
















CRISPR-Cas9-mediated knockout of BKRF4 in Akata strain EBV. As mentioned
above, we used the B95-8 EBV-BAC system to demonstrate that the BKRF4 gene is
involved in progeny production in HEK293 cells. To investigate whether this phenotype
could be observed in a more natural host cell type for EBV, such as B cells or gastric
epithelial cells, we tried to infect other cells with recombinant EBV produced from the
HEK293 EBV-BAC. We successfully infected Akata(�) or AGS cells with B95-8 EBV-BAC

FIG 6 Subcellular localization of BKRF4 in infected cells. (A) AGS cells were transfected with the
expression vectors (indicated on the left) by lipofection. After 2 days, cells were fixed and stained with
anti-BKRF4 (red) and anti-BMRF1 (green) antibodies and DAPI (blue) and then analyzed by using a
confocal laser microscope. (B) AGS/EGFP-EBV cells were transfected, fixed, stained, and analyzed as in
panel A. (C) B95-8 cells were transfected, fixed, stained, and analyzed as in panel A.
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and stably maintained the virus in the cells; however, induction of the lytic cycle in such
cells could not be achieved efficiently, thereby hampering our research on the role of
EBV lytic genes in a natural host cell type.

To circumvent this problem, we adopted the CRISPR/Cas9-mediated gene editing
method. AGS/EGFP-EBV cells that contained recombinant Akata virus with the EGFP
and G418 resistance genes were transfected with pX459-BKRF4, the vector designated
for CRISPR/cas9-mediated BKRF4 knockout. After puromycin selection, the AGS cells
were transfected with BZLF1 to induce progeny production, and the resultant viruses
were used to infect Akata(�) cells. These cells were then cloned in the presence of

FIG 7 Subcellular localization of BKRF4 in transfected cells. HeLa cells were transfected with the
expression vectors (indicated on left) by lipofection. After 1 day, the cells were fixed and stained with
anti-Flag (red) and anti-HA (green) antibodies and DAPI (blue) and then analyzed by confocal laser
microscopy.
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G418. In this manner, we successfully obtained Akata cells with recombinant Akata virus
with a mutation in the BKRF4 gene. We confirmed by sequencing that the Akata cell
line with the BKRF4 knockout virus (BKRF4-KO) contained a frameshift mutation in the
BKRF4 gene.

The Akata cell lines with BKRF4-KO or with wild-type BKRF4 virus were treated with
anti-IgG, and protein samples were collected after 0 or 2 days for IB (Fig. 8A). As
expected, BKRF4 protein was absent in the KO (Fig. 8A, right panel). Viral protein levels
were comparable between the wild-type and BKRF4-KO samples (Fig. 8A, left panel),
with the exception that expression of some viral proteins, such as BRLF1, BGLF4, BMRF1,
BALF4(gB), and LMP1 may be marginally lower.

Viral DNA quantitation by qPCR revealed that the BKRF4-KO virus could successfully
synthesize viral DNA almost as efficiently as wild-type virus in Akata cells (Fig. 8B),
although the background viral DNA level was somewhat higher in the KO, due to
unknown reasons.

Next, we examined the levels of progeny virions produced from the Akata cells. Cells
were treated with or without anti-IgG for 2 days. Viruses in the media were used to
infect Akata(�) cells, followed by quantification of GFP-positive cells by FACS analysis.
The level of infectious progeny virions produced from BKRF4-KO was significantly lower
than that from the wild type (Fig. 8C).

Then we analyzed the progeny virion release into the culture medium by means of
qPCR. After anti-IgG treatment for 2 days, the culture supernatants from Akata wild-
type and BKRF4-KO clones were subjected to DNase I treatment and DNA extraction,
followed by qPCR. The progeny virion DNA levels produced in the media were
significantly reduced in BKRF4-KO by 5.5-fold compared to the wild type (Fig. 8D).
However, infectious progeny levels decreased even more to 26.2-fold compared to the
wild type (Fig. 8E). Therefore, BKRF4 may increase the infectivity upon de novo infection
to Akata(�) cells, too. Interestingly, the effect of the BKRF4 knockout on the efficiency
of de novo infection in Akata cells (Fig. 8D and E, 26.2/5.5 � 4.8-fold) seems severer than
that in HEK293 cells (Fig. 3D and E, 10.5/5.7 � 1.8-fold).

