, respectively. For RT-PCR, total RNAs were pre-
pared from the HEK293 cells containing the wild-type or the re-
combinant EBV genome at 48 hpt with the pBZLF1. While com-
parable amounts of BZLF1 and GAPDH mRNA were detected in
the two cell lines, as expected, BPLF1 mRNA was detected only in
293-EBVwt (Fig. 2E). The 293-EBVwt and 293-EBV� cells main-
tain about 1.9 and 2.1 copies of EBV-BAC DNA, respectively
(Fig. 2F). Western blotting with anti-LMP1 antibody verified that
293-EBVwt and 293-EBV� cells express similar levels of LMP1

FIG 1 Ectopic expression of BPLF1 decreases NF-�B-dependent promoter activity in cells latently infected with EBV. Latently infected B95-8, AGS-EBV, and
293-EBVwt cells were transfected with the NF-�B-Fluc reporter plasmid (0.2 �g/well), along with the pCMV-Rluc plasmid (0.02 �g/well) and either pBPLF1wt
or pBPLF1C61A (0.1 �g/well), in 24-well plates. Luciferase assays were performed at 24 hpt. Firefly luciferase activity was normalized to Renilla reniformis
luciferase, and the value obtained by transfecting an empty-vector control was set to 100%. Data are shown as means 
 SD of the results of 3 biological replicates.
**, P � 0.001; *, P � 0.005. Sample lysates were subsequently subjected to immunoblotting with the specific antibodies indicated, and representative results are
presented below the graph. In addition, sample lysates of cells transfected with BZLF1 were also included as controls for lytic replication.
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(Fig. 2G). Thus, induction of lytic replication could be started
from the similar genome copy and similar latency backgrounds.
Expression of BPLF1 mRNA was detected at least by 18 h postin-
duction (hpi) and continued at least until 48 hpi (Fig. 2H).

DUB activity is essential for BPLF1 to block activation of the
NF-�B pathway in EBV lytic replication. We then examined
whether EBV BPLF1 is involved in regulation of NF-�B signaling
in EBV lytic replication. 293-EBVwt or 293-EBV� cells were
transfected with pBZLF1 and reporter plasmids (pNF-�B-Fluc
and pCMV-Rluc). The intrinsic NF-�B reporter activity (normal-
ized with RLuc expression driven by a cytomegalovirus [CMV]
promoter) in 293-EBV� cells was almost the same as that in 293-
EBVwt cells. Transfection of pBZLF1 resulted in downregulation
of NF-�B activity in 293-EBVwt compared with cells transfected
with a control vector (Fig. 3A, lanes 1 and 2), consistent with a
previous report that viral lytic reactivation requires downregula-
tion of NF-�B (50). In contrast, transfection of pBZLF1 into 293-
EBV� did not decrease NF-�B activity (Fig. 3A, lanes 3 and 4). We
then examined the effect of the BPLF1 expression on NF-�B-de-
pendent promoter activity in 293-EBV�. Cotransfection of
pBPLF1wt together with pBZLF1 into 293-EBV� decreased the
NF-�B promoter activity to a level comparable to that seen with
pBZLF1-transfected 293-EBVwt (Fig. 3A, lane 5), while transfec-
tion of enzyme-dead mutant pBPLF1C61A did not (Fig. 3A, lane
6). In the parental EBV-negative HEK293 cells, transfection of

BZLF1 did not significantly affect NF-�B activity under our assay
conditions (Fig. 3B, lanes 1 and 2). Up- or downregulation of
NF-�B activity observed in 293-EBVwt and 293-EBV� would be
dependent on BZLF1-induced lytic gene expression (Fig. 3A, lanes
2 and 4). These data suggest that EBV BPLF1 is required to down-
regulate NF-�B-dependent promoter activity during EBV lytic
replication, too, and that DUB activity is critical for BPLF1 to
antagonize NF-�B functions.

Moreover, since exogenous expression of BPLF1 could atten-
uate the NF-�B activity even in parental HEK293, which is devoid
of EBV (Fig. 3B, lane 3), we speculate that suppression of NF-�B
activity by BPLF1 is not specific to LMP1 or to EBV.

