JOURNAL OF VIROLOGY, Feb. 2009, p. 1856-1869
0022-538X/09/$08.00+0 doi:10.1128/JV1.01099-08

Vol. 83, No. 4

Copyright © 2009, American Society for Microbiology. All Rights Reserved.

Epstein-Barr Virus BGLF4 Kinase Suppresses the Interferon
Regulatory Factor 3 Signaling Pathway"t

Jiin-Tarng Wang, Shin-Lian Doong, Shu-Chun Teng, Chung-Pei Lee,
Ching-Hwa Tsai, and Mei-Ru Chen*

Graduate Institute and Department of Microbiology, College of Medicine, National Taiwan University, Taipei, Taiwan

Received 24 May 2008/Accepted 25 November 2008

The BGLF4 protein kinase of Epstein-Barr virus (EBV) is a member of the conserved family of herpesvirus
protein kinases which, to some extent, have a function similar to that of the cellular cyclin-dependent kinase
in regulating multiple cellular and viral substrates. In a yeast two-hybrid screening assay, a splicing variant
of interferon (IFN) regulatory factor 3 (IRF3) was found to interact with the BGLF4 protein. This interaction
was defined further by coimmunoprecipitation in transfected cells and glutathione S-transferase (GST) pull-
down in vitro. Using reporter assays, we show that BGLF4 effectively suppresses the activities of the poly(I:
C)-stimulated IFN-f promoter and IRF3-responsive element. Moreover, BGLF4 represses the poly(I:C)-
stimulated expression of endogenous IFN-3 mRNA and the phosphorylation of STAT1 at Tyr701. In searching
for a possible mechanism, BGLF4 was shown not to affect the dimerization, nuclear translocation, or CBP
recruitment of IRF3 upon poly(I:C) treatment. Notably, BGLF4 reduces the amount of active IRF3 recruited
to the IRF3-responsive element containing the IFN-3 promoter region in a chromatin immunoprecipitation
assay. BGLF4 phosphorylates GST-IRF3 in vitro, but Ser339-Pro340 phosphorylation-dependent, Pinl-medi-
ated downregulation is not responsible for the repression. Most importantly, we found that three proline-
dependent phosphorylation sites at Ser123, Ser173, and Thr180, which cluster in a region between the DNA
binding and IRF association domains of IRF3, contribute additively to the BGLF4-mediated repression of
IRF3(5D) transactivation activity. IRF3 signaling is activated in reactivated EBV-positive NA cells, and the
knockdown of BGLF4 further stimulates IRF3-responsive reporter activity. The data presented here thus
suggest a novel mechanism by which herpesviral protein kinases suppress host innate immune responses and

facilitate virus replication.

The innate immune response is the first-line defense against
viral infection. The production of interferons (IFNs) and other
cytokines to prevent virus replication and spread is at the
center of the antiviral response and requires the activation of
multiple transcription activators. The family of IFN regulatory
factors (IRFs) is defined by a highly conserved amino-terminal
DNA binding domain (DBD) containing five tryptophan re-
peats and a unique C-terminal domain, the IRF association
domain (IAD) (29). IRF3 and IRF7 are two major direct
transducers of virus-mediated signaling that induce type I
IFNs. IRF3 is a constitutively expressed phosphoprotein of 427
amino acids, which can shuttle into and out of the nucleus in its
inactive form. Upon virus infection, cellular TBK-1- and IKKe-
mediated phosphorylation of serines 385 and 386 and the
serine/threonine cluster between amino acids 396 and 405 of
IRF3 lead to its conformational change and activation (19,
29, 65).

The activated IRF3 then undergoes homodimerization or
heterodimerization with IRF7, nuclear localization, and asso-
ciation with the coactivator CBP/P300 (29). The phosphory-
lated IRF3/CBP/P300 complex is retained in the nucleus and
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induces the transcription of the IFN-B gene and other IFN-
stimulated genes (ISGs) by binding to the promoter regions of
IFN-stimulated response elements (54). In the context of the
IFN-B gene, IRF3 cooperates with another two transcription
factors, NF-kB and ATF-2/c-Jun, and the chromatin architec-
tural protein HMGI(Y) to form an enhanceosome on the
nucleosome-free positive regulatory domain (PRD) regions of
the promoter. To achieve fully active transcription, the enhan-
ceosome recruits, in order, histone acetyltransferases, SWI/
SNF, and basal transcription factors to modify and reposition
a nucleosome that blocks the formation of a transcriptional
preinitiation complex on the IFN-B promoter. The recruitment
of the GCNS5 complex acetylates the nucleosome, leading to
the recruitment of the CBP-polymerase II holoenzyme com-
plex. Subsequently, the nucleosome structure is modified fur-
ther by SWI/SNF remodeling activity, which in turn permits
the recruitment of transcription factor IID to the promoter and
the activation of transcription (29, 30). The binding of secreted
IFNs to their cellular receptor induces the phosphorylation
and activation of the Janus kinases JAK1 and Tyk2 and the
subsequent phosphorylation of signal transducer and activators
of transcription 1 (STAT1) and STAT?2, which can cooperate
with IRF9 to form ISG factor 3 complexes to promote the
expression of downstream genes (30).

The potential activation of IFN signaling or the subsequent
upregulation of ISGs was detected during the attachment or
entry process of herpesviruses (5, 55, 57). Nevertheless, her-
pesviruses have evolved with multiple immune evasion strate-
gies to replicate successfully in host cells. Because the synthesis
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and release of alpha IFN (IFN-a) or IFN-B are initiated
mainly by the activation of IRF3 and/or IRF7, it is not surpris-
ing that many viruses counteract IFN production by preventing
their activation or signaling pathway. For example, herpes sim-
plex virus (HSV), human cytomegalovirus, human herpesvirus
6 (HHV-6), and HHV-8 impair IFN-f production by interfer-
ing with IRF3 (1, 20, 35, 51). Moreover, IFN signaling is also
impaired in HSV-1-, human cytomegalovirus-, and HHV-8-
infected cells to ensure successful virus replication (10, 21,
52, 76).

Epstein-Barr virus (EBV) is a widespread human gamma-
herpesvirus. EBV is the causative agent of infectious mononu-
cleosis and is closely associated with several human malignant
diseases including lymphoma, nasopharyngeal carcinoma, gas-
tric carcinoma, and lymphoproliferative diseases in immuno-
compromised patients (58). Upon transmission to a naive host,
EBYV replicates in a permissive cell type, leading to lifelong
persistence with occasional reactivation, which may release
infectious virions that are transmissible to a new host. It is
believed that EBV also develops multiple mechanisms to coun-
teract the host innate immune response. Indeed, IRF7 is neg-
atively regulated by the immediate-early gene BZLF1 through
their physical interaction (24). Other than that, we noticed that
the UL protein kinase of HSV-1, UL13, has been implicated as
a possible contributor to anti-IFN signaling, while the mecha-
nism involved remains unclear (66). We were then curious to
know whether the EBV UL kinase BGLF4 is also involved in
regulating the IFN signaling pathway.

BGLF4 kinase is a virion-associated kinase and is expressed
at the early stage of the lytic cycle (36, 69). Several viral and
cellular substrates including BMRF1, BZLF1, EBNA2,
EBNA-LP, and translation factor EF-18 were found to be
phosphorylated by BGLF4 at Cdkl1 target sites (2, 38, 39, 72,
74). BGLF4 colocalizes with the viral DNA polymerase pro-
cessivity factor BMRF1 at the viral DNA replication compart-
ment in virus-replicating cells and phosphorylates BMRF1 at
multiple sites in vitro and in vivo (69, 72). BGLF4 kinase also
phosphorylates lamin A/C to promote the reorganization of
the nuclear lamina to facilitate virion maturation, and the
knockdown of BGLF4 resulted in an accumulation of viral
nucleocapsids in the nucleus, suggesting that BGLF4 may reg-
ulate the process of nuclear egress in virus-replicating cells (23,
44). Our study also indicates that BGLF4 recruits the nucleo-
tide excision repair protein XPC to the viral replication com-
partment, enhancing viral DNA replication (48). The expres-
sion of BGLF4 alone induces premature chromosome
condensation and phosphorylates the cellular replication ori-
gin binding complex MCM4-MCM6-MCM7, leading to an in-
hibition of its helicase activities (41, 43). Both events suggest
the ability of BGLF4 to inhibit cellular DNA replication and
thus save resources for efficient viral DNA replication.