To further confirm the result, we measured viral DNA that could attach to the
Akata(�) cells (Fig. 8F). Viral DNA of the knockout virus was 6.4% of that of the wild type
(Fig. 8F). Based on these DNA data, equivalents number of viruses were used to infect
Akata(�) cells, followed by FACS analysis to check the GFP positivity ratio. Efficiency of
de novo infection was significantly decreased in the knockout sample by 6.9-fold (Fig.
8G). Again, the effect of BKRF4 knockout was more prominent in Akata (Fig. 8G, 6.9-fold)
than in HEK293 (Fig. 3G, 2.8-fold) cells. Our data confirmed in the context of Akata, too,
that while BKRF4 did not affect viral gene expression and DNA synthesis, it played an
important role in the production of progeny virus and in efficient de novo infection.

Phosphorylation of BKRF4 protein. Since BKRF4 may be phosphorylated (10), we
investigated its phosphorylation in both infected (Fig. 9A) and transfected cells (Fig. 9B).
Here, we used Phos-tag gel electrophoresis (Wako Chemicals) and conventional SDS-
PAGE, followed by IB. In the Phos-tag gel, phosphoproteins are trapped due to the
bindings of the Phos-tag molecule to the phosphate group, and their migration during
electrophoresis is reduced (31). HEK293 cell clones that latently maintain the recom-
binant wild-type or BGLF4 knockout (BGLF4-KO) EBV-BAC genome were transfected
with the BZLF1 expression vector, and cells were harvested on day 0 or 2 posttrans-
fection, treated with or without lambda phosphatase, and electrophoresed in a Phos-
tag gel or by conventional SDS-PAGE (Fig. 9A). In infected cells, a part of BKRF4 protein
migrated slowly in the Phos-tag gel (Fig. 9A, arrowhead), which was eliminated by
lambda phosphatase treatment, indicating phosphorylation of the protein. Interest-
ingly, this slowly migrating BKRF4 band in the Phos-tag gel was not detected in the
BGLF4-knockout cells. Therefore, BGLF4, the only protein kinase encoded by EBV, may
somehow be involved in the phosphorylation of BKRF4.

To extend this, HEK293T cells were transfected with the indicated expression vectors
(Fig. 9B), harvested on the following day, and treated as described above. As expected,
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FIG 8 Viral protein expression, viral DNA replication, and virion production of BKRF4-knockout EBV in Akata. (A to
G) The BKRF4 gene in the Akata virus was mutated using the CRISPR/Cas9 system in AGS/EGFP-EBV cells, followed
by infection of Akata(�) cells and cell cloning. A cell line latently infected with wild-type or BKRF4-knockout
(BKRF4-KO) virus was used. (A) The Akata cell clones (wild-type and BKRF4-KO) were either treated with anti-IgG
for lytic induction for 0 or 2 days. Cell proteins were subjected to IB with anti-BZLF1, anti-BRLF1, anti-BALF2,
anti-BMRF1, anti-BGLF4, anti-BALF4(gB), anti-LMP1, anti-EBNA1, anti-tubulin, and anti-BKRF4 antibodies. (B) The
Akata cell clones treated as in panel A were harvested after 0 or 2 days and subjected to qPCR to detect levels of
EBV DNA and genomic DNA of host cells. The means � the SD of three independent biological replicates are shown
after normalization to the value of host control. (C) The Akata cell clones were treated with or without anti-IgG for
2 days. Progeny virions in the supernatant were determined as in Fig. 3C by FACS. Three independent samples were
assayed and the means � the SD are shown. A Student t test was performed. *, P � 0.05; ****, P � 0.0001. (D) Akata
cell clones were lytically induced as in panel A and cultured for 2 days. Progeny virion DNA in the culture medium
was determined as in Fig. 3D. (E) Using the same sample, Akata(�) cells were infected, and the percentage of
GFP-positive cells was determined by FACS. The results are shown in log scale. (F) Virus stock solutions prepared
as for panel D were attached to Akata(�) cells at room temperature with rotation for 3 h. EBV virion DNA levels
bound to the cells were determined by qPCR. (G) Akata(�) cells were infected with the same virus stock solution
after normalization to the data in panel F, and the percentage of GFP-positive cells was determined by FACS. The
means � the SD of three independent biological replicates are shown. A Student t test was performed. ****, P �
0.0001.
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a part of the BKRF4 protein migrated slowly in the Phos-tag gel when BKRF4 was
coexpressed with BGLF4 (Fig. 9B, bracket), which could be collapsed by phosphatase
treatment. Importantly, the slowly migrating bands could not be observed when the
kinase-dead form of BGLF4 (K102I) was cotransfected (Fig. 9B). Our data indicate that
BKRF4 is phosphorylated in both infected and transfected cells and that the EBV protein
kinase, BGLF4, may be involved in the phosphorylation.

