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Abstract 21 

Some lytic proteins encoded by Epstein-Barr virus (EBV) suppress host interferon (IFN) 22 

signaling to facilitate viral replication. In this study we sought to identify and characterize 23 

EBV proteins antagonizing IFN signaling. The induction of IFN-stimulated genes (ISGs) by IFN-24 

β was effectively suppressed by EBV. A functional screen was therefore performed to 25 

identify IFN-antagonizing proteins encoded by EBV. EBV tegument protein BGLF2 was 26 

identified as a potent suppressor of JAK-STAT signaling. This activity was found to be 27 

independent of its stimulatory effect on p38 and JNK pathways. Association of BGLF2 with 28 

STAT2 resulted in more pronounced K48-linked polyubiquitination and proteasomal 29 

degradation of the latter. Mechanistically, BGLF2 promoted the recruitment of SHP1 30 

phosphatase to STAT1 to inhibit its tyrosine phosphorylation. In addition, BGLF2 associated 31 

with cullin 1 E3 ubiquitin ligase to facilitate its recruitment to STAT2. Consequently, BGLF2 32 

suppressed ISG induction by IFN-β. Furthermore, BGLF2 also suppressed type II and type III 33 

IFN signaling, although the suppressive effect on type II IFN response was milder. When pre-34 

treated with IFN-β, host cells became less susceptible to primary infection of EBV. This 35 

phenotype was reversed when expression of BGLF2 was enforced. Finally, genetic disruption 36 

of BGLF2 in EBV led to more pronounced induction of ISGs. Taken together, our study 37 

unveils the roles of BGLF2 not only in the subversion of innate IFN response but also in lytic 38 

infection and reactivation of EBV.  39 

 40 

 41 

42 
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Importance 43 

Epstein-Barr virus (EBV) is an oncogenic virus associated with the development of lymphoid 44 

and epithelial malignancies. EBV has to subvert interferon-mediated host antiviral response 45 

to replicate and cause diseases. It is therefore of great interest to identify and characterize 46 

interferon-antagonizing proteins produced by EBV. In this study we perform a screen to 47 

search for EBV proteins that suppress the action of interferons. We further show that BGLF2 48 

protein of EBV is particularly strong in this suppression. This is achieved by inhibiting two 49 

key proteins STAT1 and STAT2 that mediate the antiviral activity of interferons. BGLF2 50 

recruits a host enzyme to remove the phosphate group from STAT1 thereby inactivating its 51 

activity. BGLF2 also redirects STAT2 for degradation. A recombinant virus in which BGLF2 52 

gene has been disrupted can activate host interferon response more robustly. Our findings 53 

reveal a novel mechanism by which EBV BGLF2 protein suppresses interferon signaling. 54 

  55 
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Epstein-Barr virus is a gammaherpesvirus which infects more than 95% adults all over the 56 

world. Infection with EBV causes epithelial and lymphoid malignancies such as Burkitt’s 57 

lymphoma and nasopharyngeal carcinoma in a small subset of individuals (1, 2). Although 58 

the primary infection is asymptomatic in early childhood, the infection during adolescence is 59 

accompanied by infectious mononucleosis. After initial phase of infection, EBV establishes 60 

latency in host B and epithelial cells throughout lifespan, which is characterized by specific 61 

latent gene expression, until it is reactivated to undergo productive phase of life cycle. During 62 

the lytic phase of EBV replication cycle, about 80 EBV lytic genes are expressed along with 63 

active replication of viral genome resulting in virion production. These lytic proteins play 64 

essential roles in viral replication, transcription, virion assembly and packaging in the 65 

infected cells (3).  66 

Upon recognition of pathogen-associated molecular patterns of EBV such as viral DNA 67 

and RNA, host innate immunity is activated to restrict viral infection, replication and 68 

reactivation. To circumvent this host defense, EBV uses some of its lytic proteins to suppress 69 

the production and signaling of antiviral proteins such as interferons (IFNs). Particularly, 70 

EBV targets the signaling pathways of Toll-like receptors (TLR), RIG-I, cGAS, NFκB and 71 

JAK-STAT to alter production and signaling of type I, type II and type III IFNs (4, 5). For 72 

instance, EBV-encoded lytic protein BGLF5 targets TLR9 for degradation during productive 73 

cycle (6). BPLF1, a deubiquitinase and a late lytic tegument protein, interferes with the 74 

ubiquitination and activation of signal transducers in the TLR and RIG-I pathways, thereby 75 

inhibiting type I IFN production in infected cells (7-9). In addition, the master lytic inducer 76 

BZRF1/Zta and tegument protein LF2 interact with IRF7 transcription factor to prevent its 77 

dimerization and activation, leading to inhibition of type I IFN expression (10, 11). Not only 78 

proteins, EBV-encoded miRNAs can also target the translation of signal transducer and 79 

adaptor proteins in the RIG-I pathway to inhibit IFN induction (12). While it is generally 80 

believed that the interplay between EBV and innate immunity decides the fate of infection, 81 

maintenance and reactivation of EBV inside cells, the molecular details of this interplay 82 

remain to be understood. In particular, EBV-encoded suppressors of IFN signaling have not 83 

been systematically identified and characterized.  84 

The antiviral and immunomodulatory effects of all three types of IFNs are mediated 85 

through JAK-STAT signaling (13). Binding of IFNs to their respective receptors triggers the 86 

activation of JAK-STAT pathways. Whereas receptors IFNAR1 and IFNAR2 are specific to 87 

type I IFNs such as IFN-α, IFN-β and IFN-ε, receptors IL-10-R2 and IFNLR1 are proprietary 88 
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to type III IFNs including IFN-λ. The binding with these receptors activates associated 89 

tyrosine kinases TYK2 and JAK1, which in turn phosphorylate STAT1 and STAT2 90 

transcription factors. Phosphorylated and activated STAT1 and STAT2 join with IRF9 to 91 

form a ternary complex, which binds to IFN-stimulated response elements (ISREs) in the 92 

promoter region to switch on the transcription of IFN-stimulated genes (ISGs) such as MxA, 93 

ISG15, ISG56 and OAS1 (14). Likewise, binding of IFN-γ with receptors IFNGR1 and 94 

IFNGR2 activates JAK1 and JAK2 kinases that act on STAT1. Phospho-STAT1 forms a 95 

homodimer named γ-activated factor (GAF), which binds to γ-activated sequence (GAS) in 96 

the promoter region of ISGs such as IP10, IRF1 and MCP1 (14, 15). JAK-STAT signaling is 97 

negatively regulated at different levels by protein tyrosine phosphatase such as SHP1 and by 98 

another protein family known as suppressor of cytokine signaling (SOCS) (16, 17). Plausibly, 99 

EBV also adopts multiple strategies to subvert JAK-STAT signaling. It will be of particularly 100 

great interest to see how EBV-encoded IFN antagonists might usurp cellular negative 101 

regulators or cripple cellular activators to perturb critical events in the JAK-STAT pathway.     102 

In this study, we set out to perform a functional screen for novel EBV-encoded 103 

modulators of IFN signaling using a previously established expression library of 55 EBV 104 

proteins (18). Among multiple hits that were experimentally validated we chose for further 105 

analysis a tegument protein named BGLF2 that suppresses the signaling of all three types of 106 

IFNs. BGLF2 is required for encapsulation of virions during late lytic phase of replication 107 

cycle (19). It plays an important role in EBV lytic reactivation by inducing BZLF1/Zta levels 108 

in EBV-infected cells (20). It interacts with BKRF4 and BBLF1 (18, 19, 21). It has also been 109 

shown to activate AP1 and p38 activity (20, 22), inhibit NFκB signaling (23), induce cell 110 

cycle arrest (24) and trigger global SUMOylation (25). After completion of our study and 111 

initial report of our findings in international conferences (26), BGLF2 has recently been 112 

shown to suppress type I IFN signaling through association and inhibition of TYK2 tyrosine 113 

kinase (27). Although we came to the same conclusion on the suppression of IFN signaling 114 

by EBV BGLF2, our results from gain-of-function and infection experiments suggested 115 

additional intracellular targets of BGLF2 including SHP1 tyrosine phosphatase and STAT2. 116 

Furthermore, we created a BGLF2-mutant EBV to study its innate immunomodulatory 117 

function in infected cells. 118 

119 
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RESULTS 120 

EBV inhibits type I and type III IFN signaling. The interplay between IFNs and EBV 121 

is complex. Whereas IFN- and IFN- exert inhibitory effects on EBV infection and 122 

transformation (28-31), they have no influence on EBV early antigen expression or lytic 123 

reactivation under some circumstances (32, 33). In some settings, EBV exhibits resistance to 124 

IFN signaling (27, 34, 35). Most studies on EBV were conducted with lymphotropic 125 

laboratory strains such as B95-8. The interplay of IFNs and epitheliotropic EBV such as 126 

