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ABSTRACT Protein—protein interactions (PPIs) are crucial for various biological processes.
Epstein-Barr virus (EBV) proteins typically form complexes, regulating the replication and
persistence of the viral genome in human cells. However, the role of EBV protein complexes
under physiological conditions remains unclear. In this study, we performed comprehensive
analyses of EBV PPIs in living cells using the NanoBIiT system. We identified 195 PPls, many
of which have not previously been reported. Computational analyses of these PPIs revealed
that BLRF2, which is only found in gammaherpesviruses, is a central protein in the structural
network of EBV tegument proteins. To characterize the role of BLRF2, we generated two
BLRF2 knockout EBV clones using CRISPR/Cas9. BLRF2 knockout significantly decreased the
production of infectious virus particles, which was partially restored by exogenous BLRF2
expression. In addition, self-association of BLRF2 protein was found, and mutation of the
residues crucial for the self-association affected stability of the protein. Our data imply that
BLRF2 is a tegument network hub that plays important roles in progeny virion maturation.

IMPORTANCE EBV remains a significant public health challenge, causing infectious mon-
onucleosis and several cancer types. Therefore, the better understanding of the molecular
mechanisms underlying EBV replication is of high clinical importance. As protein—protein
interactions (PPIs) are major regulators of virus-associated pathogenesis, comprehensive
analyses of PPIs are essential. Previous studies on PPIs in EBV or other herpesviruses have
predominantly employed the yeast two-hybrid (Y2H) system, immunoprecipitation, and
pulldown assays. Herein, using a novel luminescence-based method, we identified 195 PPIs,
most of which have not previously been reported. Computational and functional analyses
using knockout viruses revealed that BLRF2 plays a central role in the EBV life cycle, which

makes it a valuable target for drug development. Editor Lori Frappier, University of Toronto
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BLRF2 as a Tegument Network Hub

EBV infections can be broadly classified into latent or lytic infections. A switch from latent
to lytic infection (reactivation) results in the production of virus particles by the infected cells
(5). During reactivation, the expression of the basic leucine zipper (bZIP) transcription factor
BZLF1 and the transcriptional activator BRLF1 is induced immediately. Those two immediate
early gene products, BZLF1 and BRLF1, mediate the transcription of early genes, which are
required for viral DNA replication. Immediate-early and early viral genes often function as
complexes, which promote viral DNA synthesis. The viral DNA polymerase consists of BALF5,
BMRF1, and BALF2, while the helicase/primase complex is composed of BBLF4, BSLF1, and
BBLF2/3. These viral replication proteins, along with origin-binding protein BZLF1, accumu-
late in specific subnuclear regions called replication compartments, where the viral DNA is
synthesized (6, 7). After the viral DNA has been replicated, the viral preinitiation complex
(vPIC) promotes the expression of late genes. BcRF1, BDLF3.5, BDLF4, BGLF3, BFRF2, and
BVLF1 accumulate at noncanonical TATA sequences in the promoters of late genes of newly
synthesized viral DNA, promoting RNA pol Il recruitment (8). Late genes include structural
proteins, such as capsid, tegument, and envelope glycoproteins. Protein—protein interactions
(PPIs) are essential for virus morphogenesis. The icosahedral EBV capsid is composed of
BcLF1, BDLF1, BORF1, BFRF3, and BBRF1, while the viral procapsid also requires BVRF2 (pro-
tease/scaffold) and BdRF1 (scaffold) (9). Tegument proteins of herpesviruses form a complex
network that mediates virion maturation and intracellular trafficking, as well as nucleocapsid
budding (10, 11). In addition, some EBV glycoproteins, including gB, gH/gL, and gM/gN, also
function as complexes (12). The nuclear egress complex (NEC) is composed of the late genes
BFLF2 and BFRF1. NEC localizes at the nuclear rim, mediating the budding of nucleocapsids
into the inner nuclear membrane (13), also known as primary envelopment. Subsequently,
nucleocapsids are released into the cytoplasm, followed by re-envelopment, possibly at the
cis- or trans-Golgi apparatus (secondary envelopment) (14). After fusion with the plasma
membrane, EBV particles are released from the infected cells.

The yeast two-hybrid (Y2H) method has been widely used to analyze PPl networks in her-
pesviruses (15-19). Nevertheless, the screen may entail a risk for artifacts, because (i) the assay
is not performed in mammalian cells, (ii) the bait and prey may not represent natural intracel-
lular localization because the proteins are attached with exogenous nuclear localization sig-
nals, and (iii) the background is high in some cases due to auto-activation even in the absence
of PPI. Although GST-pulldown and immunoprecipitation assays have also been used, these
methods require cell lysis, further complicating the interpretation of the results. The NanoBiT
system is a novel technology that enables measurement of PPIs in live cells. The luciferase
gene encoded by O. gracilirostris is split into two subunits (LgBiT and SmBIT). The subunits
do not emit light when separated, but when they are close, luciferase enzyme activity is
reconstituted and the cells become luminous. By fusing two proteins of interest with LgBiT
and SmBIT, respectively, interaction between the two proteins brings two BiT subunits in
close proximity and leads to luminescence emission.

Herein, we used the NanoBiT system, analyzed EBV PPIs in living cells, and constructed a
network based on these PPIs. In addition, we investigated the role of BLRF2 (also known as
VCA-p23) in the interaction between tegument proteins, as well as in the life cycle of EBV.

RESULTS

Comprehensive analyses of EBV PPIs. To find out candidates of PPIs between EBV
proteins, we performed a large-scale screen using the NanoBiT system in living cells. To this
end, we cloned 69 EBV ORFs into LargeBiT or SmallBiT vectors, allowing for the production
of EBV proteins fused with LargeBiT or SmallBiT, respectively (Fig. 1A). The SmallBiT peptide
contained 11 amino acids of Oplophorus gracilirostris luciferase (NanolLuc), while the
LargeBiT peptide consisted of the remaining amino acids of NanoLuc. Hence, the inter-
action between two viral proteins brings LargeBiT and SmallBiT in close proximity, leading
to luminescence emission.