BKRF4 was present as a virion component. Since it has been suggested that
BKRF4 is in the tegument (10), we examined its presence in purified virions using our
anti-BKRF4 antibody. Virions collected in the presence (Fig. 10, lane 2) or absence (lane
1) of 1% NP-40 were subjected to SDS-PAGE, followed by IB. NP-40 completely removes
envelope proteins and causes partial dissociation of the tegument proteins. As shown

FIG 9 Phosphorylation of BKRF4. (A) HEK293 cell clones that latently maintain the wild type or BGLF4
knockout (BGLF4-KO) recombinant EBV-BAC genome were transfected with the BZLF1 expression vector
by electroporation and harvested on days 0 and 2. Cell lysates were treated with or without lambda
phosphatase and separated by Phos-tag gel electrophoresis (Phos-tag) or conventional SDS-PAGE,
followed by IB with anti-BKRF4, anti-BGLF4, and anti-tubulin antibodies. (B) HEK293T cells were trans-
fected with the expression vectors by lipofection. After 1 day, the cells were harvested and treated as in
panel A and subjected to IB with anti-BKRF4, anti-BGLF4, anti-Flag, and anti-tubulin antibodies.
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in Fig. 10, lane 1, BKRF4 could clearly be detected in the virion fraction like other virion
proteins, such as tubulin, BALF4(gB), BGLF4, and BRRF2 (10). As expected, being an
envelope protein, gB was washed out by NP-40 treatment (Fig. 10, lane 2). The BGLF4
and BRRF2 are tegument proteins and were clearly resistant to NP-40 treatment (Fig. 10,
lane 2). Interestingly, BKRF4 could also be eliminated by NP-40, indicating that BKRF4
is likely associated with the envelope or, at least, is not very tightly attached to the
nucleocapsid. This is not surprising because BKRF4 interacts with a tegument protein
BGLF2, which is a myristoylated protein (BBLF1)-binding protein (32).