M81, which is significantly different from B95-8 (36), has not been well documented. Thus, 127 

we set out to investigate the impact of infection with M81 strain of EBV on IFN signaling in 128 

HEK293 cells. This is not an ideal infection system. However, due to its high transfection and 129 

infection efficiency, it is widely used as the producer cell line for recombinant EBV (36) and 130 

as a model for mechanistic studies. At 48 hours after infection, both lytic (BMRF1 and 131 

BRLF1/Rta) and latent (LMP2A, EBNA2 and EBNA3A) genes were expressed in these cells 132 

(Fig. 1A). Probably, some of the cells are still in lytic phase but EBV has also started to 133 

express some latent genes. Little is known about how EBV might interact with type III IFNs. 134 

Since type I and type III IFN signaling regulates a common set of ISGs driven by ISREs (13, 135 

14), a luciferase reporter plasmid under the control of ISREs (ISRE-Luc) served as the 136 

readout in our analysis of M81. Cells were infected with cell-free M81 virus. ISRE-137 

dependent reporter expression was robustly induced by IFN-β and IFN-λ1, but this induction 138 

was blunted in M81-infected cells (Fig. 1B; bar 4 compared to 3, and bar 6 compared to 5). A 139 

similar observation was also made with BX1 strain of EBV (Fig. 1C, bar 4 compared to 3), 140 

indicating that the effect was unlikely strain-specific. The inhibition of IFN-β and IFN-λ1 141 

signaling by M81 was also confirmed by comparison of mRNA levels of four representative 142 

ISGs in mock-infected and M81-infected HEK293 cells by quantitative RT-PCR. The basal 143 

levels of ISG56, OAS1, MxA and ISG15 transcripts were induced upon treatment with IFN-β 144 

and IFN-λ1. However, the transcription of all four ISGs that are specifically responsive to 145 

IFN-β and IFN-λ1 was inhibited in M81-infected cells (Fig. 1D and E, bars 4, 8, 12 and 16). 146 

Although M81 showed a modest suppressive effect on IFN--induced activation of GAS-Luc 147 

activity (Fig. 1F), there was no significant difference in the mRNA levels of IP10, IRF1 and 148 

MCP1, which are type II IFN-responsive ISGs (Fig. 1G). Hence, expression of these three 149 

ISGs might be under complex control in EBV-infected cells. Taken together, EBV suppresses 150 

type I and type III IFN signaling potently. EBV might also exert a mild suppressive effect on 151 
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IFN--induced activation of GAF that binds to GAS, but it has no influence on the expression 152 

of key IFN--responsive ISGs.           153 

Screening of EBV genes that influence IFN signaling. EBV expresses only a few viral 154 

proteins during latency but the number of viral proteins expressed in the lytic phase of its 155 

replication cycle increases to approximately 80 (3). Above we demonstrated the suppression 156 

of IFN signaling by EBV. To identify the EBV proteins that are responsible for this 157 

suppression, an expression library consisting of 55 EBV latent and lytic genes was used in the 158 

functional screens for EBV-encoded IFN modulators. Each construct was individually 159 

transfected into HEK293 cells along with ISRE-Luc and GAS-Luc reporter plasmids, 160 

respectively. Cells were then treated with IFN-β or IFN-. The mock-transfected and mock-161 

treated cells were set as references (Fig. 2A and B, red bars). Zika virus-encoded NS5 162 

protein, which has previously been reported to inhibit type I IFN signaling (37), was used as a 163 

positive control in the IFN-β experiment (Fig. 2A). The effectiveness of the IFN-β screen was 164 

verified since BZLF1/Zta and BRLF1/Rta, which are previously known to suppress IFN-β 165 

signaling (10, 38), were identified in the screen (Fig. 2A). Likewise, BZLF1 that has been 166 

shown to suppress IFN- signaling (35) was also found in the IFN- screen, lending support 167 

to its validity. Interestingly, BGLF2 was singled out to be a more potent inhibitor of both type 168 

I and type II IFN signaling (Fig. 2A and B, green bars).  169 

BGLF2 inhibits all three types of IFN signaling. The inhibitory effect of BGLF2 on 170 

IFN signaling was further validated. HEK293 cells were chosen as a model cell line to study 171 

the effect of BGLF2 on IFN signaling because of its good transfection efficiency and 172 

integrity of the IFN signaling machinery. Although dose-dependent inhibition of ISRE-Luc 173 

activity by BGLF2 was observed, but only a marginal difference was seen when the dose was 174 

escalated (Fig. 3A, bars 4-7). Quantification of the mRNA levels of ISG15 and OAS1 also 175 

confirmed the inhibitory effect of BGLF2 on IFN-β-induced transcription of these two IFN-176 

β-responsive ISGs (Fig. 3B, bar 3 compared to 2, and bar 7 compared to 6). Additionally, 177 

IFN-β-induced elevation of ISG15 protein expression was reversed by BGLF2 (Fig. 3B, 178 

lower panel). BGLF2 also inhibited IFN--induced GAS-Luc activity when overexpressed in 179 

HEK293 cells, however, the inhibitory effect plateaued at the lowest dose of BGLF2 180 

expression plasmid (Fig. 3C). Consistent with the result from reporter assay, IFN--induced 181 

elevation of IP10 mRNA was dampened by BGLF2 (Fig. 3D, bar 3 compared to 2). 182 

Furthermore, expression of BGLF2 effectively suppressed IFN-λ1-induced activation of 183 
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ISRE-Luc activity (Fig. 3E, bar 6 compared to 5) as well as ISG15 and OAS1 mRNA 184 

expression (Fig. 3F, bar 4 compared to 3, and bar 8 compared to 7).  185 

The inhibitory effect of BGLF2 on type I IFN signaling was further validated in 186 

epithelial and B cell lines that are susceptible to natural infection with EBV. EBV infection is 187 

etiologically associated with the development of gastric and nasopharyngeal carcinoma (1, 2). 188 

In this connection, an EBV-negative gastric carcinoma cell line AGS (39) and another 189 

nasopharyngeal carcinoma cell line HK1, which has lost EBV (40), were chosen for further 190 

analysis. BGLF2 was found to inhibit the activation of ISRE-Luc reporter as well as ISG15 191 

and OAS1 mRNA expression in response to IFN-β in both AGS (Fig. 4A and C) and HK1 192 

(Fig 4B and D) cells. Our analysis was also extended to EBV-negative Akata cells derived 193 

from Burkitt’s lymphoma (41). Expression of BGLF2 through a lentiviral vector was found to 194 

suppress IFN-β-induced expression of ISG15 and OAS1 mRNAs in Akata cells (Fig. 4E, bar 195 

4 compared to 3, and bar 8 compared to 7). The milder suppressive effect was plausibly due 196 

to suboptimal lentiviral transduction or BGLF2 expression. Collectively, BGLF2 acts as a 197 

potent suppressor of IFN signaling in both epithelial and B cells.   198 

Inhibition of JAK-STAT signaling by BGLF2 is independent of JNK, p38, AP1 and 199 

NFκB pathways. BGLF2 has been reported to stimulate p38 and JNK activity leading to the 200 

activation of AP1 transcription factor (20, 22). It was therefore intriguing to investigate 201 

whether the inhibitory effect of BGLF2 on IFN signaling might be mediated through p38 or 202 

JNK. BGLF2 is known to lose its ability to activate AP1 upon removal of 66 amino acids 203 

from C terminal of protein (22). Indeed, truncation of either N or C terminal of BGLF2 204 

resulted in almost complete abrogation of its AP1-activating property (Fig. 5A, bars 3 and 4 205 

compared to 2). Both truncated forms of BGLF2, when expressed to comparable levels to that 206 

of wild-type (WT) BGLF2 in transfected cells (Fig. 5B), were also unable to suppress IFN-β-207 

induced activation of ISRE-Luc activity (Fig. 5C, bars 7 and 8 compared to 6). These results 208 

suggested that an overlapping functional domain or conformation might be required for the 209 

ability of BGLF2 to modulate AP1 and ISRE activity. To further investigate this possibility, 210 

we employed SB203580 and SP600125 that are highly specific pharmaceutical inhibitors of 211 

p38 and JNK, respectively. In a control experiment, these inhibitors were fully capable of 212 

suppressing the expression of tumor necrosis factor  (TNF-α) mRNA (Fig. 5D), which 213 

requires p38 and JNK activity (42). The IFN-inhibitory effect of BGLF2 was unaffected upon 214 

treatment with SB203580 and SP600125, individually or combined (Fig. 5E, bars 8-10 215 

compared to 7). Consistent with this, expression of a dominant inactive (DI) form of JNK 216 