While searching for candidate cellular substrates of BGLF4,
an IRF3 splicing variant was identified in a yeast two-hybrid
screening. Because phosphorylation contributes to multiple
regulatory effects on IRF3, we explored the possible function
of BGLF4 in regulating IRF3 signaling.

MATERIALS AND METHODS

Plasmids. To generate pJTW2 [GALADBD-BGLF4(1-293)] and pJTW3
[GAL4DBD-BGLF4(201-429)] for yeast two-hybrid screening, a DNA fragment
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encoding amino acids (aa) 1 to 293 or 201 to 429 of BGLF4 was PCR amplified
using pGEM3Z-EBVBamHI G as a template and subcloned into the BamHI site
of pGBDUC1 (34). pJTW64 [GAL4AD-IRF3'(282-452)], which contains the
c¢DNA sequence of an IRF3 splicing variant (GenBank accession no.
AAH00660), was isolated from a human HeLa cDNA library constructed in
pGAD GH/X (25). pSG5 (Promega Corp.)-based plasmids expressing wild-type
BGLF4 (pYPW17), a kinase-dead mutant (pYPW20), and E1-tagged BGLF4 at
positions 1 to 293 [BGLF4(1-293)] (pYPW18) were described previously (69).
pCR3.1 (Invitrogen)-based plasmids expressing wild-type IRF3 (pCR3.1-
hulRF3) and IRF3(5D) [pCR3.1-hulRF3(5D)] were kindly provided by Y. L.
Lin (8). Hemagglutinin (HA)-IRF3'(282-452) (pJTW32) was generated by clon-
ing a fragment at PCR-amplified codons 282 to 452 of IRF3’ from pJTW64 into
the Xhol/HindIII sites of HA-containing pSG5 (pHY25). HA-IRF3(282-427)
(pJTW28) was generated by cloning a fragment at PCR-amplified codons 282 to
427 of IRF3 from pCR3.1-hulRF3 into the Xhol/HindIII sites of pHY2S5.
pIRES-hrGFP-1a (Stratagene)-based plasmids expressing IRF3-Flag and
IRF3(5D)-Flag were gifts from Y. L. Lin (8). pGEX-3X (Amersham bio-
sciences)-based plasmids expressing glutathione S-transferase (GST)-BGLF4
(pJTWS52) and GST-K102I (pJTW53) were described previously (48). pJTW46
[GST-IRF3(282-427)] was generated by cloning a PCR-amplified DNA fragment
encoding aa 282 to 427 from pCR3.1-hulRF3 into the EcoRI/Smal sites of
pGEX-4T-1 (Amersham biosciences). pJTW42 (GST-IRF3) was generated by
subcloning the full-length IRF3 from pCR3.1-hulRF3 into the EcoRI site of
pGEX-4T-1. pLuc-IFN-B and pLuc-PRD(III-I); reporter plasmids were kindly
provided by K. Fitzgerald (19). pGal4-IRF3, which encodes a fusion protein
containing the Gal4 DBD and codons 57 to 427 of IRF3, and pGal4-
IRF3(S339A), in which Ser339 of Gal4-IRF3 is changed to Ala, were provided by
S. Yamaoka (60). pTK-MH100x4-Luc (4xGal4-luc) was kindly provided by
H.-M.Shih (Institute of Biomedical Sciences, Academia Sinica, ROC) (26). All
site-directed IRF3(5D) mutants were generated by using a single primer-based in
vitro mutagenesis strategy (49) with the primers and templates specified in Table
S1 in the supplemental material. All of the constructs were confirmed by DNA
sequencing.

Yeast two-hybrid screening. pJTW2, which encodes GAL4DBD-BGLF4(1-
293), was used as the bait to screen a human HeLa cDNA library as described
previously (34). Briefly, the prey HeLa cDNA library and bait were cotrans-
formed into strain PJ69-4A. Positive clones were selected on plates of synthetic
complete medium lacking Ura, Leu, and Ade and confirmed for interactions on
plates of synthetic complete medium lacking Ura, Leu, and His.

Cell culture, transfection, and double-stranded RNA stimulation. The 293-
TLR3 stable cell line was a gift of K. A. Fitzgerald (19). 293T, HeLa, 293-TLR3,
and NA cells, which were established by in vitro infection of NPC-TWO01 cells
with the recombinant EBV Akata (9), were all maintained in Dulbecco’s mod-
ified Eagle’s medium supplemented with 8% fetal calf serum. EREVS cells,
which were established by in vitro infection of tetracycline-inducible Rta
293TRex cells with the recombinant EBV Akata, were maintained in Dulbecco’s
modified Eagle’s medium supplemented with 6% of tetracycline-free fetal calf
serum (44). All cells were cultured in the presence of penicillin (100 U/ml) and
streptomycin (100 wg/ml) at 37°C with 5% CO,. Plasmid DNA was transfected
into 293T cells using the calcium phosphate-N,N-bis(2-hydroxyethyl)-2-amino-
ethanesulfonic acid method (11) or into HeLa, 293-TLR3, and NA cells with
Lipofectamine 2000 (Invitrogen). For double-stranded RNA stimulation, HeLa
cells were transfected with 1 wg/ml of poly(I:C) (Amersham) with Lipofectamine
2000, and 293-TLR3 cells were directly incubated with poly(I:C) at a final
concentration of 50 pg/ml.

Coimmunoprecipitation. After transfection or treatment, 200 to 500 pg of
whole-cell extracts of 293T, HeLa, or EREVS cells was prepared in lysis buffer
(50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA [pH 8.0], 30 mM NaF, 1 mM
Na;VO,, 40 mM B-glycerophosphate, 1X protease inhibitor mixture, 10% glyc-
erol, and 1% NP-40) and then incubated overnight with 1 pg of EBNA-1 5C11
monoclonal antibody (MAbD) (13), anti-HA MADb, anti-Flag MAb, anti-BGLF4
(2224) (69), or anti-CBP MADb (Santa Cruz Biotechnology). The mixtures were
then incubated with 100 pl (20%) of a 1:1 slurry of protein A/G-, protein A-, or
protein G-Sepharose beads (Amersham Biosciences) for 2 h at 4°C. The beads
were washed four times with NP-40 lysis buffer (50 mM Tris [pH 8.0], 150 mM
NaCl, 2 mM EDTA, 1% NP-40, and 1 mM Na3;VO,) and resuspended in 2X
sodium dodecyl sulfate (SDS) sample buffer. The immunoprecipitated complexes
and cell extracts were separated by SDS-polyacrylamide gel electrophoresis
(PAGE) and analyzed by immunoblotting.

Western blotting. Western blotting was performed as described previously
(12). The primary antibodies used were Flag MAb (Sigma-Aldrich), BGLF4
MADbs 2224 and 2616 (69), HA MADb (Covance), phospho-STAT1(Tyr701) an-
tibody (Cell Signaling), STAT1 antibody (Cell Signaling), IRF3 antibody (Santa
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Cruz Biotechnology), glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
(Biodesign), CBP MAb (Santa Cruz Biotechnology), Rta MAb 467 (32), and
BMRF1 antibody (Capricorn).