HEK293T cells were transfected with combinations of all LargeBiT and SmallBiT vectors,
resulting in 4,761 combinations in total (Fig. 1A). PPl screening by luciferase assay revealed
that 233 interactions led to significant luminescence emission (>2.0-fold compared with the
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FIG 1 Comprehensive analyses of EBV protein interactions. (A) Schematic illustration of NanoBiT screening. All 69 EBV genes were cloned into LargeBiT and
SmallBiT vectors. HEK293T cells were transfected with the NanoBiT plasmids in different pair combinations, as indicated. Luciferase activity was measured 24 h
after transfection. (B) Heatmap showing the relative luminescence, which was calculated by dividing the luminescence of each combination by that of the
negative control.
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control; Fig. 1B). These 233 PPIs included 38 protein pairs that resulted in luminescence
emission after the fusion tags (LargeBiT and SmallBiT) were swapped (bidirectional). After
eliminating such redundancies (bidirectional interactions), 195 pairs were identified.

To confirm the ability of the NanoBIT system to detect known protein—protein interactions,
we compared our findings with known EBV PPIs from the literature. Of the 195 PPIs, 51 pairs
(26.2%) were previously reported (15, 16). For example, the tegument proteins BSRF1 and
BBRF2 were previously shown to interact (1), while the formation of homomeric BSRF1 com-
plexes has not previously been reported to the best of our knowledge. Furthermore, some of
these interactions have been reported for the homolog proteins of other herpesviruses, such
as herpes simplex virus (HSV) and Kaposi's sarcoma-associated herpesvirus (KSHV). In particu-
lar, the HSV portal protein UL6 has been shown to interact with the scaffold protein UL26.5
(2); nevertheless, the interaction of their EBV counterparts (BBRF1 and BdRF1) has not previ-
ously been shown. Among the 195 PPIs reported here, 65 (33.3%) were previously described
in EBV and/or other herpesviruses, while the rest 130 (66.7%) were newly identified by our
approach (Table 1).

Computational analyses of the EBV interactome network. Based on the PPIs identi-
fied, we constructed the EBV interactome network using Cytoscape (20). The network
was composed of 62 nodes and 195 edges (Fig. 2A; Table 2). The interaction networks
were classified into four components, including two components representing BARF1
and BaRF1 homomeric complexes and one component representing the bi-directional
interaction between BVLF1 and BDLF3.5.

We examined whether the largest component consisting of 58 nodes and 166 edges
exhibited the small-world property of a typical complex network. The small-world is a tech-
nical term of network science, where the average path length is comparable or smaller than
that of the random model, which means that most nodes can be reached from other nodes
within a small number of edges, and clustering coefficient is high; and for that matter, nodes
tend to cluster at a high level. Put more simply, small world means that nodes are con-
nected with edges more efficiently than just a random arrangement. To assess the topologi-
cal characteristics of the network, we generated 500 equivalent Erd6s-Rényi random net-
works, which were chosen uniformly at random from the set of all networks with the same
number of nodes and edges in the original EBV protein network, except 26 self-loops. Then,
we compared their average centrality values with the original network. Although the aver-
age shortest-path length of our original network was comparable with that of random net-
works (Fig. 2B), the clustering coefficient of the original network was approximately three
times higher than that of random networks (Fig. 2C). Therefore, our EBV network was classi-
fied as a small-world network. Moreover, the small-world-ness index of our EBV network was
3.14, which is relatively high because a small-world-ness index > 1 is defined as “small-
world” (21).

We then examined if our EBV PPIs network had the scale-free property. Scale-free means
that edges are concentrated overwhelmingly to a limited number of nodes. This type of pro-
teins (i.e,, hubs) might have strong effects on the whole network. Many other nodes typically
have a small number of edges. Here, most nodes in our EBV protein network exhibited a
low-degree distribution, while a few nodes had more interacting partners; this power-law
distribution is characteristic for scale-free networks (Table 3; Fig. 2D).

Among the 62 nodes, BLRF2 and BKRF4 had the highest degree centrality, suggesting that
these two proteins have many interaction partners (Table 3; Fig. 3A). The clustering coefficient
in the absence of BLRF2 was reduced by 18% compared with the original EBV protein net-
work, suggesting that BLRF2 is essential for the small-world features of the network (Fig. 2C).
Other centrality measures, including betweenness centrality and closeness centrality, also sug-
gested that BLRF2 interacts with a number of proteins (Fig. 3B and C). Importantly, because
BKRF4, the EBV protein with the second highest degree centrality (Fig. 3A), is crucial for virus
production during the lytic cycle, interacting with many viral proteins (3, 22, 23), we hypothe-
sized that BLRF2 also has an important role in virus particle production.

EBV protein interaction validation. To further validate the PPIs identified by NanoBiT
analyses, we investigated interactions between EBV proteins by immunoprecipitation.
Because both BLRF2 and BKRF4 are tegument proteins, we focused on structural protein
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FIG 2 EBV interactome network. (A) Cytoscape EBV interactome network, in which EBV proteins (nodes) are connected by edges based on the PPIs identified
by NanoBiT. Each node is labeled with the EBV protein name, and is color-coded according to the protein function: green, DNA replication-associated
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TABLE 2 The PPI network summary

Network indices Numerical data
No. of nodes 62

No. of edges 195
Bidirectional interactions 38
Unidirectional interactions 157

Avg degree 5.39

No. of self-loops 28

Network density 0.088

Isolated nodes 2

Connected components 4

interaction networks (Fig. 4A). We further tested whether they interacted with factors associ-
ated with the DNA replication compartment (Fig. 4B). The local networks included previously
reported interactions, such as BSRF1-BALF1, BSRF1-BBRF2, and BKRF4-BGLF2 (1, 23).
Immunoprecipitation assays confirmed 14 additional interactions in the local network, namely,
BDLF3-BALF4, BBLF1-BSRF1, BLRF2-BLRF2, BLRF2-BNRF1, BLRF2-BCRF1, BLRF2-BGLF3.5, BLRF2-
BALF2, BLRF2-BMRF1, BALF4-BGLF2, BKRF4-BNRF1, BKRF4-BGLF2, BSRF1-BBRF1, and BSRF1-
BBRF2 (Fig. 4C to P), further supporting the reliability of NanoBiT-based PPls.

We also tried to validate PPIs of endogenous EBV proteins in infected cells. Lysates were
prepared from HEK293EBV cells transfected with BZLF1 expression vector to induce lytic
cycle, and immunoprecipitation was performed using anti-BLRF2 antibody. Although we
tested many viral proteins, we only could clearly demonstrate interaction of BLRF2 with
BALF2 and LMP1 (Fig. 4Q), possibly because immunoprecipitation by using our anti-BLRF2
antibody was not very efficient.