9 
 

(43), which exhibited a pronounced suppressive effect on the activation of AP1-Luc activity 217 

by a dominant active form of Ras named RasV12 (Fig. 5F, bar 4 compared to 2), a known 218 

activator of JNK (44, 45), had no influence on the suppression of IFN-β-induced activation of 219 

ISRE activity by BGLF2 (Fig. 5G, bar 8 compared to 6). Hence, the suppression of IFN 220 

signaling by BGLF2 was most likely independent of p38 and JNK activation as well as the 221 

consequent activation of AP1.  222 

An inhibitory effect of BGLF2 on NF-B signaling has also been suggested (23). 223 

Generally consistent with this, expression of BGLF2 was found to suppress TNF--induced 224 

activation of B-Luc activity (Fig. 5H, bar 4 compared to 3). The NF-B activity induced by 225 

TNF-was completely erased when an IκB super-repressor, in which S32A S36A mutations 226 

had been introduced to inactivate the phosphorylation sites (42), was expressed to inhibit NF-227 

κB signaling (Fig. 5H, bars 5-8). Since the expression of IB super-repressor had no 228 

influence on the inhibitory effect of BGLF2 on IFN-β-induced activation of ISRE-Luc 229 

activity (Fig. 5I, bars 7 and 8 compared to 3 and 4), the potent suppression of IFN-β signaling 230 

by BGLF2 was unlikely due to its mild inhibitory effect on NF-B signaling. Likewise, 231 

although expression of a previously described (46) dominant inactive form of IKK-β (IKK-β-232 

DI) effectively erased B-Luc activity (Fig. 5J, bars 5 and 6 compared to 1 and 2), BGLF2-233 

dependent suppression of IFN-β-induced activation of ISRE-Luc activity was not affected 234 

(Fig. 5K, bar 8 compared to 6). These results did not support the notion that the suppressive 235 

effect of BGLF2 on IFN-β signaling might be mediated through inhibition of NF-B.   236 

We next assessed the direct effect of BGLF2 on JAK-STAT signaling. As the first step, 237 

the impact of BGLF2 on STAT1 and STAT2 expression and phosphorylation was examined. 238 

When BGLF2 was expressed in IFN-β-treated HEK293 cells, the steady-state levels of 239 

STAT2 protein decreased (Fig. 6A, lanes 2-4). Likewise, less STAT2 protein was detected 240 

when BGLF2 was expressed in IFN-β-treated AGS cells (Fig. 6B). The inhibitory effect of 241 

BGLF2 on IFN-β-induced elevation of p-STAT2 level was also seen (Fig. 6C, lane 4 242 

compared to 3). However, this was ascribed primarily to the reduction of total STAT2 protein 243 

since the relative amount of p-STAT2 versus total STAT2 remained unchanged (Fig. 6C, lane 244 

4 compared to 3). In contrast, BGLF2 showed no effect on total STAT1 protein levels, 245 

instead the phosphorylation of STAT1 was reduced upon induction by IFN-β or IFN- (Fig. 246 

6D). The same pattern was also observed in AGS cells (Fig. 6E). BGLF2 was found to 247 

interact with both STAT1 and STAT2 as analyzed by co-immunoprecipitation assay in 248 
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HEK293 cells. Both STAT1 and STAT2 but not SHP2 as a negative control were detected in 249 

the immunoprecipitate that contains Flag-tagged BGLF2 (Fig. 5F, lane 2 on the right; Fig. 250 

5G, lane 4 and Fig. 5H, right panel, lane 3). Reciprocally, BGLF2 was found in the 251 

immunoprecipitates containing myc-tagged STAT1 or STAT2 (Fig. 5H and I, left panel, lane 252 

1 or 3). Thus, BGLF2 interacts with STAT1 and STAT2 to modulate their expression and 253 

activation.    254 

BGLF2 reduces STAT1 phosphorylation by recruiting SHP1 phosphatase. BGLF2 255 

was found to reduce the phosphorylation of STAT1 when induced with IFN-β or IFN-γ, 256 

while the total STAT1 remained unchanged in the absence and presence of BGLF2. SOCS 257 

proteins are not only expressed as negative feedback regulators for IFN signaling but also 258 

induced by viral proteins to downregulate IFN signaling (17). Particularly, SOCS1 and 259 

SOCS3 have been reported to be mostly induced by viral proteins to inhibit JAK or STAT 260 

phosphorylation (47-49). Therefore, the possible involvement of SOCS1 or SOCS3 in 261 

BGLF2-mediated inhibition of STAT1 phosphorylation was explored. Although mRNA 262 

levels of SOCS1 and SOCS3 were induced up to 1.5-fold in the presence of BGLF2 as 263 

measured by RT-qPCR (Fig. 7A), no significant difference in their protein levels was found 264 

in Western blotting, in the absence and presence of BGLF2 (Fig. 7B).  265 

In addition to SOCS proteins, tyrosine phosphatases are also critically involved in the 266 

regulation of JAK-STAT signaling (16). To shed light on this, HEK293 cells overexpressing 267 

BGLF2 were treated or left untreated with sodium orthovanadate (Na3VO4), a broad-268 

spectrum inhibitor of tyrosine phosphatases (50). Upon treatment with IFN-β, the level of p-269 

STAT1 was restored when treated with Na3VO4, even in the presence of BGLF2 (Fig. 7C, 270 

lane 6 compared to 4 and 5). To identify the tyrosine phosphatase involved, a series of RNA 271 

interference (RNAi) experiments were performed with small interfering RNAs (siRNAs) and 272 

SHP1 was singled out as a strong candidate. SHP1 is a protein tyrosine phosphatase which 273 

acts as a negative regulator of JAK-STAT signaling by targeting key components of the 274 

pathway (16, 50). Further experimental validation was therefore carried out. SHP1 was 275 

knocked down in HEK293 cells using standard siRNA. A knockdown efficiency of 60% to 276 

80% at the level of SHP1 transcript or protein was achieved for siSHP1 (Fig. 7D and E, bar 2 277 

compared to 1). The level of p-STAT1 was restored in the presence of BGLF2 and siSHP1, 278 

suggesting the involvement of SHP1 tyrosine phosphatase in BGLF2-mediated p-STAT1 279 

reduction (Fig. 7F, lane 6 compared to 4). Although total protein levels of SHP1 remained 280 

unchanged in the presence and absence of BGLF2 (Fig. 6G), both SHP1 and BGLF2 were 281 
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found to associate with STAT1 (Fig. 7H, lane 2 compared to 1 on the right).  These results 282 

are consistent with the notion that BGLF2 might recruit SHP1 to the STAT1 signalosome. 283 

Since SHP1 might also mediate dephosphorylation of other key kinases in JAK-STAT 284 

signaling such as JAK1 and TYK2 (16), which have been shown to be targeted by BGLF2 285 

(27), we expanded our analysis to p-JAK1 and p-TYK2 in HEK293 cells overexpressing 286 

BGLF2. Interestingly, when JAK1 and TYK2 phosphorylation was induced by treatment 287 

with IFN-β for 5 or 10 min, the levels of p-JAK1 and p-TYK2 were diminished when BGLF2 288 

was overexpressed (Fig. 7I, lane 4 compared to 3, and lane 6 compared to 5). It will be of 289 

interest to see whether this suppressive effect might also be mediated through SHP1. 290 

BGLF2 promotes STAT2 degradation through proteasomal degradation pathway. 291 

The possible destabilizing effect of BGLF2 on STAT2 protein prompted us to explore further 292 

whether proteasomal degradation of STAT2 might be affected. Treatment of HEK293 cells 293 

with proteasomal inhibitor MG132 restored STAT2 protein level in the presence of BGLF2 294 

(Fig. 8A, lane 3 compared to 2), which suggested that BGLF2 might facilitate proteasomal 295 

degradation of STAT2.  296 

To test whether BGLF2 can affect the ubiquitination state of STAT2, Flag-tagged 297 

BGLF2, myc-tagged STAT2 and HA-tagged ubiquitin were expressed in combinations as 298 

shown in Fig. 8B in HEK293 cells. STAT2 was immunoprecipitated using anti-myc antibody 299 

and the precipitates were blotted for STAT2-myc and ubiquitin-HA. Notably, STAT2 300 

ubiquitination was enhanced in the presence of BGLF2 as compared to without BGLF2 (Fig. 301 

8B, lane 3 compared to 2). Ubiquitin-K0 was used as another control as it is the lysine-free 302 

form of ubiquitin with all lysine residues replaced by arginine, thereby preventing 303 

ubiquitination (51). Indeed, no STAT2 ubiquitination ladder was observed when ubiquitin-K0 304 

was expressed (Fig. 8B and C, lane 4). Furthermore, co-immunoprecipitation was also 305 

performed to verify K48-linked poly-ubiquitination of STAT2. Flag-tagged BGLF2 and myc-306 

tagged ubiquitin were expressed in various combinations in HEK293 cells (Fig. 8C). 307 

