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ABSTRACT

The Epstein-Barr virus (EBV) is etiologically linked to approximately 10% of gastric cancers, in which viral genomes are main-
tained as multicopy episomes. EBV-positive gastric cancer cells are incompetent for progeny virus production, making viral
DNA cloning extremely difficult. Here we describe a highly efficient strategy for obtaining bacterial artificial chromosome (BAC)
clones of EBV episomes by utilizing a CRISPR/Cas9-mediated strand break of the viral genome and subsequent homology-di-
rected repair. EBV strains maintained in two gastric cancer cell lines (SNU719 and YCCEL1) were cloned, and their complete
viral genome sequences were determined. Infectious viruses of gastric cancer cell-derived EBVs were reconstituted, and the vi-
ruses established stable latent infections in immortalized keratinocytes. While Ras oncoprotein overexpression caused massive
vacuolar degeneration and cell death in control keratinocytes, EBV-infected keratinocytes survived in the presence of Ras ex-
pression. These results implicate EBV infection in predisposing epithelial cells to malignant transformation by inducing resis-
tance to oncogene-induced cell death.

IMPORTANCE

Recent progress in DNA-sequencing technology has accelerated EBV whole-genome sequencing, and the repertoire of sequenced
EBYV genomes is increasing progressively. Accordingly, the presence of EBV variant strains that may be relevant to EBV-associ-
ated diseases has begun to attract interest. Clearly, the determination of additional disease-associated viral genome sequences
will facilitate the identification of any disease-specific EBV variants. We found that CRISPR/Cas9-mediated cleavage of EBV epi-
somal DNA enabled the cloning of disease-associated viral strains with unprecedented efficiency. As a proof of concept, two gas-
tric cancer cell-derived EBV strains were cloned, and the infection of epithelial cells with reconstituted viruses provided impor-

tant clues about the mechanism of EBV-mediated epithelial carcinogenesis. This experimental system should contribute to
establishing the relationship between viral genome variation and EBV-associated diseases.

pstein-Barr virus (EBV) is one of the most widespread human

pathogens. EBV infection is usually asymptomatic, but it
sometimes causes severe disorders, such as EBV-related lym-
phoproliferative disease, B-cell lymphomas, and NK/T-cell lym-
phomas (1). In addition, causal relationships between EBV infec-
tion and epithelial cell-derived cancers, such as nasopharyngeal
carcinomas (NPCs) and gastric cancers, have been investigated
extensively (2, 3). However, the precise mechanisms underlying
EBV-mediated epithelial carcinogenesis remain largely unknown.

Recent deep-sequencing studies demonstrated unexpected
levels of heterogeneity in EBV genomes derived from various
EBV-positive cell lines, including Burkitt’s lymphoma-derived
cell lines (4), spontaneously established lymphoblastoid cell lines
(LCLs), Hodgkin’s lymphoma cell lines, NPC-derived cell lines, a
gastric cancer-derived cell line (5), and NPC biopsy samples (6).
Among infected individuals, EBV-associated cancers arise in only
a very small population, indicating that EBV contributes to carci-
nogenesis as a cofactor. An attractive hypothesis is that a specific
EBV strain serves as a strong cofactor for carcinogenesis. To test
this hypothesis, authentic viruses maintained in cancer cells
should be isolated and further characterized; however, EBV-asso-
ciated epithelial cancer cells, such as NPCs and gastric cancers, are
incompetent for progeny virus production, making it difficult to
reconstitute infectious viruses derived from cancer cells. A recent
study demonstrated the cloning of an NPC-derived EBV strain,
MS81, in a bacterial artificial chromosome (BAC) vector, followed
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by infectious virus reconstitution (7). The study clearly demon-
strated that reconstituted cancer cell-derived EBV differs signifi-
cantly from B-cell-derived EBV in its enhanced epitheliotropism
and its competency to enter the lytic cycle in lymphoblastoid cells.

To increase the repertoire of EBV strains derived from patients
with various diseases, including cancers, we aimed to simplify the
procedure for BAC cloning of EBV genomes. Genome-editing
technology using clustered, regularly interspaced, short palin-
dromic repeats (CRISPR)/Cas9 works not only for chromosomal
DNAs but also for cutting EBV episomes (8, 9), the genomes of
herpes simplex viruses (10, 11), and adenoviruses (10). We envi-
sioned that transgene insertion into EBV episomes would be stim-
ulated by cutting circular EBV episomes and simultaneously in-
troducing a specifically designed donor plasmid into latently
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infected cells. This study provides the proof of concept for insert-
ing a BAC vector sequence into a specific locus within an EBV
genome via homology-directed repair. We cloned two gastric can-
cer cell line-derived EBV strains as EBV-BAC clones, determined
their complete viral genome sequences, reconstituted infectious
viruses, and clarified how viruses affect the phenotypes of stably
infected epithelial cells.

MATERIALS AND METHODS

Cell culture. SNU719 cells (12) were obtained from the Korean Cell Line
Bank (KCLB 00719) and were cultured in RPMI 1640 medium supple-
mented with 10% fetal bovine serum (FBS) and penicillin-streptomycin
(PC-SM). YCCELI cells (13) were obtained from Sun Young Rha (Yonsei
University College of Medicine, Seoul, South Korea) and were cultured in
minimal essential medium supplemented with 10% FBS, nonessential
amino acids, and PC-SM. HEK293 cells were cultured as described previ-
ously (14) and were used for recombinant virus production. HDKI1-
K4DT cells (human dermal keratinocytes immortalized by the expression
of a mutant form of cyclin-dependent kinase 4/cyclin D1/human telome-
rase reverse transcriptase [15]) were cultured in keratinocyte serum-free
medium (SFM) with supplements (catalog no. 17005-042; Invitrogen).