Expression and localization of BLRF2 protein. Next, we explored the relevance of
BLRF2 in the viral life cycle. To detect endogenous BLRF2 expression, we developed a polyclo-
nal antibody against BLRF2. BLRF2 protein levels were low during latent infection. Nevertheless,
induction of the lytic cycle by anti-lgG or BZLF1 transfection in Akata and HEK293EBV cells,
respectively, profoundly increased BLRF2 protein levels (Fig. 5A and B). Induction of the lytic
cycle in B95-8 cells was performed using the chemical inducers TPA, A23187, and sodium bu-
tyrate (T/A/B). Although BLRF2 protein levels were low until 12 h, they were considerably higher
from 24 h after induction (Fig. 5C). To examine the expression kinetics of BLRF2, we treated
B95-8 cells with T/A/B in the presence or absence of PAA (Fig. 5D). The DNA synthesis inhibitor
PAA suppressed the expression of the late gene gB, while it did not significantly affect the
expression of the early genes BMRF1 and BALF2 (Fig. 5D, T/A/B+PAA). Furthermore, BLRF2
expression was markedly suppressed by PAA (Fig. 5D, T/A/B+PAA), suggesting that BLRF2 is
expressed with late kinetics, corroborating previous findings (24).

To assess the intracellular localization of BLRF2, we overexpressed BLRF2 in the human cer-
vical carcinoma cell line Hela, followed by immunofluorescence. BLRF2 was predominantly
detected in the cell nucleus and nuclear rim (Fig. 6A). A similar localization pattern was
observed in the gastric carcinoma cell line AGS (Fig. 6B). These results coincide with pre-
vious reports that BLRF2 dominantly localized in the nucleus (25, 26).

In EBV-positive AGS and HEK293 cells, we detected endogenous BLRF2 in the cell
nucleus and nuclear rim 48 h after reactivation (Fig. 6C and D). Moreover, we observed
that 48 h after lytic induction, the replication compartments occupied a significant part
of the cell nucleus. Consequently, the cellular genomic DNA was localized to the nu-
clear periphery. BLRF2 colocalized with BMRF1 in the core of the cell nucleus (Fig. 6C
to F). It is possible that this colocalization is accounted by the BLRF2-BMRF1 interaction

FIG 2 Legend (Continued)

Journal of Virology

proteins; red, viral morphogenesis or structural proteins; blue, proteins regulating gene expression; pink, virus-host interaction proteins; yellow, latent
proteins. The node size reflects the number of detected edges. (B, C) Clustering coefficient and shortest-path length of the main component of the
original network, the corresponding random network, and the network excluding BLRF2 from the original component. The centrality values of 500
equivalent Erd8s-Rényi random networks composed of the same number of nodes and edges as the main component of the original EBV protein

network were calculated using the Python package NetworkX 2.3. (D) Degree distribution of EBV proteins.
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TABLE 3 The PPI network summary of each gene

Journal of Virology

Bidirectional Clustering Avg shortest  Betweenness  Closeness
Node Degree  edge SelfLoop  coefficient path length centrality centrality Symbol
BALF1 1 1 - 0.26 2.1 0.049 0.47 Virus-host interaction
BALF2 12 1 + 0.30 2.1 0.034 0.45 DNA replication
BALF3 1 0 — 0 34 0 0.29 morphogenesis, structure
BALF4 4 0 — 0.33 2.6 0.0038 0.38 morphogenesis, structure
BALF5 1 0 - 0 29 0 0.34 DNA replication
BaRF1 2 0 + 0 0 0 0 DNA replication
BARF1 2 0 + 0 0 0 0 unknown
BBLF1 9 2 - 0.42 24 0.0054 0.41 morphogenesis, structure
BBLF2/3 13 1 + 0.28 2.0 0.060 0.49 DNA replication
BBLF4 2 0 - 1 25 0 0.39 DNA replication
BBRF1 16 0 + 0.12 2.0 0.17 0.48 morphogenesis, structure
BBRF2 6 1 — 0.3 2.2 0.039 0.43 morphogenesis, structure
BBRF3 4 1 - 0.66 2.6 0.0024 0.37 morphogenesis, structure
BcLF1 3 1 - 0 2.8 0.0013 0.34 morphogenesis, structure
BCRF1 10 1 + 0.52 23 0.071 0.43 virus-host interaction
BDLF1 3 0 + 0 3.0 0 0.32 morphogenesis, structure
BDLF2 10 3 + 1 2.8 0 0.34 morphogenesis, structure
BDLF3 14 3 + 0.27 2.4 0.028 0.41 morphogenesis, structure
BDLF3.5 2 1 - 0 1 0 1 gene regulation
BdRF1 11 0 + 0.30 2.2 0.032 0.44 morphogenesis, structure
BFLF1 1 0 — 0 3.8 0 0.26 morphogenesis, structure
BFLF2 1 0 — 0 3.2 0 0.30 morphogenesis, structure
BFRF1 15 5 + 0.39 24 0.042 0.41 morphogenesis, structure
BFRF2 2 1 - 0 4 0 0.25 gene regulation
BFRF3 4 1 - 0 2.7 0.0062 0.36 morphogenesis, structure
BGLF2 7 1 + 0.16 2.5 0.012 0.39 morphogenesis, structure
BGLF3 3 1 - 0 3.0 0.035 0.33 gene regulation
BGLF3.5 5 0 - 0.3 2.2 0.0064 0.44 morphogenesis, structure
BGLF4 5 2 - 0.33 2.6 0.0018 0.38 morphogenesis, structure
BGLF5 2 0 - 1 29 0 0.34 virus-host interaction
BGRF1/BDRF1 1 0 - 0 3.0 0 0.32 morphogenesis, structure
BILF1 6 0 - 0.26 2.1 0.017 0.45 morphogenesis, structure
BILF2 2 0 — 0 29 0.00022 0.33 morphogenesis, structure
BKRF2 10 3 + 1 2.8 0 0.34 morphogenesis, structure
BKRF3 17 2 + 0.25 1.9 0.11 0.51 virus-host interaction
BKRF4 22 6 + 0.21 2.0 0.082 0.48 morphogenesis, structure
BLLF1 14 2 + 0.42 23 0.019 0.43 morphogenesis, structure
BLLF3 6 2 - 0.33 2.6 0.0035 0.37 virus-host interaction
BLRF1 21 4 + 0.2 2.0 0.10 0.49 morphogenesis, structure
BLRF2 25 2 + 0.15 1.7 0.23 0.57 morphogenesis, structure
BMLF1 17 3 + 0.22 2.1 0.084 0.46 gene regulation
BMRF1 6 0 + 0.83 2.5 0.00033 0.39 DNA replication
BMRF2 10 4 - 0.66 2.8 0.035 0.34 morphogenesis, structure
BNLF2a 19 5 + 0.27 24 0.085 0.41 virus-host interaction
BNLF2b 10 0 + 0.21 23 0.043 0.42 unknown
BNRF1 9 2 - 0.28 2.1 0.057 0.45 morphogenesis, structure
BORF1 1 0 - 0 3.1 0 0.31 morphogenesis, structure
BRRF1 8 1 + 0.4 2.6 0.0051 0.37 unknown
BRRF2 1 0 = 0 3.0 0 0.33 morphogenesis, structure
BSLF1 1 0 - 0 3.1 0 0.31 DNA replication
BSRF1 13 3 + 0.32 2.1 0.025 0.45 morphogenesis, structure
BVLF1 2 1 - 0 1 0 1 gene regulation
BVRF1 1 0 - 0 33 0 0.30 morphogenesis, structure
BVRF2 3 0 — 0.33 25 0.0025 0.38 morphogenesis, structure
BXLF1 9 3 — 0.26 2.2 0.016 0.44 morphogenesis, structure
BXLF2 9 1 + 0.6 24 0.0050 0.41 morphogenesis, structure
BXRF1 2 0 — 1 29 0 0.34 morphogenesis, structure
BZLF1 6 1 + 1 25 0 0.39 gene regulation
EBNA-3C 2 0 - 0 2.6 0.0011 0.37 Latent
LMP-1 2 0 - 1 2.5 0 0.38 Latent
LMP-2A 12 1 + 0.27 2.1 0.051 0.47 Latent
LMP-2B 18 3 + 0.26 2.1 0.053 0.47 Latent
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FIG 3 Centrality indices of nodes in the EBV PPIs
determined by Cytoscape.