BPLF1 suppresses canonical NF-�B-regulated genes during
the EBV lytic life cycle. Expression of canonical NF-�B-regulated
genes, including AGT, CCL2 (monocyte chemoattractant pro-
tein-1 [MCP-1]), ICAM-1, and IL-8 (51–54), was conducted to
confirm that BPLF1 actually inhibits NF-�B target gene expres-
sion during EBV lytic replication (Fig. 4). Total RNA was ex-
tracted, reverse transcribed into cDNA, and analyzed by qrt-PCR.
Induction of EBV lytic replication in 293-EBVwt cells resulted in
downregulation of a series of NF-�B-regulated genes, such as AGT
(0.034-fold), CCL2 (0.104-fold), and ICAM-1 (0.528-fold)
(Fig. 4A, top panel). Despite IL-8 expression being upregulated by
the canonical NF-�B (55), IL-8 expression remained unchanged.
It was earlier reported that BZLF1 induces IL-8 expression at both

FIG 2 Recombinant EBV-BAC genome structures. (A) Schematic arrangement of recombination of the EBV genome using the neomycin resistance and
streptomycin sensitivity genes. The region between nucleotides 1 and 975 of the BPLF1 ORF was replaced with tandemly arranged neomycin resistance and
streptomycin sensitivity (NeoSt�) genes to make dBPLF1/NeoSt. (B and C) Electrophoresis of wild-type and recombinant EBV-BAC DNAs. EBV-BAC DNAs
were digested with BamHI (B) or EcoRI (C) and separated in a 0.8% agarose gel. The sizes of BamHI-P fragment and a corresponding EcoRI fragment of the
EBV-BAC DNAs (open arrows) were shifted by integration of the marker cassettes (closed arrows). Sizes (kbp) for molecular mass markers are indicated at the
left side of the panels. (D) PCR analysis of the wild-type and the recombinant BAC DNAs with BPLF1 ORF-specific primers. The PCR product was detected by
1.5% agarose gel electrophoresis. (E) RT-PCR analysis of BPLF1 expressed in pBZLF1-transfected 293-EBVwt and 293-EBV� cells. Total RNAs were extracted
at 48 hpi, and cDNAs were synthesized as described in Materials and Methods. PCR was performed on cDNA templates with specific primers. BZLF1 was used
as an induction marker and GAPDH as an internal control. (F) Total DNAs prepared from 293-EBVwt and 293-EBV� cells were applied to qrt-PCR using
BALF2-specific primers to quantify intracellular EBV-BAC DNA copies. The values were normalized to that of Namalwa cells, which maintain 2 EBV genomes
per cell. (G) Western blotting using anti-LMP1 antibody was performed using whole-cell lysate prepared from 293-EBVwt and 293-EBV� cells to confirm that
comparable amounts of the latent protein are expressed in both cells. (H) 293-EBVwt cells transfected with 1 �g of pBZLF1 were cultured for indicated periods,
and expression levels of BPLF1 mRNA were measured by RT-PCR. Three biological replicates were carried out for the time-course analysis. Data from one
representative experiment are shown.
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the protein and mRNA levels by directly binding to BZLF1-re-
sponsive elements in the IL-8 promoter (56), suggesting that the
level of IL-8 expression in 293-EBVwt was compensated by BZLF1
during lytic replication. In contrast, the expression of AGT, CCL2,
ICAM-1, and IL-8 was markedly elevated (4.7-fold, 4.1-fold, 2.7-
fold, and 3.4-fold, respectively) in 293-EBV� (Fig. 4A, bottom
panel). In addition, we confirmed, by RT-PCR, that BPLF1 was
induced by BZLF1 in the wild type and that no BPLF1 signal was
obtained in the knockout virus (Fig. 4B). Thus, BPLF1 appears to
prevent canonical NF-�B-regulated gene expression in EBV lytic
replication.