Endogenous STAT2 was pulled down with anti-STAT2 antibody and the samples were 308 

analyzed by Western blotting. A smear of poly-ubiquitin chains was observed upon 309 

expression of wild-type ubiquitin and its K63R mutant, in which lysine 63 had been replaced 310 

by arginine (Fig. 8C, lanes 3 and 5). This suggested that K63-linked ubiquitination is unlikely 311 

involved. In contrast, no ubiquitination smear was observed in the case of K48R mutant 312 
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where lysine 48 had been replaced by arginine (Fig. 8C, lane 6). Hence, K48-linked 313 

ubiquitination of STAT2 was enhanced when BGLF2 was expressed. 314 

Cullins that are key components of an E3 ubiquitin ligase complex have previously been 315 

implicated in viral induction of STAT2 degradation (52, 53). After multiple attempts to 316 

explore possible interaction between cullins and STAT2, cullin 1 was found to associate with 317 

STAT2 in the presence of BGLF2 (Fig. 8D, lane 3 compared to 2). Among three siRNAs that 318 

target cullin 1, siCul1-2 was found to be capable of achieving more than 90% knockdown 319 

efficiency constantly (Fig. 8E) and was therefore chosen for further knockdown experiments 320 

in HEK293 cells. When cullin 1 expression was depleted by siCul1-2, the level of STAT2 in 321 

BGLF2-expressing cells was restored (Fig. 8F, lane 4 compared to 2 and 3). As inferred from 322 

co-immunoprecipitation experiment, BGLF2 interacts with cullin 1 in HEK293 cells (Fig. 323 

8G, lane 2 compared to 1). Thus, BGLF2 might interact with cullin 1 to facilitate its 324 

recruitment to STAT2, leading to ubiquitination and degradation of the latter.   325 

BGLF2 facilitates EBV infection and reactivation by perturbing type I IFN 326 

signaling. Since M81 strain of EBV is GFP-marked, infected cells could be easily identified 327 

as GFP-positive cells. This was harnessed to study the impact of IFN-β and BGLF2 328 

expression on EBV infection. In HEK293 cells pre-treated with IFN-β, the infectivity of EBV 329 

was reduced as compared to the mock-treated group (Fig. 9A, panel 2 compared to 1). This 330 

phenotype was reversed when BGLF2 was overexpressed in the cells before IFN treatment 331 

(Fig. 9A, panel 3 compared to 2 and 1). The trend was confirmed by flow cytometric analysis 332 

of GFP-positive cells (Fig. 9A, right panels). Consistently, the EBV genome copy number 333 

was also reduced when cells were treated with IFN-β (Fig. 9B, bar 2 compared to 1). The 334 

genome copy number was again restored when BGLF2 was expressed before IFN-β 335 

treatment. In addition, BGLF2 effectively reversed IFN-β-induced suppression of the 336 

expression of EBV lytic genes (BLLF1/gp350, BMRF1 and BRLF1/Rta) in M81-infected 337 

HEK293 cells (Fig. 9C, bars 4, 8 and 12). Therefore, BGLF2 prevents IFN-β-mediated 338 

inhibition of EBV infection.  339 

Latently infected EBV-positive gastric carcinoma cell line AGS-EBV was next used to 340 

study the effect of type I IFN on EBV lytic reactivation. The cells were treated with 12-O-341 

tetradecanoylphorbol-13-acetate (TPA) to induce lytic reactivation and showed a higher 342 

expression of EBV lytic genes including immediate-early genes BZLF1/Zta and BRLF1/Rta, 343 

early gene BMRF1 and late lytic gene BLLF1, as compared to the control group which was 344 
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only treated with DMSO (Fig. 9D). When cells were treated with IFN-β, expression of lytic 345 

genes induced by TPA was dampened (Fig. 9D, bars 3, 6, 9 and 12). Therefore, while 346 

treatment of EBV-positive cells with TPA induced the lytic cycle accompanied by higher 347 

expression of early and late lytic genes, their expression was inhibited by type I IFN. 348 

To shed light on the physiological significance of BGLF2 in the context of EBV 349 

replication, infection and reactivation, recombinant EBV mutant defective of BGLF2 was 350 

constructed by bacmid recombineering technology on the p2089 bacmid of B95-8 strain of 351 

EBV (54, 55). Two codons in the BGLF2 region were replaced with stop codons and one 352 

nucleotide was deleted to create a frameshift, leading to complete disruption of the BGLF2 353 

open reading frame. The desired mutation was found in multiple bacmids as confirmed by 354 

sequencing (Fig. 10A). The genomic integrity of the mutant bacmids was determined by 355 

BamHI and EcoRI restriction patterning. The band patterns of WT-p2089 and its BGLF2-356 

deficient mutant (BGLF2-p2089) were identical (Fig. 10B), indicating that the mutant 357 

clones obtained were correct and intact. They were further used to establish stable HEK293 358 

cell clones carrying the WT-p2089 or ΔBGLF2-p2089 bacmid. Loss of BGLF2 mRNA 359 

expression was verified by RT-PCR (Fig. 10C) and RT-qPCR with a Taqman probe (Fig. 360 

10D). p-JNK was used as another marker for BGLF2, as previously described (20). Cells 361 

with ΔBGLF2-p2089 were found to have comparatively lower levels of p-JNK than cells 362 

carrying WT-p2089 (Fig. 10E). 363 

The lytic cycle in the HEK293 cell clones carrying WT-p2089 and ΔBGLF2-p2089 was 364 

induced by treatment with TPA and sodium butyrate (NaBt). BZLF1/Zta expression was 365 

reduced in the ΔBGLF2-p2089 clones as compared to those with WT-p2089 (Fig. 10F, bars 366 

1-6). A similar expression pattern was also observed for two other lytic genes BRLF1/Rta 367 

and BMRF2, when lytic cycle was induced in these cell clones (Fig. 10F, bars 7-18). This 368 

result is generally consistent with the expression pattern of lytic genes in cells carrying 369 

ΔBGLF2-EBV constructed by others (20). When the cells were treated with IFN-β, the 370 

induction of ISG15, ISG56 and OAS1 mRNA expression was more robust in cells carrying 371 

BGLF2-p2089 than in cells with WT-p2089 (Fig. 10G, bars 3-6, 9-12 and 15-18).  372 

Both lytic and latent genes are expressed in HEK293 cells freshly infected with M81 373 

(Fig. 1A). In contrast, EBV might enter latency in HEK293 cells stably carrying WT-p2089 374 

and ΔBGLF2-p2089. In this regard, the expression of BGLF2 lytic gene in cells harboring 375 

WT-p2089 (Fig. 10C and D) was surprising. With this in mind, we sought to analyze the 376 



14 
 

expression of BGLF2 and other lytic and latent genes by RT-PCR in three other lines of 377 

EBV-positive cells plus HEK293 cells carrying WT-p2089 (Fig. 10H). Akata and P3HR1 are 378 

B cell lines derived from Burkitt’s lymphoma (41, 56). HEK293 cells latently infected with 379 

M81 strain of EBV were also included. P3HR1 and HEK293-M81 cells were transfected with 380 

BZLF1/Zta expression plasmid to induce lytic reactivation. EBER was used a positive control 381 

for expression of EBV genes. EBNA2 and EBNA3A are latency III associated genes 382 

expressed in B cell line Akata. In contrast, only EBNA3A can be expressed in P3HR1 due to 383 

deletion of EBNA2 gene (57). The expression patterns of EBNA2 and EBNA3A mRNAs 384 

observed in Akata and P3HR1 cells (Fig. 10H, lanes 1-4) were generally as expected. 385 

Although BRLF1/Rta was detected at relatively low levels in all cells and particularly in 386 

P3HR1 cells without lytic induction, BMRF1 and BLLF1 were not detected without IgG 387 

crosslinking in Akata cells or enforced expression of BZLF1/Zta in P3HR1 cells (Fig. 10H, 388 

lanes 1 and 3). These cell lines served as a positive control for EBV lytic induction. EBNA2, 389 

EBNA3A, BMRF1 and BZLF1/Zta were undetectable in HEK293-M81 and HEK293-WT-390 

p2089 cells, with only trace amount of BRLF1/Rta detected in both lines. BGLF2 was not 391 

detected in HEK293 or EBV
-
 Akata cells (Fig. 10I, lanes 2 and 3 compared to 4 and 5). 392 

However, BGLF2 was detected in all EBV
+
 cell lines irrespective of lytic induction (Fig. 10H 393 

and I). Thus, BGLF2 expression is not unique to HEK293 cells stably carrying WT-p2089. 394 

Our results were compatible with the interpretation that the difference in ISG induction by 395 

IFN-β should be ascribed to the expression of BGLF2.    396 



15 
 

DISCUSSION 397 

We performed a functional screen to identify EBV-encoded modulators of IFN response (Fig. 398 