DISCUSSION

BKRF4 is one of the virion proteins of EBV conserved among gammaherpesviruses,
but no homolog exists in alpha- or beta-herpesviruses. In this study, we analyzed the
previously uncharacterized BKRF4 protein by generating BKRF4 knockouts using BAC
(Fig. 2 and 3) and CRISPR/Cas9 (Fig. 8) systems. We found that deletion of BKRF4 in the
B95-8 EBV-BAC or CRISPR/Cas9 systems had no marked effect on the expression of viral
genes and DNA synthesis; however, it significantly reduced the production of progeny
virions and infectivity of the progeny. Our results coincide with those from a previous
study involving KSHV ORF45 (12), which showed that its null recombinant virus released
fewer virions by 10-fold, and its infectivity was also lower but had no significant effects
on viral gene expression and DNA replication. Although the role of EBV BKRF4 has not
previously been analyzed, the ORF45 gene of KSHV has been extensively studied. KSHV
ORF45 inhibits type I interferon by blocking phosphorylation and nuclear accumulation
of IRF-7 (14, 33–35). It can efficiently activate RSK, eIF4B, and ERK (36–41). The
interaction between KSHV ORF45 and SIAH-1 promotes ubiquitination and proteasomal
degradation of the protein (42). It can associate with the ubiquitin-specific protease
USP7 and stabilize ORF33 and ORF36 (15, 16). Monoubiquitinated ORF45 mediates the
association between KSHV virus particles and lipid rafts for virus assembly and egress
(17); it also interacts with kinesin-2 (13). However, with low sequence homology
between EBV BKRF4 and KSHV ORF45, the amino acid sequences in the interacting
domains with those partners are not well conserved in EBV BKRF4. In fact, we and
others have found that EBV BKRF4 has no effect on IRF and ERK/RSK signaling (not
shown). The only conserved residues are in the C-terminal region, a region where
ORF45 and BKRF4 interact with ORF33 and BGLF2, respectively. Notably, EBV BGLF2 was
recently found to activate AP-1 through activation of mitogen-activated proteins
(MAPKs) (43). Although EBV BKRF4 cannot activate ERK/RSK by itself, it can associate
with the activator of MAPK. Therefore, EBV BKRF4 may play a crucial role in activating
MAPK signaling through the interaction with BGLF2. Moreover, EBV BGLF2, KSHV
ORF33, and its HSV homolog UL16 have been reported to associate with other

FIG 10 Identification of BKRF4 in the virion. (A) EBV from B95-8 cells was precleared by low-speed
centrifugation and filtration. Virus particles were collected by ultracentrifugation in the presence (lane 2)
or absence (lane 1) of NP-40, followed by IB with anti-BKRF4, anti-tubulin, anti-BALF4(gB), anti-BGLF4, and
anti-BRRF2 antibodies.
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myristoylated and palmitoylated tegument proteins (BBLF1, ORF38, and UL11, respec-
tively) (32, 44), and these interactions are crucial for efficient virus assembly, particu-
larly via the secondary envelopment process involving certain cytoplasmic mem-
brane structures, presumably the trans-Golgi network or endosomes. Since EBV
BKRF4 was localized predominantly in the nucleus and nuclear rim in infected or
transfected cells (Fig. 6 and 7), we speculate that the protein may attach to the
nucleocapsid in the nucleus and may play a role in the initial envelopment and
deenvelopment at the nuclear membrane. In addition, there may be an interaction
between BKRF4 and the membrane-anchored BGLF2/BBLF1 complex in the cyto-
plasm, which may contribute to efficient secondary envelopment.

We also found that EBV BKRF4 protein can be phosphorylated and that the only EBV
protein kinase, BGLF4, increased the phosphorylation either directly or indirectly (Fig.
9). It has been reported that the homolog of BKRF4 in KSHV, ORF45, can also be
phosphorylated (11), and KSHV ORF36, the homolog of BGLF4, contributes to the
phosphorylation (15). Thus, EBV BKRF4 and KSHV ORF45 proteins likely share certain
functions or regulatory mechanisms.

In this study, we successfully generated BKRF4 knockout virus using the CRISPR/Cas9
system from EBV of the Akata strain, cloned the cells that contained the mutant virus,
and analyzed the phenotype of the knockout virus in B cells, the natural host of EBV.
Although this process may sound simple, cloning cells latently infected with the edited
virus and triggering lytic induction from the latent cells is complex. A previous study
edited the promoter region of BART miRNA and successfully collected cells with edited
virus by FACS (45, 46). The present study is the second example of editing EBV by
CRISPR/Cas9 for viral mutagenesis.

Our results indicate the importance of the BKRF4 gene in the production of
infectious progeny virions. This function may occur, at least in part, via the interaction
with BGLF2 through the C-terminal motif. The BKRF4/BGLF2 complex may somehow
induce maturation or egress of EBV particles in virus-producing cells. Otherwise, the
complex may somehow support fusion or transportation to the nucleus upon de novo
infection. In addition, it may activate viral gene expression in newly infected cells as
tegument components because BGLF2 can strongly activate the MAPK signal (43).
Further studies are required to determine the underlying molecular mechanism of how
BKRF4 is required for efficient infectivity of EBV.