CRISPR/Cas9-mediated EBV-BAC cloning. An EBV DNA sequence
around a BssHII site (corresponding to nucleotides [nt] 134663 to 134668
of wild-type EBV [EBV-wt]) was chosen as a CRISPR/Cas9 target se-
quence according to our experience of EBV genome targeting (14). The
EBV-specific CRISPR/Cas9 plasmid (pX330-sgEBV) was constructed by
inserting annealed oligonucleotides (sgEBV top [CACCGCTGTGTGCG
CGCCGCCAGCA] and sgEBV bottom [AAACTGCTGGCGGCGCGCA
CACAGC]) into the BbsI site of pX330 (catalog no. 42230; Addgene) (16).
Primers EBV Sacl up (CGCGGATCCGAGCTCTTCCGCTTCATCTG
[with BamHI and SaclI sites underlined]) and EBV Sacl down (CGCGAA
TTCGAGCTCAGGTTTTTGCACCT [with EcoRI and Sacl sites under-
lined]) were used to PCR amplify a Sacl fragment (1,088 bp) of SNU719
EBV (or YCCEL1 EBV) spanning the target region. The PCR product was
digested by BamHI and EcoRI and was cloned into pCAG-EGxxFP to
obtain a reporter plasmid, pCAG-EG-ebv-FP. pCAG-EG-mebv-FP, a re-
porter plasmid with silent mutations within the BVRF1 coding sequence,
was obtained by using primers mBVRF1 for (ATGCTCGCCGCCCGGA
CACAGCTGCGTCT) and mBVRFI rev (TGTGTCCGGGCGGCGAGC
ATGGCAGCCGG) with a PCR-based mutagenesis protocol (17).

The PCR-amplified Sacl fragment was cloned into pBluescript II-SK
to make pBS-SNU719 (the EBV DNA upstream region was on the Kpnl
side of the vector). A unique PacI site (b”*") was generated at the CRISPR/
Cas9 target site by using inverse PCR primers BssHII inv up (TTAACGC
ACACAGCTGCGTCTAGC) and BssHII inv down (TTAACGCCGCCA
GCATGGCAGCCG) (each with a half-PaclI site [underlined]) to obtain
pBS-SNU719-Pacl. Primers M13-20" (TTGTAAAACGACGGCCAGT),
mBVRF1 rev, mBVRF1 for, and Pacl rev (CGCGTTAATTAAAACCCCC
GTGCGATGAC [with the PacI site underlined]), with pBS-SNU719 as a
template, were used to obtain a PCR product with silent BVRF1 muta-
tions. The PCR product was then digested by Spel and Pacl and was
cloned into corresponding sites of pBS-SNU719-Pacl to obtain pBS-
SNU719-BVRFI1(+)-Pacl. A Pacl fragment consisting of a BAC vector
sequence, an enhanced green fluorescent protein (EGFP) gene, and a hy-
gromycin resistance gene (14) was cloned into the Pacl site of pBS-
SNU719-BVRF1(+)-Pacl to make a donor plasmid for targeting
SNU719 EBV.

The upstream homology region of YCCEL1 EBV is identical to that of
SNU719 EBV, while the downstream homology regions are not identical.
To replace the downstream homology region of pBS-SNU719-Pacl with
YCCELI1 EBV DNA, a Tth111I-Hpal fragment of pBS-SNU719-Pacl was
replaced with the corresponding YCCEL1 EBV fragment to yield pBS-
YCCEL1-Pacl. A donor plasmid for targeting YCCEL1 EBV was con-
structed by following the strategy described above.
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EBV genome targeting and screening of bacterial colonies. SNU719
cells (or YCCELI cells) were plated in a well of a 6-well dish and were
transfected with 0.4 g of the donor plasmid and 4 pg of pX330-sgEBV (2
pg each for YCCELLI cells) using the ViaFect reagent. Transfected cells
were replated onto a 10-cm dish at 2 days posttransfection and were se-
lected with hygromycin (30 pg/ml for SNU719 cells; 50 pg/ml for
YCCELI cells). Hygromycin-resistant cells were pooled at 3 weeks post-
transfection, and episomal DNAs were prepared from the pooled cells
(18). Aliquots of episomal DNAs were subjected to PCR analyses using
either primers rt recom for (TATCCAGTCCAGACGCTTTTC) and BAC
vec down (TTGTATGCCTGCTGTGGATT) to check the upstream junc-
tion or primers It recom for (CGGGCCATTTACCGTAAGTTA) and It
recom rev (TAAAGAACTGGCCGCTTTG) to check the downstream
junction. Aliquots of episomal DNAs were used to transform ElectroMAX
DHI10B competent cells (Invitrogen) in order to obtain chloramphenicol-
resistant bacterial colonies. The chloramphenicol-resistant colonies ob-
tained were screened by colony direct PCR using primers BamW up (TA
CCAGAGGGGGCCAAGAA) and BamW down (AGGAGAGGCAGGGC
CTGAA). EBV-BAC clones were identified by the presence of a 306-bp
PCR product derived from EBV BamHI W fragments. Positive clones
were grown, and BAC DNA preparations and restriction enzyme analyses
were performed as described previously (19). Negative clones were found
to contain donor plasmids themselves (data not shown).

EBV genome sequencing and annotation. EBV-BAC clone DNAs
were prepared by using a NucleoBond BAC 100 kit (Macherey-Nagel,
Diiren, Germany). Contaminated bacterial genomic DNAs were enzy-
matically digested by using Plasmid-Safe ATP-dependent DNase (Epicen-
tre, Madison, WI) before they were subjected to sequencing. Sequencing
was performed by TaKaRa Bio (Mie, Japan) on a PacBio RS instrument
(Pacific Biosciences, Menlo Park, CA, USA) (20) using libraries prepared
with the SMRTbell template preparation kit (version 1.0; Pacific Biosci-
ences). A hierarchical genome assembly process was used for high-quality
de novo genome assemblies (21). The contigs obtained were manually
curated to remove duplicated terminal sequences and transgene se-
quences, and sequences of SNU719 and YCCEL1 EBV genomes were ob-
tained. The sequences were manually annotated based on homology and
positional concordance with the standard EBV-wt sequence (22), with the
help of the Genome Annotation Transfer Utility (23). Nearly all open
reading frames (ORFs) corresponding to those of EBV-wt were success-
fully annotated. Only two ORFs (EBNA3C of SNU719 EBV and EBNA2 of
YCCEL1 EBV) were found to contain internal stop codons due to se-
quencing errors, and they were modified by referring to the results of
Sanger sequencing.