Inhibition of NF-�B signaling by BPLF1 correlates with
TRAF6 deubiquitination and increased I�B�. Ubiquitination or
deubiquitination of key signaling molecules is an important reg-
ulatory mechanism in NF-�B signaling. It is known that TRAF6 is
an especially critical host factor for LMP1-mediated B cell activa-
tion, and its ubiquitination activates NF-�B signaling in latently
infected cells (20). Therefore, we set out to examine whether
BPLF1 could target TRAF6 to suppress NF-�B signaling. Ubiq-
uitination assays performed by means of a heterologous expres-
sion system with 293 cells demonstrated that overexpressed
TRAF6 became polyubiquitinated (Fig. 5A, lane 3). The assays
also revealed that ubiquitinated TRAF6 was deubiquitinated by a
coexpressed wild-type BPLF1 in a dose-dependent manner
(Fig. 5A, lanes 4 to 6), but not by the enzymatically defective
BPLF1C61A mutant (Fig. 5A, lanes 7 to 9). Since there is a possi-
bility that TRAF6 may interact with other protein(s) that may also

be polyubiquitinated, we then performed immunoprecipitation
under stringent conditions to avoid that possibility (Fig. 5B). Sim-
ilar results were obtained under the stringent conditions, support-
ing the result shown in Fig. 5A.

A coimmunoprecipitation assay revealed that endogenously
expressed TRAF6 protein was coprecipitated with Flag-tagged
BPLF1 protein (Fig. 5C). Similar amounts of TRAF6 were also
coprecipitated with enzymatically defective BPLF1. The result in-
dicates that BPLF1 interacts with TRAF6, directly or indirectly,
independently of its catalytic activity.

We further investigated whether the ability of BPLF1 to antag-
onize NF-�B is associated with deubiquitination of TRAF6 in EBV
lytic replication. Ubiquitination states of TRAF6 in 293-EBVwt
and 293-EBV� cells were compared when they were induced to
perform lytic replication. When 293-EBVwt cells were transfected
with pBZLF1, the TRAF6 polyubiquitination was markedly inhib-
ited (Fig. 6A, lanes 1 and 2). In contrast, when 293-EBV� cells
were transfected with pBZLF1, reduction of the TRAF6 ubiquiti-
nation state was much less significant compared to the case of 293
WT cells (Fig. 6A, compare lane 2 with lane 4). Furthermore,
coexpression of wild-type BPLF1 in 293-EBV� diminished ubiq-
uitination of TRAF6 (Fig. 6A, lane 5), while coexpression of the
BPLF1C61A mutant did not show such an effect (Fig. 6A, lane 6).
Partial reduction in TRAF6 ubiquitination in lytic replication-
induced 293-EBV� cells might be due to other EBV-encoded deu-

FIG 3 DUB activity is essential for BPLF1 to block activation of the NF-�B
pathway during EBV lytic replication. Wild-type and recombinant BPLF1 ex-
pression vectors (0.1 �g each) were cotransfected into 293-EBVwt and 293-
EBV� cells along with the pBZLF1 plasmid (1 �g), the pNF-�B-Fluc reporter
plasmid (0.2 �g), and pCMV-Rluc (0.02 �g) using an MP-100 electroporator.
An empty vector (pcDNA3) was used as a control. Cell extracts were collected
at 24 hpt and analyzed for firefly and Renilla luciferase expression. Firefly
luciferase activity was normalized to the Renilla reniformis luciferase, and the
values obtained by transfecting the empty-plasmid control into 293-EBVwt or
293-EBV� were set to 100%. Sample lysates were subsequently subjected to
immunoblotting with specific antibodies, and a representative result is pre-
sented below the graph. BZLF1 (immediate-early) and BALF2 (early) were
used as induction markers. Data are shown as means 
 SD of the results of 5
biological replicates. ***, P � 0.001; **, P � 0.005; *, P � 0.01.

FIG 4 BPLF1 suppresses expression of NF-�B-regulated genes during the
EBV lytic life cycle. (A) 293-EBVwt and 293-EBV� cells were transfected with
control or BZLF1 expression plasmids. At 24 hpi, cells were subjected to qrt-
PCR to measure the mRNA levels of NF-�B-dependent genes. Values were
normalized to GAPDH mRNA, and the value obtained by transfecting an
empty-plasmid control into 293-EBVwt or 293-EBV� was set to 1. Data are
shown as means 
 SD of the results of 3 biological replicates. ***, P � 0.001; **,
P � 0.005; *, P � 0.05. (B) RT-PCR was carried out in order to detect BPLF1
mRNA in the same samples described for panel A, followed by an agarose
electrophoresis.
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biquitinating proteins such as BSLF1 and BXLF1 (36). We suggest
that BPLF1 mainly deubiquitinates TRAF6 in the lytic phase of
EBV replication, although BSLF1 and/or BXLF1 might also be
involved in the deubiquitination of TRAF6.