MATERIALS AND METHODS
Cell culture and reagents. HEK293, HEK293 EBV-BAC, HEK293T, and HeLa cells were maintained in

Dulbecco modified Eagle medium (Sigma-Aldrich) supplemented with 10% fetal bovine serum (FBS).
HEK293 cells with BGLF4-knockout EBV-BAC were prepared previously (21). B95-8, AGS, AGS/EGFP-EBV
(contains recombinant Akata virus with EGFP and G418 resistance) (22), and Akata(�) cells were cultured
in RPMI 1640 (Sigma-Aldrich) medium containing 10% FBS. TPA, A23187 (calcium ionophore), and PAA
were purchased from Sigma-Aldrich, and sodium butyrate was from Wako Chemicals.

Antiserum against EBV BKRF4 was prepared by immunizing a rabbit with the synthetic peptide
CETTPPIKGNNNYNWPWL, and the serum was purified by affinity purification using the same peptide.
Antibodies against BZLF1, BRLF1, BMRF1, BALF2, BALF4(gB), BALF5, BRRF2, LMP1, and EBNA1 have been
reported previously (23–25). Mouse anti-Flag, mouse anti-BMRF1, anti-�/�-tubulin, and anti-HA antibod-
ies were purchased from Sigma-Aldrich, Novocastra, and Cell Signaling, respectively. Horseradish per-
oxidase (HRP)-linked goat antibodies to mouse or rabbit IgG were purchased from Amersham Biosci-
ences. Secondary goat anti-rabbit and anti-mouse IgG antibodies conjugated with Alexa 488 and Alexa
546 and a Zenon mouse IgG labeling kit were obtained from Molecular Probes.

Construction of expression plasmids. The expression vector pcDNABZLF1, pcDNAFlagBGLF4, and
pcDNAFlagBGLF4K102I have previously been reported (21). The expression vector for BKRF4 (pcDNAB-
KRF4) was constructed by inserting the BKRF4 ORF into pcDNA3 (Invitrogen) using the following
amplification primers: forward (TAGAGAATTCATGGCCATGTTTCTGAAGTC) and reverse (CTATCTCGAGTT
ACAGCCATGGCCAATTGT). pcDNAFlagBKRF4 was constructed by inserting the BKRF4 ORF into pcDNA-
Flag. The BKRF4 C-terminal deletion mutant vector (pcDNABKRF4dc) was generated using a PCR-based
method with forward (TAACTCGAGCATGCATCTAG) and reverse (GGTGGTTTCCATCATGTGTT) primers.
Expression plasmid for HA-tagged BGLF2 (HA-BGLF2) was constructed using the following primers:
(AAACGGGCCCTCTAGAATGGCATCCGCCGCGAACAG) and (CGTATGGGTAGAATTCATAAGAATGTAAGACCT
GAC). Two oligonucleotide sequences, forward (CACCTGACTACTCAGATGAAGACG) and reverse (AAACC
GTCTTCATCTGAGTAGTCA), were annealed and inserted into the BbsI site of the pX459 (Addgene) to
create pX459-BKRF4, the vector for CRISPR/cas9-mediated BKRF4 knockout.
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Genetic manipulation of EBV-BAC DNA and cloning of HEK293 cells with EBV-BAC. B95-8
EBV-BAC DNA was provided by W. Hammerschmidt (26). Homologous recombination was carried out in
E. coli as described previously (21).