network. (A to C) Bar charts showing the

detected in our NanoBiT-based PPl and immunoprecipitation assays (Fig. 1B; Fig. 4K).
We then carried out co-staining of BKRF4 and BLRF2 in EBV-positive AGS (Fig. 6G).
BKRF4 predominantly localized at the nuclear periphery as reported previously (23)
and BLRF2 was mainly found in the nucleus and nuclear rim, suggesting that these two
tegument proteins interacted at the nuclear periphery (Fig. 6G).

A fraction of BLRF2 proteins were found in the cytoplasm after 48 h of reactivation (Fig. 6E
and F). Because staining pattern of cytoplasmic BLRF2 was a reminiscent of the Golgi appa-
ratus, BLRF2 was co-stained with a Golgi marker, Giantin (Fig. 6H). Although most of the BLRF2
protein existed outside the Giantin-positive organelle, at least a portion of BLRF2 colocalized
with Giantin (Fig. 6H).

BLRF2 contributes to the production of infectious viral particles. Information regarding
the function of BLRF2 in the life cycle of EBV is based solely on evidence from exogenous
overexpression of the protein in the ORF52-null mutant of murine gammaherpesvirus 68
(MHV68) (27). Therefore, to elucidate the relevance of EBV BLRF2, we generated a BLRF2-
knockout virus by the CRISPR/Cas9 system using two different BLRF2-targeting sgRNAs (Fig.
7A). Akata cells were infected with two different BLRF2-knockout viral clones (Fig. 7B;
BLRF2KO1 and BLRF2K0O2) as per the previously described protocol (23). Although infectious
viral particles were produced in Akata cells infected with BLRF2-knockout EBV, the virus titers
were significantly lower (Fig. 7C). BLRF2 interacted with BALF2, a protein needed for viral
DNA synthesis (Fig. 4) and Q), but BLRF2-knockout did not affect the DNA synthesis of the vi-
ral genome (Fig. 7D). In addition, the absence of BLRF2 from the viral genome did not affect
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FIG 4 Validation of EBV PPIs. (A) The local network centering BLRF2 and BKRF4 was isolated from the interactome network. Gene homologs in alpha- and beta-
herpesviruses are shown. (B) The local network of BLRF2 with replication factors and latent proteins. (C to P) Validation of EBV PPIs by immunoprecipitation.
HEK293T cells were transfected with the indicated expression vectors. Twenty-four hours after transfection, cell lysates were used for immunoprecipitation with an
anti-Flag antibody. Immunoblotting was performed using the indicated antibodies. (Q) Validation of EBV PPIs by immunoprecipitation of endogenous proteins.
HEK293EBV cells induced with BZLF1 expression vector were lysed and subjected for immunoprecipitation assay using anti-BLRF2 antibody.
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FIG 5 Expression of endogenous BLRF2 protein. (A) HEK293EBV cells were transfected with a BZLF1 expression
vector to induce the Iytic cycle followed by sample collection 48-h posttransfection. BLRF2 protein was detected by the
immunoblotting using an anti-BLRF2 polyclonal antibody. (B) EBV-positive Akata cells were treated with an anti-human
IgG antibody (1:500) for 48 h. (C) B95-8 cells were reacted with TPA (T, 20 ng/mL), A23187 (A, 1 «M), and sodium
butyrate (B, 5 mM) for the indicated duration, followed by immunoblotting for BLRF2, BZLF1 (IE), BMRF1 (E), gB (L),
and GAPDH proteins. (D) B95-8 cells were reacted with TPA (T, 20 ng/mL), A23187 (A, 1 uM), and sodium butyrate
(B, 5 mM) in the presence or absence of PAA (400 wg/mL). Cells were harvested after 36 h and subjected to
immunoblotting for BLRF2, BMIRF1(E), BALF2 (E), gB (L), and GAPDH proteins.

the expression levels of the viral proteins BZLF1, BMRF1, and BALF4 (gB); BLRF2 was the only
viral protein with impaired expression in cells infected by the knockout strains (Fig. 7E).