Expression and purification of GST fusion proteins. The expression and
purification of GST fusion proteins were carried out according to the Amersham
handbook, with slight modifications. Competent BL21(DE3) bacteria were trans-
formed with expression plasmids, and the bacteria were then induced at expo-
nential phase with 0.5 mM IPTG (isopropyl-B-p-thiogalactopyranoside) and
grown at 24°C for 4 h. The protein sample was harvested by sonication and then
incubated with glutathione-Sepharose 4B (Sigma) at 4°C for 1 h. After extensive
washings with PBST (140 mM NaCl, 2.7 mM KCI, 10 mM Na,HPO,, 1.8 mM
KH,PO, [pH 7.3], 1% Triton X-100), the protein was eluted with glutathione
elution buffer (50 mM Tris [pH 8.0], 5 mM reduced glutathione). The eluates
were dialyzed against dialysis buffer (50 mM Tris [pH 7.4], 50 mM NaCl, 10%
glycerol) and stored in aliquots at —80°C.

In vitro transcription/translation. Plasmid DNA was expressed in vitro and
labeled with [**S]methionine using the TNT Quick Coupled Transcription/
Translation system (Promega) according to the manufacturer’s instructions.
Briefly, 1.0 pg of the indicated plasmid was incubated with 40 wl of TNT Quick
Master Mix and [**S]methionine (20 pCi) in a 50-p.l reaction mixture volume at
30°C for 90 min.

GST pull-down assays. For GST pull-down, 15 pl of >S-labeled proteins was
precleared with 20 pl of 50% slurry glutathione-Sepharose 4B at 4°C for 2 h.
Subsequently, 20 wl of 50% slurry glutathione-Sepharose 4B was added together
with either 2 wg of GST fusion proteins or GST. The reaction mixture volume
was adjusted to 500 wl with binding buffer (20 mM Tris [pH 8.0], 100 mM NaCl,
10% glycerol, 1% NP-40), rotated on a vertical wheel at 4°C for 2 h, washed four
times with binding buffer, boiled in 2X SDS sample buffer, and displayed by
SDS-PAGE. The gels were then stained with Coomassie blue and subjected to
autoradiography.

Reporter assays. Cells (3 X 10° HeLa or 5 X 10° 293-TLR3 cells/well) were
seeded into 12-well plates and incubated overnight. Cells were then cotrans-
fected with reporter gene plasmid pLuc-PRD(III-I); or pLuc-IFN-B (19) using
Lipofectamine 2000, along with each expression vector as indicated. The total
DNA concentration was kept constant by supplementing empty vector pSGS.
pWP1 (pCMV-Renilla reniformis) or pEGFP-C1 was transfected at the same
time for normalizing transfection efficiencies. At 24 h posttransfection, poly(1:C)
stimulation was carried out for 8 h, and luciferase activity was determined with
the dual-luciferase assay system or Bright Glo luciferase assay system (Promega,
Madison, WI). To assay IRF3 transactivation activity, cells were cotransfected
with pGal4-Luc and expression plasmids encoding Gal4-IRF3 or Gal4-
IRF3(S339A) with BGLF4 or K102I. pWP1 (pCMV-Renilla) was transfected at
the same time for normalization of transfection efficiency. At 24 h posttransfec-
tion, luciferase activity was determined with the dual-luciferase assay system.

RNA purification and quantitative real-time RT-PCR. Total cellular RNA was
isolated with a REzol C& T RNA extraction kit (PROtech Technologies) accord-
ing to the manufacturer’s instructions. Reverse transcription (RT) of purified
RNA was carried out using random primers. The quantification of gene tran-
scripts was performed by real-time PCR using SYBR green I dye (Invitrogen)
and the iCycler iQ apparatus (Bio-Rad). Expression values were normalized with
control GAPDH. The primers used are as follows: sense primer 5'-AAGGAG
GACGCCGCATTG-3' and antisense primer 5'-GATAGACATTAGCCAGGA
GGTTC-3' for IFNBI1 and sense primer 5'-CATCATCCCTGCCTCTACTG-3’
and antisense primer 5'-GCCTGCTTCACCACCTTC-3' for GAPDH.

Analysis of IRF3 dimerization by native PAGE. Native PAGE was performed
as described previously (33), with a slight modification. Briefly, whole-cell ex-
tracts were prepared in native gel lysis buffer (50 mM Tris [pH 8.0], 150 mM
NaCl, 50 mM NaF, 10% glycerol, 5.0 mM Na;VO,, 1% NP-40, 1X protease
inhibitor mixture) and were separated on 7.5% native acrylamide gels. The
electrophoresis buffers were composed of a cathode chamber buffer (25 mM Tris
[pH 8.4], 192 mM glycine, and 0.5% sodium deoxycholate [Sigma-Aldrich]) and
an anode chamber buffer (25 mM Tris [pH 8.4], 192 mM glycine). Proteins were
then transferred onto membranes and probed for IRF3 dimerization with IRF3
antibody.

Immunofluorescence and microscopy. Cells grown on slides were fixed with
ice-cold methanol at —20°C for 20 min. Double staining was performed with the
indicated primary antibodies BGLF4 MAb 2224 (69) and IRF3 antibody (Santa
Cruz Biotechnology) at 37°C for 2 h, followed by fluorescein isothiocyanate-
conjugated anti-rabbit immunoglobulin G (IgG) (1:100; Jackson) and rhodamine
red-conjugated anti-mouse IgG (1:100; Jackson) antibodies at 37°C for 1 h. DNA
was stained with Hoechst 33258 stain (Sigma-Aldrich) at room temperature for
30 s. Slides were mounted with medium (H1000; Vector) for fluorescence mi-
croscopy (Axioskop 40 FL; Zeiss).
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ChIP assay. Chromatin immunoprecipitation (ChIP) assays were performed
according to the protocols of Upstate Biotechnology, with minor modifications.
HeLa cells were cross-linked with 1% formaldehyde at room temperature for 12
min, and glycine was added to a final concentration of 0.125 M at room tem-
perature for 15 min. Cells were washed three times with ice-cold phosphate-
buffered saline, resuspended in 1 ml of cell lysis buffer (5 mM HEPES [pH 8.0],
85 mM KCl, 0.5% NP-40, 1 mM dithiothreitol [DTT], 1X protease inhibitor
mixture), incubated on ice for 30 min, and centrifuged at 2,300 X g at 4°C for 20
min. The pellets were resuspended in nucleus lysis buffer (1% SDS, 10 mM
EDTA, 50 mM Tris [pH 8.1], 1 mM DTT, 1X protease inhibitor mixture, 50 mM
NaF) on ice for 30 min, and resuspended chromatin was sheared by sonication to
a mean size of 200 to 1,000 bp, followed by centrifugation at 17,600 X g at 4°C
for 10 min. Supernatants were collected for determinations of protein concen-
tration. Equal amounts of sheared chromatin (500 pg) were diluted in immuno-
precipitation dilution buffer (16.7 mM Tris [pH 8.1], 167 mM NaCl, 1 mM
EDTA, 1% Triton X-100, 1 mM DTT, 1X protease inhibitor mixture, 50 mM
NaF) and incubated with 2 pg of specific antibodies at 4°C overnight. Immuno-
precipitated complexes were collected with 60 pl of 50% slurry protein A/G-
Sepharose at 4°C for 2 h, followed by sequential washes twice in radioimmuno-
precipitation assay wash buffer A (0.1% SDS, 1% NP-40, 5 mM EDTA, 50 mM
Tris [pH 8.0], 150 mM NaCl, 1% sodium deoxycholic acid), radioimmunopre-
cipitation assay wash buffer B (0.1% SDS, 1% NP-40, 5 mM EDTA, 50 mM Tris
[pH 8.0], 300 mM NaCl, 1% sodium deoxycholic acid), LiCl wash buffer (0.1%
SDS, 1% NP-40, 5 mM EDTA, 50 mM Tris [pH 8.0], 150 mM NacCl, 300 mM
LiCl, 1% sodium deoxycholic acid), and Tris-EDTA buffer (10 mM Tris [pH 8.0],
1 mM EDTA). Precipitates were eluted twice with immunoprecipitation elution
buffer (1% SDS, 50 mM NaHCO5) at 4°C for 30 min, and NaCl was added to a
final concentration of 0.3 M to reverse cross-links at 67°C overnight. The chro-
matin was then incubated with proteinase K buffer (50 mM Tris [pH 7.5], 25 mM
EDTA, 1.25% SDS, 250 ng/ml proteinase K) at 45°C for 2 h. DNA fragments
were extracted using the phenol-chloroform method, precipitated with ethyl
alcohol, and dried. The purified DNA was resuspended in 50 pl double-distilled
water. A total of 2 to 4 l of purified sample was used for PCR. The primers used
for IFNB1 were sense primer 5'-CACAGTTTGTAAATCTTTTTCCC-3' and
antisense primer 5'-ATGGGTATGGCCTATTTATATGA-3'.