Phylogenetic analysis. The following EBV genomic sequences were
obtained from GenBank: GD1 (accession number AY961628.3), Akata
(KC207813.1), wt (NC_007605.1), M81 (KF373730), and Mutu
(KC207814.1). Genomic DNA alignments were executed by excluding
repetitive elements of the EBV genome (namely, the family of repeats,
internal repeats 1 to 4, and terminal repeats). The phylogenetic tree
was inferred by using the maximum likelihood method based on the
Tamura-Nei model (24) with gamma distribution, which was used to
model evolutionary rate differences among sites.

Recombinant EBV production, infection, and viral gene expression
analyses. Virus-producing cells were established by stably transducing
EBV-BAC clone DNAs into HEK293 cells as described previously (19).
Western blot analyses and TagMan small-RNA assays (Applied Biosys-
tems) were used to analyze viral protein and microRNA expression, re-
spectively.

EBV infection of immortalized keratinocytes. HDK1-K4DT cells
were retrovirally transduced with CR2 as described previously (14). The
HDK1-CR2 cells obtained were subsequently infected with the SNU719-
BAC virus or the YCCEL1-BAC virus. Pools of stably infected HDK1-CR2
cells, designated HDK1-SNU719 or HDK1-YCCELI cells, were obtained
by selection with hygromycin (5 pg/ml). Control HDK1 cells were ob-
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tained by infecting HDK1-CR2 cells with a retroviral vector carrying hy-
gromycin resistance and EGFP genes (pQCXIHyg-EGFP).

Induction of Ras oncoprotein in EBV-infected keratinocytes.
HDK1-SNU719 cells, HDK1-YCCELI cells, and control HDK1 cells were
transduced with a retroviral vector (pQCXIP-mERT2-KRASS'?Y) encod-
ing an estrogen receptor (ER)-RAS fusion protein derived from LZRS
ERTm RasV12, which was a gift from Paul Khavari (plasmid 21199; Ad-
dgene) (25). The infected cells were selected with puromycin (0.5 pg/ml)
for 2 days to obtain pools of cells expressing the ER-RAS fusion protein.
The ER-RAS-expressing cells (2.5 X 10° cells) were plated into each well of
6-well dishes, incubated overnight, and then subjected to 1 nM 4-hy-
droxytamoxifen (4-OHT) for 4 days to induce ER-RAS expression. Cells
were photographed using inverted florescence microscopy before and af-
ter 4 days of 4-OHT treatment. Whole-cell extracts were prepared from
the 4-OHT-treated cells and were subjected to Western blot analysis using
an anti-K-Ras antibody (F234; Santa Cruz).

Nucleotide sequence accession numbers. The sequences of SNU719
EBV and YCCELI1 EBV can be retrieved from DDBJ/EMBL/GenBank un-
der accession numbers AP015015 and AP015016.

RESULTS

CRISPR/Cas9-mediated cleavage of viral episomes enables
highly efficient cloning of EBV episomes from gastric cancer
cells. SNU719 and YCCELI1 are EBV-positive gastric cancer cell
lines derived from Korean patients (12, 13). Fluorescence in situ
hybridization (FISH) revealed a number of EBV genome-derived
signals scattered inside interphase nuclei of SNU719 and YCCEL1
cells, or associated with mitotic chromosomes (Fig. 1A), indicat-
ing that the EBV genomes are most likely maintained as circular
episomes. A conventional homologous recombination strategy to
clone EBV episomes from SNU719 cells ended in failure, presum-
ably due to the inefficiency of homologous recombination (data
not shown).

We therefore applied the CRISPR/Cas9-mediated genome-ed-
iting technique to increase the efficiency of homologous recombi-
nation. A DNA sequence within the BVRF1 open reading frame
was chosen as a target site (Fig. 1B). A plasmid containing an
hCas9 expression cassette and a single-guide RNA (sgRNA) tar-
geting the EBV DNA (pX330-sgEBV) was constructed (Fig. 1C).
The efficiency of pX330-sgEBV in cleaving the target sequence
within the EBV genome was first verified using a GFP reporter
plasmid in which the target EBV sequence was flanked by overlap-
ping GFP open reading frames (26) (pCAG-EG-ebv-FP [Fig. 1C]).
Massive EGFP expression was observed 48 h posttransfection
when the reporter plasmid was cotransfected with pX330-sgEBV
into HEK293 cells, indicating that cleavage of the EBV target se-
quence stimulated the reconstitution of a GFP coding sequence
via homology-directed repair (Fig. 1D). The same reporter gene
system was used to demonstrate that the CRISPR/Cas9 system
could also work in SNU719 and YCCELI cells (data not shown).

We then constructed a donor plasmid to enable the insertion of
transgenes (a BAC vector sequence and hygromycin resistance
and GFP genes) into the EBV genome cleavage site. The experi-
mental strategy used to construct the donor plasmid is illustrated
in Fig. 1E. Minimal upstream and downstream homology regions
(230-bp and 851-bp DNA fragments in Fig. 1E) were included in
the donor plasmid. Since the EBV genome cleavage site is located
within the BVRF1 gene (Fig. 1B and E), which encodes an essential
minor capsid protein, we created a CRISPR/Cas9-resistant BVRF1
gene by introducing silent mutations and included it in the up-
stream homology region of the donor plasmid (Fig. 1D and E).
The resistance of the mutated DNA fragment (pCAG-EG-mebv-
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FP) to CRISPR/Cas9-mediated DNA cleavage was verified by the
lack of GFP expression, even when pX330-sgEBV was cotrans-
fected (Fig. 1D). Thus, the donor plasmid is expected to be resis-
tant to pX330-sgEBV.