Next, we infected AGS-CR2 cells with BLRF2-knockout EBV and observed endoge-
nous BLRF2 (Fig. 8A) that was consistent with the BLRF2 localization shown in Fig. 6.
The virus titers were significantly lower in AGS-CR2 cells infected with BLRF2-knockout
EBV than those infected with wild-type (WT) EBV (Fig. 8B). No effects were observed on
the viral DNA synthesis (Fig. 8C). The viral DNA level was higher in BLRF2KO1 (Fig. 8C),
but we assume this is within a clonal variation.

Then we examined whether exogenous expression of BLRF2 could rescue viral production
in AGS-CR2 cells infected with BLRF2-knockout EBV. BLRF2 trans-complementation partly
restored the viral titer (Fig. 8D and E). The reasons why exogenous expression of BLRF2 could
not fully restore the decreased viral titer in the KO are not clear.

In Fig. 8B, we collected both cell-associated and cell-free virions, and found that infectious
progeny titer was decreased by the knockout. To monitor the influence of BLRF2 on virus secre-
tion, cells and media were collected separately, and analyzed the infectivity of cell-associated vi-
rions and cell-free virions (Fig. 8F). It was found that BLRF2 knockout significantly reduced the
cellfree but not the cell-associated levels of infectious virus (Fig. 8F), suggesting that BLRF2 is
likely involved in the extracellular release of infectious progeny virions. To be precise, this result
indicates that BLRF2 knockout caused either (i) loss of infectivity of the extracellular virion par-
ticles without affecting the total number of extracellular virions, (ii) loss of extracellular secretion
of total virion particles without affecting the ratio of infectious virion, or (jii) loss of both infectiv-
ity and total number of extracellular virions. To answer this question, we collected the culture
media from cells infected with WT or the knockout virus after lytic induction, extracted the
DNA in the media, and EBV genome DNA levels were quantified (Fig. 8G). Note that we treated
the media with DNase before extraction of viral DNA, in order to eliminate the viral DNA that
was not incorporated into virion particles. BLRF2-knockout did not affect the total number of vi-
rus particles in cell-free fraction (Fig. 8G), indicating that (i) is correct, where BLRF2 plays a role
in the acquisition of viral infectivity. Overall, these results suggest that BLRF2 contributes to the
production of infectious virus particles not only in lymphoid cells but also in epithelial cells.
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FIG 6 Subcellular localization of BLRF2. (A, B) HeLa and AGS cells were transiently transfected with BLRF2-HA-expressing vector and fixed 24-h posttransfection.
Immunofluorescence staining was conducted using an anti-HA antibody (green). Cells were counterstained with DAPI (blue). (C) EBV-positive AGS cells were
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FIG 7 Functional relevance of BLRF2 in Akata cells. (A) The sequences of the two sgRNAs and PAM sites used are shown. AGS cells latently infected with
EBV were transfected with the CRISPR/Cas9 vectors, followed by puromycin selection. Progeny virions were obtained from the cells, and infected to Akata
(=) cells at low multiplicity of infection, followed by limited dilution and cell cloning in the presence of G418. We isolated two cell clones infected with
different BLRF2 knockout EBVs. (B) Sequences of two BLRF2KO clones. The EBV in BLRF2KO1 cell line, obtained by using sgBLRF2#1, has 25 bp deletion.
The EBV in BLRF2KO2 was made using sgBLRF2#2, having 189 bp insertion. The nucleotides in green color show corresponding sgRNA sequences. (C)
Akata cells infected with BLRF2-knockout virus were stimulated with anti-human IgG, and the cells and culture media were harvested at 48 h after
induction. The virus titers in the samples were determined. (D) Akata cells infected with BLRF2-knockout virus were treated as in (C) and cell-associated
DNA was harvested at 0 and 48 h after induction for determination of viral DNA levels by real-time PCR. (E) Akata cells infected with BLRF2-knockout virus
were treated as in (B) and cell-associated protein was harvested at 0 and 48 h after infection. Immunoblot analyses for BZLF1, BMRF1, BLRF2, gB, and

GAPDH were performed.

Potential role of BLRF2 dimerization in infectious virus production. Because our
PPIs screen using NanoBiT system (Fig. 1), immunoprecipitation experiment (Fig. 4D), and
previous GST pulldown assay (27) clearly demonstrated that BLRF2 interacts with itself, we
lastly examined physiological significance of the self-association.

First, we confirmed whether endogenous BLRF2 could self-associate in infected cells
(Fig. 9A). To this end, HEK293EBV cells were cotransfected with expression vectors for BZLF1
and Flag-tagged BLRF2, and immunoprecipitation was carried out by using anti-Flag antibody.
Endogenous BLRF2 (about 20 kDa) protein was coprecipitated with overexpressed, Flag-
tagged BLRF2 (Fig. 9A, endogenous).

MHV68 ORF52, the homolog of EBV BLRF2, was reported to form a dimer through «:2-helix
domain in the central part of the protein (28, 29). Because this central region in ORF52 was
conserved to some extent with EBV (Fig. 9B), we tested if EBV BLRF2 could dimerize through
the same region (Fig. 9C). NanoBiT assays using LgBitT-WT BLRF2 and SmBiT-mutated BLRF2
showed that deletion of the region (del67-88) markedly decreased NanoBiT activity by more

FIG 6 Legend (Continued)

transfected with a BZLF1-expressing vector and incubated for 48 h. The cells were stained for BLRF2 (green) and BMRF1 (red). Then they were counterstained
with DAPI (blue). (D) HEK293EBV cells transfected with BZLF1 were processed as in C, except that they were also labeled with actin (phalloidin-Alexa 647) to
visualize the cytoplasm. (E, F) EBV-positive AGS and HEK293EBV cells were processed as in C and D, respectively, and fixed for immunostaining at 0, 24, 48,
and 72 h after reactivation. (G) AGS EBV cells were transfected with BZLF1, fixed at 72 h after transfection, and then stained with Alexa555-labeled anti-
BLRF2 antibody (red) and anti-BKRF4 antibody (green). (H) Confocal immunofluorescence imaging of BLRF2 (red), Giantin (green), and DAPI (blue) in AGS EBV

