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ABSTRACT Some lytic proteins encoded by Epstein-Barr virus (EBV) suppress host
interferon (IFN) signaling to facilitate viral replication. In this study, we sought to identify
and characterize EBV proteins antagonizing IFN signaling. The induction of IFN-stimulated
genes (ISGs) by IFN-b was effectively suppressed by EBV. A functional screen was there-
fore performed to identify IFN-antagonizing proteins encoded by EBV. EBV tegument pro-
tein BGLF2 was identified as a potent suppressor of JAK-STAT signaling. This activity was
found to be independent of its stimulatory effect on p38 and JNK pathways. Association
of BGLF2 with STAT2 resulted in more pronounced K48-linked polyubiquitination and
proteasomal degradation of the latter. Mechanistically, BGLF2 promoted the recruitment of
SHP1 phosphatase to STAT1 to inhibit its tyrosine phosphorylation. In addition, BGLF2 asso-
ciated with cullin 1 E3 ubiquitin ligase to facilitate its recruitment to STAT2. Consequently,
BGLF2 suppressed ISG induction by IFN-b . Furthermore, BGLF2 also suppressed type II and
type III IFN signaling, although the suppressive effect on type II IFN response was milder.
When pretreated with IFN-b , host cells became less susceptible to primary infection of EBV.
This phenotype was reversed when expression of BGLF2 was enforced. Finally, genetic
disruption of BGLF2 in EBV led to more pronounced induction of ISGs. Our study unveils
the roles of BGLF2 not only in the subversion of innate IFN response but also in lytic
infection and reactivation of EBV.

IMPORTANCE Epstein-Barr virus (EBV) is an oncogenic virus associated with the develop-
ment of lymphoid and epithelial malignancies. EBV has to subvert interferon-mediated
host antiviral response to replicate and cause diseases. It is therefore of great interest
to identify and characterize interferon-antagonizing proteins produced by EBV. In this
study, we perform a screen to search for EBV proteins that suppress the action of inter-
ferons. We further show that BGLF2 protein of EBV is particularly strong in this suppres-
sion. This is achieved by inhibiting two key proteins STAT1 and STAT2 that mediate the
antiviral activity of interferons. BGLF2 recruits a host enzyme to remove the phosphate
group from STAT1 thereby inactivating its activity. BGLF2 also redirects STAT2 for deg-
radation. A recombinant virus in which BGLF2 gene has been disrupted can activate
host interferon response more robustly. Our findings reveal a novel mechanism by
which EBV BGLF2 protein suppresses interferon signaling.
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Epstein-Barr virus is a gammaherpesvirus that infects more than 95% of adults all
over the world. Infection with EBV causes epithelial and lymphoid malignancies

such as Burkitt’s lymphoma and nasopharyngeal carcinoma in a small subset of

Citation Jangra S, Bharti A, Lui W-Y, Chaudhary
V, Botelho MG, Yuen K-S, Jin D-Y. 2021.
Suppression of JAK-STAT signaling by Epstein-
Barr virus tegument protein BGLF2 through
recruitment of SHP1 phosphatase and
promotion of STAT2 degradation. J Virol 95:
e01027-21. https://doi.org/10.1128/JVI.01027-21.

Editor Joanna L. Shisler, University of Illinois at
Urbana Champaign

Copyright © 2021 American Society for
Microbiology. All Rights Reserved.

Address correspondence to Michael George
Botelho, botelho@hku.hk, Kit-San Yuen,
samyuen@hku.hk, or Dong-Yan Jin,
dyjin@hku.hk.

Received 21 June 2021
Accepted 20 July 2021

Accepted manuscript posted online
28 July 2021
Published

October 2021 Volume 95 Issue 20 e01027-21 Journal of Virology jvi.asm.org 1

VIRUS-CELL INTERACTIONS

27 September 2021

https://orcid.org/0000-0002-2778-3530
https://doi.org/10.1128/JVI.01027-21
https://doi.org/10.1128/ASMCopyrightv2
https://jvi.asm.org
https://crossmark.crossref.org/dialog/?doi=10.1128/JVI.01027-21&domain=pdf&date_stamp=2021-7-28


individuals (1, 2). Although the primary infection is asymptomatic in early childhood,
the infection during adolescence is accompanied by infectious mononucleosis. After
initial phase of infection, EBV establishes latency in host B and epithelial cells through-
out life span, which is characterized by specific latent gene expression, until it is reacti-
vated to undergo productive phase of life cycle. During the lytic phase of EBV replica-
tion cycle, about 80 EBV lytic genes are expressed, along with active replication of the
viral genome, resulting in virion production. These lytic proteins play essential roles in
viral replication, transcription, virion assembly and packaging in the infected cells (3).

Upon recognition of pathogen-associated molecular patterns of EBV such as viral
DNA and RNA, host innate immunity is activated to restrict viral infection, replication,
and reactivation. To circumvent this host defense, EBV uses some of its lytic proteins to
suppress the production and signaling of antiviral proteins such as interferons (IFNs).
Particularly, EBV targets the signaling pathways of Toll-like receptors (TLRs), RIG-I,
cGAS, NF-kB, and JAK-STAT to alter production and signaling of type I, type II, and
type III IFNs (4, 5). For instance, EBV-encoded lytic protein BGLF5 targets TLR9 for deg-
radation during productive cycle (6). BPLF1, a deubiquitinase and a late lytic tegument
protein, interferes with the ubiquitination and activation of signal transducers in the
TLR and RIG-I pathways, thereby inhibiting type I IFN production in infected cells (7–9).
In addition, the master lytic inducer BZRF1/Zta and tegument protein LF2 interact with
IRF7 transcription factor to prevent its dimerization and activation, leading to inhibi-
tion of type I IFN expression (10, 11). In addition to these viral proteins, EBV-encoded
miRNAs can also target the translation of signal transducer and adaptor proteins in the
RIG-I pathway to inhibit IFN induction (12). While it is generally believed that the inter-
play between EBV and innate immunity decides the fate of infection, maintenance,
and reactivation of EBV inside cells, the molecular details of this interplay remain to be
understood. In particular, EBV-encoded suppressors of IFN signaling have not been sys-
tematically identified and characterized.

The antiviral and immunomodulatory effects of all three types of IFNs are mediated
through JAK-STAT signaling (13). Binding of IFNs to their respective receptors triggers
the activation of JAK-STAT pathways. Whereas receptors IFNAR1 and IFNAR2 are spe-
cific to type I IFNs such as IFN-a, IFN-b , and IFN-« , receptors IL-10-R2 and IFNLR1 are
proprietary to type III IFNs, including IFN-l . The binding with these receptors activates
the associated tyrosine kinases TYK2 and JAK1, which in turn phosphorylate STAT1 and
STAT2 transcription factors. Phosphorylated and activated STAT1 and STAT2 join with
IRF9 to form a ternary complex, which binds to IFN-stimulated response elements
(ISREs) in the promoter region to switch on the transcription of IFN-stimulated genes
(ISGs) such as MxA, ISG15, ISG56, and OAS1 (14). Likewise, binding of IFN-g with the
receptors IFNGR1 and IFNGR2 activates JAK1 and JAK2 kinases that act on STAT1.
Phospho-STAT1 forms a homodimer named g-activated factor (GAF), which binds to a
g-activated sequence (GAS) in the promoter region of ISGs such as IP10, IRF1, and
MCP1 (14, 15). JAK-STAT signaling is negatively regulated at different levels by protein
tyrosine phosphatase such as SHP1 and by another protein family known as suppressor
of cytokine signaling (SOCS) (16, 17). Plausibly, EBV also adopts multiple strategies to
subvert JAK-STAT signaling. It will be of particularly great interest to see how EBV-
encoded IFN antagonists might usurp cellular negative regulators or cripple cellular
activators to perturb critical events in the JAK-STAT pathway.