Immunoprecipitation kinase assay. HeLa cells expressing BGLF4 or K102I
were lysed with lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 5 mM EDTA
[pH 8.0], 30 mM NaF, 1 mM Na;VO,, 40 mM B-glycerophosphate, 1X protease
inhibitor mixture, 10% glycerol, and 1% NP-40). One hundred micrograms of
cell extract was immunoprecipitated with 1 g of anti-BGLF4 MAb. The immu-
nocomplexes were washed twice in the order of NP-40 lysis buffer (50 mM Tris
[pH 8.0], 150 mM NaCl, 2 mM EDTA, 1% NP-40, and 1 mM Na;VO,), low-salt
buffer (20 mM HEPES [pH 7.9], 10 mM MgCl,, 0.1 mM sodium orthovanadate,
20 mM B-glycerolphosphate, 1 mM DTT, 50 mM NaCl), high-salt buffer (20 mM
HEPES [pH 7.9], 10 mM MgCl,, 0.1 mM sodium orthovanadate, 20 mM B-glyc-
erolphosphate, 1 mM DTT, 250 mM NaCl), LiCl wash buffer (20 mM HEPES
[pH 7.9], 10 mM MgCl,, 0.1 mM sodium orthovanadate, 20 mM B-glycerolphos-
phate, 1 mM DTT, 50 mM NaCl, 0.5 M LiCl), and kinase buffer (20 mM HEPES
[pH 7.9], 10 mM MgCl,, 0.1 mM sodium orthovanadate, 20 mM B-glycerolphos-
phate, 10 mM p-nitrophenyl phosphate, I mM DTT, 50 mM NaCl, 2 mM NaF).
Immunocomplexes were then incubated with 1 pg purified recombinant GST-
IRF3 or GST in the presence of 10 wCi [y-*2P]ATP and kinase buffer for 30 min
at 30°C. To stop the reaction, 2X SDS sample buffer was added, and the reaction
mixtures were boiled for 5 min before analysis by immunoblotting, Coomassie
blue staining, and autoradiography.

Reporter assay of IRF3-responsive activity in EBV-positive NA cells and
design of siBGLF4. NA cells (3 X 10° cells/well) were seeded into 12-well plates,
incubated overnight, and transfected with Rta-expressing plasmid, green fluo-
rescent protein (GFP) plasmid, and pLuc-PRD(III-I); or pLuc-IFN-B with
BGLF4-targeted or control small interfering RNA (siRNA) using Lipofectamine
2000. At 18 h or 24 h posttransfection, luciferase activities were determined and
normalized to GFP activity. The BGLF4-targeted siRNAs, siBGLF4-1 (5'-UU
CUCCGGCAGCUUUACAUAGAGGG-3') and siBGLF4-2 (5'-UAAUCAGU
CAGGACCAGCCUACCCA-3'), and a control siRNA with comparable GC
content, siCtrl (5'-UUCAGUGGCCCGACAUUUAUACGGG-3'"), were pur-
chased from Invitrogen.

RESULTS

Interaction of BGLF4 kinase with a cellular IRF3 variant.
EBV BGLF4 is comprised of 429 amino acids and is a member
of the herpesviral UL kinases, for which very few identified
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cellular substrates have been identified. To explore possible
biological functions of BGLF4 in cellular signaling, a HeLa cell
cDNA library was screened with GAL4ADBD-BGLF4(1-293) or
GAL4DBD-BGLF4(201-429), which does not contain kinase
activity, as bait in a yeast two-hybrid system. One clone that
interacts with GAL4DBD-BGLF4(1-293) was identified (Fig.
1A). This two-hybrid isolate contains a cDNA fragment match-
ing codons 282 to 452 of a human IRF3 splicing variant
(GenBank accession no. AAH00660) (Fig. 1B). The putative
protein encoded by this splicing variant is designated IRF3’
hereafter. The splicing variant IRF3’ contains an additional 16
nucleotides at codon 326 of wild-type IRF3, which results in a
frameshift after aa 326 and the addition of another 126 resi-
dues to the protein. Compared to wild-type IRF3 (GenBank
accession no. NP_001562), IRF3’ lacks part of the IAD (aa 327
to 375) and the transactivation domain (aa 327 to 394) of the
IRF3 protein. To confirm the interaction between BGLF4 and
IRF3’, 293T cells were cotransfected with E1/BGLF4(1-293)
and HA-IRF3'(282-452) expression constructs and subjected
to coimmunoprecipitation with E1 tag-specific MAb 5C11
(13). HA-IRF3'(282-452) was coimmunoprecipitated from cell
extracts specifically with E1/BGLF4(1-293) (Fig. 1C).

BGLF4 interacts with IRF3. According to AceView at the
NCBI website, the sequence of the IRF3 gene is defined by 576
GenBank entries from 540 cDNA clones, which were derived
from 26 different mRNA species, including 25 alternatively
spliced variants and 1 unspliced form, and these transcripts
presumably encode 23 different isoforms of the IRF3 protein.
Among them, the wild-type IRF3 protein was supported by 150
cDNA clones, and the splicing variant IRF3’ was supported by
84 cDNA clones. Because the expression pattern and biologi-
cal function of the IRF3’ protein have never been reported,
and the two-hybrid isolate contains a portion of the IAD of
IRF3, we then determined whether BGLF4 can also interact
with IRF3. The coimmunoprecipitation of E1/BGLF4(1-293)
and HA-IRF3(282-427) was demonstrated in 293T cells using
El tag-specific MAb 5C11 (Fig. 1D). It was reported previ-
ously that the activation status of IRF3 determines the cellular
localization of IRF3 (42), and BGLF4 is expressed predomi-
nantly in the nucleus. We then determined whether the acti-
vation status of IRF3, or the kinase activity of BGLF4, is
required for the appropriate interaction of the full-length pro-
teins. HeLa cells were transfected with BGLF4 or the kinase-
dead mutant K102I (KD) in combination with IRF3-Flag or
constitutively active mutant IRF3(5D)-Flag, and the lysates
were subjected to coimmunoprecipitation assays. Our results
demonstrated that BGLF4 interacts with IRF3 independently
of its activity (Fig. 1E, lanes 4 to 6). Compared to IRF3-Flag,
IRF3(5D)-Flag had a strong ability to pull down both BGLF4
and K102I (Fig. 1E, lanes 5, 6, 8, and 9, and F, lanes 5, 6, 8, and
9), suggesting that the activation and nuclear translocation of
IRF3 may promote its interaction with BGLF4. To ensure the
specificity of the interaction of IRF3 and BGLF4, we overex-
pressed BGLF4 or K102I and GFP in HeLa cells and demon-
strated that GFP was not coimmunoprecipitated by BGLF4 or
K102I (see Fig. S1 in the supplemental material). Further-
more, bacterially expressed GST-BGLF4 and GST-K102I, but
not GST, pulled down in vitro-translated and [**S]methionine-
labeled HA-IRF3(282-427) (Fig. 1G). Consistently, in vitro-
translated BGLF4 bound to bacterially expressed GST-IRF3
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and GST-IRF3(282-427) (Fig. 1H). Taken together, these re-
sults suggest that BGLF4 interacts physically with IRF3 in
addition to IRF3'.