Upon activation of the canonical NF-�B signaling pathway,

IKK (I�B kinase) is activated by phosphorylation of � subunit
(IKK�), and then active IKK phosphorylates I�B, resulting in its
proteasomal degradation (57). This liberates NF-�B, which trans-
locates to the nucleus and binds to promoters of NF-�B-regulated
genes. Overexpression of BPLF1 resulted in repression of IKK�

FIG 5 BPLF1 interacts with and inhibits ubiquitination of TRAF6. (A) HEK293 cells cultured in 6-well plates were cotransfected with hemagglutinin (HA)-tagged Ub
(2 �g/well) and TRAF6 (3 �g/well) expression plasmids and increasing quantities (0.1, 0.2, or 0.5 �g/well) of the designated BPLF1 expression plasmid. Cell lysates were
prepared at 24 hpi and immunoprecipitated (IP) with anti-Flag antibodies, and ubiquitin conjugation of the TRAF6 protein was verified by immunoblotting with
anti-HA antibodies. Production of exogenously expressed tagged proteins was verified with the indicated antibodies. The experiment shown is a representative of three
independent experiments. (B) The conditions were basically the same as described for panel A except that cells were lysed with the denaturing lysis buffer containing 2%
SDS followed by a 10-min incubation at 95°C. The amount of transfected BPLF1 expression plasmid was 0.1 or 0.5 �g/well. The experiment shown is a representative of
three independent experiments. (C) HEK293 cells cultured in 6-well plates were transfected with an empty plasmid or designated BPLF1 (0.5 �g/well) expression
plasmids. Cell lysates were prepared at 24 hpi and immunoprecipitated with anti-Flag antibodies, followed by immunoblot analysis with anti-TRAF6 antibodies.
Production of exogenously expressed BPLF1 proteins was verified with anti-Flag antibody. The experiment shown is a representative of two independent experiments.

FIG 6 Endogenous BPLF1 deubiquitinates TRAF6. (A) 293-EBVwt and 293-EBV� cells cultured in 6-well plates were cotransfected with HA-tagged Ub (2
�g/well), TRAF6 (3 �g/well), and BZLF1 (1 �g/well) expression plasmids. Four hours after the initial transfection, the cells were further transfected with either
wild-type or enzyme-dead BPLF1 expression plasmids (0.5 �g/well). Cell lysates were prepared at 24 h after initial transfection, and immunoprecipitation
experiments were performed in the same fashion as described for Fig. 5A. The experiment shown is a representative of three independent experiments. (B)
293-EBVwt cells were transfected with empty plasmid or designated BPLF1 (0.5 �g/well) expression plasmid. Cell lysates were prepared at 24 hpi, and
immunoblot analysis was performed using indicated antibodies. The experiment shown is a representative of two independent experiments.

EBV Deubiquitinase Inhibits NF-�B Signaling

April 2013 Volume 87 Number 7 jvi.asm.org 4065

http://jvi.asm.org


phosphorylation and accumulation of I�B� protein in 293-
EBVwt cells in which the canonical NF-�B signaling is constitu-
tively activated (Fig. 6B, lane 2). Collectively, the findings indicate
that BPLF1 blocks ubiquitination of TRAF6, leading to inhibition
of I�B� degradation to prevent NF-�B target gene expression.