In this study, we set out to perform a functional screen for novel EBV-encoded mod-
ulators of IFN signaling using a previously established expression library of 55 EBV pro-
teins (18). Among multiple hits that were experimentally validated, we chose for fur-
ther analysis a tegument protein, BGLF2, that suppresses the signaling of all three
types of IFNs. BGLF2 is required for encapsulation of virions during late lytic phase of
replication cycle (19). It plays an important role in EBV lytic reactivation by inducing
BZLF1/Zta levels in EBV-infected cells (20). It interacts with BKRF4 and BBLF1 (18, 19,
21). It has also been shown to activate AP1 and p38 activity (20, 22), inhibit NF-kB sig-
naling (23), induce cell cycle arrest (24), and trigger global SUMOylation (25). After

Jangra et al. Journal of Virology

October 2021 Volume 95 Issue 20 e01027-21 jvi.asm.org 2

https://jvi.asm.org


completion of our study and initial report of our findings in international conferences
(26), BGLF2 has recently been shown to suppress type I IFN signaling through associa-
tion and inhibition of TYK2 tyrosine kinase (27). Although we came to the same conclu-
sion on the suppression of IFN signaling by EBV BGLF2, our results from gain-of-func-
tion and infection experiments suggested additional intracellular targets of BGLF2,
including SHP1 tyrosine phosphatase and STAT2. Furthermore, we created a BGLF2
mutant EBV to study its innate immunomodulatory function in infected cells.

RESULTS
EBV inhibits type I and type III IFN signaling. The interplay between IFNs and EBV

is complex. Whereas IFN-a and IFN-g exert inhibitory effects on EBV infection and trans-
formation (28–31), they have no influence on EBV early antigen expression or lytic reac-
tivation under some circumstances (32, 33). In some settings, EBV exhibits resistance to
IFN signaling (27, 34, 35). Most studies on EBV were conducted with lymphotropic lab-
oratory strains such as B95-8. The interplay of IFNs and epitheliotropic EBV such as
M81, which is significantly different from B95-8 (36), has not been well documented.
Thus, we set out to investigate the impact of infection with M81 strain of EBV on IFN
signaling in HEK293 cells. This is not an ideal infection system. However, due to its high
transfection and infection efficiency, it is widely used as the producer cell line for
recombinant EBV (36) and as a model for mechanistic studies. At 48 h after infection,
both lytic (BMRF1 and BRLF1/Rta) and latent (LMP2A, EBNA2, and EBNA3A) genes were
expressed in these cells (Fig. 1A). Probably, some of the cells are still in lytic phase, but
EBV has also started to express some latent genes. Little is known about how EBV
might interact with type III IFNs. Since type I and type III IFN signaling regulates a com-
mon set of ISGs driven by ISREs (13, 14), a luciferase reporter plasmid under the control
of ISREs (ISRE-Luc) served as the readout in our analysis of M81. Cells were infected
with cell-free M81 virus. ISRE-dependent reporter expression was robustly induced by
IFN-b and IFN-l1, but this induction was blunted in M81-infected cells (Fig. 1B; bar 4
compared to 3, and bar 6 compared to 5). A similar observation was also made with
BX1 strain of EBV (Fig. 1C, bar 4 compared to bar 3), indicating that the effect was
unlikely strain specific. The inhibition of IFN-b and IFN-l1 signaling by M81 was also
confirmed by comparison of mRNA levels of four representative ISGs in mock-infected
and M81-infected HEK293 cells by quantitative RT-PCR. The basal levels of ISG56,
OAS1, MxA, and ISG15 transcripts were induced upon treatment with IFN-b and IFN-
l1. However, the transcription of all four ISGs that are specifically responsive to IFN-b
and IFN-l1 was inhibited in M81-infected cells (Fig. 1D and E, bars 4, 8, 12, and 16).
Although M81 showed a modest suppressive effect on IFN-g-induced activation of
GAS-Luc activity (Fig. 1F), there was no significant difference in the mRNA levels of
IP10, IRF1, and MCP1, which are type II IFN-responsive ISGs (Fig. 1G). Hence, expression
of these three ISGs might be under complex control in EBV-infected cells. Taken to-
gether, EBV suppresses type I and type III IFN signaling potently. EBV might also exert a
mild suppressive effect on IFN-g-induced activation of GAF that binds to GAS, but it
has no influence on the expression of key IFN-g-responsive ISGs.

Screening of EBV genes that influence IFN signaling. EBV expresses only a few vi-
ral proteins during latency, but the number of viral proteins expressed in the lytic
phase of its replication cycle increases to ;80 (3). Above, we demonstrated the sup-
pression of IFN signaling by EBV. To identify the EBV proteins that are responsible for
this suppression, an expression library consisting of 55 EBV latent and lytic genes was
used in the functional screens for EBV-encoded IFN modulators. Each construct was
individually transfected into HEK293 cells, along with ISRE-Luc and GAS-Luc reporter
plasmids, respectively. Cells were then treated with IFN-b or IFN-g. The mock-transfected
and mock-treated cells were set as references (Fig. 2, red bars). Zika virus-encoded NS5
protein, which has previously been reported to inhibit type I IFN signaling (37), was used
as a positive control in the IFN-b experiment (Fig. 2A). The effectiveness of the IFN-b
screen was verified since BZLF1/Zta and BRLF1/Rta, which are known to suppress IFN-b
signaling (10, 38), were identified in the screen (Fig. 2A). Likewise, BZLF1 that has been
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FIG 1 Suppression of IFN signaling by EBV. The M81 or BX1 strain of EBV was used to infect HEK293 cells. Cells were treated with IFN after 24 h of
infection and harvested after another 24 h. Error bars represent the SD (n= 3). (A) RT-PCR analysis of selected lytic and latent genes in M81-infected HEK293
cells. Cells were harvested 48 h after infection. (B and C) ISRE-Luc luciferase reporter assays. pISRE-Luc firefly luciferase reporter was transfected into HEK293
cells before infection, along with pSV-Rluc Renilla luciferase plasmid as an internal control. The ISRE promoter was induced with treatment of 1,000 U/ml
IFN-b or 100 ng/ml IFN-l1 for 24 h. Cells were lysed, and results are represented as the fold activation. The difference between mock- and M81- or BX1-
infected samples was found to be statistically significant. (D and E) RT-qPCR analysis of ISG mRNAs responsive to IFN-b or IFN-l1. Relative mRNA level was
presented as the fold activation. The difference between mock- and EBV-infected samples was found to be statistically significant. (F) GAS-Luc reporter
assay. Cells were treated with 50 ng/ml IFN-g for 24 h. The results are represented as the fold activation. The difference between mock- and EBV-infected
samples was found to be statistically significant. (G) RT-qPCR analysis of ISG mRNAs responsive to IFN-g. The difference between mock- and EBV-infected
samples was not significant (ns) statistically (P. 0.05).
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shown to suppress IFN-g signaling (35) was also found in the IFN-g screen, lending support
to its validity. Interestingly, BGLF2 was singled out to be a more potent inhibitor of both
type I and type II IFN signaling (Fig. 2, green bars).

BGLF2 inhibits all three types of IFN signaling. The inhibitory effect of BGLF2 on
IFN signaling was further validated. HEK293 cells were chosen as a model cell line to
study the effect of BGLF2 on IFN signaling because of its good transfection efficiency
and integrity of the IFN signaling machinery. Although dose-dependent inhibition of
ISRE-Luc activity by BGLF2 was observed, only a marginal difference was seen when
the dose was escalated (Fig. 3A, bars 4 to 7). Quantification of the mRNA levels of
ISG15 and OAS1 also confirmed the inhibitory effect of BGLF2 on IFN-b-induced tran-
scription of these two IFN-b-responsive ISGs (Fig. 3B, bar 3 compared to bar 2, and bar
7 compared to bar 6). In addition, IFN-b-induced elevation of ISG15 protein expression
was reversed by BGLF2 (Fig. 3B, lower panel). BGLF2 also inhibited IFN-g-induced GAS-
Luc activity when overexpressed in HEK293 cells; however, the inhibitory effect pla-
teaued at the lowest dose of BGLF2 expression plasmid (Fig. 3C). Consistent with the
result from reporter assay, IFN-g-induced elevation of IP10 mRNA was dampened by
BGLF2 (Fig. 3D, bar 3 compared to bar 2). Furthermore, expression of BGLF2 effectively

FIG 2 Screening of EBV proteins for modulators of type I and type II IFN signaling. Individual plasmid constructs expressing EBV
proteins were transfected into HEK293 cells, along with pISRE-Luc (A) or pGAS-Luc (B) plus pSV-Rluc as an internal control. The ISRE
and GAS promoters were induced by treatment with 1,000 U/ml of IFN-b and 50 ng/ml of IFN-g, respectively, for 24 h. The relative
luciferase activity is represented as the fold activation. The mock group transfected with an empty vector is highlighted in red, which
was used as a reference to determine the activation or suppression of the two reporters. The BGLF2 group is indicated in green.
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suppressed IFN-l1-induced activation of ISRE-Luc activity (Fig. 3E, bar 6 compared to
bar 5), as well as ISG15 and OAS1 mRNA expression (Fig. 3F, bar 4 compared to bar 3,
bar 8 compared to bar 7).