BGLF4 suppresses IRF3-dependent transcriptional activa-
tion. As mentioned above, the function of IRF3 but not IRF3’
is well studied. We decided, therefore, to determine whether
BGLF4 affects IRF3 function. IRF3 plays a vital role in anti-
viral defense by inducing IFN-B production. As depicted in
Fig. 2A, IRF3 regulates IFN-B promoter activity by binding to
the IRF3-responsive element PRDIII-I of the IFN-B promoter
region (70). To investigate the possible BGLF4-mediated reg-
ulation of IRF3 transactivation activity, poly(I:C) was used to
trigger IRF3 activation together with a luciferase reporter plas-
mid containing the PRDIII-I or IFN-B8 promoter sequence.
Various amounts of wild-type or kinase-dead BGLF4 expres-
sion plasmids were then transfected with the reporter plasmid
into HeLa cells. Indeed, BGLF4 suppressed poly(I:C)-trig-
gered IRF3 transactivation activity in a dose- and kinase ac-
tivity-dependent manner not only in the minimal IRF3-respon-
sive element-based reporter (PRDIII-I) but also in the context
of the IFN-B promoter (Fig. 2B and C). We then determined
whether similar effects can be observed in 293-TLR3 cells,
which express larger amounts of TLR3 and can be stimulated
by adding poly(I:C) to the medium. The expression of BGLF4
also suppressed IRF3-dependent transcriptional activation on
the PRDIII-I-based reporter in 293-TLR3 cells (Fig. 2D).

To clarify whether BGLF4 affects IRF3 function directly,
rather than through other poly(I1:C)-stimulated pathways, con-
stitutively active IRF3(5D) was used to mimic the activation
status of IRF3 in the reporter system. As expected, BGLF4
suppressed IRF3(5D)-dependent transcriptional activation on
the PRDIII-I-based reporter (Fig. 2E). Together, these results
demonstrated that BGLF4 suppresses IRF3 transactivation,
mainly in a kinase activity-dependent manner, in both HeLa
and 293-TLR3 cells.

BGLF4 suppresses the poly(I:C)-triggered endogenous
IRF3 signaling pathway. To demonstrate the effects of BGLF4
on endogenous IRF3 signaling, we examined the poly(I:C)-
stimulated expression of IFN-B mRNA and the IFN-B-trans-
duced STAT1 phosphorylation at Tyr701. HeLa cells were
transfected with plasmids expressing BGLF4, K102I, or the
vector control and stimulated with poly(I:C). The relative ratio
of expression of IFN-B to GAPDH mRNA was monitored by
quantitative real-time RT-PCR at various time points, and
STAT1 phosphorylation at Tyr701 was detected with a specific
antibody. In vector-transfected HeLa cells, poly(I:C)-triggered
IFN-B mRNA expression was elevated slightly at 2 h post-
stimulation and peaked at 6 h poststimulation (Fig. 3A).
STAT1 phosphorylation (Tyr701) was observed at 4 h post-
stimulation and declined at 8 h poststimulation (Fig. 3B),
which is in accordance with previously reported observations
(15). Because it is known that the phosphorylated STATSs can
induce IRF7 expression and turn on IFN positive-feedback
regulation through the binding of the IRF3/IRF7 complex to
the IFN-B promoter (31), we speculate that the IRF3-depen-
dent activation of the IFN-B promoter takes place predomi-
nantly before 4 h post-poly(I:C) treatment, whereas IFN-de-
pendent amplification of the IFN-B promoter may occur after
4 h of poly(I:C) treatment. In the presence of BGLF4, the
expression of IFN-B was repressed significantly after poly(1:C)
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FIG. 1. BGLF4 interacts with a splicing variant and authentic form of IRF3. (A) GAL4ADBD-BGLF4(1-293) and a two-hybrid isolate,
GAL4AD-IRF3'(282-452), from a HeLa cDNA library were retransformed into PJ69-4A yeast cells and grown on nutrient selective plates (lacking
Ura and Leu; lacking Ura, Leu, and His; or lacking Ura, Leu, and Ade). Negative controls (NC) are GAL4AD and GAL4ADBD-BGLF4(1-293).
Positive controls (PC) are the known interaction partners (Nijmegen breakage syndrome 1 [NBS1] and importin-o) (68). (B) Summary of IRF3,
alternative splicing variant IRF3’ (GenBank accession number AAHO00660), and the two-hybrid isolate truncated IRF3’ (amino acid 282 to 452).
Functional domains of IRF3 including the N-terminal DBD, nuclear export signal (NES), proline-rich region (Pro), IAD, response domain (RD),
and transactivation domain are indicated (3, 17, 47, 64, 73). (C) 293T cells were transiently transfected with plasmids expressing E1/BGLF4(1-293)
and HA-IRF3'(282-452) separately or together for 24 h. The tagged proteins were then immunoprecipitated (IP) and immunoblotted (IB) with
the indicated antibodies. GST antibody was used as a control antibody (Ctrl. Ab) for immunoprecipitation. (D) 293T cells were transiently
transfected with plasmids expressing E1/BGLF4(1-293) and HA-IRF3(282-427) separately or together for 24 h. The tagged proteins were then
immunoprecipitated and immunoblotted with the antibodies indicated. (E) HeLa cells were cotransfected with vector control (V) or plasmids
expressing wild-type BGLF4 (K) or kinase-dead mutant KD (K102I) with IRF3-Flag or IRF3(5D)-Flag for 24 h. The tagged proteins were then
immunoprecipitated by anti-Flag antibody and immunoblotted with the antibodies indicated. Whole-cell extract (WCE) was also applied as an
input control. (F) HeLa cells were cotransfected with vector control (V) or plasmids expressing wild-type BGLF4 (K) or the kinase-dead mutant
KD (K102I) with IRF3-Flag or IRF3(5D)-Flag for 24 h. Cell lysates were then immunoprecipitated by anti-BGLF4 antibody and immunoblotted
with the antibodies indicated. (G) In vitro-translated [**S]methionine-labeled HA-IRF3(282-427) was examined for its ability to interact with GST,
GST-BGLF4, or GST-K102I as described in Materials and Methods. (H) In vitro-translated [**S]methionine-labeled BGLF4 was examined for its
ability to interact with GST, GST-IRF3(282-427), or GST-IRF3.
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FIG. 2. BGLF4 suppresses IRF3 transactivation activity in transient reporter assay. (A) Schematic diagram of DNA sequence and transcription
factor binding sites of the IFN- promoter (70). Reporter assays were performed by cotransfecting increasing amounts of plasmids expressing
BGLF4 or K102I with pPCMV-R. reniformis luciferase and reporter plasmid pLuc-PRD(III-I); into HeLa cells (B), pLuc-IFN- into HeLa cells (C),
or pLuc-PRD(III-I); into 293-TLR3 cells (D). At 24 h posttransfection, cells were stimulated with or without poly(I:C) for 8 h, and luciferase
activities were measured and normalized to R. reniformis luciferase activities. Open bars indicate poly(I:C) treatment, and black bars indicate mock
poly(I:C) treatment. (E) The reporter assay was performed by cotransfecting plasmids expressing constitutively active IRF3(5D) and increasing
amounts of BGLF4 or KD (K102I) with GFP and reporter plasmid pLuc-PRD(III-I); into HeLa cells. At 24 h posttransfection, luciferase activities
were measured and normalized to GFP activity. In all experiments, results are means =+ standard deviations (SD) from two separate transfections.
Data are representative of two independent experiments. IB, immunoblot.