BPLF1 promotes EBV genome replication. Regarding the ef-
fects of BPLF1 DUB activity on EBV lytic DNA replication, im-
munoblotting revealed that the protein levels of viral early genes
(BALF2, BBLF2/3, BGLF4, and BMRF1) were not affected by dis-
rupting BPLF1 expression at 48 hpi, although the level of BALF5
DNA polymerase was to some extent lower (Fig. 7A). However,
qrt-PCR using EBV genome DNA-specific primers revealed that
viral DNA synthesis in 293-EBV� cells at 48 hpi was significantly
impaired, comparing with the 293-EBVwt case (Fig. 7B), suggest-
ing that BPLF1 promotes viral genome replication. In addition,
when lytic replication was induced with the smaller amount of
pBZLF1 (0.1 �g), lytic gene expression in 293-EBV� appeared to
be lower than in 293-EBVwt at 21, 24, and 27 hpi, although after
30 hpi, comparable levels of expression were observed, suggesting
that BPLF1 affects early gene expression under conditions of lower
levels of BZLF1 expression (Fig. 7C).

Since ectopically expressed BPLF1 is sufficient for at least inac-
tivation of cellular NF-�B activity (Fig. 1 and 3) and deubiquiti-
nation of TRAF6 (Fig. 5 and 6), we tested whether ectopic expres-
sion of the BPLF1 DUB domain in 293-EBV� cells might promote
viral genome replication. The expression of pBPLF1wt in 293-
EBV� distinctly restored viral DNA synthesis, while expression of
the BPLF1 mutant did not (Fig. 8A).

Knockdown of p65 promotes viral DNA replication. We fur-
ther examined whether inhibition of NF-�B signaling actually
promotes viral DNA replication in 293-EBV� cells. Cotransfec-
tion of p65-targeting siRNA together with pBZLF1 resulted in
increased numbers of copies of the EBV genome that are compa-
rable to the level seen with the EBV genome in lytic replication-
induced 293 WT cells, while cotransfection of control siRNA
(DsRed) had no significant effect (Fig. 8B). Taking our results
together, BPLF1 appears to promote lytic viral genome replica-

tion, at least partly by blocking the canonical NF-�B signaling via
DUB activity.

DISCUSSION

Our present study clearly demonstrated that the DUB activity of
BPLF1 is involved in the downregulation of NF-�B signaling in

FIG 7 BPLF1 promotes EBV genome replication. (A) 293-EBVwt and 293-EBV� cells were transfected with pBZLF1 (1 �g) to induce lytic replication, harvested
at 48 hpt, and washed with PBS (�), and then whole-cell lysates were extracted. Protein levels of viral early genes (BALF2, BALF5, BBLF2/3, BGLF4, and BMRF1)
and the BZLF1 immediate-early gene were analyzed in 293-EBVwt and 293-EBV� cells by immunoblotting. GAPDH was used as an internal control. (B) At 48
h after pBZLF1 (1 �g) transfection, cells were washed with PBS (�), and total DNAs were extracted. qrt-PCR analysis was performed with BALF2- and
GAPDH-specific primers. Intracellular viral DNA copy numbers were calculated as follows: BALF2 values were normalized to each GAPDH value, and the
BALF2/GAPDH values were further compared to those for Namalwa cells, which maintain 2 EBV genomes per cell. RT-PCR data from one representative
experiment are shown. Data are expressed as fold increase in comparison to untransfected cells and means 
 SD of the results of 5 biological replicates. *, P �
0.005. (C) The threshold necessary amount (0.1 �g) of pBZLF1-transfected 293-EBVwt and 293-EBV� cells was cultured for the indicated periods. Protein levels
of viral early genes (BALF2, BGLF4, BMRF1) were analyzed by immunoblotting. The experiment shown is representative of two independent experiments.

FIG 8 Exogenous expression of BPLF1 deubiquitinase or p65 knockdown
restores viral DNA replication of the BPLF1-deficient virus. (A) The BZLF1
expression plasmid (0.5 �g/well) was transfected into 293EBV� cells using an
electroporator, and 4 h after the initial transfection, the cells were further
transfected with wild-type or enzyme-dead BPLF1 expression plasmids (0.5
�g/well) using Lipofectamine 2000. At 48 h after the initial transfection, cells
were washed with PBS (�), and total DNA was extracted. qrt-PCR analysis was
performed with the same method as described for Fig. 7B. cDNAs were pre-
pared from the mRNAs extracted in parallel with the total DNAs. RT-PCR data
from one representative experiment are shown below the graph. (B) p65-
targeted or control siRNA (0.2 �g/well) was cotransfected with the BZLF1
expression plasmid (0.2 �g/well) into 293-EBV� cells using an electroporator
and cultured for 48 h and processed similarly to the method described for
panel A. Data are expressed as fold increase in comparison to untransfected
cells and means 
 SD of the results of 3 biological replicates. **, P � 0.001; *,
P � 0.01.