2) and identified BGLF2 as a multifunctional suppressor of JAK-STAT signaling (Fig. 3 and 399 

4). This function of BGLF2 was independent of its modulation of JNK, p38 or NF-B (Fig. 400 

5). BGLF2 was found to interact with STAT1, STAT2 and cullin 1 (Fig. 6 and 8). It 401 

facilitates the recruitment of tyrosine phosphatase SHP1 to STAT1 leading to the decrease of 402 

p-STAT1 levels (Fig. 7). It also recruits cullin 1 to STAT2 and promotes STAT2 403 

ubiquitination and proteasomal degradation (Fig. 8). BGLF2 suppresses JAK-STAT signaling 404 

and facilitates EBV primary infection (Fig. 9). BGLF2-deficient EBV was constructed and 405 

shown to express lytic genes less robustly upon stimulation but induce ISG expression more 406 

prominently (Fig. 10).  407 

Our findings are generally consistent with a recent report on the suppression of type I 408 

IFN signaling and promotion of EBV reactivation by BGLF2 (27), although some 409 

mechanistic details differ. While the other study emphasizes on EBV reactivation, we showed 410 

that enforced expression of BGLF2 facilitates primary infection of EBV (Fig. 9). In addition, 411 

we constructed BGLF2-deficient EBV and demonstrated more robust IFN-β signaling in the 412 

absence of BGLF2 in infected cells (Fig. 10). The suppressive effect of BGLF2 on type I IFN 413 

signaling is thought to be mediated through association of BGLF2 with TYK2 kinase and 414 

consequent inhibition of STAT1 and STAT3 phosphorylation in the other study. In our work, 415 

the levels of p-TYK2 and p-JAK1 were also shown to decrease upon expression of BGLF2 416 

(Fig. 7H). The two mechanisms suggested by the two studies might not be mutually 417 

exclusive. Hypo-phosphorylation of STAT1 could be ascribed to both inhibition of an 418 

upstream kinase such as TYK2 and action of a tyrosine phosphatase such as SHP1. Because 419 

SHP1 is known to target not only STAT1, but also TYK2, JAK1 and other targets in JAK-420 

STAT signaling (16, 50), it will be of particularly great interest to see whether BGLF2 might 421 

also recruit SHP1 to dephosphorylate and inactivate TYK2 and JAK1. We demonstrated the 422 

association of BGLF2 with STAT1 and STAT2 (Fig. 6), which is not seen in the other study. 423 

Since only a small fraction of STAT1 and STAT2 was found to be associated with BGLF2, it 424 

is not too surprising that the association is not observed in the earlier study (27). Plausibly, 425 

BGLF2 might interact with the JAK-STAT signalosome through one key component such as 426 

TYK2. In addition, BGLF2 could also recruit SHP1 tyrosine phosphatase to act on multiple 427 

components of the signalosome leading to suppression of JAK-STAT signaling. In our work, 428 

BGLF2 was capable of suppressing IFN-β- and IFN-1-induced expression of ISG15 and 429 
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OAS1 (Fig. 3B and F). In contrast, BGLF2 was shown to suppress IFN--induced expression 430 

of IRF1, IRF7 and MxA, but not ISG15, in the earlier study (27). Whether the difference 431 

might be explained by the longer duration of IFN treatment in our study remains to be 432 

determined. Importantly, our results on BGLF2 (Fig. 3B and F) are consistent with the 433 

suppression of IFN-β- and IFN-1-induced expression of ISG15 by EBV infection (Fig. 1D 434 

and E). Whereas no suppressive effect of BGLF2 on IFN- signaling was seen in the earlier 435 

study (27), a suppressive effect of both M81 infection and BGLF2 expression on the sensitive 436 

GAS-Luc reporter activity was detected in our analysis (Fig. 1F and 3C). Further 437 

investigations are required to clarify the relevance of this suppressive activity during EBV 438 

life cycle.          439 

IFN-1 displays potent antiviral activity against herpes simplex virus infection in vivo 440 

(58), but the roles of type III IFNs in EBV infection have not been well characterized. We 441 

demonstrated the suppressive effect of EBV and its BGLF2 protein on not only type I but 442 

also type III IFN signaling. Whether type III IFNs are induced by EBV and influential in 443 

EBV primary infection and reactivation remains to be determined. Our functional screen with 444 

an expression library of EBV proteins revealed that BGLF2 serves as the most potent 445 

inhibitor of IFN- signaling as indicated by the highly sensitive GAS-Luc reporter (Fig. 2B). 446 

Its inhibitory effect was even stronger than BZLF1/Zta, which has previously been shown to 447 

be a major suppressor of IFN- signaling (35). The IFN--antagonizing activity of BGLF2 448 

was further verified by using GAS-Luc reporter and IP10 mRNA expression. However, 449 

BGLF2 does not suppress IFN--induced phosphorylation of STAT1 in the published study 450 

(27). This discrepancy might be explained by the relatively mild suppressive effect of BGLF2 451 

on IFN- signaling, which was best seen with the GAS-Luc reporter (Fig. 3C). We were 452 

unable to see a significant effect of EBV primary infection on IFN- signaling (Fig. 1G). 453 

Since the assay was performed after 48 hours of infection, the role of IFN- remains to be 454 

better defined during the initial phase of infection. Interestingly, some other lytic proteins 455 

including BRLF1/Rta emerged as an activator of IFN- signaling in the same screen (Fig. 456 

2B). Plausibly, the lack of suppression by EBV might be explained by the combined effect of 457 

different lytic proteins. It will be intriguing to see how EBV-encoded suppressors and 458 

activators of IFN- signaling work together in the infected cells to achieve differential 459 

regulation of IFN- activity in favor of EBV infection.      460 

Our study identified STATs as the cellular targets of BGLF2. This effect is apparently 461 

independent of the previously demonstrated ability of BGLF2 to modulate p38, JNK or NF-462 
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B (20, 22, 23), suggesting that BGLF2 is a pleiotropic protein that targets multiple cell 463 

signaling pathways. Western blot analysis revealed that BGLF2 targets STAT1 and STAT2 464 

for dephosphorylation and degradation, respectively in HEK293 cells. Interestingly, BGLF2 465 

is not influential on STAT1 degradation or STAT2 dephosphorylation. BGLF2 interacts with 466 

both STAT1 and STAT2 but exerts an inhibitory effect on them through distinct mechanisms. 467 

The differential effect of BGLF2 on STAT1 and STAT2 might be accounted for by different 468 

binding domains, different types of conformational changes or different partners recruited by 469 

BGLF2. All STATs have a conserved SH2 domain that recognizes and binds to specific 470 

phospho-tyrosine residues of other STATs or JAKs (59). Unlike SH2 domain, other domains 471 

such as coiled-coil domain or transcriptional activation domain of STATs are less conserved. 472 

They might bind with BGLF2 to generate different effects. The binding of BGLF2 with 473 

STAT1 and STAT2 could also induce different conformation changes leading to different 474 

effects. Whereas SHP1 is the key mediator of the effect of BGLF2 on STAT1, cullin 1 might 475 

play a critical role in BGLF2-induced destabilization of STAT2. Although BGLF2 did not 476 

associate with SHP2 (Fig. 6G), whether SHP2 and additional protein tyrosine phosphatases 477 

(50, 60) as well as additional cullin-type E3 ubiquitin ligases (61) are involved in BGLF2-478 

mediated suppression of STAT1 and STAT2 remain to be elucidated. Mapping of binding 479 

domain and characterization of STAT1 or STAT2 mutants and chimeric proteins might 480 

provide new mechanistic insight on the differential regulation of STAT1 and STAT2 by 481 

BGLF2.    482 

In addition to cullins, several other E3 ubiquitin ligases such as UBR4 and PDLIM2 have 483 

also been shown to be recruited by different viral proteins to promote STAT2 ubiquitination 484 

and degradation (62-64). Other E3 enzymes involved in STAT2 destruction include FBW7 485 

(65). It is not well studied as to exactly how different E3s might cooperate with each other to 486 

mediate STAT2 ubiquitination and degradation in different physiological and pathological 487 

contexts. Cullin 1 is a key component in the SCF complex representative of a large family of 488 

cullin-RING E3 ubiquitin ligases (61). Our finding lent further support to a possible role of 489 

SCF complex in the degradation of STAT2. To validate this, the role of SKP1 and cullin 1 in 490 

STAT2 ubiquitination and degradation should be further investigated.  491 

Our work confirmed the inhibitory effect of IFN-β on not only EBV primary infection 492 

but also reactivation. Our results suggested a critical role of IFN-β in the expression of lytic 493 

genes and possibly also in lytic-latent switch. We further constructed ΔBGLF2-p2089 cell 494 

lines to determine the role of BGLF2 in the context of EBV infection. Consistent with a role 495 
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of BGLF2 in the lytic phase (19, 21), the ΔBGLF2-p2089 cells were found to be less capable 496 

of expressing early (BZLF1 and BRLF1) and late lytic (BMRF2) genes as compared to the 497 