cells in the virus production cycle. Scale bar = 10 um.
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FIG 8 Functional relevance of BLRF2 in AGS cells. (A) EBV-negative AGS cells were infected with two BLRF2-knockout strains of EBV prepared from the two
Akata cell lines in Fig. 7, followed by G418 selection. The resultant AGS cells latently infected with the knockout EBV were stimulated with BZLF1
transfection and harvested at 2 days after transfection. Scale bar = 10 um. (B) AGS cells infected with BLRF2-knockout EBV were transduced with BZLF1,
and the cells and culture supernatants were harvested at 72 h after transfection. The virus titer was determined. (C) AGS cells infected with BLRF2-knockout
virus were transfected with BZLF1 and cell-associated DNA was harvested at 0 and 72 h after transfection for determination of viral DNA levels by real-time
PCR. (D, E) Complementation assays. AGS cells infected with BLRF2-knockout virus were transfected with BLRF2-HA and/or BZLF1, and the cells and culture supernatants
were harvested at 72 h after transfection. The virus titer was determined by flow cytometry, and protein levels were analyzed by Immunoblotting. (F) AGS cells infected
with BLRF2-knockout EBV were transfected with BZLF1. After 72 h, cells and cell culture media were harvested altogether, and subjected to low-speed centrifugation.
The supernatant was used as the source of “cell-free” virion. The cell pellet was added with the same volume of fresh media, and then the sample was frozen and
thawed, followed by centrifugation. The supernatant from cell pellet was now used as the source of “cell-associated” virion. Progeny virus titers were examined by flow
cytometry. (G) Quantification of EBV genome secreted into the culture media of AGS cells infected with BLRF2-knockout virus after lytic induction.
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than 1 order of magnitude, compared with WT (Fig. 9C). To further analyze the motif needed
for the self-association, a series of BLRF2 mutants, each lacking two amino acids in the domain,
were prepared (Fig. 9C). Among the mutants, deletion of 187 and E88 (dell87E88) most
efficiently decreased the luciferase activity (Fig. 9C). We then prepared alanine substitu-
tion mutants as indicated in Fig. 9D. Either of the single amino acid substitutions did not
decrease the association notably, but substitution of both amino acids (I87AE88A) signifi-
cantly blocked the activity (Fig. 9D).

We then carried out immunoprecipitation assays. HA-tagged WT BLRF2 was successfully
coprecipitated with Flag-tagged WT BLRF2, but mutated HA-tagged BLRF2 proteins that exhib-
ited very low NanoBiT activity (Fig. 9C and D) could not be copurified (Fig. 9E). However,
Western blotting of input proteins revealed that expression of mutated BLRF2 proteins was
reduced (Fig. 9E). Therefore, it is likely that inhibition of the dimer formation resulted in instability
of the BLRF2 protein. Still, we cannot deny the possibility that BLRF2 self-association could not
be detectable because the mutation of the protein caused lower expression. Either way, we
tested if the mutant could restore the decreased progeny production. Exogenous expression of
WT BLRF2 partially increased the progeny level, but the I87AE88A mutant did not (Fig. 9F).

Taken together, due to low-level expression of the mutant protein (Fig. 9F), our hy-
pothesis that BLRF2 dimer formation promotes progeny production cannot be justified
from these data. However, it may still be possible that self-association of BLRF2 might
be important for stability of the protein and progeny production.

DISCUSSION

To date, there are only a few reports on EBV PPl networks, which are based primarily on
Y2H screens (15, 16). Although the Y2H assay has been widely used for large-scale screen-
ings, it relies on protein transport into the nucleus, which is not always the physiological
subcellular localization of the proteins. In this study, we performed NanoBiT system-based
PPI analyses, which allowed for the large-scale detection of protein interactions in living cells.
Using this method, we identified 195 PPIs, most of which have not previously been reported
(15, 16). Hence, NanoBIT is a promising method for identifying novel PPIs in living cells.

Interestingly, among the 69 EBV proteins, 28 (40.6%) formed homomeric complexes
(Fig. 1B). Of these, 17 (63.0%) have previously been reported in EBV or other herpesviruses.
The formation of homodimers or homo-oligomers is more common among virion structural
components with repetitive structures, such as capsid and tegument proteins. The formation
of homomeric complexes has also been reported for some membrane proteins and secreted
proteins, such as BCRF1 (vIL-10) and BARF1 (VCSFR).

A major limitation of our NanoBiT assay is that among the 167 hetero-interactions, only
38 edges (22.8%) were identified as bidirectional (Table 2; Fig. 1B). This indicates that 129
from 167 hetero-PPIs (77.2%) were below the threshold value. This implies that LargeBiT and
SmallBiT may not be able to interact due to structure constraints and that some interactions
might not be detected by this method. In addition, we failed to clone some genes due to
their large size, and the expression of some other genes was unsuccessful, possibly due to
sequence complexity. Other genes such as BRLF1 (Rta) seemed to exhibit high auto activa-
tion, and thus were eliminated from the heatmap and network.

Our computational analyses identified BLRF2 as an EBV interactome hub (Fig. 2 and 3).
Moreover, BLRF2 had the highest degree centrality and betweenness centrality values (Fig. 3A
and B), and exhibited a high closeness centrality value (Fig. 3C). After BLRF2, BKRF4 was the
node with the highest centrality values. We have previously shown that BKRF4 plays central
roles in the tegument network and enhances progeny virion production functioning as a com-

FIG 9 Legend (Continued)
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anti-Flag antibody. (B) Schematic diagram and amino acids sequence alignment of possible dimerization domain of gamma-herpesviruses.
Conserved residues are indicated in black or gray. (C, D) HEK293T cells were cotransfected with LgBiT-tagged WT BLRF2 expression vector and
SmBIiT-tagged mutated BLRF2 vector. Cells were subjected to the NanoBiT assay. (E) HEK293T cells transfected with Flag-tagged WT BLRF2
and HA-tagged mutated BLRF2 vectors were lysed and subjected to immunoprecipitation by using anti-Flag antibody. (F) AGS cells infected
with BLRF2-knockout EBV were transfected with BZLF1 vector, together with empty, WT, or I87AE88A BLRF2 vectors. Cell proteins were
harvested for Immunoblotting. Progeny virions in the culture media were harvested at 72 h after transfection, and infected to Akata negative

cells to determine the virus titer in the media by flow cytometry.
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plex with other EBV proteins (22, 23, 30). Although their role in the tegument network is well
documented in KSHV (11), to the best of our knowledge, this is the first study reporting EBV
BLRF2 and BKRF4 as interactome network hubs. BLRF2 and BKRF4 are conserved among gam-
maherpesviruses but not in other subgroups of herpesviruses. We speculate that some other
tegument proteins, such as UL48 and UL49, play central roles in the HSV tegument network
(10), instead of BLRF2 and BKRF4.