Saito et al.

4066 jvi.asm.org Journal of Virology

http://jvi.asm.org


the context of viral lytic replication. The immediate-early BZLF1
protein, a key initiator of EBV lytic replication, is known to inter-
act with the NF-�B family member p65/RelA to inhibit its tran-
scriptional activity, and p65/RelA in turn inhibits the transcrip-
tional activity of BZLF1 (58). Also, Brown et al. reported that
overexpression of p65 inhibits EBV lytic replication, and they pre-
dicted that cells expressing a high level of active NF-�B would
hardly enter the lytic life cycle (24). It was also reported that
NF-�B activation inhibits lytic cycle induction (25). Furthermore,
in some cell lines such as B95-8 and HH514 (59), lyLMP1, an
amino-terminally truncated and late-lytic-cycle-associated form
of LMP1, is expressed to function as a dominant-negative regula-
tor of NF-�B signaling by LMP1 (59, 60). Thus, EBV appears to
utilize various strategies to downregulate NF-�B activity during
lytic replication, highlighting the biological relevance of NF-�B
inhibition by BPLF1. Our results, together with those of previous
reports (24, 25), strongly support the idea that BPLF1 is necessary
to establish cellular circumstances with decreased NF-�B activity
for the lytic life cycle to proceed.

It has been reported that upregulation of NF-�B promotes host
cell survival but inhibits the initiation of lytic replication in EBV-
infected cells (61). There are several reports demonstrating that
NF-�B inhibitors cause spontaneous apoptosis and lytic gene ex-
pression in EBV-positive B-lymphocytes and in nasopharyngeal
and Burkitt’s lymphoma cells (46–49). We showed here that ex-
pression of the N-terminal 325-aa region of BPLF1 carrying DUB
activity was sufficient to suppress NF-�B activity in latently EBV-
infected cells. However, expression of BPLF1 itself did not induce
early lytic gene expression in B95-8, AGS-EBV, and 293-EBVwt
cells (Fig. 1). Also, no death was observed in cells transfected with
pFlag-BPLF1. Our results indicate that BPLF1 downregulates
NF-�B signaling in a DUB activity-dependent manner, but it
likely causes neither spontaneous apoptosis nor lytic gene expres-
sion in latently infected cells, at least under our conditions.

The known deubiquitinases of other viruses, including PLP2 of
murine hepatitis virus A59 (62), ORF64 of Kaposi’s sarcoma-as-
sociated herpesvirus (63), and Lpro of foot-and-mouth disease vi-
rus (64), were reported to provide an opportunity for effective
virus invasion into a new host by downregulating beta interferon
(IFN-�) activity. Downregulation of IFN-� activity may result in
suppression of numerous IFN-stimulated genes, including im-
portant antiviral molecules such as PKR, MX1, OAS1, ISG15, and
TRIM5 (65). Meanwhile, whether downregulation of canonical
NF-�B target genes such as AGT, CCL-2, and ICAM-1 is physio-
logically advantageous to EBV lytic replication has yet to be eluci-
dated. The AGT gene encodes angiotensinogen, a precursor of
angiotensin II, which conversely activates such transcription fac-
tors, including the canonical NF-�B (66). Monocyte chemoattrac-
tant protein-1 (MCP-1; also known as CCL2) has been shown to
mediate recruitment of monocytes to inflamed sites (67–69). In-
tercellular adhesion molecule 1 (ICAM-1) is a glycosylated, inte-
gral membrane protein that plays an important role in inflamma-
tory responses by promoting cell-cell interactions (70). It also
serves as a counterreceptor for lymphocyte function-associated
antigen 1, which is found on all types of leukocytes and has been
implicated in migration of leukocytes to sites of inflammation
(71–73). A variety of viral proteins are expressed in lytic replica-
tion-induced cells, and they should be targeted by the host im-
mune system. EBV may downregulate the expression of molecules
that otherwise recruit monocytes and leukocytes to the infected

cells, which would be disadvantageous to EBV productive replica-
tion.