The circular donor plasmid was cotransfected with either
pX330 (without sgRNA) or pX330-sgEBV into SNU719 cells, and
the transfected cells were subjected to hygromycin selection for 3
weeks. Hygromycin-resistant, GFP-positive colonies appeared
when cells were transfected with both the donor plasmid and
pX330-sgEBV (Fig. 1F), while very few GFP-positive cells ap-
peared when only pX330 was cotransfected. Hygromycin-resis-
tant colonies were pooled, and episomal DNA was prepared from
them. PCR analyses provided clear evidence of successful homol-
ogy-directed repair in episomal DNA samples when the donor
plasmid was cotransfected with pX330-sgEBV, but not when it
was cotransfected with pX330 (Fig. 1G).

We also tested a linear fragment of the donor plasmid (a
12.9-kb Sacl fragment, spanning positions a through e in Fig. 1E)
for homology-directed repair, but it failed to work (data not
shown). Thus, only a circular donor plasmid, not a linearized one,
achieved homologous recombination.

Aliquots of the episomal DNA with the evidence of homolo-
gous recombination were used to transform bacteria, and the re-
sulting chloramphenicol-resistant colonies were PCR screened for
the presence of the EBV internal repeat 1 (IR1) sequence, permit-
ting the identification of SNU719-derived EBV-BAC clones (Fig.
2A). The frequency of obtaining EBV-BAC clones from the chlor-
amphenicol-resistant colonies ranged from 8.8% (3/34) to 47.8%
(22/46). Ten of 12 clones exhibited identical BamHI and EcoRI
digestion patterns, while two exceptional clones had altered diges-
tion patterns (Fig. 2A and data not shown). Whether these excep-
tional clones are artifacts resulting from the experimental proce-
dures or represent genuine minor EBV populations of biological
relevance is currently unclear.

The same experimental strategy was successfully applied to
the cloning of the EBV genome in YCCEL1 cells (Fig. 1F and
G), indicating the versatility of this experimental strategy. In
this case, 4 of 5 EBV-BAC clones exhibited identical digestion
patterns (Fig. 2A).

Sequencing of gastric cancer cell-derived EBV genomes us-
ing single-molecule real-time sequencing technology. One clone
with the representative digestion pattern was derived from each
cell line and selected as SNU719 EBV-BAC (SNU719-BAC) or
YCCELI EBV-BAC (YCCEL1-BAC), respectively, and subjected
to further analysis (Fig. 2B). The BamHI- and EcoRI-digested
BAC clones were analyzed by Southern blotting (data not shown),
and the identity of each band was determined by comparison with
those of EBV strain B95-8 (Fig. 2B). SNU719-BAC and YCCELI1-
BAC exhibited markedly different digestion patterns. DNAs of
SNU719-BAC and YCCEL1-BAC were purified and were then
subjected to DNA sequencing (Fig. 2C). The sequence of the
YCCELL EBV genome was determined previously using a hybrid
capture approach (GenBank accession no. LN827561.1) (5); how-
ever, there are a number of sequence gaps corresponding to repet-
itive regions within the genome. To obtain complete viral genome
sequences, we employed PacBio single-molecule real-time se-
quencing technology (20, 21). Long reads (mean subread length,
>10 kb) were obtained and were subjected to a hierarchical ge-
nome assembly process (21) to form contigs of >180 kb for both
SNU719 and YCCEL1 EBV-BAC clones (Table 1). The longest
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contigs were manually curated, and sequences of SNU719-BAC
(181,278 bp) and YCCELI-BAC (189,173 bp) were obtained.
BamHI and EcoRI digestion maps were then prepared from the
sequences (data not shown). The sizes of the BamHI- and EcoRI-
digested DNA fragments of EBV-BAC clones corresponded very
well with the digestion maps prepared (Fig. 2B), verifying the ac-
curacy of the assembled sequences.

Transgene sequences were subsequently removed from the
EBV-BAC sequences to obtain sequences of the SNU719 and
YCCELL EBV genomes (accession numbers AP015015 and
AP015016). The sizes of the SNU719 EBV and YCCELI EBV ge-
nomes were 169,425 and 177,320 bp, respectively. The size differ-
ence is due mainly to variations in the number of repeat sequenc-
es: 6 versus 7.6 copies of W repeats (IR1) and 5 versus 12 copies of
terminal repeats for SNU719 EBV and YCCEL1 EBV, respectively
(Fig. 2D). Restriction mapping data again proved that these copy
numbers were accurate (data not shown).

The DNA sequences of SNU719 EBV and YCCEL1 EBV were
subjected to phylogenetic analyses. Five representative EBV ge-
nomes deposited in GenBank (EBV-wt [22], GD1 [27], M81 [7],
Akata, and Mutu [4]) were used as reference sequences. The
sequences of the SNU719 and YCCEL1 EBVs, both derived
from Korean gastric cancer patients, are similar to those of
GD1 and M81 (both derived from Chinese NPC patients) and
to that of Akata (derived from a Japanese Burkitt’s lymphoma
patient), while they are distinct from EBV-wt (a strain B95.8
EBV [derived from an infectious mononucleosis patient from
the United States] with its sequence gap filled with EBV strain
Raji sequence [derived from an African Burkitt’s lymphoma
patient]) and Mutu (derived from an African Burkitt’s lym-
phoma patient) (Fig. 3A). These results are in good agreement
with the notion that different EBV strains are distributed in
different geographical areas (East Asia, African countries, and
Western countries) (5, 7, 28).