stimulation (Fig. 3A), and the phosphorylation signal of
STAT1 was barely detectable at 4 h and decreased rapidly at
8 h post-poly(I:C) stimulation (Fig. 3B). This indicates that the
expression of BGLF4 suppresses poly(1:C)-triggered endoge-
nous IRF3-mediated expression of IFN-B. As for K102I-ex-
pressing HeLa cells, IFN-3 mRNA was expressed at a level
similar to that of the vector control at 4 h post-poly(I:C) stim-
ulation, while the reduction in IFN-B expression was observed
at 6 h poststimulation (Fig. 3A). The phosphorylation intensi-
ties of STAT1 in the presence of K102I were similar to those
of the vector control at 4 h and 6 h post-poly(I:C) stimulation
(Fig. 3B). This indicates that the expression of K102I does not
repress the IRF3-dependent activation of the IFN- promoter
during the early phase after poly(I:C) stimulation.

BGLF4 does not suppress poly(I:C)-triggered IRF3 dimer-
ization, translocation, and CBP recruitment in the IRF3 acti-
vation pathway. IRF3 is activated by phosphorylation, which
leads to its dimerization, nuclear translocation, and CBP re-
cruitment to the promoter region of target genes (29). To
examine the possible effects of BGLF4 on individual steps of
IRF3 activation, BGLF4-expressing HeLa cells were stimu-
lated with poly(I:C) and examined at various time points. IRF3
dimerization was monitored by native PAGE, and no differ-
ence was observed among cells expressing BGLF4, the vector
control, or the kinase-dead mutant K102I (Fig. 4A), suggesting
that BGLF4 does not block poly(I:C)-triggered IRF3 dimer-
ization. Next, an immunofluorescence assay was performed to
investigate whether BGLF4 affects poly(I:C)-triggered IRF3
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FIG. 3. BGLF4 suppresses the endogenous poly(1:C)-triggered signaling pathway. HeLa cells were transiently transfected with vector control
or the expression plasmids encoding BGLF4 or K102I for 24 h and stimulated with or without 1 wg/ml poly(I:C) for the indicated periods of time.
(A) Total RNA was extracted and subjected to quantitative real-time RT-PCR analysis using primers specific for IFN-B. The relative abundance
of IFN-B mRNA normalized to its own GAPDH mRNA is shown. (B) The cell lysates were collected and immunoblotted with antibodies against
phospho-STAT1(Tyr701), STAT1, IRF3, BGLF4, or GAPDH. The relative abundance of phospho-STAT1(Tyr701) normalized to the amount of
STAT1 protein is shown for the indicated periods of time post-poly(I:C) treatment. hpt, hours posttreatment.

nuclear translocation. As shown in Fig. 4B, poly(I:C) promoted
the nuclear accumulation of IRF3 in HeLa cells independent
of the presence or absence of BGLF4. These results demon-
strated that poly(I:C) stimulation activates IRF3 dimer forma-
tion and nuclear translocation without resultant gene tran-
scription in the presence of BGLF4. The reason was
investigated further by examining the association of IRF3 with
the coactivator CBP. Coimmunoprecipitation experiments re-
vealed that the affinity of the poly(I:C)-induced association of
IRF3 with CBP was similar in the presence of BGLF4, vector
control, or K102I at various time points (Fig. 4C). Of note,
both BGLF4 and K102I were coimmunoprecipitated with CBP
(Fig. 4C). These data suggest that BGLF4 does not block the
poly(I:C)-induced association of IRF3 and CBP, and BGLF4
itself forms complexes with CBP or the activated IRF3/CBP.

BGLF4 prevents the binding of poly(I:C)-triggered IRF3 to
the IRF3-responsive promoter. Once activated, IRF3 forms
complexes with CBP and binds to IRF3-responsive elements
containing sequences such as in IFN-B promoter regions to
activate gene transcription (67, 70). To test the possibility that
BGLF4 suppresses activated IRF3 binding to its cognate pro-
moter, the occupancy of the IRF3-responsive elements in the
IFN-B promoter by IRF3 was examined by ChIP assay. HeLa
cells were transfected with plasmids expressing BGLF4, K102I,
or the vector control and stimulated with poly(I:C). At 3 h
poststimulation, the cross-linked chromatin fragments were

immunoprecipitated by specific antibody, and DNA from an-
tibody-bound chromatin was amplified by specific primers for
the IFN-B promoter region by PCR. In vector-transfected
cells, poly(I:C) increased the amounts of IRF3 associated with
the IFN-B promoter region at 3 h poststimulation, whereas the
stimulation was not observed in the presence of BGLF4 (Fig.
5A and B). In K102I-expressing cells, poly(I1:C) stimulation still
promotes IRF3 binding to the IFN-B promoter. Data here
suggest that the failure of activated IRF3 to bind the IRF3-
responsive promoter region is probably the determinant step
of the BGLF4-mediated repression of IRF3 signaling, and the
kinase activity of BGLF4 is important for effective repression.
BGLF4 phosphorylates IRF3 in vitro but does not adapt a
Pinl-mediated IRF3 degradation mechanism to block IRF3
signaling. Given that BGLF4 prevents IRF3 from binding to
its responsive promoter mainly in a kinase activity-dependent
manner upon poly(I:C) treatment, we then determined
whether IRF3 is a substrate of BGLF4. The immunoprecipi-
tation kinase assay was performed with BGLF4 or K102I ex-
pressed in HeLa cells and bacterially expressed GST-IRF3. A
specific phosphorylation signal was observed in the presence of
BGLF4 but not K102I (Fig. 6A), suggesting that BGLF4 may
modulate IRF3 function directly through phosphorylation.
Phosphorylation-dependent posttranslational modifications of
IRF3 are crucial for regulating the function of IRF3. Most of
these phosphorylation modifications contribute to IRF3 activa-
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FIG. 4. BGLF4 does not suppress poly(1:C)-triggered IRF3 dimerization, translocation, or CBP recruitment. (A) HeLa cells were transiently
transfected with vector control (V) or expression plasmids encoding BGLF4 (K) or K102I (KD) for 24 h and stimulated with or without 1 pg/ml
poly(I:C) for the indicated periods of time. IRF3 dimerization was analyzed by native gel electrophoresis and immunoblotted with IRF3 antibody.
The cell lysates were separated by SDS-PAGE and immunoblotted with antibody against BGLF4 or GAPDH. (B) HeLa cells were transiently
transfected with vector control or the expression plasmids encoding BGLF4 or KD (K102I) for 24 h and stimulated with or without 1 pg/ml
poly(I:C) for 3 h. The subcellular location of IRF3 was analyzed with IRF3 antibody; DNA was stained with Hoechst 33258 stain; BGLF4 was
detected with MAb 2224. Scale bar, 10 wm. (C) HeLa cells were transiently transfected with vector control (V) or expression plasmids encoding
BGLF4 (K) or K102I (KD) for 24 h and stimulated with 1 wg/ml poly(I:C) for the indicated periods of time. CBP was immunoprecipitated (IP)
from these cell lysates with specific antibody, and the immunocomplexes were immunoblotted (IB) with the antibodies indicated. Whole-cell extract
(WCE) also was immunoblotted with the antibodies indicated. hpt, hours posttreatment.