WT-p2089 cells. The inhibition of lytic replication might be further investigated by 498 

quantifying EBV virions in the supernatant after induction of lytic cycle. Interestingly, the 499 

expression of Rta and EA-D/BMRF1 proteins were found to be unaffected in ΔBGLF2-500 

p2089 cells transfected with a Zta plasmid in a recent study (19). One important difference 501 

between this study and ours is noteworthy. In our work, Zta induction by TPA plus NaBt was 502 

much less efficient in ΔBGLF2-p2089 cells (Fig. 10F). This is generally consistent with the 503 

notion that BGLF2 plays an important role in the induction of Zta expression (20). Whether 504 

enforced expression of Zta in the other study might be accounted for more pronounced 505 

expression of Rta and EA-D proteins in ΔBGLF2-p2089 cells remains to be investigated.  506 

The ΔBGLF2-p2089 cells were found to have a more robust induction of ISGs in response to 507 

IFN-β treatment (Fig. 10G). Plausibly, the reduced expression of lytic genes might also be 508 

ascribed to the enhanced expression of ISGs in ΔBGLF2-p2089 cells.  509 

Interestingly, the difference in ISGs in WT-p2089 and ΔBGLF2-p2089 cells was 510 

observed in cell lines that were supposed to be in latent phase of EBV replication. 511 

Considering that the effect was solely due to loss of BGLF2, there could be two possibilities. 512 

First, the cells were undergoing a spontaneous lytic cycle, where BGLF2 was expressed in 513 

the WT-p2089 cells, causing the suppression of ISG expression. Second, BGLF2 was also 514 

expressed in latent phase similar to BZLF1 and BRLF1 (66). Further analysis of the latent 515 

and lytic gene expression in WT-p2089 and other cell lines provided some clues and hints. 516 

Weak detection of BRLF1 in cells that were not induced for lytic replication did lend some 517 

support to the notion that some cells might spontaneously undergo lytic reactivation or 518 

express some lytic genes, although BMRF1 and BLLF1 mRNAs were not very abundant in 519 

M81 and WT-p2089 cells. Intriguingly, BGLF2 was found to be expressed in all cell lines 520 

even without lytic induction, which could suggest that the cells might be expressing some 521 

levels of BGLF2 during latency as well. If this claim is true, the expression of BGLF2 should 522 

be assessed in EBV-associated nasopharyngeal carcinoma, gastric carcinoma and Burkitt’s 523 

lymphoma samples. Possible expression of BGLF2 during latency phase might have 524 

important implications in EBV biology. Further investigations are required to rectify this 525 

finding.    526 

BGLF2 is highly conserved among all strains of EBV. It is also homologous structurally 527 

and functionally to UL16 of herpes simplex virus 1, ORF33 of murine gammaherpesvirus 68, 528 

UL94 of cytomegalovirus, ORF44 of varicella zoster virus and ORF33 of Kaposi’s sarcoma-529 
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associated herpesvirus. BGLF2 homologs in other herpesviruses can also induce cell cycle 530 

arrest (22, 24). In addition, they also inhibit type I IFN signaling through a similar 531 

mechanism (27). It is not surprising if they can also recruit SHP1 and cullin 1 to suppress 532 

JAK-STAT signaling. They might also suppress IFN production and signaling through other 533 

mechanisms.  534 

Other EBV-encoded tegument proteins such as BKRF4, BSRF1, BGLF4 and BBLF1 535 

have previously been shown to play important roles in EBV infection (24, 67). A few EBV 536 

tegument proteins such as BPLF1, BLRF2, BNRF1 and BGLF4 have already been reported 537 

to exhibit innate immunomodulatory function (5). There is a common theme in herpesviruses 538 

that tegument proteins are used to antagonize IFN production and signaling. More examples 539 

will be revealed in the coming years. In this regard, BGLF2 is known to interact with other 540 

tegument proteins BKRF4 and BBLF1 (18, 19, 21). Whether and how BKRF4 and BBLF1 541 

might influence the suppressive effect of BGLF2 on IFN signaling merit further 542 

investigations.   543 

  544 
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MATERIALS AND METHODS 545 

Plasmid constructs, cell culture, transfection and drug treatment. All key plasmids 546 

and cell lines have been previously described (18, 37, 43-46, 51, 68-70). Expression construct 547 

for BGLF2 of the B95.8 strain of EBV was originally in the expression library of EBV genes 548 

(18, 71). kindly provided by Prof. Lori Frappier from University of Toronto (Toronto, 549 

Canada). Gene juice (Millipore) was used as a transfection reagent for HEK293 and 550 

HEK293-M81 cells according to the manufacturer’s protocol. Mirus, a keratinocyte 551 

transfecting reagent obtained from MirusBio, was used as a transfection reagent for AGS and 552 

HK1 cell lines. siRNA was transfected using Lipofectamine 2000 (Invitrogen). Proteasomal 553 

inhibitor MG132 was obtained from Sigma and 10 μM of MG132 was added to the cells for 6 554 

hours. Sodium orthovanadate was added to cells to obtain a final concentration of 200 μM 555 

and incubated for 1 hour at 37 ֯C, followed by IFN treatment for 30 min. p38 and JNK 556 

inhibitors SB203580 (InvivoGen) and SP600125 (Sigma) were added to obtain a final 557 

concentration of 5 μM and 20 μM, respectively and incubated for 1 hour at 37 ֯C before IFN 558 

treatment. TPA was purchased from Cell Signaling. MG132 was from Sigma. Human IFN-β 559 

was from PBL Assay Science. Human IFN-1 and IFN- were from PeproTech. 560 

EBV infection and lytic induction. Infection of HEK293 cells with cell-free M81 or 561 

BX1 virus was performed as described (36). Lytic induction was conducted in HEK293-M81 562 

cells by treatment with TPA or transfection with BZLF1/Zta construct. Cells in a 10-cm cell 563 

culture dish were treated with 20 ng/ml TPA or transfected with 4 μg each of BZLF1/Zta and 564 

gp110 constructs. The medium was changed after 24 hours and the supernatant was collected 565 

after 72 hours of treatment or transfection. The medium was filtered through a 1.2-micron 566 

filter and then centrifuged in centrifugal filter unit at 3000 rpm for 30 min. The concentrated 567 

virus was then used to infect the cells in a 6-well plate and incubated for 24 hours at 37 ֯C 568 

followed by replenishment with fresh RPMI1640 medium. The virus-infected GFP-positive 569 

cells were visualized under microscope after 48 hours of infection. 570 

DNA, RNA and protein analysis. qPCR, RT-PCR, RT-qPCR, co-immunoprecipitation 571 

and Western blotting were performed essentially as described (37, 68-70). Primer and probe 572 

sequences will be provided upon request. Antibodies to p-STAT1, p-JAK1 and p-TYK2 were 573 

from Cell Signaling. Anti-p-STAT2 was from R&D Systems. Antibodies to β-actin and Flag 574 

were from Sigma. Anti-V5 was from Invitrogen. Anti-SOCS1 was from Abcam. Mouse anti- 575 

myc for immunoprecipitation was from Roche. All other primary antibodies were from 576 

Santa- 577 
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Cruz. ECL secondary antibodies were from GE Healthcare. Dynabeads M280 conjugated to 578 

anti-rabbit or anti-mouse secondary antibodies and recombinant protein G agarose beads 579 

were bought from Invitrogen. 580 

Construction of BGLF2 mutant. EBV bacmid p2089 derived from the B95.8 strain of 581 

EBV was kindly provided by Wolf Hammerschmidt from German Center for Infection 582 

Research (55). BGLF2-p2089 was constructed by inserting two premature stop codons and 583 

one frameshift deletion into the region coding for the N-terminus of BGLF2. Homologous 584 

recombination was carried out in E. coli by using the galK selection method (72). In brief, the 585 

galK expression cassette for the first recombination was generated by PCR using pMOD4-586 

galK-G, kindly provided by Soren Warming from National Cancer Institute, USA, as the 587 

template and primers 5- TGTAGACGGT CACATAGGTG GGCTTCTTCT 588 

TGGGCTTCAG CACAATGAGG CCTGTTGACA ATTAATCATC GGCA-3 (BGLF2-589 

galK-forward) and 5- TCTATACGGC CACAACTGCC GTGTCAGCTG TGTACGTGCC 590 

TCAGATAGCC TCAGCACTGT CCTGCTCCTT-3 (BGLF2-galK-reverse). The 591 

replacement fragment with desired mutations for the second recombination was synthesized 592 

by Life Technology and annealed by PCR using primers 5-ACATAGGTGG GCTTCTTCTT 593 

GGGCTTCAGC ACAATGAGGG TACATTCTACT AGGTTTAAGG AGGTCCGGCT 594 

ATCTGAGGCA CGTACACAGC TGACACGG-3 (BGLF2-mutation-sense) and 5- 595 

CCGTGTCAGC TGTGTACGTG  CCTCAGATAG CCGGACCTCC  TTAAACCTAG 596 

TAGAATGTAC CCTCATTGTG CTGAAGCCCA AGAAGAAGCC CACCTATG-3 597 

(BGLF2-mutation-antisense). Recombination was confirmed by PCR, DNA sequencing as 598 

well as BamHI and EcoRI restriction patterning. Primers for specific amplification of WT-599 