To prepare recombinant viruses, a transfer DNA fragment for the first recombination was generated
by PCR using rpsL-neo vector (Gene Bridges, Germany) as the template, with the following primers:
Neo/St forward (TTTCTGAAGTCGCGTGGGGTCCGGTCTTGCAGGGACCGGCGCCTCTTGTCGGACGAGGAG
GGCCTGGTGATGATGGCGGGATC) and Neo/St reverse (CCTCCTGGATAGACTGGGAGGCCTGAGACCCCAG
AGTGTAGCTGCTGCTCTGTGAAGTCTTCAGAAGAACTCGTCAAGAAGG). To obtain the insertion mutant
(dBKRF4-ins), kanamycin-resistant colonies were selected after recombination and checked by colony
PCR using forward (GAGATAGATTGGAGGCTGTAG) and reverse (GACTCATCAGTGTCACTCAC) primers. The
revertant mutants (dBKRF4-ins/R) were constructed by replacing the neomycin resistance and strepto-
mycin sensitivity gene (Neo/St) cassette with a wild-type BKRF4 sequence. The wild-type PCR fragment
was amplified using the above-mentioned primers. To generate the dBKRF4-stop mutant, the Neo/St
cassette was replaced with the BKRF4 sequence containing a premature stop codon. The following oligonu-
cleotides were annealed and used as a template to create the stop mutant: forward (GAGATAGATTGGAGG
CTGTAGAGGGGTCATCACTATGGCCATGTTTCTGAAGTCGCGTGGGGTCCGGTCTTGCAGGGACCGGCGCCTCTTGT
CGGACGAGGAGTAAT) and reverse (GACTCATCAGTGTCACTCACGTCCTCCTCCTGGATAGACTGGGAGGCCT
GAGACCCCAGAGTGTAGCTGCTGCTCTGTGAAGTCTATTACTCCTCGTCCGACAAG). Electroporation of E. coli
was performed using a Gene Pulser III (Bio-Rad), and EBV-BAC DNA was purified using NucleoBond
Bac100 (Macherey-Nagel). Recombination was confirmed by PCR, sequence analysis, and electrophoresis
of the BamHI- or EcoRI-digested viral genome.

HEK293 cells were transfected with the recombinant EBV-BAC DNA using Lipofectamine 2000
reagent, followed by culture on 10-cm dishes maintained with 150 �g/ml hygromycin B. After 2 weeks,
GFP-positive, hygromycin-resistant cell colonies were cloned.

Disruption of the BKRF4 gene using the CRISPR/cas9 system. AGS/EGFP-EBV cells were trans-
fected with the CRISPR/cas9 vector pX459-BKRF4 using Lipofectamine 2000 reagent (Invitrogen). After
puromycin selection, pcDNABZLF1 was transfected to induce progeny production by electroporation
using the Neon transfection system (Thermo Fisher Scientific). Then the supernatant containing virus
particles was harvested and used to infect Akata(�) cells. To obtain GFP-positive cell clones, infected cells
were seeded after limiting dilution in 96-well plates and cultured with 750 �g/ml G418 for 3 to 4 weeks.

Transfection, immunoblotting, and immunoprecipitation. Cells were transfected with the indi-
cated plasmid DNAs using Lipofectamine 2000 reagent or by electroporation using the Neon transfection
system. The total amount of plasmid DNA was standardized by the addition of an empty vector. At 2 days
posttransfection, cells were washed with phosphate-buffered saline (PBS), harvested, and solubilized in
sample buffer for IB, as described previously (21). Akata cells were induced with anti-IgG for 2 days. For
immunoprecipitation (IP), HEK293T cells were transfected with the indicated plasmid DNA using Lipo-
fectamine 2000 reagent; at 24 h posttransfection, the cells were solubilized in IP lysis buffer (20 mM
Tris-HCl [pH 7.8], 150 mM NaCl, 0.5% NP-40, 1 mM EDTA, and protease inhibitor cocktail tablets
[Complete mini, Roche]), followed by sonication and centrifugation at 15,000 rpm for 5 min. The
supernatants were then mixed with anti-FLAG mouse antibody and protein G-Sepharose 4 Fast Flow (GE
Healthcare), followed by incubation at 4°C for �2 h with rotation. Immunocomplexes were washed four
times with the IP lysis buffer. Samples were subjected to SDS-PAGE, followed by IB with the antibodies
indicated in the figures. TrueBlot goat anti-rabbit/mouse IgG HRP-conjugated antibodies (eBioscience)
were used as the secondary antibodies. Phos-tag gel electrophoresis was carried out as described
previously (23). Briefly, cells were lysed in phosphatase buffer with sonication and treated with or without
lambda phosphatase (Santa Cruz) and separated on a SuperSep Phos-tag 7.5% gel (Wako Chemicals),
before being subjected to IB.