tion (19, 37, 53, 61, 63, 65). However, the phosphorylation of
IRF3 at the Ser339-Pro340 motif by an unidentified putative
“proline-directed kinase” leads to its interaction with peptidyl-
prolyl isomerase Pinl, and the resultant conformational change of
IRF3 facilitates its polyubiquitination and subsequent protea-
some-dependent degradation (60). Because BGLF4 is a proline-

directed kinase, the Gal4-IRF3 fusion protein (wild type or
S339A), which contains aa 57 to 427 of IRF3, and the Gal4-
luciferase reporter system (60) were used to determine whether
BGLF4 adapts a Pinl-mediated mechanism to degrade IRF3. As
shown in Fig. 6B, Gal4-IRF3(S339A) showed an enhanced trans-
activation ability because of its escape from Pinl-mediated deg-
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A were quantified by ImageQuant software and normalized with re-
spect to the total DNA inputs. The designations of the lanes are shown
above (A).

radation as reported previously (60). Compared to the vector
control, BGLF4 suppressed the transactivation of Gal4-IRF3 and
Gal4-IRF3(S339A) to similar extents, indicating that BGLF4
does not suppress IRF3 transactivation through a Pinl-mediated
degradation mechanism.

Ser123, Ser173, and Thr180 of IRF3 contribute additively to
BGLF4-mediated suppression of IRF3(5D). Because BGLF4
phosphorylates TP or SP, and Thr3 and Ser339 of IRF3 were
excluded for the BGLF4-mediated repression of transactiva-
tion, we decided to use constitutively active IRF3(5D) for
analyzing whether Ser123, Ser173, and Thr180 of IRF3 are
involved in this regulation (Fig. 7A). A mutant with Ser123,
Ser173, and Thr180 all mutated into Ala was generated as
IRF3(5D)3A. In a cotransfection experiment, BGLF4 sup-
pressed IRF3(5D), but not IRF3(5D)3A, transactivation activ-
ities on a PRDIII-I-based reporter in a dose-dependent man-
ner (Fig. 7B). Among these three residues, Ser173 and Thr180
were located within the proline-rich region of IRF3, whereas
Ser123 sits between the DNA binding and nuclear export sig-
nals of IRF3 (Fig. 7A). To further dissect which residue(s) is
critical for BGLF4-mediated repression, single or double mu-
tations were generated and examined for their transactivation
activities in the absence or presence of BGLF4. Interestingly,
all the mutants showed slightly enhanced transactivation activ-
ities (Fig. 7C). Except for IFR3(5D)3A, all the mutants were
sensitive to BGLF4-mediated suppression (Fig. 7C). Data here
suggest that Ser123, Ser173, and Thr180 contribute additively
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FIG. 6. BGLF4 phosphorylates IRF3 in vitro but does not adapt a
Pinl-mediated mechanism to block IRF3 activation. (A) 293T cell
lysate containing BGLF4 (K) or KD (K102I) was precipitated with
antibody against BGLF4. The immunoprecipitation (IP) kinase assay
was performed as described in Materials and Methods. IB, immuno-
blot. (B) Luciferase reporter assays were performed by cotransfecting
pGal4-IRF3 or pGal4-IRF3(S339A) and the vector control or plas-
mids expressing BGLF4 or KD (K102I) with 4X Gal4-Luc (pTK-
MH100x4-Luc) and pCMV-R. reniformis luciferase into HeLa cells. At
24 h posttransfection, luciferase activities were measured and normal-
ized with R. reniformis luciferase activities. In all experiments, results
are means = SD from two separate transfections. Data are represen-
tative of two independent experiments.

to the BGLF4-mediated repression of the IRF3 transactivation
activity.

Knockdown of BGLF4 enhances IRF3-responsive reporter
activity in EBV-reactivated cells. Two EBV-positive cell lines,
EREVS, which harbors EBV Akata and a doxycycline-induc-
ible Rta, and NA, which is derived from an EBV Akata-in-
fected NPC cell line, were adapted to investigate the interac-
tion between BGLF4 and IRF3. We demonstrate that IRF3
can be specifically coimmunoprecipitated with BGLF4 in doxy-
cycline-induced EREVS cells (Fig. 8A). Additionally, the
IRF3-responsive reporter system was used to indicate the
IRF3-dependent transactivation activity in Rta-transduced
EBV-positive NA cells (Fig. 8B and C). Using an siRNA ap-
proach, we demonstrate that the knockdown of BGLF4 indeed
enhanced IRF3 activities monitored at 18 h and 24 h posttreat-
ment not only in the minimal IRF3-responsive element-based
reporter (PRDIII-I) but also in the context of the IFN-f pro-
moter (Fig. 8B and C). Together, these data suggest that
BGLF4 interacts with IRF3 and suppresses IRF3 transactiva-
tion in reactivated EBV-positive cells.

DISCUSSION

The innate immune response is the first line of defense
against invading viruses. The attachment or entry of herpesvi-
ruses has been shown to initiate the IFN signaling pathway,
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FIG. 7. Ser123, Ser173, and Thr180 of IRF3 contribute additively to BGLF4-mediated suppression of IRF3(5D) in a transient reporter assay.
(A) Summary of currently identified phosphorylation sites on IRF3 and IRF3(5D)-based mutants used in this study. Thr135 is the phosphorylation
site of DNA-PK (37), and the seven phosphorylation sites in the response domain (RD) can be phosphorylated by TBK1 or IKKi (14, 19, 53, 63,
65). The proline-dependent phosphorylation sites are Thr3, Ser123, Ser173, Thr180, and Ser339. Ser339 is phosphorylated by unidentified cellular
kinase and contributes to Pin-mediated IRF3 degradation (60). Mutants generated for mapping residues responsible for BGLF4-mediated
suppression are listed. NES, nuclear export signal. (B) A reporter assay was performed by cotransfecting plasmids expressing constitutively active
IRF3(5D) or IRF3(5D)3A and increasing amounts of BGLF4 with reporter plasmid pLuc-PRD(III-I); and the GFP control into HeLa cells. At
24 h posttransfection, luciferase activities were measured and normalized to GFP activity. IB, immunoblot. (C) A reporter assay was performed
by cotransfecting IRF3(5D), IRF3(5D)S123A, IRF3(5D)S173A, IRF3(5D)T180A, IRF3(5D)S123A S173A, IRF3(5D)S173A T180A, or
IRF3(5D)S123A S173A T180A [IRF3(5D)3A] in the presence of BGLF4 or vector with the reporter plasmid into HeLa cells and assayed as
described above (B). In all experiments, results are means * SD from two separate transfections. Data are representative of two independent

experiments.
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FIG. 8. BGLF4 interacts with IRF3 in EBV-reactivated EBV-positive epithelial cells, and the knockdown of BGLF4 enhances IRF3-responsive
reporter activity in EBV-reactivated NPC cells. (A) EREVS cells were induced by 100 ng/ml doxycycline (Dox) for the expression of Rta and EBV
lytic replication or mock treated. At 48 h posttreatment, cell lysates were collected and immunoblotted with antibodies (Ab) against Rta, BMRF1,
BGLF4, IRF3, or GAPDH. The cell lysates were then immunoprecipitated (IP) by anti-BGLF4 MAb 2224 and immunoblotted with the antibodies
against IRF3 or BGLF4 (2616). Whole-cell extract was applied as an input control. GST antibody was used as a control antibody (Ctrl. Ab) in
immunoprecipitations. Reporter assays were performed by cotransfecting Rta-expressing plasmid or vector, GFP plasmid, and BGLF4-targeted
siRNAs (siBGLF4-1 or siBGLF4-2) or a control siRNA (siCtrl.) with pLuc-PRD(III-I); (B) or pLuc-IFN-B (C) into NA cells. At 18 h or 24 h
posttransfection, luciferase activities were measured and normalized to GFP activities. Data shown are from triplicate samples and are represen-
tative of three independent experiments. The statistical significance of differences between BGLF4-targeted and control siRNA is indicated at the
top of the bars. “*,” P < 0.05; “#*,” P < 0.01 (Student’s ¢ test). The cell lysates of individual samples were immunoblotted for the expression of