Genome annotation revealed that the numbers of amino acids
of viral latent proteins encoded by SNU719 EBV and YCCEL1
EBV differed substantially from those encoded by EBV-wt (Table
2). The reading frames of the LF3 protein were not conserved, as
observed in a previous report regarding EBV strains Akata and
Mutu (4). Mature microRNA sequences of SNU719 EBV and
YCCELI EBV were found to be identical to those deposited in
miRBase (www.mirbase.org).

Comparison of amino acid sequences in SNU719 EBV and

CRISPR/Cas9 To Clone EBV from Cancer Cells

YCCELI EBV revealed high degrees of conservation of LMP1,
LMP2A, and LMP2B (Table 2). In EBNAI, the only difference
resides in the lengths of internal glycine-alanine repeats, and in
EBNA2, the difference is restricted to the N-terminal proline-rich
domain. Thus, these proteins are also highly conserved between
the strains. On the other hand, the amino acid sequences of
EBNA3A, -3B, and -3C are heterogeneous between the two strains
(Table 2), and the difference is not restricted to the repetitive
amino acid coding regions.

The numbers of amino acids in viral latent proteins deduced
from our sequencing results were compared with those deduced
from previously determined EBV genome sequences, SNU719
(GenBank accession no. KP735248.1) (29) and YCCELI
(GenBank accession no. LN827561.1) (5) (Table 2). Good con-
cordance was found in the amino acid sequences of EBNA3A,
LMP2A, and LMP2B. On the other hand, discrepancies were no-
ticed for EBNA1, EBNA2, EBNA3B, EBNA3C, and LMP1 of the
SNU719 EBV strain. A common feature of these viral proteins is
that they contain repetitive amino acid coding regions. YCCEL1
sequencing data (LN827561.1) contain internal gaps correspond-
ing to repetitive amino acid coding regions of EBNA1, EBNA2,
EBNA3B, and EBNA3C. Thus, many of the discrepancies could be
attributed to differences in the ability to assemble repetitive DNA
sequences.

PacBio sequencing technology was not hampered by intergenic
repetitive sequences. We were able to determine the sequences of
the family of repeats (clustered 30-bp palindromic repeats that
present the most difficulty for Sanger sequencing [19]) in both
genomes. The results reveal that the region can be divided into
subregions in which 30-bp units are aligned in opposite orienta-
tions (19) (Fig. 3B). The previous sequencing data of SNU719 and
YCCELI EBV genomes contain internal gaps in the family of re-
peats region.

Taken together, these results demonstrate that BAC cloning of
EBV episomes and subsequent PacBio single-molecule sequenc-
ing are powerful tools for obtaining complete sequences of various
EBV strains.

Infection of B cells and epithelial cells with reconstituted vi-
ruses. HEK293 cell clones stably transfected with either SNU719-
BAC or YCCEL1-BAC were established, and EBV lytic replication
was induced. GFP expression in recipient B cells was observed
when culture supernatants of the induced HEK293 cells were used
for infection, indicating the production of recombinant viruses

FIG 1 CRISPR/Cas9-mediated cloning of EBV episomes derived from gastric cancer cells. (A) EBV genomes in interphase nuclei of EBV-positive gastric cancer
cells (SNU719 and YCCELL1) or in mitotic cells were visualized by fluorescence in situ hybridization as described previously (38). (B) Nucleotide sequences of
SNU719 EBV and YCCEL1 EBV spanning the CRISPR/Cas9 target sequence and flanking regions that served as homologous arms. Sacl sites (indicated by
lowercase letters a and e) and a BssHIT site (b) are underlined. A target and a PAM sequence are highlighted in yellow and green, respectively. A stop codon and
a polyadenylation signal of BVRF1 are highlighted in red, while a stop codon (in the complementary strand) of BVLF1 is highlighted in blue. Nucleotides that are
not identical in SNU719 EBV and YCCELI EBV are shaded. The positions of b**! and d**!, PacI recognition sites created for the cloning, are indicated. (C)
Schematic representation of a CRISPR/Cas9 plasmid (pX330-sgEBV) and a reporter plasmid (pCAG-EG-ebv-FP). pX330-sgEBV has the indicated oligonucle-
otides (the BssHII site and a G nucleotide added on the 5" end [underlined]) cloned into pX330. pCAG-EG-ebv-FP has a 1,088-bp Sacl fragment (shown in panel
B) inserted. The efficiency of CRISPR/Cas9-mediated DNA cleavage and homology-directed repair can be monitored by the restoration of the GFP coding
sequence. (D) HEK293 cells were transfected with GFP reporter plasmids and CRISPR/Cas9 plasmids in combination as indicated and were examined for GFP
expression at 2 days posttransfection. pCAG-EG-mebv-FP has a mutated insert (containing a b™ sequence, shown on the right) and is resistant to pX330-sgEBV-
mediated cleavage. The oligonucleotides used to generate the b™ sequence are shown. (E) A donor plasmid construction strategy and an expected EBV-BAC clone
obtained by homology-directed repair. An upstream homology arm (indicated as a-b™-c-d"*"") contains a CRISPR/Cas9-resistant BVRF1 coding sequence, and
the BVRF1 coding sequence is recovered after homology-directed donor knock-in. The sizes of PCR products are shown to verify successful recombination at the
upstream (upstr) and downstream (downstr) regions. pBS, pBluescript; Amp', ampicillin resistance gene; Cm', chloramphenicol resistance gene. (F) SNU719
and YCCELLI cells were transfected with pX330-sgEBV and the donor plasmid and were selected using hygromycin. Phase-contrast (left) and GFP fluorescence
(right) images of proliferating colonies were taken at 3 weeks posttransfection. (G) Detection of homologously recombined molecules in hygromycin-resistant
cell pools. Note that PCR products were present only when the donor plasmid and pX330-sgEBV were cotransfected.
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FIG 2 EBV-BAC clones obtained from SNU719 and YCCELLI cells and deduced restriction enzyme maps of authentic EBV genomes without transgenes. (A)
EBV-BAC clones obtained from SNU719 and YCCELL1 cells. DNAs of multiple EBV-BAC clones obtained from the cells were digested with either BamHI or
EcoRI and were analyzed by agarose gel electrophoresis. Note that clones marked with pound signs (#) exhibit digestion patterns different from those of the other
clones. White dots mark the individual bands that differ in the exceptional clones. (B) Restriction enzyme mapping of SNU719-BAC and YCCEL1-BAC. BAC
DNA samples were digested with either BamHI or EcoRI and were analyzed by 0.8% agarose gel electrophoresis. Digested bands are labeled alphabetically,
corresponding to bands derived from EBV strain B95-8. Bands derived from transgenes are indicated by tg. (C) Purified SNU719-BAC and YCCEL1-BAC DNA
samples were electrophoresed through a 0.6% agarose gel. (D) Linear BamHI and EcoRI digestion maps of the SNU719 and YCCEL1 EBV genomes (without
transgenes). EBV genomes are represented as if they were linearized by cleavage at the position corresponding to nucleotide 1 of EBV-wt. Note that YCCEL1 EBV
has two additional BamHI W repeats, one of which is internally truncated (indicated by a lowercase “w”). The BamHI E1 fragment of YCCEL1 EBV is smaller
than the corresponding fragment of SNU719 EBV (BamHI E) (Fig. 2B) due to the presence of an extra BamHI site (indicated by an asterisk). The EcoRI A
fragment of SNU719 EBV is divided into two fragments (Al and A2) by an extra EcoRI site (asterisk).