The inhibitory effect of BGLF2 on type I IFN signaling was further validated in epi-
thelial and B cell lines that are susceptible to natural infection with EBV. EBV infection
is etiologically associated with the development of gastric and nasopharyngeal carci-
noma (1, 2). In this connection, an EBV-negative gastric carcinoma cell line AGS (39),
and another nasopharyngeal carcinoma cell line, HK1, which has lost EBV (40), were
chosen for further analysis. BGLF2 was found to inhibit the activation of ISRE-Luc re-
porter, as well as ISG15 and OAS1 mRNA expression, in response to IFN-b in both AGS
(Fig. 4A and C) and HK1 (Fig. 4B and D) cells. Our analysis was also extended to EBV-
negative Akata cells derived from Burkitt’s lymphoma (41). Expression of BGLF2
through a lentiviral vector was found to suppress IFN-b-induced expression of ISG15

FIG 3 Suppression of IFN signaling by BGLF2 in HEK293 cells. (A) Dose dependence of the suppressive effect of BGLF2. Increasing doses of BGLF2 plasmid
were transfected into HEK293 cells. The indicated groups of cells were stimulated with IFN-b . Expression of BGLF2 was verified by Western blotting
(bottom panel). (B) RT-qPCR analysis of ISG15 and OAS1 mRNA in response to IFN-b . Zika virus NS5 served as a positive control. The expression of ISG15
protein in IFN-b-treated cells was verified by Western blotting (bottom panel). The ratios of the ISG15 protein level normalized to that of b-actin were derived
by densitometry. (C) GAS-Luc luciferase assay in IFN-g-treated HEK293 cells. (D) RT-qPCR analysis of IP10 mRNA induced by IFN-g. The mock group was
transfected with an empty vector. (E) ISRE-Luc reporter assay in IFN-l1-treated cells. The ISRE activity was induced by treatment with 1,000 U/ml of IFN-b or
100ng/ml of IFN-l1. An empty plasmid was used in the mock-transfected group. (F) RT-qPCR analysis of ISG15 and OAS1 mRNA in response to IFN-l1.
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and OAS1 mRNAs in Akata cells (Fig. 4E, bar 4 compared to bar 3, bar 8 compared to
bar 7). The milder suppressive effect was plausibly due to suboptimal lentiviral trans-
duction or BGLF2 expression. Collectively, BGLF2 acts as a potent suppressor of IFN sig-
naling in both epithelial and B cells.

Inhibition of JAK-STAT signaling by BGLF2 is independent of JNK, p38, AP1,
and NF-jB pathways. BGLF2 has been reported to stimulate p38 and JNK activity lead-
ing to the activation of AP1 transcription factor (20, 22). It was therefore intriguing to
investigate whether the inhibitory effect of BGLF2 on IFN signaling might be mediated
through p38 or JNK. BGLF2 is known to lose its ability to activate AP1 upon removal of
66 amino acids from the C terminus of protein (22). Indeed, truncation of either the N
or C terminus of BGLF2 resulted in almost complete abrogation of its AP1-activating
property (Fig. 5A, bars 3 and 4 compared to bar 2). Both truncated forms of BGLF2,
when expressed to comparable levels to that of wild-type (WT) BGLF2 in transfected
cells (Fig. 5B), were also unable to suppress IFN-b-induced activation of ISRE-Luc activ-
ity (Fig. 5C, bars 7 and 8 compared to bar 6). These results suggested that an overlap-
ping functional domain or conformation might be required for the ability of BGLF2 to
modulate AP1 and ISRE activity. To further investigate this possibility, we employed
SB203580 and SP600125, which are highly specific pharmaceutical inhibitors of p38
and JNK, respectively. In a control experiment, these inhibitors were fully capable of
suppressing the expression of tumor necrosis factor a (TNF-a) mRNA (Fig. 5D), which
requires p38 and JNK activity (42). The IFN-inhibitory effect of BGLF2 was unaffected
upon treatment with SB203580 and SP600125, individually or combined (Fig. 5E, bars 8
to 10 compared to bar 7). Consistent with this, expression of a dominant-inactive (DI)
form of JNK (43), which exhibited a pronounced suppressive effect on the activation of
AP1-Luc activity by a dominant-active form of Ras named RasV12 (Fig. 5F, bar 4 com-
pared to bar 2), a known activator of JNK (44, 45), had no influence on the suppression

FIG 4 Suppression of IFN signaling by BGLF2 in AGS, HK1 and Akata cells. (A to D) ISRE-Luc reporter assays and RT-
qPCR analysis of ISG mRNAs in AGS and HK1 cell lines expressing BGLF2. An empty plasmid was used in the mock
transfection. (E) RT-qPCR analysis of ISG mRNAs in Akata cells expressing BGLF2. EBV-negative Akata cells were
transduced with a lentiviral vector expressing BGLF2. The negative control group was mock transduced with an empty
lentiviral vector.
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FIG 5 BGLF2 targets STATs in JAK/STAT signaling, independently of p38, AP1, or NF-kB. (A) AP1-Luc reporter assay with BGLF2 truncated mutants. DN-
BGLF2 and DC-BGLF2 lack 66 amino acids at the N and C termini, respectively. (B) Western blot analysis of WT and truncated BGLF2 proteins. (C) ISRE-Luc

(Continued on next page)
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of IFN-b-induced activation of ISRE activity by BGLF2 (Fig. 5G, bar 8 compared to bar
6). Hence, the suppression of IFN signaling by BGLF2 was most likely independent of
p38 and JNK activation, as well as the consequent activation of AP1.

An inhibitory effect of BGLF2 on NF-kB signaling has also been suggested (23).
Generally consistent with this, expression of BGLF2 was found to suppress TNF-
a-induced activation of kB-Luc activity (Fig. 5H, bar 4 compared to bar 3). The NF-kB
activity induced by TNF-a was completely erased when an IkB super-repressor, in
which S32A S36A mutations had been introduced to inactivate the phosphorylation
sites (42), was expressed to inhibit NF-kB signaling (Fig. 5H, bars 5 to 8). Since the
expression of IkB super-repressor had no influence on the inhibitory effect of BGLF2
on IFN-b-induced activation of ISRE-Luc activity (Fig. 5I, bars 7 and 8 compared to bars
3 and 4), the potent suppression of IFN-b signaling by BGLF2 was unlikely due to its
mild inhibitory effect on NF-kB signaling. Likewise, although the expression of a previ-
ously described (46) DI form of IKK-b (IKK-b-DI) effectively erased kB-Luc activity (Fig.
5J, bars 5 and 6 compared to bars 1 and 2), BGLF2-dependent suppression of IFN-
b-induced activation of ISRE-Luc activity was not affected (Fig. 5K, bar 8 compared to
bar 6). These results did not support the notion that the suppressive effect of BGLF2 on
IFN-b signaling might be mediated through inhibition of NF-kB.

We next assessed the direct effect of BGLF2 on JAK-STAT signaling. As the first step,
the impact of BGLF2 on STAT1 and STAT2 expression and phosphorylation was exam-
ined. When BGLF2 was expressed in IFN-b-treated HEK293 cells, the steady-state levels
of STAT2 protein decreased (Fig. 6A, lanes 2 to 4). Likewise, less STAT2 protein was
detected when BGLF2 was expressed in IFN-b-treated AGS cells (Fig. 6B). The inhibitory
effect of BGLF2 on IFN-b-induced elevation of p-STAT2 level was also seen (Fig. 6C,
lane 4 compared to lane 3). However, this was ascribed primarily to the reduction of
total STAT2 protein since the relative amount of p-STAT2 versus total STAT2 remained
unchanged (Fig. 6C, lane 4 compared to lane 3). In contrast, BGLF2 showed no effect
on total STAT1 protein levels, instead the phosphorylation of STAT1 was reduced upon
induction by IFN-b or IFN-g (Fig. 6D). The same pattern was also observed in AGS cells
(Fig. 6E). BGLF2 was found to interact with both STAT1 and STAT2 as analyzed by coim-
munoprecipitation assay in HEK293 cells. Both STAT1 and STAT2 but not SHP2 as a
negative control were detected in the immunoprecipitate that contains Flag-tagged
BGLF2 (Fig. 5F, lane 2 on the right; Fig. 5G, lane 4; and Fig. 5H, right panel, lane 3).
Reciprocally, BGLF2 was found in the immunoprecipitates containing myc-tagged
STAT1 or STAT2 (Fig. 5H and I, left panel, lane 1 or 3). Thus, BGLF2 interacts with STAT1
and STAT2 to modulate their expression and activation.