BGLF2 but not -BGLF2 by RT-PCR were 5- GTTCCTCAAC AAGGAGTGCC T-3 600 

(forward) and 5-CAATGAGGGT AACATTCATG-3 (reverse). Primers and Taqman probe 601 

for RT-qPCR analysis of WT-BGLF2 were 5-TGAGAGTCAG GCTGTGTGG-3' (forward), 602 

5-AATGGAACC CTAGCCACCG-3 (reverse) and 5-6FAM-GGACTGCCTT 603 

AGTGAAGAGA ACCTCG-MGB-3' (probe). BGLF2-p2089 bacmid was transfected into 604 

HEK293 cells to establish the virus producing cell lines. Cells were selected by 70 μg/ml 605 

hygromycin B and the GFP-positive cell colonies were obtained after 2 weeks. The 606 

successful clones were verified by RT-PCR detection of EBER. 607 
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Statistical analysis. All tests were performed with three biological replicates and the 608 

statistical significance was assessed using two-tailed paired Student’s t-tests. The results were 609 

expressed as mean ± standard deviation (SD). The significance was reported as p-value with 610 

p < 0.05 denoted as , p < 0.01 as , and p < 0 .001 as .  611 
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FIGURE LEGENDS 828 

FIG 1 Suppression of IFN signaling by EBV. M81 or BX1 strain of EBV was used to infect 829 

HEK293 cells. Cells were treated with IFN after 24 hours of infection and harvested after 830 

another 24 hours. Error bars represent SD (n=3). (A) RT-PCR analysis of selected lytic and 831 

latent genes in M81-infected HEK293 cells. Cells were harvested 48 hours after infection. (B, 832 

C) ISRE-Luc luciferase reporter assays. pISRE-Luc firefly luciferase reporter was transfected 833 

into HEK293 cells before infection, along with pSV-Rluc Renilla luciferase plasmid as an 834 

internal control. The ISRE promoter was induced with treatment of 1000 U/ml IFN-β or 100 835 

ng/ml IFN-λ1 for 24 hours. Cells were lysed and results were represented as fold activation. 836 

The difference between mock- and M81- or BX1-infected samples was found to be 837 

statistically significant.  (D, E) RT-qPCR analysis of ISG mRNAs responsive to IFN-β or 838 

IFN-1. Relative mRNA level was presented as fold activation. The difference between 839 

mock- and EBV-infected samples was found to be statistically significant. (F) GAS-Luc 840 

reporter assay. Cells were treated with 50 ng/ml IFN-γ for 24 hours. The results were 841 

represented as fold activation. The difference between mock- and EBV-infected samples was 842 

found to be statistically significant. (G) RT-qPCR analysis of ISG mRNAs responsive to 843 

IFN-The difference between mock- and EBV-infected samples was not significant (ns) 844 

statistically (p > 0.05).  845 

 846 

FIG 2 Screening of EBV proteins for modulators of type I and type II IFN signaling. 847 

Individual plasmid constructs expressing EBV proteins were transfected into HEK293 cells 848 

along with pISRE-Luc (A) or pGAS-Luc (B) plus pSV-Rluc as an internal control. The ISRE 849 

and GAS promoters were induced by treatment with 1000 U/ml of IFN-β and 50 ng/ml of 850 

IFN-γ, respectively for 24 hours. Relative luciferase activity was represented as fold 851 

activation. The mock group transfected with an empty vector is highlighted in red, which was 852 

used as a reference to determine the activation or suppression of the two reporters. The 853 

BGLF2 group is in green. 854 

 855 

FIG 3 Suppression of IFN signaling by BGLF2 in HEK293 cells. (A) Dose dependence of 856 

the suppressive effect of BGLF2. Increasing doses of BGLF2 plasmid were transfected into 857 

HEK293 cells. Indicated group of cells were stimulated with IFN-β. Expression of BGLF2 858 
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was verified by Western blotting (bottom panel). (B) RT-qPCR analysis of ISG15 and OAS1 859 

mRNA in response to IFN-β. Zika virus NS5 served as a positive control. Expression of 860 

ISG15 protein in IFN-β-treated cells was verified by Western blotting (bottom panel). Ratios 861 

of ISG15 protein level normalized to that of β-actin were derived by densitometry. (C) GAS-862 

Luc luciferase assay in IFN--treated HEK293 cells. (D) RT-qPCR analysis of IP10 mRNA 863 

induced by IFN-. The mock group was transfected with an empty vector. (E) ISRE-Luc 864 

reporter assay in IFN-1-treated cells. The ISRE activity was induced by treatment with 1000 865 

U/ml of IFN-β or 100 ng/ml of IFN-λ1. An empty plasmid was used in the mock-transfected 866 

group. (F) RT-qPCR analysis of ISG15 and OAS1 mRNA in response to IFN-. 867 

 868 

FIG 4 Suppression of IFN signaling by BGLF2 in AGS, HK1 and Akata cells. (A-D) 869 

ISRE-Luc reporter assays and RT-qPCR analysis of ISG mRNAs in AGS and HK1 cell lines 870 

expressing BGLF2. An empty plasmid was used in the mock transfection. (E) RT-qPCR 871 

analysis of ISG mRNAs in Akata cells expressing BGLF2. EBV-negative Akata cells were 872 

transduced with a lentiviral vector expressing BGLF2. The negative control group was mock-873 

transduced with an empty lentiviral vector. 874 

 875 

FIG 5 BGLF2 targets STATs in JAK/STAT signaling, independently of p38, AP1 or NFκB. 876 

(A) AP1-Luc reporter assay with BGLF2 truncated mutants. N-BGLF2 and C-BGLF2 lack 877 

66 amino acids at the N and C termini, respectively. (B) Western blot analysis of WT and 878 

truncated BGLF2 proteins. (C) ISRE-Luc reporter assay with BGLF2 truncated mutants in 879 

the absence and presence of IFN-β. (D) Effect of p38 and JNK inhibitors on TNF- mRNA 880 

expression. HEK293 cells were mock-treated with DMSO or treated with increasing 881 

concentrations of SB203580 and SP600125, respectively, for 2 hours at 37 °C. (E) Effect of 882 

p38 and JNK inhibitors on ISRE-Luc reporter activity activated by IFN-β. p38 inhibitor 883 

SB203580 (5 μM), JNK inhibitor SP600125 (20 μM) or both were added for 1 hour before 884 

treatment with IFN-β for 24 hours. (F) Effect of dominant inactive JNK on RasV12-induced 885 

activation of AP1-Luc activity. A dominant active form of Ras known as RasV12 (45) and a 886 

dominant inactive form of JNK designated JNK-DI, which is the APF mutant of JNK1 (43), 887 

were used. The positive JNK control in this experiment is a dominant active form of JNK1 888 

known as MKK7B2Jnk1a1 (43). (G) Effect of dominant inactive JNK on BGLF2-dependent 889 

activation of ISRE-Luc activity. (H) Effect of IB super-repressor on BGLF2-induced 890 
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suppression of NFB. κB-Luc reporter was stimulated by treatment with 30 ng/ml of TNF-α 891 

for 20 hours. (I) Effect of IB super-repressor on BGLF2-induced suppression of ISRE-Luc 892 

activity. IκB super-repressor was expressed in cells for 24 hours. Cells were then treated with 893 

IFN-β for another 24 hours. (J, K) Effect of dominant inactive IKK-β (IKK-β-DI) on BGLF2 894 

modulation of κB-Luc and ISRE-Luc activity: A previously described (44) dominant inactive 895 

form of IKK-β (IKK-β-DI) was used. WT IKK-β served as a positive control. An empty 896 

plasmid was used in the mock transfection. ns: not significant statistically.  897 

 898 

FIG 6 BGLF2 targets STATs in JAK/STAT signaling. (A-E) Influence of BGLF2 on STAT1 899 

and STAT2 expression and phosphorylation. BGLF2 was overexpressed in HEK293 (A, C 900 

and D) and AGS (B and E) cells and after 48 hours, cells were left untreated or treated with 901 