(Fig. 4A). Primary B lymphocytes were then infected with the the SNU719-derived virus and 10** TD,,/ml for the YCCELI-
recombinant viruses, leading to the establishment of lymphoblas-  derived virus. While the parental SNU719 and YCCELI cells were
toid cell lines (LCLs) expressing GFP (Fig. 4B). Estimated 50% in type I latency (12, 13), in which only the EBNA1 protein is
transforming doses (TDs,) were approximately 10** TDy,/ml for  expressed, the established lymphoblastoid cell lines were in type

TABLE 1 Summary of sequence data obtained from PacBio sequencing

No. of bases No. of Mean subread Longest contig Coverage
Sample (megabases) subreads length (bases) Quality” length (bases) (fold)
SNU719-BAC 730 71,436 10,231 0.845 201,979 2,240
YCCEL1-BAC 710 66,824 10,635 0.850 188,893 1,712

“ Mean mapped subread concordance.
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FIG 3 Characterization of gastric cancer cell-derived EBV genome sequences. (A) Phylogenetic trees based on available EBV genomic DNA sequences. The tree
is drawn to scale, with branch lengths corresponding to the number of substitutions per site. (B) Primary DNA sequences of the family of repeats (FR) of gastric
cancer cell-derived EBVs. Sequences are aligned along the palindromic cores of each repeat unit. Nucleotides constituting the 12-bp palindromic core of each
repeat unit are in boldface, and those that are mismatched to the consensus motif (TAGCATATGCTA) of the palindromic core are highlighted in yellow.
Nucleotides G, A, T, and C at positions —7 and +7 are shown in different colors to emphasize the orientation of each repeat unit. At the border of subregions I
and II (dashed lines), there exist 205-bp sequences (boxed) that are 100% conserved between SNU719 and YCCEL1 EBV. Nucleotide numbers in the SNU719
EBV sequence (GenBank accession no. AP015015) and the YCCEL1 EBV sequence (AP015016) are indicated.

IIT latency, with EBNA1, EBNA2, EBNA3A, EBNA3C, LMP1, and
LMP2A expressed (Fig. 4C). Protein bands representing viral la-
tent proteins of the SNU719 and YCCELI strains were found to
migrate differently, and the results corresponded very well with
the protein sizes deduced from our nucleotide-sequencing results
(Fig. 4C and Table 2).

We also tested whether the recombinant viruses derived from
SNU719-BAC and YCCEL1-BAC could establish stable infections
in epithelial cells. Either primary or immortalized primary epithe-

lial cells were transduced with the cellular EBV receptor CR2
(CD21) and were then used as recipient cells. Although primary
epithelial cells were transiently infected with the viruses, as re-
vealed by GFP expression, GFP-positive cells never proliferated.
In contrast, when immortalized human dermal keratinocytes
(HDK1-K4DT cells) (15) were used as recipient cells, GFP-posi-
tive cells proliferated under hygromycin selection. Pools of 100%
GFP-positive cells expressing keratins were established (Fig. 4D
and E). The infected HDK1 cells expressed only traces of EBNAL,

TABLE 2 Comparison of numbers of amino acids in EBV nuclear antigens and latent membrane proteins deduced from DNA-sequencing results in

this study and previous studies”

% aa identity No. of aa reported in the following study

No. of aa reported in the following study for the indicated strain‘: between for the indicated strain®:
. roteins in
de Jesus et al. (22), This study fhe two EBV Song et al. (29), Palser et al. (5),
EBV-wt SNU719 EBV YCCELI EBV strains in this SNU719 EBV YCCEL1 EBV
Protein” (NC_007605.1) (AP015015) (AP015016) study (KP735248.1) (LN827561.1)4
EBNA1 641 589 625 94 539 ND
EBNA2 487 480 483 99 465 ND
EBNA3A 944 944 935 96 944 935
EBNA3B 938 918 938 94 938 ND
EBNA3C 992 1,046 988 91 992 ND
LMP1 386 393 393 100 376 393
LMP2A 497 497 497 99 497 497
LMP2B 378 378 378 100 378 378

@ Shading indicates discrepancies between this study and previous studies.
b EBNA, EBV nuclear antigens; LMP, latent membrane proteins.