BGLF2 reduces STAT1 phosphorylation by recruiting SHP1 phosphatase. BGLF2
was found to reduce the phosphorylation of STAT1 when induced with IFN-b or IFN-g,
while the total STAT1 remained unchanged in the absence and presence of BGLF2. SOCS
proteins are not only expressed as negative-feedback regulators for IFN signaling but
also induced by viral proteins to downregulate IFN signaling (17). Particularly, SOCS1
and SOCS3 have been reported to be mostly induced by viral proteins to inhibit JAK or
STAT phosphorylation (47–49). Therefore, the possible involvement of SOCS1 or SOCS3
in BGLF2-mediated inhibition of STAT1 phosphorylation was explored. Although mRNA
levels of SOCS1 and SOCS3 were induced up to 1.5-fold in the presence of BGLF2, as

FIG 5 Legend (Continued)
reporter assay with BGLF2 truncated mutants in the absence or presence of IFN-b . (D) Effect of p38 and JNK inhibitors on TNF-a mRNA expression. HEK293
cells were mock treated with DMSO or treated with increasing concentrations of SB203580 and SP600125, respectively, for 2 h at 37°C. (E) Effect of p38 and
JNK inhibitors on ISRE-Luc reporter activity activated by IFN-b . p38 inhibitor SB203580 (5mM), JNK inhibitor SP600125 (20mM), or both were added for 1 h
before treatment with IFN-b for 24 h. (F) Effect of dominant-inactive JNK on RasV12-induced activation of AP1-Luc activity. A dominant-active form of Ras
known as RasV12 (45) and a dominant-inactive form of JNK designated JNK-DI, which is the APF mutant of JNK1 (43), were used. The positive JNK control
in this experiment is a dominant-active form of JNK1 known as MKK7B2Jnk1a1 (43). (G) Effect of dominant-inactive JNK on BGLF2-dependent activation of
ISRE-Luc activity. (H) Effect of IkB super-repressor on BGLF2-induced suppression of NF-kB. kB-Luc reporter was stimulated by treatment with 30 ng/ml of
TNF-a for 20 h. (I) Effect of IkB super-repressor on BGLF2-induced suppression of ISRE-Luc activity. IkB super-repressor was expressed in cells for 24 h. Cells
were then treated with IFN-b for another 24 h. (J and K) Effect of dominant-inactive IKK-b (IKK-b-DI) on BGLF2 modulation of kB-Luc and ISRE-Luc activity.
A previously described (44) dominant-inactive form of IKK-b (IKK-b-DI) was used. WT IKK-b served as a positive control. An empty plasmid was used in the
mock transfection. ns, not significant statistically.

Suppression of Interferon Signaling by EBV BGLF2 Journal of Virology

October 2021 Volume 95 Issue 20 e01027-21 jvi.asm.org 9

https://jvi.asm.org


measured by RT-qPCR (Fig. 7A), no significant difference in their protein levels was found
in Western blotting, in the absence or presence of BGLF2 (Fig. 7B).

In addition to SOCS proteins, tyrosine phosphatases are also critically involved in
the regulation of JAK-STAT signaling (16). To shed light on this, HEK293 cells overex-
pressing BGLF2 were treated or left untreated with sodium orthovanadate (Na3VO4),
a broad-spectrum inhibitor of tyrosine phosphatases (50). Upon treatment with IFN-
b , the level of p-STAT1 was restored when treated with Na3VO4, even in the presence
of BGLF2 (Fig. 7C, lane 6 compared to lanes 4 and 5). To identify the tyrosine phos-
phatase involved, a series of RNA interference (RNAi) experiments were performed
with small interfering RNAs (siRNAs) and SHP1 was singled out as a strong candidate.
SHP1 is a protein tyrosine phosphatase which acts as a negative regulator of JAK-
STAT signaling by targeting key components of the pathway (16, 50). Further experi-
mental validation was therefore carried out. SHP1 was knocked down in HEK293 cells
using standard siRNA. A knockdown efficiency of 60% to 80% at the level of SHP1
transcript or protein was achieved for siSHP1 (Fig. 7D and E, bar 2 compared to bar
1). The level of p-STAT1 was restored in the presence of BGLF2 and siSHP1, suggest-
ing the involvement of SHP1 tyrosine phosphatase in BGLF2-mediated p-STAT1
reduction (Fig. 7F, lane 6 compared to lane 4). Although total protein levels of SHP1
remained unchanged in the presence and absence of BGLF2 (Fig. 6G), both SHP1 and
BGLF2 were found to associate with STAT1 (Fig. 7H, lane 2 compared to lane 1 on the
right). These results are consistent with the notion that BGLF2 might recruit SHP1 to
the STAT1 signalosome.

FIG 6 BGLF2 targets STATs in JAK/STAT signaling. (A to E) Influence of BGLF2 on STAT1 and STAT2 expression and phosphorylation. BGLF2 was
overexpressed in HEK293 (A, C, and D) and AGS (B and E) cells; after 48 h, the cells were left untreated or treated with 1,000 U/ml of IFN-b or 50 ng/ml of
IFN-g for 30min. Cell lysates were collected for analysis of p-STAT1, p-STAT2, total STAT1, and total STAT2 protein levels by Western blotting. b-Actin was
used as an internal control. The BGLF2-negative control group was mock transfected with an empty vector. The relative STAT2 and p-STAT1 amounts
normalized to b-actin, as well as the relative amount of p-STAT2 versus total STAT2, were assessed by densitometry. (F to I) Association of BGLF2 with
STAT1 and STAT2 but not SHP2. BGLF2-Flag alone (F and G) or together with either STAT1-myc (B) or STAT2-myc (C) were overexpressed in HEK293 cells
for 48 h before treatment with 10mM MG132 for 4 h. Cell lysates were collected, and coimmunoprecipitation was performed using anti-Flag or anti-myc
antibody. Endogenous or myc-tagged STAT1, STAT2, and SHP2 were probed by Western blotting.
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FIG 7 BGLF2 recruits SHP1 tyrosine phosphatase to result in STAT1 dephosphorylation. (A and B) Effect of BGLF2 on SOCS1 and SOCS3 expression. BGLF2 was
overexpressed in HEK293 cells. The mock group was transfected with an empty vector. The levels of SOCS1 and SOCS3 mRNA and protein were analyzed by
RT-qPCR (A) and Western blotting (B). (C) Effect of Na3VO4 on suppression of IFN-b-induced STAT1 phosphorylation by BGLF2. BGLF2 was overexpressed in
HEK293 cells. Cells were then treated with 200mM Na3VO4 for 1 h at 37°C, after 48h of transfection. Cells were subsequently treated with IFN-b for 30min. Cell
lysates were collected for Western blotting. (D to F) Impact of SHP1 knockdown on suppression of IFN-b-induced elevation of p-STAT1 by BGLF2. siSHP1 was
used to knock down the expression of SHP1 in HEK293 cells. The mRNA and protein levels of SHP1 were analyzed by RT-qPCR (D) and Western blotting (E),
respectively. The effect of siSHP1 on p-STAT1 levels was analyzed by Western blotting (F). (G) Impact of BGLF2 on SHP1 protein expression. (H) BGLF2 recruits
SHP1 to STAT1 complex. SHP1 and BGLF2-Flag were overexpressed in HEK293 cells for 48h. Cell lysates were collected, and coimmunoprecipitation was
performed using anti-STAT1 antibody to pull down endogenous STAT1. Then, the association with SHP1 was analyzed by Western blotting in the absence or
presence of BGLF2. (I) Impact of BGLF2 on JAK1 and TYK2 phosphorylation. Cells were left untreated or treated with 1,000 U/ml of IFN-b for 5 and 10min after
48h of transfection. The cell lysate was collected and analyzed for p-JAK1, p-TYK2, total JAK1, and total TYK2 protein levels by Western blotting.
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Since SHP1 might also mediate dephosphorylation of other key kinases in JAK-STAT
signaling such as JAK1 and TYK2 (16), which have been shown to be targeted by
BGLF2 (27), we expanded our analysis to p-JAK1 and p-TYK2 in HEK293 cells overex-
pressing BGLF2. Interestingly, when JAK1 and TYK2 phosphorylation was induced by
treatment with IFN-b for 5 or 10min, the levels of p-JAK1 and p-TYK2 were diminished
when BGLF2 was overexpressed (Fig. 7I, lane 4 compared to lane 3, lane 6 compared to
lane 5). It will be of interest to see whether this suppressive effect might also be medi-
ated through SHP1.