The BPLF1 protein is conserved among members of the her-
pesvirus family and has been classified as a potential tegument
protein by theoretical computer analysis using the Swiss-Prot da-
tabase (74). Many details concerning functional domains have
been elucidated, primarily through studies on BPLF1 homologs
such as herpes simplex virus 1 (HSV-1) pUL36 and pseudorabies
virus (PrV) pUL36. The results of these studies collectively suggest
that the C-terminal part of the protein containing multiple bind-
ing sites for the capsid protein is critical for the virus production.
In cells infected with HSV-1 lacking UL36 or a mutant encoding
only the first 361 aa of pUL36, the capsids reach the cytosol, but
there is no secondary envelopment, no cell egress, and no plaque
formation (75, 76). Also, the PrV pUL36 is essential for produc-
tion of virus particles (77, 78). Whitehurst et al., however, have
previously reported that knockdown of BPLF1 expression with
short hairpin RNA resulted in decreased viral particle production
but that it did not completely inhibit the production (27). We also
confirmed that induction of lytic replication in cells harboring the
BPLF1-deleted EBV genome produced infectious viruses, al-
though the yield of BPLF1-deleted EBV was 0.65-fold lower than
that of wild-type virus.

Since Brown et al. reported that the canonical NF-�B inhibits
activation of the early lytic BHLF1 promoter harboring BZLF1-
and BRLF1-responsive elements (24), we speculate that NF-�B-
mediated inhibition of early lytic genes is released by BPLF1 at the
beginning of lytic replication. They also indicated that inhibition
of lytic promoters by NF-�B is reversible: overexpression of
BZLF1 and BRLF1 restored lytic promoter activation. In accor-
dance with the literature cited above, early lytic protein expression
in 293-EBV� appeared to be lower than that in 293-EBVwt when
the lytic replication was induced with a smaller amount of pBZLF1
(Fig. 7C). The decreased levels of lytic proteins were observed
until 27 hpi, but comparable levels were observed at 30 hpi. Our
results suggest that the impairment of viral DNA synthesis in 293-
EBV� cells could be partly due to the decreased expression of early
genes at around 27 hpi, although the impairment was observed
even with the higher BZLF1 expression. A study on human CMV
(HCMV) UL48, the counterpart of BPLF1, demonstrated that the
mutant virus, which has full-length but catalytically inactive
UL48(C24S), replicated more slowly than the wild type and with
lower yields of extracellular virus (79). Our results, together with
those of the study on UL48, suggest that the loss of viral DUB
activity was partly attributable to the decreased and delayed ex-
pression of early genes. Interestingly, the growth kinetics of the
UL48(C24S) mutant virus were similar to those of the wild type at
a multiplicity of infection (MOI) of 3, whereas the mutant virus
infection produced about 10-fold-fewer progeny virions than did
wild-type virus at an MOI of 0.1. In addition, slightly reduced
levels of viral immediate-early, early, and late proteins were ob-
served in Western blot analysis in the mutant virus compared to
the wild type at a low MOI.

It is reported that EBV BILF1 and BLLF3 proteins expressed in
later stages of lytic replication again upregulate NF-�B signaling
(80, 81). EBV G-protein-coupled receptor (EBV BILF1) also ap-
peared to activate the NF-�B pathway in COS-7 and Burkitt’s
lymphoma cells (82). Furthermore, activation of NF-�B by the
EBV dUTPase (EBV BLLF3) through TLR-2 has been previously
described (80). These proteins might protect the host cell from
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death caused by cytopathic effects of viral infection in later phases
of lytic replication. We propose that BPLF1 is an accelerating
agent of the latent-to-lytic switch that antagonizes NF-�B func-
tion at the earlier phase of lytic replication (Fig. 9). BPLF1 may
reduce the biological threshold of NF-�B activity required for
switching from the latent to the lytic life cycle of EBV.
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