BLRF2 has previously been reported to localize in the nucleus (27, 31); our immu-
nofluorescence findings are consistent with those results (Fig. 6). We also found that
BLRF2 was predominantly localized in the nuclear replication compartment. A recent
study demonstrated that the replicated viral DNA was packaged into capsids in the
replication compartments to form the mature nucleocapsids (32); thus, nuclear tegu-
ment proteins, including BLRF2, may bind to capsid proteins before primary envel-
opment of progeny nucleocapsids. Interestingly, we could also observe BLRF2 at the
nuclear rim. Therefore, BLRF2 may also be involved in the primary envelopment and
de-envelopment process at the nuclear membrane. The nuclear rim localization was
reminiscent of another tegument network hub, BKRF4 (30), although it could not be
detected in the nuclear replication compartment.

Disruption of the BLRF2 gene had little or no effect on viral gene expression and viral DNA
synthesis but caused a significant decrease in the titer of infectious progeny (Fig. 7 and 8).
Similar results were obtained for gene homologs in other gammaherpesviruses. Notably,
ORF52, the BLRF2 homolog in KSHV and MHV68, is important for the acquisition of secondary
envelope and efficient virus production (28, 33, 34). Because a portion of BLRF2 was localized
in the Golgi apparatus and was involved in the production of extracellular virion (Fig. 6H and
8F), BLRF2 may also be involved in the acquisition of the secondary envelope. Intriguingly, the
effects of viral BLRF2 and BKRF4 knockout on the phenotype of the target cells were similar
(30). In addition, the rhesus monkey gammaherpesvirus ORF52 mediates the association of
the BKRF4 homolog ORF45 to the nucleocapsids (35). Considering that BLRF2 and BKRF4 colo-
calized at the nuclear rim (Fig. 6G), these proteins likely act together to reinforce the transpor-
tation and virion morphogenesis of EBV at the nuclear rim. In addition to the function of
BLRF2 in virion transportation and morphogenesis, KSHV ORF52 negatively regulates the
innate immune response in infected cells by interacting with the DNA sensor molecule cGAS
(36). BKRF4 has also been implicated in tumorigenesis by binding to histone proteins and sup-
pressing DNA damage repair responses (37, 38). Hence, the tegument network hub proteins
BLRF2 and BKRF4 or their homologs regulate the viral replication cycle and various target cell
functions in multiple ways.

In conclusion, our findings provide novel insight into the complex intraviral PPI net-
work in EBV infection. However, future comprehensive studies are required to identify
novel PPIs in EBV and other gammaherpesviruses.

MATERIALS AND METHODS

Cell lines and reagents. HEK293T and Hela cells were cultured in Dulbecco minimal essential me-
dium (DMEM; Sigma) supplemented with 10% fetal bovine serum (FBS). Akata, AGS, and B95-8 cells were
maintained in RPMI 1640 (Sigma) supplemented with 10% FBS. TPA, A23187, and PAA were purchased from
Sigma-Aldrich and dissolved in dimethyl sulfoxide (DMSO). Sodium butyrate was purchased from Wako and
dissolved in DMSO. Goat anti-human IgG was purchased from Jackson Immuno Research Inc. and was used as
an inducer of virus reactivation. Rabbit anti-BLRF2 antibodies were obtained by immunizing rabbits with the
polypeptide NH2-C+RSRGREAKKVQISD-COOH conjugated with keyhole limpet hemocyanin (KLH); anti-BLRF2
antibodies were affinity-purified from the serum of immunized animals.

Immunoblotting. To induce lytic infection, HEK293 cells and AGS cells latently infected with EBV
were transfected with BZLF1 by electroporation or lipofection. Seventy-two hours after transfection, cells were
harvested in lysis buffer (50 mM Tris-HCl, 2% SDS, 10% glycerol, 6% 2-mercaptoethanol, and 0.0025% bromo-
phenol blue; pH 6.8). Equal amounts of proteins were resolved by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis SDS-PAGE and then transferred onto PVDF membranes (Millipore). Antibodies against BZLF1,
BMRF1, BALF2, BRRF2, and gB were prepared as previously described (20, 21). The anti-BLRF2 antibody was
diluted 2,000 times in Can Get Signal solution (TOYOBO). Antibodies against GAPDH (14C10, Cell Signaling
Technology) and a-tubulin (2144, Cell Signaling Technology) were used as endogenous controls. Horseradish
peroxidase (HRP)-linked anti-rabbit and anti-mouse IgG (Cell Signaling Technology) were used as secondary
antibodies. Forte (Merck) or Chemi-Lumi One Ultra (Nacalai Tesque, Inc.) was used for immunoblot signal de-
velopment; EZ-Analyzer (ATTO) was used for chemiluminescent signal detection.
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Expression vector. EBV open reading frame (ORF) sequences were amplified using KOD One (TOYOBO).
WT EBV bacterial artificial chromosome DNA or EBV expression vector library (22) was used as a template. The
PCR products were subjected to agarose gel electrophoresis and then purified using the QIAquick Gel
Extraction Kit (Qiagen). The NanoBiT expression vectors pBiT1.1-C(TK/LgBiT) and pBiT2.1-C(TK/SmBIT) were
digested with EcoRI, and a NanoBiT library was constructed by homologous recombination using In-Fusion
Cloning (TaKaRa) according to the manufacturer’s instructions. The BLRF2-HA expression vector has previ-
ously been described. The BLRF2-Flag expression vector was constructed by cloning the WT BLRF2
sequence into the EcoRl and Xhol sites of a pcDNA3-Flag vector (23). To generate a BLRF2 knockout virus,
we generated a Cas9 expression vector pX459 (Addgene) carrying a BLRF2-targeting guide RNA (sgRNA).
The two following oligonucleotide sequences were annealed and inserted into the px459 vector: sgBLRF2#1
forward (CACCGCTTACAGCTCGACAGCGAG), reverse (AAACCTCGCTGTCGAGCTGTAAGC); sgBLRF2#2 forward
(CACCGTAATGATTACGCAGGCCAQ), reverse (AAACGTGGCCTGCGTAATCATTAQ).