BGLF2 promotes STAT2 degradation through proteasomal degradation
pathway. The possible destabilizing effect of BGLF2 on STAT2 protein prompted us to
explore further whether proteasomal degradation of STAT2 might be affected.
Treatment of HEK293 cells with proteasomal inhibitor MG132 restored STAT2 protein
level in the presence of BGLF2 (Fig. 8A, lane 3 compared to lane 2), which suggested
that BGLF2 might facilitate proteasomal degradation of STAT2.

To test whether BGLF2 can affect the ubiquitination state of STAT2, Flag-tagged
BGLF2, myc-tagged STAT2, and hemagglutinin (HA)-tagged ubiquitin were expressed
in combinations, as shown in Fig. 8B in HEK293 cells. STAT2 was immunoprecipitated
using anti-myc antibody, and the precipitates were blotted for STAT2-myc and ubiqui-
tin-HA. Notably, STAT2 ubiquitination was enhanced in the presence of BGLF2 com-
pared to without BGLF2 (Fig. 8B, lane 3 compared to lane 2). Ubiquitin-K0 was used as
another control since it is the lysine-free form of ubiquitin with all lysine residues
replaced by arginine, thereby preventing ubiquitination (51). Indeed, no STAT2 ubiqui-
tination ladder was observed when ubiquitin-K0 was expressed (Fig. 8B and C, lane 4).
Furthermore, coimmunoprecipitation was also performed to verify K48-linked polyubi-
quitination of STAT2. Flag-tagged BGLF2 and myc-tagged ubiquitin were expressed in
various combinations in HEK293 cells (Fig. 8C). Endogenous STAT2 was pulled down
with anti-STAT2 antibody, and the samples were analyzed by Western blotting. A
smear of polyubiquitin chains was observed upon expression of wild-type ubiquitin
and its K63R mutant, in which lysine 63 had been replaced by arginine (Fig. 8C, lanes 3
and 5). This suggested that K63-linked ubiquitination is unlikely involved. In contrast,
no ubiquitination smear was observed in the case of K48R mutant where lysine 48 had
been replaced by arginine (Fig. 8C, lane 6). Hence, K48-linked ubiquitination of STAT2
was enhanced when BGLF2 was expressed.

Cullins that are key components of an E3 ubiquitin ligase complex have previously
been implicated in viral induction of STAT2 degradation (52, 53). After multiple
attempts to explore possible interaction between cullins and STAT2, cullin 1 was found
to associate with STAT2 in the presence of BGLF2 (Fig. 8D, lane 3 compared to lane 2).
Among three siRNAs that target cullin 1, siCul1-2 was found to be capable of achieving
more than 90% knockdown efficiency constantly (Fig. 8E) and was therefore chosen for
further knockdown experiments in HEK293 cells. When cullin 1 expression was
depleted by siCul1-2, the level of STAT2 in BGLF2-expressing cells was restored (Fig. 8F,
lane 4 compared to lanes 2 and 3). As inferred from coimmunoprecipitation experi-
ment, BGLF2 interacts with cullin 1 in HEK293 cells (Fig. 8G, lane 2 compared to lane 1).
Thus, BGLF2 might interact with cullin 1 to facilitate its recruitment to STAT2, leading
to ubiquitination and degradation of the latter.

BGLF2 facilitates EBV infection and reactivation by perturbing type I IFN
signaling. Since M81 strain of EBV is GFP marked, infected cells could be easily identi-
fied as GFP-positive cells. This was harnessed to study the impact of IFN-b and BGLF2
expression on EBV infection. In HEK293 cells pretreated with IFN-b , the infectivity of
EBV was reduced compared to the mock-treated group (Fig. 9A, subpanel 2 compared
to subpanel 1). This phenotype was reversed when BGLF2 was overexpressed in the
cells before IFN treatment (Fig. 9A, subpanel 3 compared to subpanels 2 and 1). The
trend was confirmed by flow cytometric analysis of GFP-positive cells (Fig. 9A, right
panels). Consistently, the EBV genome copy number was also reduced when cells were
treated with IFN-b (Fig. 9B, bar 2 compared to bar 1). The genome copy number was
again restored when BGLF2 was expressed before IFN-b treatment. In addition, BGLF2
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FIG 8 BGLF2 promotes K48-linked polyubiquitination and degradation of STAT2. (A) Effect of MG132. BGLF2 was overexpressed in HEK293 cells. Cells were
treated with 10mM MG132 for 6 h. The total STAT2 protein levels in the presence or absence of MG132 and BGLF2 were determined by Western blotting.
b-Actin served as an internal control. (B) STAT2 ubiquitination assay. BGLF2-Flag and STAT2-myc were overexpressed in HEK293 cells individually or
together with HA-tagged ubiquitin (Ub). After 40 h of transfection, cells were treated with MG132 for 6 h. Cell lysates were collected, and a
coimmunoprecipitation assay was performed using anti-myc antibody. Ubiquitination of STAT2 was analyzed by Western blotting. (C) Analysis of ubiquitin
mutants. BGLF2-Flag plus wild-type (WT) or mutant forms of ubiquitin-myc were overexpressed in HEK293 cells. Cells were treated with MG132 for 6 h after
40 h of transfection. Cell lysates were collected; next, a coimmunoprecipitation assay was performed using anti-STAT2 antibody, and ubiquitination was
analyzed by Western blotting. (D) Recruitment of cullin 1 to STAT2. BGLF2-Flag and cullin 1-myc were overexpressed in HEK293 cells individually or

(Continued on next page)
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effectively reversed IFN-b-induced suppression of the expression of EBV lytic genes
(BLLF1/gp350, BMRF1, and BRLF1/Rta) in M81-infected HEK293 cells (Fig. 9C, bars 4, 8,
and 12). Therefore, BGLF2 prevents IFN-b-mediated inhibition of EBV infection.

Latently infected EBV-positive gastric carcinoma cell line AGS-EBV was next used to
study the effect of type I IFN on EBV lytic reactivation. The cells were treated with 12-
O-tetradecanoylphorbol-13-acetate (TPA) to induce lytic reactivation and showed a
higher expression of EBV lytic genes, including immediate early genes BZLF1/Zta and
BRLF1/Rta, early gene BMRF1, and late lytic gene BLLF1, compared to the control
group which was only treated with DMSO (Fig. 9D). When cells were treated with IFN-
b , expression of lytic genes induced by TPA was dampened (Fig. 9D, bars 3, 6, 9, and
12). Therefore, although treatment of EBV-positive cells with TPA induced the lytic
cycle accompanied by higher expression of early and late lytic genes, their expression
was inhibited by type I IFN.

To shed light on the physiological significance of BGLF2 in the context of EBV repli-
cation, infection, and reactivation, recombinant EBV mutant defective of BGLF2 was
constructed by bacmid recombineering technology on the p2089 bacmid of B95-8
strain of EBV (54, 55). Two codons in the BGLF2 region were replaced with stop codons,
and one nucleotide was deleted to create a frameshift, leading to complete disruption
of the BGLF2 open reading frame. The desired mutation was found in multiple bacmids
as confirmed by sequencing (Fig. 10A). The genomic integrity of the mutant bacmids
was determined by BamHI and EcoRI restriction patterning. The band patterns of WT-
p2089 and its BGLF2-deficient mutant (DBGLF2-p2089) were identical (Fig. 10B), indi-
cating that the mutant clones obtained were correct and intact. They were further
used to establish stable HEK293 cell clones carrying the WT-p2089 or DBGLF2-p2089
bacmid. Loss of BGLF2 mRNA expression was verified by RT-PCR (Fig. 10C) and RT-
qPCR with a TaqMan probe (Fig. 10D). p-JNK was used as another marker for BGLF2, as
previously described (20). Cells with DBGLF2-p2089 were found to have comparatively
lower levels of p-JNK than cells carrying WT-p2089 (Fig. 10E).