BGLF4, Rta, BMRF1, IRF3, and GAPDH (bottom).

including the activation of IRFs and the expression of ISGs.
Various viral strategies counteract these signaling pathways
and are important for efficient replication. In this study, we
demonstrate that BGLF4 kinase interacts physically with and
phosphorylates IRF3, which is the initial activator of transcrip-
tion in the innate immune response (Fig. 1 and 6A). In a
transient reporter assay, BGLF4 suppresses not only poly(I:
C)-stimulated activation in the context of the IFN-f promoter
or minimal IRF3-responsive element but also the transactiva-
tion activities of constitutively active IRF3(5D) (Fig. 2B to E).
Correspondingly, the poly(I:C)-stimulated expression of IFN-3
mRNA and subsequent IFN-B-dependent STAT1 phosphory-
lation were repressed in the presence of BGLF4 (Fig. 3). The
suppression effects in reporter assays are predominantly
BGLF4 kinase activity dependent, whereas K102I appeared to
repress the endogenous poly(I:C)-induced signaling moder-
ately at 6 h post-poly(I:C) stimulation (Fig. 3). We suspect that
K102I may affect enhanceosome assembly following IRF3-de-

pendent expression of IFN and the subsequent IFN-dependent
gene expression. Analysis of the mechanism involved in
BGLF4-mediated repression revealed that poly(1:C) induced
dimerization, translocation, and CBP recruitment of IRF3
were not affected by BGLF4. However, the binding of active
IRF3 to its cognate DNA sequences on the IFN-B promoter
was diminished in the presence of BGLF4 (Fig. 5). By trans-
fecting BGLF4 siRNA into EBV-positive NA cells, IRF3-de-
pendent transactivation activity is enhanced in a minimal
IRF3-responsive element-based reporter (PRDIII-I) and in
the context of the IFN-B promoter (Fig. 8B and C), suggesting
that BGLF4 may downregulate the IFN signaling pathway
through inhibiting IRF3 function.

BGLF4 is a proline-directed Ser/Thr kinase that phosphory-
lates several cellular and viral substrates at Cdk1 target sites
(22). According to the amino acid sequence of IRF3, it con-
tains five Ser/Thr-Pro motifs (Thr3, Ser123, Ser173, Thr180,
and Ser339). Because BGLF4 represses the transactivation of
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Gal4-IRF3 (Fig. 6B), which contains aa 57 to 427 of IRF3, in
a Gal4-IRF3 reporter system, the involvement of Thr3 in
BGLF4 kinase activity-dependent repression may be excluded
(Fig. 6B). Additionally, Ser339 of IRF3, which is responsible
for Pinl-mediated degradation, was also excluded for BGLF4-
mediated IRF3 suppression (Fig. 6B). Notably, our results
reveal that Ser123, Ser173, and Thr180 of IRF3 contribute
additively to BGLF4-mediated suppression (Fig. 7). All these
three residues are located in a linker-like domain between the
well-studied DNA binding and IRF association domains. Re-
cently, the conformational changes of full-length wild-type and
mutant IRF3 upon binding to DNA were monitored by the
fluorescence spectrum. The data indicate that the dimerization
of IRF3 is the basis of its strong binding to PRDIII-PRDI sites,
which leads to a ~100° twist of DNA (17). Therefore, our most
favorable postulation is that the phosphorylation of the pro-
line-rich region may affect the flexibility required for the stable
binding of the IRF3 dimer on its DNA target sequence as
proposed previously by Dragan et al. (17), although it cannot
be excluded that BGLF4-mediated phosphorylation may inter-
fere with its ability to interact with other components of the
enhanceosome complex. A similar phosphorylation-mediated
regulation of transactivator activities was also reported for the
androgen receptor (AR) and tumor suppressor p53. The AR
also contains a hinge region, which has three proline-directed
phosphorylation sites at Ser81, Ser94, and Ser650, in between
its DNA and steroid binding domains. It was demonstrated
previously that phosphorylation at Ser650 contributes to the
optimal transactivation activity of AR (75). Ser81-Pro82 in the
proline-rich region of p53 is responsible for DNA damage-
induced p53-Chk2 (checkpoint kinase 2) interaction, which is
required for the subsequent regulation of p53/Mdm2 loop (4).
A recent study further indicates that Pinl-mediated regulation
at phosphorylated Ser81 of p53 stimulates its binding to p300
and acetylation (50). Thus, it would be interesting to examine
whether Pinl is also involved in the regulation of other trans-
activators at their proline-directed phosphorylation sites.

Because IRF3 plays a central role in the innate immune
response, it is not surprising that many viral proteins have been
reported to disrupt IRF3 activation. For example, the P pro-
tein of rabies virus is involved in the negative regulation of
IRF3 by inhibiting IRF3 phosphorylation (7). The leader pro-
tein of mengovirus prevents IRF3 dimerization (27), while the
leader protein of Theiler’s virus reduces IRF3 translocation to
the nucleus (16). VIRF1 of Kaposi’s sarcoma-associated her-
pesvirus interferes with the interaction between IRF3 and CBP
(46). K-bZIP of Kaposi’s sarcoma-associated herpesvirus com-
petes for IRF3 DNA binding sites to inhibit IRF3 DNA bind-
ing (45). bICPO of bovine herpesvirus reduces IRF3 protein
levels through the proteolytic degradation of IRF3 (59). Our
study thus demonstrates that EBV evolved with a different
mechanism to block IRF3 function.

The BGLF4 kinase-mediated suppression of the IFN signal-
ing pathway also provides a possible interpretation of data
from a previous study by Shibaki et al. (66), using the UL13
gene-deleted mutant of HSV-1 (VRA13). Those authors dem-
onstrated that VRA13, but not wild-type HSV-1 or a UL13
revertant (VRA13R), was cleared in the early period of intra-
peritoneal infection of BALB/c mice, coupled with a higher
level of IFN induction. It was suggested that UL13 may regu-
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late viral genes such as ICPO or ICP22 to mediate the IFN
suppression function, while the involvement of IRF3 was not
revealed.

Given that IRF3 serves as the initial transactivator of IFN
signaling, the abundant virion glycoprotein pp65 of human
cytomegalovirus was found to block IFN by subverting IRF3
function upon infection (1, 6). Because BGLF4 is also a virion-
associated protein kinase (2, 36, 69), we suggest that BGLF4
may either block IRF3 signaling during reactivation or func-
tion upon infection of new host cells. BGLF4 may cooperate
with viral IRF7 suppressors, BZLF1 or the recently identified
tegument protein LF2, to prevent the activation of the IFN-
promoter (24, 71) and to facilitate maximal viral replication.

Taken together, we demonstrate that BGLF4 interacts with
and suppresses IRF3 transactivation activities through a novel
mechanism dependent on its kinase activity. Because IRF3-
initiated ISGs and the expression of IFNs may lead to an
inhibition of transcription and translation and induction of
apoptosis to suppress viral replication (28, 62), we suggest that
BGLF4-mediated suppression of IRF3 function may enhance
viral lytic progression by subverting these antiviral mecha-
nisms. Additionally, IRF3 also is involved in the regulation of
cell cycle progression and tumor suppression (18, 40, 56);
therefore, the possible contribution of BGLF4 to EBV patho-
genesis and oncogenesis needs to be explored in the future.
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