NanoBiT assay. The NanoBiT-based luciferase assay involves the use of the NanoLuc (19 kDa), which
is derived from deep-sea shrimp (24). NanoBiT plasmids of 69 EBV genes were transfected into HEK293T
cells using FUGENE (Promega) in combinations (4,761 pairs). Twenty-four hours after transfection, the
NanoLuc substrate was added to the culture medium, and luminescence was detected using a micro-
plate reader (PowerScan4; BioTek). The combination of the HaloTag-SmBiT vector and the LgBiT-
PRKAR2A vector was used as a negative control. To calculate a relative luminance value, we divided the
luminance signal detected for each combination by the signal of the negative control. Relative lumi-
nance values were visualized as a heatmap and imported into Cytoscape for network analyses.

Viral DNA quantification by real-time PCR. The amount of viral DNA in the cells was quantified by
real-time PCR as previously described (20). At the indicated time points after reactivation, EBV-positive AGS or
Akata cells were solubilized in lysis buffer (10 mM Tris-HCL, T mM EDTA; pH 8) containing proteinase K. Real-time
PCR was performed using FastStart Universal Probe Master (Rox) (Roche Applied Science), eukaryotic 18S rRNA
primers (Applied Biosystems), custom-designed BALF2-specific primers, and BALF2-specific probes conjugated
with FAM/TAMRA: BALF2 forward primer (5'-GCCCGTCCGGTTGTCA-3’), reverse primer (5'-AATATCTGGTTGTTG
CCGTTGA-3'); BALF2 probe (5'-FAM-CTGCCAGTGACCATCAACAAGTACACGG-TAMRA-3'). Real-time PCRs were
run on a 7500 Fast Dx system (Applied Biosystems).

Measurement of infectious virus titer by flow cytometry. For recombinant EBV-positive Akata
cells, 1T x 10° cells were treated with goat anti-human IgG (Jackson Immuno Research Inc.) for 48 h, and the
medium was collected. For recombinant EBV-positive AGS cells, 5.0 x 10° cells were transfected with BZLF1
plasmid by using the Neon Transfection System (Thermo Fisher Scientific) and the cell culture medium was
harvested at 72 h after transfection. After centrifugation, 1 mL harvested media, which contained progeny
viruses, were inoculated with 1 x 10° EBV-negative Akata cells for 2.5 h with rotation, followed by a 2-day incu-
bation in fresh cell culture medium. The cells were fixed with PBS containing 4% paraformaldehyde, and the
percentage of GFP-positive cells was determined by flow cytometry (Gallios, Beckman Coulter). To obtain the
cell-free virus, we centrifuged the cell culture medium at a low speed and collected the supernatant; the pellet
was used to obtain the cell-associated virus. Freeze-thawed cell pellets were suspended in PBS, and suspended
cells were centrifuged and filtered with a 0.45 wm membrane filter (Millipore).

Measurement of mature cell-free virion DNAs in lytic-induced cells. To remove containing imma-
ture virion DNA, cell culture medium from lytic-induced AGS cells was reacted with Turbo DNase
(Thermo Fisher Scientific) at 37°C for 1 h. The remaining mature virus particle was broken down by pro-
teinase K treatment. The purified virus DNA was isolated using the DNeasy kit (Qiagen) according to the
manufacturer’'s recommendations. The purified DNA in mature virus particles was determined by ampli-
fication using EBV BALF2-specific primers on the 7500 Fast Dx system (Applied Biosystems).

Immunofluorescence staining. Hela, AGS, EBV-positive AGS, and EBV-positive HEK293 cells were
seeded on coverslips coated with Poly d-Lysine (NEU), and plasmid transfection was performed 24 h later. Cells
were fixed with 70% ethanol and permeabilized using 0.1% Triton X-100. After blocking with Protein Block
(Agilent), cells were incubated with anti-HA (C29F4, Cell Signaling Technologies), anti-BMRF1 (clone R3, Sigma),
anti-Giantin (9B6, Abcam), and anti-BLRF2 primary antibodies. In the case of co-staining for BKRF4 and BLRF2,
anti-BLRF2 antibodies were labeled by Zenon Alexa555 rabbit IgG labeling kit (Invitrogen). After washing, cells
were incubated with Alexa Fluor 488 anti-rabbit IgG and Alexa Fluor 546 anti-mouse IgG (Invitrogen) secondary
antibodies. Alexa Fluor 647 Phalloidin (Invitrogen) was used to stain actin. After mounting Prolong Gold antifade
reagent (Thermo Fisher Scientific), samples were observed under a fluorescence microscope (LSM880; Zeiss).

Immunoprecipitation. HEK293T cells were cotransfected with HA-tag and Flag-tag expression vec-
tors. Twenty-four hours posttransfection, cells were incubated in lysis buffer (20 mM Tris-HCl, 0.5% NP-
40, 150 mM NaCl, 1 mM EDTA; pH 7.6) containing Complete Mini Protease Inhibitor Cocktail (Sigma). Cell
lysates were incubated for 1 h with protein G agarose beads (Sigma) and then immunoprecipitated with
anti-Flag antibody (F3165, Sigma) and protein G agarose beads for 3 to 24 h. For endogenous viral pro-
tein interactions, immunoprecipitation was performed with 2.4 g of anti-BLRF2 antibody or normal rab-
bit IgG (Santa Cruz). Precipitated proteins were subjected to Western blotting.

Generation of BLRF2 knockout Akata cells. Gastric carcinoma AGS cells latently infected with EBV
were transduced with CRISPR/Cas9 vectors (px459) targeting the EBV BLRF2 gene. Successfully transduced cells
were selected with puromycin (1 wg/mL) for 14 days and then transfected with BZLF1 to obtain infectious virus
particles. Akata(—) cells were infected with the virus particles and selected by limiting dilution in the presence
of G418 (Wako, 750 g/mL). Successfully edited BLRF2 clones were confirmed by direct PCR using KOD One
(TOYOBO) and sequencing, using a custom-designed primer: 5'-CAGCAATCTCGGCTGTCTG-3' (forward) and
5'-CATATGATGACGCCGAGAC-3' (reverse).
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