The lytic cycle in the HEK293 cell clones carrying WT-p2089 and DBGLF2-p2089 was
induced by treatment with TPA and sodium butyrate (NaBt). BZLF1/Zta expression was
reduced in the DBGLF2-p2089 clones compared to those with WT-p2089 (Fig. 10F, bars
1 to 6). A similar expression pattern was also observed for two other lytic genes BRLF1/
Rta and BMRF2, when lytic cycle was induced in these cell clones (Fig. 10F, bars 7 to
18). This result is generally consistent with the expression pattern of lytic genes in cells
carrying DBGLF2-EBV constructed by others (20). When the cells were treated with IFN-
b , the induction of ISG15, ISG56, and OAS1 mRNA expression was more robust in cells
carrying DBGLF2-p2089 than in cells with WT-p2089 (Fig. 10G, bars 3 to 6, 9 to 12, and
15 to 18).

Both lytic and latent genes are expressed in HEK293 cells freshly infected with M81
(Fig. 1A). In contrast, EBV might enter latency in HEK293 cells stably carrying WT-p2089
and DBGLF2-p2089. In this regard, the expression of BGLF2 lytic gene in cells harboring
WT-p2089 (Fig. 10C and D) was surprising. With this in mind, we sought to analyze the
expression of BGLF2 and other lytic and latent genes by RT-PCR in three other lines of
EBV-positive cells plus HEK293 cells carrying WT-p2089 (Fig. 10H). Akata and P3HR1 are
B cell lines derived from Burkitt’s lymphoma (41, 56). HEK293 cells latently infected
with M81 strain of EBV were also included. P3HR1 and HEK293-M81 cells were trans-
fected with BZLF1/Zta expression plasmid to induce lytic reactivation. EBER was used a
positive control for expression of EBV genes. EBNA2 and EBNA3A are latency III associ-
ated genes expressed in B cell line Akata. In contrast, only EBNA3A can be expressed in

FIG 8 Legend (Continued)
together. Cells were treated with MG132 for 6 h after 40 h of transfection. A coimmunoprecipitation assay was performed reciprocally, using anti-STAT2 and
anti-myc antibodies, followed by Western blotting. (E and F) Three siRNAs were used to knock down cullin 1 in HEK293 cells. (E) BGLF2 was overexpressed
in HEK293 cells with control siRNA or siCul1-2. (F) Cell lysates were collected after 48 h of transfection and analyzed by Western blotting for STAT2 protein
levels. Results from three independent experiments are shown in the lower panel. The difference between the indicated samples was not significant (ns)
statistically (P. 0.05). (G) Association of BGLF2 with cullin 1. Coimmunoprecipitation was performed with anti-Flag antibody, and the precipitates were
probed with anti-cullin 1.
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P3HR1 due to deletion of EBNA2 gene (57). The expression patterns of EBNA2 and
EBNA3A mRNAs observed in Akata and P3HR1 cells (Fig. 10H, lanes 1 to 4) were gener-
ally as expected. Although BRLF1/Rta was detected at relatively low levels in all cells
and particularly in P3HR1 cells without lytic induction, BMRF1 and BLLF1 were not
detected without IgG cross-linking in Akata cells or enforced expression of BZLF1/Zta
in P3HR1 cells (Fig. 10H, lanes 1 and 3). These cell lines served as a positive control for
EBV lytic induction. EBNA2, EBNA3A, BMRF1, and BZLF1/Zta were undetectable in
HEK293-M81 and HEK293-WT-p2089 cells, with only trace amount of BRLF1/Rta
detected in both lines. BGLF2 was not detected in HEK293 or EBV– Akata cells (Fig. 10I,
lanes 2 and 3 compared to lanes 4 and 5). However, BGLF2 was detected in all EBV1

cell lines irrespective of lytic induction (Fig. 10H and I). Thus, BGLF2 expression is not
unique to HEK293 cells stably carrying WT-p2089. Our results are compatible with the
interpretation that the difference in ISG induction by IFN-b should be ascribed to the
expression of BGLF2.

FIG 9 BGLF2 facilitates EBV primary infection in infected cells. (A and B) Impact of BGLF2 overexpression on
EBV primary infection. HEK293 cells were treated with IFN-b for 12 h before EBV infection, with or without
BGLF2 overexpression. (A) The infectivity of EBV was proportional to the number of GFP-positive cells observed
under a microscope and quantified by flow cytometry. EBV-negative HEK293 cells were used as negative
control, and HEK293-EBV-M81 cells served as a positive control for flow cytometric analysis. (B) For the same
set of samples, the EBV genome copy number was measured by qPCR with TaqMan-LMP1 probe normalized to
the glyceraldehyde 3-phosphate dehydrogenase probe. The mock group was transfected with an empty vector.
(C) Impact of BGLF2 on IFN-b suppression of EBV infection in HEK293 cells. M81-infected cells were treated
with 2,000 U/ml IFN-b for 12 h with or without BGLF2 overexpression. The expression of EBV immediate early
(BRLF1), early (BMRF1), and late lytic (BLLF1) transcripts was analyzed by RT-qPCR. (D) Impact of IFN-b on EBV
reactivation. EBV-positive AGS cells were treated with 20 ng/ml TPA for 24 h and then left untreated or treated
with 2,000 U/ml IFN-b for 15 h. The expression of EBV immediate-early (BZLF1 and BRLF1), early (BMRF1), and
late lytic (BLLF1) transcripts was analyzed by RT-qPCR.
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FIG 10 BGLF2 suppresses IFN-b signaling in infected cells. (A) Verification of BGLF2-deficient mutant by sequencing. An alignment of mutant and wild-type
sequence is shown. (B) Verification of genome integrity by BamHI and EcoRI patterning. WT-p2089 and DBGLF2-p2089 bacmids were digested with BamHI
or EcoRI at 37°C for 24 h. The digested products were run on 2% agarose gel overnight at a low voltage. (C and D) Verification of BGLF2 mRNA expression
by RT-PCR or RT-qPCR. The primers used can preferentially amplify WT-BGLF2 mRNA but not that of DBGLF2. A TaqMan probe was also used in the RT-
qPCR. (E) Verification of BGLF2 deficiency through Western blot analysis of the p-JNK levels. (F) Expression of immediate-early and late lytic genes in
DBGLF2-p2089 stable cells. Cell clones were treated with DMSO or 400mM TPA plus 5mM NaBt for 48 h. (G) ISG induction in DBGLF2-p2089 stable cells.
Cell clones were treated with 1,000 U/ml of IFN-b . ISG15, ISG56 and OAS1 transcripts were analyzed by RT-qPCR. (H) Expression profiles of latent and lytic
genes in HEK293 cells stably carrying WT-p2089 and other EBV-positive cells. Lytic reaction of Akata cells was induced by IgG cross-linking. A lytic

(Continued on next page)
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DISCUSSION

We performed a functional screen to identify EBV-encoded modulators of IFN response
(Fig. 2) and identified BGLF2 as a multifunctional suppressor of JAK-STAT signaling (Fig. 3
and 4). This function of BGLF2 was independent of its modulation of JNK, p38, or NF-kB
(Fig. 5). BGLF2 was found to interact with STAT1, STAT2, and cullin 1 (Fig. 6 and 8). It facili-
tates the recruitment of tyrosine phosphatase SHP1 to STAT1, leading to the decrease of
p-STAT1 levels (Fig. 7). It also recruits cullin 1 to STAT2 and promotes STAT2 ubiquitina-
tion and proteasomal degradation (Fig. 8). BGLF2 suppresses JAK-STAT signaling and facil-
itates EBV primary infection (Fig. 9). BGLF2-deficient EBV was constructed and shown to
express lytic genes less robustly upon stimulation but induce ISG expression more promi-
nently (Fig. 10).