1000 U/ml of IFN-β or 50 ng/ml of IFN-γ for 30 min. Cell lysates were collected for analysis 902 

of p-STAT1, p-STAT2, total STAT1 and total STAT2 protein levels by Western blotting. β-903 

actin was used as an internal control. The BGLF2-negative control group was mock 904 

transfected with an empty vector. Relative STAT2 and p-STAT1 amounts normalized to β-905 

actin as well as the relative amount of p-STAT2 versus total STAT2 were assessed by 906 

densitometry. (F-I) Association of BGLF2 with STAT1 and STAT2 but not SHP2. BGLF2-907 

Flag alone (F and G) or together with either STAT1-myc (B) or STAT2-myc (C) were 908 

overexpressed in HEK293 cells for 48 hours before treatment with 10 μM MG132 for 4 909 

hours. Cell lysates were collected, and co-immunoprecipitation was performed using anti-910 

Flag or anti-myc antibody. Endogenous or myc-tagged STAT1, STAT2 and SHP2 were 911 

probed by Western blotting. 912 

 913 

FIG 7 BGLF2 recruits SHP1 tyrosine phosphatase to result in STAT1 dephosphorylation. (A, 914 

B) Effect of BGLF2 on SOCS1 and SOCS3 expression. BGLF2 was overexpressed in 915 

HEK293 cells. The mock group was transfected with an empty vector. Levels of SOCS1 and 916 

SOCS3 mRNA and protein were analyzed by RT-qPCR (A) and Western blotting (B). (C) 917 

Effect of Na3VO4 on suppression of IFN-β-induced STAT1 phosphorylation by BGLF2. 918 

BGLF2 was overexpressed in HEK293 cells. Cells were then treated with 200 μM Na3VO4 919 

for 1 hour at 37 ֯C, after 48 hours of transfection. Cells were subsequently treated with IFN-β 920 

for 30 min. Cell lysates were collected for Western blotting. (D-F) Impact of SHP1 921 

knockdown on suppression of IFN-β-induced elevation of p-STAT1 by BGLF2. siSHP1 was 922 
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used to knock down the expression of SHP1 in HEK293 cells. The mRNA and protein levels 923 

of SHP1 were analyzed by RT-qPCR (D) and Western blotting (E), respectively. The effect 924 

of siSHP1 on p-STAT1 levels was analyzed by Western blotting (F). (G) Impact of BGLF2 925 

on SHP1 protein expression. (H) BGLF2 recruits SHP1 to STAT1 complex. SHP1 and 926 

BGLF2-Flag were overexpressed in HEK293 cells for 48 hours. Cell lysates were collected 927 

and co-immunoprecipitation was performed using anti-STAT1 antibody to pull down 928 

endogenous STAT1 and the association with SHP1 was analyzed by Western blotting in the 929 

absence and presence of BGLF2. (I) Impact of BGLF2 on JAK1 and TYK2 phosphorylation. 930 

Cells were left untreated or treated with 1000 U/ml of IFN-β for 5 and 10 min after 48 hours 931 

of transfection. The cell lysate was collected and analysed for p-JAK1, p-TYK2, total JAK1 932 

and total TYK2 protein levels by Western blotting. 933 

 934 

FIG 8 BGLF2 promotes K48-linked poly-ubiquitination and degradation of STAT2. (A) 935 

Effect of MG132. BGLF2 was overexpressed in HEK293 cells. Cells were treated with 10 936 

μM MG132 for 6 hours. Total STAT2 protein levels in the presence and absence of MG132 937 

and BGLF2 were determined by Western blotting. β-actin served as an internal control. (B) 938 

STAT2 ubiquitination assay. BGLF2-Flag and STAT2-myc were overexpressed in HEK293 939 

cells individually, or together with HA-tagged ubiquitin (Ub). After 40 hours of transfection, 940 

cells were treated with MG132 for 6 hours. Cell lysates were collected, and co-941 

immunoprecipitation assay was performed using anti-myc antibody. Ubiquitination of 942 

STAT2 was analyzed by Western blotting. (C) Analysis of ubiquitin mutants. BGLF2-Flag 943 

plus wild-type (WT) or mutant forms of ubiquitin-myc were overexpressed in HEK293 cells. 944 

Cells were treated with MG132 for 6 hours, after 40 hours of transfection. Cell lysate were 945 

collected, and co-immunoprecipitation assay was performed using anti-STAT2 antibody and 946 

ubiquitination was analyzed by Western blotting. (D) Recruitment of cullin 1 to STAT2. 947 

BGLF2-Flag and cullin1-myc were overexpressed in HEK293 cells individually or together. 948 

Cells were treated with MG132 for 6 hours, after 40 hours of transfection. Co-949 

immunoprecipitation assay was performed reciprocally, using anti-STAT2 and anti-myc 950 

antibodies and analyzed by Western blotting. (E, F) Three siRNAs were used to knockdown 951 

cullin 1 in HEK293 cells (E). BGLF2 was overexpressed in HEK293 cells with control 952 

siRNA or siCul1-2. Cell lysates were collected after 48 hours of transfection and analyzed by 953 

Western blotting for STAT2 protein levels (F). Results from three independent experiments 954 

were shown in the lower panel. The difference between the indicated samples was not 955 
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significant (ns) statistically (p > 0.05).  (G) Association of BGLF2 with cullin 1. Co-956 

immunoprecipitation was performed with anti-Flag antibody and the precipitates were probed 957 

with anti-cullin 1.  958 

 959 

FIG 9 BGLF2 facilitates EBV primary infection in infected cells. (A, B) Impact of BGLF2 960 

overexpression on EBV primary infection. HEK293 cells were treated with IFN-β for 12 961 

hours before EBV infection, with or without BGLF2 overexpression. The infectivity of EBV 962 

was proportional to the number of GFP-positive cells observed under the microscope and 963 

quantified by flow cytometry. EBV-negative HEK293 cells were used as negative control and 964 

HEK293-EBV-M81 cells served as positive control for flow cytometric analysis (A). For the 965 

same set of samples, the EBV genome copy number was measured by qPCR with TaqMan-966 

LMP1 probe normalized to the glyceraldehyde 3-phosphate dehydrogenase probe (B). The 967 

mock group was transfected with an empty vector. (C) Impact of BGLF2 on IFN-β 968 

suppression of EBV infection in HEK293 cells. M81-infected cells were treated with 2000 969 

U/ml IFN-β for 12 hours with or without BGLF2 overexpression. Expression of EBV 970 

immediate early (BRLF1), early (BMRF1) and late lytic (BLLF1) transcripts was analyzed 971 

by RT-qPCR. (D) Impact of IFN-β on EBV reactivation. EBV-positive AGS cells were 972 

treated with 20 ng/ml TPA for 24 hours and then left untreated or treated with 2000 U/ml 973 

IFN-β for 15 hours. Expression of EBV immediate early (BZLF1 and BRLF1), early 974 

(BMRF1) and late lytic (BLLF1) transcripts was analyzed by RT-qPCR.  975 

 976 

FIG 10 BGLF2 suppresses IFN-β signaling in infected cells. (A) Verification of BGLF2-977 

deficient mutant by sequencing. An alignment of mutant and wild-type sequence was shown. 978 

(B) Verification of genome integrity by BamHI and EcoRI patterning. WT-p2089 and 979 

ΔBGLF2-p2089 bacmids were digested with BamHI or EcoRI at 37°C for 24 hours. The 980 

digested products were run on 2% agarose gel overnight at a low voltage. (C, D) Verification 981 

of BGLF2 mRNA expression by RT-PCR or RT-qPCR. The primers used can preferentially 982 

amplify WT-BGLF2 mRNA but not that of BGLF2. A Taqman probe was also used in the 983 

RT-qPCR. (E) Verification of BGLF2 deficiency through Western blot analysis of p-JNK 984 

levels. (F) Expression of immediate early and late lytic genes in ΔBGLF2-p2089 stable cells. 985 

Cell clones were treated with DMSO or 400 μM TPA plus 5 mM NaBt for 48 hours. (G) ISG 986 

induction in ΔBGLF2-p2089 stable cells. Cell clones were treated with 1000 U/ml of IFN-β. 987 
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ISG15, ISG56 and OAS1 transcripts were analyzed by RT-qPCR. (H) Expression profiles of 988 

latent and lytic genes in HEK293 cells stably carrying WT-p2089 and other EBV-positive 989 

cells. Lytic reaction of Akata cells was induced by IgG crosslinking. Lytic reactivation of 990 

other cells was induced by transfection with a BZLF1/Zta expression plasmid. (I) Expression 991 

of BGLF2 gene in EBV-positive cell lines. EBV-negative and -positive Akata cells were 992 

induced for EBV lytic cycle using IgG and the expression of BGLF2 mRNA was analysed by 993 

RT-PCR. HEK293 cells and p2089 bacmid were used as negative and positive controls, 994 

respectively. 995 

 996 






