Immunofluorescence analysis. AGS/EGFP-EBV, EBV-negative AGS, and B95-8 cells were transfected
with pcDNABZLF1 using Lipofectamine 2000 reagent or by electroporation using the Neon transfection
system, and cells were fixed with 70% ethanol at 2 days posttransfection. Cells were permeabilized with
0.1% Triton X-100, blocked with 10% normal goat serum (Funakoshi) and incubated with anti-BKRF4
rabbit antibody and anti-BMRF1 mouse antibody. Next, the cells were washed with PBS and stained with
secondary antibody (Alexa 546 anti-rabbit IgG and Alexa 488 anti-mouse IgG; Invitrogen).

HeLa cells were transfected with pcDNA (empty vector) or FlagBKRF4 with or without HA-BGLF2
using Lipofectamine 2000 reagent. Cells were fixed with 70% ethanol, permeabilized with 0.1% Triton
X-100, and blocked as described above. The cells were incubated with anti-Flag mouse antibody and
anti-HA rabbit antibody, washed with PBS, and then stained with secondary antibody (Alexa 546
anti-mouse IgG and Alexa 488 anti-rabbit IgG). After treatment with secondary antibody, the cells were
washed with PBS and mounted in ProLong Gold antifade reagent with 4=, 6=-diamidino-2-phenylindole
(DAPI; Molecular Probes). LSM880 confocal microscopy (Zeiss) was used to analyze the sample.

Quantification of viral DNA synthesis. Levels of viral DNA synthesis were determined using qPCR,
as described previously (28). Briefly, cells were washed with PBS, lysed in lysis buffer with sonication, and
treated with proteinase K. After deactivation of the proteinase, qPCRs were performed using Fast Start
Universal Probe Master (Rox; Roche Applied Science). A standard curve drawn using serial dilutions of
DNA was used to quantify the amount of DNA. The probe and primers for detection of the viral genome
were designed in the BALF2-coding region.

Virus titration by FACS analysis. To induce lytic replication in HEK293 cells carrying EBV-BAC, cells
were transfected with pcDNABZLF1 using the Neon transfection system. After 3 days, cells and culture
media were collected and subjected to high-speed centrifugation. For the Akata CRISPR/cas9 mutant,
cells were lytically induced using anti-IgG; after 2 days postinduction, the supernatants were collected,
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followed by centrifugation and filtration. Then, Akata(�) cells were infected with the virus solution for
�2 h at room temperature with rotation. After 2 days, the cells were fixed with 1% formaldehyde,
washed with PBS, and resuspended in PBS. GFP-positive cells were counted using the FACSCalibur
G5 system (Becton Dickinson), according to the manufacturer’s instructions.

Quantification of extracellular virion DNA. Extracellular virions were quantified using qPCR as
described previously with some modifications (17). Briefly, 200 �l of virus stock was pretreated with 2 �l
of Turbo DNase I (Invitrogen) for 1 h at 37°C. The reaction was stopped by addition of EDTA (15 mM) and
incubated at 75°C for 10 min to heat inactivate the DNase I. Then, 20 �l of proteinase K solution and 200
�l of buffer AL from the DNeasy blood and tissue kit (Qiagen) were added. The mixture was kept at 70°C
for 15 min, and then the DNA was extracted using the kit according to the manufacturer’s instructions.
Finally, the relative levels of viral DNA were quantified as described above.

Quantification of virion DNA bound to cells. Virion DNA levels bound to Akata(�) cells were
quantified as described previously (29). Briefly, Akata(�) cells were inoculated with virus stock solutions
for 3 h at room temperature with rotation and washed extensively with PBS. After Turbo DNase I
treatment, cell-associated DNA was extracted and quantified as described above.

Purification of extracellular EBV virions. Culture supernatants from EBV B95-8 cells were collected
after 5 days of incubation. After low-speed centrifugation and filtration, the culture supernatants were
treated with or without 1% Nonidet P-40 (NP-40) and then subjected to ultracentrifugation (Himac CP
60E; Hitachi) at 15,000 rpm for 1 h. Finally, pellets were solubilized in sample buffer and subjected to
SDS-PAGE, followed by IB.
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