Our findings are generally consistent with a recent report on the suppression of
type I IFN signaling and promotion of EBV reactivation by BGLF2 (27), although some
mechanistic details differ. While the other study emphasizes on EBV reactivation, we
showed that enforced expression of BGLF2 facilitates primary infection of EBV (Fig. 9).
In addition, we constructed BGLF2-deficient EBV and demonstrated more robust IFN-b
signaling in the absence of BGLF2 in infected cells (Fig. 10). The suppressive effect of
BGLF2 on type I IFN signaling is thought to be mediated through association of BGLF2
with TYK2 kinase and consequent inhibition of STAT1 and STAT3 phosphorylation in
the other study. In our work, the levels of p-TYK2 and p-JAK1 were also shown to
decrease upon expression of BGLF2 (Fig. 7H). The two mechanisms suggested by the
two studies might not be mutually exclusive. Hypophosphorylation of STAT1 could be
ascribed to both inhibition of an upstream kinase such as TYK2 and the action of a ty-
rosine phosphatase such as SHP1. Because SHP1 is known to target not only STAT1 but
also TYK2, JAK1, and other targets in JAK-STAT signaling (16, 50), it will be of particu-
larly great interest to see whether BGLF2 might also recruit SHP1 to dephosphorylate
and inactivate TYK2 and JAK1. We demonstrated the association of BGLF2 with STAT1
and STAT2 (Fig. 6), which is not seen in the other study. Since only a small fraction of
STAT1 and STAT2 was found to be associated with BGLF2, it is not too surprising that
the association is not observed in the earlier study (27). Plausibly, BGLF2 might interact
with the JAK-STAT signalosome through one key component such as TYK2. In addition,
BGLF2 could also recruit SHP1 tyrosine phosphatase to act on multiple components of
the signalosome leading to suppression of JAK-STAT signaling. In our work, BGLF2 was
capable of suppressing IFN-b- and IFN-l1-induced expression of ISG15 and OAS1 (Fig.
3B and F). In contrast, BGLF2 was shown to suppress IFN-a-induced expression of IRF1,
IRF7, and MxA, but not ISG15, in the earlier study (27). Whether the difference might be
explained by the longer duration of IFN treatment in our study remains to be determined.
Importantly, our results on BGLF2 (Fig. 3B and F) are consistent with the suppression of
IFN-b- and IFN-l1-induced expression of ISG15 by EBV infection (Fig. 1D and E). Whereas
no suppressive effect of BGLF2 on IFN-g signaling was seen in the earlier study (27), a sup-
pressive effect of both M81 infection and BGLF2 expression on the sensitive GAS-Luc re-
porter activity was detected in our analysis (Fig. 1F and 3C). Further investigations are
required to clarify the relevance of this suppressive activity during EBV life cycle.

IFN-l1 displays potent antiviral activity against herpes simplex virus infection in
vivo (58), but the roles of type III IFNs in EBV infection have not been well character-
ized. We demonstrated the suppressive effect of EBV and its BGLF2 protein on not only
type I but also type III IFN signaling. Whether type III IFNs are induced by EBV and influ-
ential in EBV primary infection and reactivation remains to be determined. Our func-
tional screen with an expression library of EBV proteins revealed that BGLF2 serves as
the most potent inhibitor of IFN-g signaling, as indicated by the highly sensitive GAS-
Luc reporter (Fig. 2B). Its inhibitory effect was even stronger than BZLF1/Zta, which has

FIG 10 Legend (Continued)
reactivation of other cells was induced by transfection with a BZLF1/Zta expression plasmid. (I) Expression of BGLF2 gene in EBV-positive cell lines. EBV-
negative and -positive Akata cells were induced for EBV lytic cycle using IgG and the expression of BGLF2 mRNA was analyzed by RT-PCR. HEK293 cells and
p2089 bacmid were used as negative and positive controls, respectively.
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previously been shown to be a major suppressor of IFN-g signaling (35). The IFN-
g-antagonizing activity of BGLF2 was further verified by using GAS-Luc reporter and
IP10 mRNA expression. However, BGLF2 does not suppress IFN-g-induced phosphoryla-
tion of STAT1 in the published study (27). This discrepancy might be explained by the
relatively mild suppressive effect of BGLF2 on IFN-g signaling, which was best seen
with the GAS-Luc reporter (Fig. 3C). We were unable to see a significant effect of EBV
primary infection on IFN-g signaling (Fig. 1G). Since the assay was performed after 48 h
of infection, the role of IFN-g remains to be better defined during the initial phase of
infection. Interestingly, some other lytic proteins, including BRLF1/Rta, emerged as an
activator of IFN-g signaling in the same screen (Fig. 2B). Plausibly, the lack of suppres-
sion by EBV might be explained by the combined effect of different lytic proteins. It
will be intriguing to see how EBV-encoded suppressors and activators of IFN-g signal-
ing work together in the infected cells to achieve differential regulation of IFN-g activity
in favor of EBV infection.

Our study identified STATs as the cellular targets of BGLF2. This effect is apparently in-
dependent of the previously demonstrated ability of BGLF2 to modulate p38, JNK, or NF-
kB (20, 22, 23), suggesting that BGLF2 is a pleiotropic protein that targets multiple cell
signaling pathways. Western blot analysis revealed that BGLF2 targets STAT1 and STAT2
for dephosphorylation and degradation, respectively, in HEK293 cells. Interestingly, BGLF2
is not influential on STAT1 degradation or STAT2 dephosphorylation. BGLF2 interacts
with both STAT1 and STAT2 but exerts an inhibitory effect on them through distinct
mechanisms. The differential effect of BGLF2 on STAT1 and STAT2 might be accounted
for by different binding domains, different types of conformational changes or different
partners recruited by BGLF2. All STATs have a conserved SH2 domain that recognizes and
binds to specific phosphotyrosine residues of other STATs or JAKs (59). Unlike SH2 do-
main, other domains such as coiled-coil domain or transcriptional activation domain of
STATs are less conserved. They might bind with BGLF2 to generate different effects. The
binding of BGLF2 with STAT1 and STAT2 could also induce different conformation
changes leading to different effects. Whereas SHP1 is the key mediator of the effect of
BGLF2 on STAT1, cullin 1 might play a critical role in BGLF2-induced destabilization of
STAT2. Although BGLF2 did not associate with SHP2 (Fig. 6G), whether SHP2 and addi-
tional protein tyrosine phosphatases (50, 60), as well as additional cullin-type E3 ubiquitin
ligases (61), are involved in BGLF2-mediated suppression of STAT1 and STAT2 remains to
be elucidated. Mapping of binding domain and characterization of STAT1 or STAT2
mutants and chimeric proteins might provide new mechanistic insight on the differential
regulation of STAT1 and STAT2 by BGLF2.

In addition to cullins, several other E3 ubiquitin ligases such as UBR4 and PDLIM2 have
also been shown to be recruited by different viral proteins to promote STAT2 ubiquitina-
tion and degradation (62–64). Other E3 enzymes involved in STAT2 destruction include
FBW7 (65). It is not well studied as to exactly how different E3s might cooperate with each
other to mediate STAT2 ubiquitination and degradation in different physiological and
pathological contexts. Cullin 1 is a key component in the SCF complex representative of a
large family of cullin-RING E3 ubiquitin ligases (61). Our finding lent further support to a
possible role of SCF complex in the degradation of STAT2. To validate this, the role of
SKP1 and cullin 1 in STAT2 ubiquitination and degradation should be further investigated.

Our work confirmed the inhibitory effect of IFN-b on not only EBV primary infection
but also reactivation. Our results suggested a critical role of IFN-b in the expression of
lytic genes and possibly also in lytic-latent switch. We further constructed DBGLF2-
p2089 cell lines to determine the role of BGLF2 in the context of EBV infection.
Consistent with a role of BGLF2 in the lytic phase (19, 21), the DBGLF2-p2089 cells
were found to be less capable of expressing early (BZLF1 and BRLF1) and late lytic
(BMRF2) genes compared to the WT-p2089 cells. The inhibition of lytic replication
might be further investigated by quantifying EBV virions in the supernatant after
induction of lytic cycle. Interestingly, the expression of Rta and EA-D/BMRF1 proteins
were found to be unaffected in DBGLF2-p2089 cells transfected with a Zta plasmid in a
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recent study (19). One important difference between this study and ours is noteworthy.
In our work, Zta induction by TPA plus NaBt was much less efficient in DBGLF2-p2089
cells (Fig. 10F). This is generally consistent with the notion that BGLF2 plays an impor-
tant role in the induction of Zta expression (20). Whether enforced expression of Zta in
the other study might be accounted for more pronounced expression of Rta and EA-D
proteins in DBGLF2-p2089 cells remains to be investigated. The DBGLF2-p2089 cells
were found to have a more robust induction of ISGs in response to IFN-b treatment
(Fig. 10G). Plausibly, the reduced expression of lytic genes might also be ascribed to
the enhanced expression of ISGs in DBGLF2-p2089 cells.