¢ Accession numbers are given in parentheses after EBV strain designations.
4 ND, not determined.
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FIG 4 Infection of B cells and epithelial cells with SNU719-BAC and YCCEL1-BAC viruses. (A) EBV-negative Akata cells were infected with the culture
supernatants of HEK293-derived virus-producing cells. At 2 days postinfection, uninfected (left) and infected (center and right) cells were analyzed by fluores-
cence-activated cell sorting (488-nm excitation followed by FL1 and FL2 detection). Percentages of GFP-expressing cells, manifested by shifts in fluorescence
intensity in the FL1 channel, are shown. (B) Phase-contrast and GFP images of a lymphoblastoid cell line established by the SNU719 virus. (C) Immunoblot
analyses of latent viral gene expression in EBV-positive gastric cancer cells, LCLs, and immortalized HDK1 cells (uninfected and EBV infected). Whole-cell
extracts (indicated at the top) were analyzed by immunoblotting using a human EBV-immune serum, anti-LMP1 antibody S-12, anti-LMP2A antibody 15F9, an
antibody against NDRG1, and an antibody against glyceraldehyde-3-phosphate dehydrogenase (GAPDH). (D) Phase-contrast and GFP images of immortalized
keratinocytes (HDK1-K4DT cells) stably infected with various recombinant viruses (indicated on the left). BART(+) EBV is a derivative of EBV strain B95-8 with
its BART microRNA clusters restored by using an EBV-BAC system (14). (E) Immortalized HDKI cells stably infected with the SNU719-BAC virus were
processed for immunofluorescence analysis using a pan-keratin antibody (bottom). Nuclear staining with 4’,6-diamidino-2-phenylindole (DAPI) and GFP
fluorescence are also shown. (F) The TagMan small-RNA assay was used to determine viral microRNA expression levels in parental gastric cancer cells,
uninfected HDK1 cells, and SNU719 or YCCELI virus-infected HDK1 cells. Relative microRNA expression levels for different cells were calculated by normal-
izing to hsa-miR-16 expression levels. Data are presented relative to average ebv-miR-BART1-3p expression levels in SNU719 cells, which were adjusted to 100.

but not other viral latent proteins, indicating that the cells were in
type I latency (Fig. 4C). Substantially lower levels of BamHI A
rightward transcript (BART) microRNAs were expressed in in-
fected HDK1 cells than in the parental gastric cancer cell lines (Fig.
4F). Still, downregulation of N-myc downstream regulated gene 1
(NDRGL1), a previously identified BART microRNA target (14),
was observed in EBV-infected cells (Fig. 4C), verifying that the
microRNAs expressed were functional. Intact BAC clones were
rescued from the pools of EBV-infected keratinocytes, indicating
that the SNU719-BAC and YCCEL1-BAC viruses were episomally
maintained (data not shown). This observation corresponds well
with a previous report that telomerase-immortalized oral kerati-
nocytes could be infected with Burkitt’s ymphoma-derived EBV
strain Akata, and EBV genomes were subsequently lost from the
infected cells (30).

In contrast, when HDK1-K4DT cells were infected with a de-
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rivative of EBV strain B95-8 [BART(+) B95.8 virus (14)], the
majority of hygromycin-resistant cells were GFP negative (Fig.
4D). The reasons underlying this phenomenon are currently un-
known.

Stable infection with gastric cancer cell-derived EBV pro-
tects epithelial cells from the cytokilling activity of Ras oncopro-
tein expression. SNU719 EBV-infected and uninfected control
HDK1-K4DT cells, both of which were hygromycin resistant and
GFP positive, grew at similar rates; therefore, the direct effects of
EBV infection were obscure. Since EBV is thought to function as a
cofactor in epithelial carcinogenesis, we predicted that EBV infec-
tion may result in phenotypic differences under certain circum-
stances, such as cellular oncoprotein expression. A gene encoding
the phosphatidylinositol triphosphate (PI-3) kinase catalytic sub-
unit (PIK3CA) is one of the most frequently mutated genes in
EBV-positive gastric cancers (2). Since PI-3 kinase is a Ras effec-
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tor, we examined the effect of Ras activation, which is known to
induce senescence-like growth arrest in primary human fibro-
blasts (31) and nonapoptotic cell death in several human cancer
cell lines (32). Hygromycin-resistant, EGFP-positive HDK1 cells
were established by retrovirus infection and were used as non-
EBV-infected control cells. EBV-infected HDK1-K4DT cells and
control HDK1 cells were transduced with the active form of K-Ras
(KRASS'?Y) fused to a mutant estrogen receptor ligand binding
domain (ER-RAS). The ER-RAS fusion protein is expected to be
degraded in the cytoplasm prior to 4-hydroxytamoxifen (4-OHT)
treatment, and it is stabilized at the inner cytoplasmic membrane
by the addition of 4-OHT, leading to Ras activation. Treating
uninfected control cells with 4-OHT caused massive vacuolar de-
generation and cell death within 4 days (Fig. 5A). In contrast, the
majority of SNU719 EBV-infected cells survived longer than 4
days of 4-OHT treatment, with few cells undergoing vacuolar de-
generation. The expression of an ER-RAS fusion protein in EBV-
infected cells after 4-OHT treatment was verified by Western blot-
ting (Fig. 5B). Essentially the same results were obtained when
YCCELI EBV-infected HDK1 cells were subjected to the same
assay (data not shown).

These results represent the first in vitro demonstration that
gastric cancer-derived EBVs can protect epithelial cells from the
cytokilling effect of Ras oncoprotein expression. The findings also
imply that the limited numbers of viral gene products expressed in
stably infected keratinocytes were sufficient to allow EBV to work
as an important cofactor in the survival of keratinocytes following
Ras activation.