Interestingly, the difference in ISGs in WT-p2089 and DBGLF2-p2089 cells was
observed in cell lines that were supposed to be in latent phase of EBV replication.
Considering that the effect was solely due to loss of BGLF2, there could be two possi-
bilities. First, the cells were undergoing a spontaneous lytic cycle, where BGLF2 was
expressed in the WT-p2089 cells, causing the suppression of ISG expression. Second,
BGLF2 was also expressed in latent phase similar to BZLF1 and BRLF1 (66). Further
analysis of the latent and lytic gene expression in WT-p2089 and other cell lines pro-
vided some clues and hints. Weak detection of BRLF1 in cells that were not induced
for lytic replication did lend some support to the notion that some cells might spon-
taneously undergo lytic reactivation or express some lytic genes, although BMRF1
and BLLF1 mRNAs were not very abundant in M81 and WT-p2089 cells. Intriguingly,
BGLF2 was found to be expressed in all cell lines even without lytic induction, which
could suggest that the cells might be expressing some levels of BGLF2 during latency
as well. If this claim is true, the expression of BGLF2 should be assessed in EBV-associ-
ated nasopharyngeal carcinoma, gastric carcinoma and Burkitt’s lymphoma samples.
Possible expression of BGLF2 during latency phase might have important implica-
tions in EBV biology. Further investigations are required to rectify this finding.

BGLF2 is highly conserved among all strains of EBV. It is also homologous structur-
ally and functionally to UL16 of herpes simplex virus 1, ORF33 of murine gammaher-
pesvirus 68, UL94 of cytomegalovirus, ORF44 of varicella-zoster virus, and ORF33 of
Kaposi’s sarcoma-associated herpesvirus. BGLF2 homologs in other herpesviruses can
also induce cell cycle arrest (22, 24). In addition, they also inhibit type I IFN signaling
through a similar mechanism (27). It would not be surprising if they can also recruit
SHP1 and cullin 1 to suppress JAK-STAT signaling. They might also suppress IFN pro-
duction and signaling through other mechanisms.

Other EBV-encoded tegument proteins such as BKRF4, BSRF1, BGLF4, and BBLF1
have previously been shown to play important roles in EBV infection (24, 67). A few
EBV tegument proteins such as BPLF1, BLRF2, BNRF1, and BGLF4 have already been
reported to exhibit innate immunomodulatory function (5). There is a common theme
in herpesviruses that tegument proteins are used to antagonize IFN production and
signaling. More examples will be revealed in the coming years. In this regard, BGLF2 is
known to interact with other tegument proteins BKRF4 and BBLF1 (18, 19, 21).
Whether and how BKRF4 and BBLF1 might influence the suppressive effect of BGLF2
on IFN signaling merit further investigations.

MATERIALS ANDMETHODS
Plasmid constructs, cell culture, transfection, and drug treatment. All key plasmids and cell lines

have been previously described (18, 37, 43–46, 51, 68–70). Expression construct for BGLF2 of the B95.8
strain of EBV was originally in the expression library of EBV genes (18, 71), kindly provided by Lori
Frappier from University of Toronto (Toronto, Canada). Gene juice (Millipore) was used as a transfection
reagent for HEK293 and HEK293-M81 cells according to the manufacturer’s protocol. Mirus, a keratino-
cyte transfecting reagent obtained from MirusBio, was used as a transfection reagent for AGS and HK1
cell lines. siRNA was transfected using Lipofectamine 2000 (Invitrogen). Proteasomal inhibitor MG132
was obtained from Sigma, and 10 mM MG132 was added to the cells for 6 h. Sodium orthovanadate was
added to cells to obtain a final concentration of 200mM, followed by incubation for 1 h at 37°C, followed
in turn by IFN treatment for 30min. p38 and JNK inhibitors SB203580 (InvivoGen) and SP600125 (Sigma)
were added to obtain final concentrations of 5 and 20mM, respectively, followed by incubation for 1 h at
37°C before IFN treatment. TPA was purchased from Cell Signaling. MG132 was from Sigma. Human IFN-
b was from PBL Assay Science. Human IFN-l1 and IFN-gwere from PeproTech.
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EBV infection and lytic induction. Infection of HEK293 cells with cell-free M81 or BX1 virus was per-
formed as described previously (36). Lytic induction was conducted in HEK293-M81 cells by treatment
with TPA or transfection with BZLF1/Zta construct. Cells in a 10-cm cell culture dish were treated with
20 ng/ml TPA or transfected with 4mg each of BZLF1/Zta and gp110 constructs. The medium was
changed after 24 h, and the supernatant was collected after 72 h of treatment or transfection. The me-
dium was filtered through a 1.2-mm filter and then centrifuged in centrifugal filter unit at 3,000 rpm for
30min. The concentrated virus was then used to infect the cells in a 6-well plate and incubated for 24 h
at 37°C followed by replenishment with fresh RPMI 1640 medium. The virus-infected GFP-positive cells
were visualized under microscope after 48 h of infection.

DNA, RNA, and protein analysis. qPCR, RT-PCR, RT-qPCR, coimmunoprecipitation, and Western blot-
ting were performed essentially as described previously (37, 68–70). Primer and probe sequences will be
provided upon request. Antibodies to p-STAT1, p-JAK1, and p-TYK2 were from Cell Signaling. Anti-p-
STAT2 was from R&D Systems. Antibodies to b-actin and Flag were from Sigma. Anti-V5 was from
Invitrogen. Anti-SOCS1 was from Abcam. Mouse anti-myc for immunoprecipitation was from Roche. All
other primary antibodies were from Santa-Cruz. ECL secondary antibodies were from GE Healthcare.
Dynabeads M280 conjugated to anti-rabbit or anti-mouse secondary antibodies and recombinant pro-
tein G agarose beads were obtained from Invitrogen.

Construction of DBGLF2 mutant. EBV bacmid p2089 derived from the B95.8 strain of EBV was kindly
provided by Wolf Hammerschmidt from German Center for Infection Research (55). DBGLF2-p2089 was con-
structed by inserting two premature stop codons and one frameshift deletion into the region coding for the
N terminus of BGLF2. Homologous recombination was carried out in Escherichia coli by using the galK selec-
tion method (72). In brief, the galK expression cassette for the first recombination was generated by PCR
using pMOD4-galK-G, kindly provided by Soren Warming from National Cancer Institute (USA), as the tem-
plate and primers 59-TGTAGACGGT CACATAGGTG GGCTTCTTCT TGGGCTTCAG CACAATGAGG CCTGTTGACA
ATTAATCATC GGCA-39 (BGLF2-galK-forward) and 59-TCTATACGGC CACAACTGCC GTGTCAGCTG TGTACGTG
CC TCAGATAGCC TCAGCACTGT CCTGCTCCTT-39 (BGLF2-galK-reverse). The replacement fragment with
desired mutations for the second recombination was synthesized by Life Technology and annealed by
PCR using the primers 59-ACATAGGTGG GCTTCTTCTT GGGCTTCAGC ACAATGAGGG TACATTCTACT AGGT
TTAAGG AGGTCCGGCT ATCTGAGGCA CGTACACAGC TGACACGG-39 (BGLF2-mutation-sense) and 59-
CCGTGTCAGC TGTGTACGTG CCTCAGATAG CCGGACCTCC TTAAACCTAG TAGAATGTAC CCTCATTGTG
CTGAAGCCCA AGAAGAAGCC CACCTATG-39 (BGLF2-mutation-antisense). Recombination was confirmed
by PCR, DNA sequencing, and BamHI and EcoRI restriction patterning. Primers for specific amplification of
WT-BGLF2 but not D-BGLF2 by RT-PCR were 59-GTTCCTCAAC AAGGAGTGCCT-39 (forward) and 59-CAATG
AGGGT AACATTCATG-39 (reverse). The primers and TaqMan probe for RT-qPCR analysis of WT-BGLF2
were 59-TGAGAGTCAG GCTGTGTGG-39 (forward), 59-AATGGAACC CTAGCCACCG-39 (reverse), and 59-
6FAM-GGACTGCCTT AGTGAAGAGA ACCTCG-MGB-39 (probe). DBGLF2-p2089 bacmid was transfected
into HEK293 cells to establish the virus-producing cell lines. Cells were selected by 70mg/ml hygrom-
ycin B, and the GFP1 cell colonies were obtained after 2 weeks. Successful clones were verified by RT-
PCR detection of EBER.

Statistical analysis. All tests were performed with three biological replicates, and the statistical sig-
nificance was assessed using two-tailed paired Student t tests. The results were expressed as means 6
the standard deviations (SD). Significance is indicated in the figures by asterisks (*, P, 0.05; **, P, 0.01;
***, P, 0 0.001).
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