DISCUSSION

Recent progress in DNA-sequencing technology has accelerated
the sequencing of whole EBV genomes, and the repertoire of se-
quenced EBV genomes is increasing progressively. It is now clear
that there are a large number of viral gene polymorphisms among
EBV strains and that many of these are found in viral latent genes
(4, 5). The possibility that EBV variant strains exist that are rele-
vant to EBV-associated diseases has started to attract interest (7,
28, 33). Clearly, it will be important to sequence more disease-
associated viral genomes and to reconstitute and experimentally
test such viruses in order to determine whether they behave dif-
ferently from nonpathogenic strains.

We used CRISPR/Cas9-mediated cleavage of EBV episomal
DNA to facilitate the cloning of disease-associated viral strains.
The cleavage stimulated the insertion of 12-kb transgenes via
homology-directed repair. Importantly, minimal homology
regions (230 bp upstream and 851 bp downstream) are neces-
sary for this repair, making the construction of the donor plas-
mid extremely simple. Providing that the 1,088-bp target se-
quences (Fig. 1B) are identical, one can use exactly the same
donor plasmid to clone multiple EBV strains. Given the high
efficiency of homology-directed repair, 3 weeks of bulk selec-
tion of transduced cells was sufficient to obtain pools of drug-
resistant cells, from which we successfully cloned EBV ge-
nomes. The entire cloning process could be performed within
approximately 1 month.

As has been demonstrated for the sequencing of the pseu-
dorabies virus genome (34), PacBio single-molecule sequenc-
ing technology is extremely useful for determining the se-
quences of repetitive regions. This technology allowed accurate
determination of the numbers of W repeats (IR1), family of
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FIG 5 EBV infection of immortalized keratinocytes makes them resistant to
oncogene-induced cell death. (A) Control HDKI1 cells (EBV-negative, hygro-
mycin-resistant, GFP-positive cells) were obtained by retrovirus infection.
Control HDK1 cells and EBV-infected HDK1 cells (both GFP positive) were
transduced with the ER-RAS fusion protein. Pools of transduced cells were
treated with 1 nM 4-OHT for 4 days. Phase-contrast and GFP fluorescence
images of untreated and 4-OHT-treated cells are shown. (B) Whole-cell ex-
tracts of uninfected and EBV-infected HDK1 cells (cultured with or without
4-OHT as indicated at the top) were analyzed by immunoblot analysis using an
anti-Ras antibody and a human EBV-immune serum.
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repeats, terminal repeats, and other repetitive sequences within
EBNA protein-coding regions, as verified by the restriction en-
zyme digestion patterns of BAC clone DNAs and the sizes of
proteins by Western blot analyses. Hence, PacBio sequencing
has the clear advantage over other deep-sequencing methods of
not being hampered by the repetitive sequences scattered
throughout herpesvirus genomes.

Immortalized keratinocytes stably infected with recombinant
SNU719 EBV and YCCELI EBV strains were established. In con-
trast, primary epithelial cells entered senescence after EBV infec-
tion. This corresponds well with a previous observation that over-
expression of cyclin D1 in precancerous tissue is a prerequisite for
susceptibility to stable EBV infection (35). We took advantage of
an experimental system in which immortalized human keratino-
cytes undergo vacuolar degeneration and cell death following Ras
activation. This is most likely nonapoptotic cell death, as has been
demonstrated for human cancer cells (32); whether the same ap-
plies to normal human epithelial cells remains to be clarified. Im-
portantly, stable infection with gastric cancer cell-derived EBVs
made the infected keratinocytes resistant to oncogene-induced
vacuolar degeneration and cell death. We speculate that this ob-
servation faithfully reflects epithelial carcinogenesis in vivo, to
which EBV contributes as a cofactor. Epithelial carcinogenesis in
vivo likely takes much longer than EBV-mediated B-cell transfor-
mation and involves multiple genetic and epigenetic alterations of
cellular genes (36). A possible scenario is that the presence or
absence of EBV infection determines the destiny of precancerous
gastric epithelia that encounter additional oncogene activation.
Although EBV-infected keratinocytes escaped cell death after
ER-RAS expression, they failed to proliferate further. This could
be due to the nonphysiological level of ER-RAS expression. There
remains much room for improvement in producing a more phys-
iological experimental system.

Whether viral sequence heterogeneity affects viral phenotypic
variation remains an open question. Although not proven, it may
be that only a specific EBV strain can act as a strong cofactor
during epithelial carcinogenesis. One intriguing observation is
that gastric cancer cell-derived EBVs, but not lymphoblast-de-
rived EBVs, could establish stably infected keratinocytes with
100% GFP expression (Fig. 4D). Since these EBV strains have
different geographical origins, the difference observed may imply
that EBV strains with different biological properties are distrib-
uted in geographically different areas in the world. Alternatively,
this observation raises the possibility that gastric cancer cell-de-
rived EBVs have specific phenotypes. Final proof should be ob-
tained by identifying sequence variations and phenotypic dif-
ferences between (i) EBV maintained in B cells and (ii) EBV
maintained in cancer tissue from the same individual. Such
experiments are now theoretically possible, since the CRISPR/
Cas9-mediated EBV targeting strategy can be applied to sponta-
neously outgrown lymphoblastoid cell lines.

Itis also of interest to investigate whether some specific EBV
strains are linked with other EBV-associated diseases. For ex-
ample, chronic active EBV-associated T/NK-cell lymphopro-
liferative diseases are rare but are more prevalent in East Asian
countries than in Western countries (37), suggesting that EBV
strains with specific geological distributions may be relevant to
disease etiology. Functional comparisons of EBVs derived from
patients with EBV-related diseases and those derived from
healthy individuals would enable testing of this hypothesis.
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Viral genome heterogeneity could significantly affect viral phe-
notypes, such as infectivity for target cells (B cells, NK/T cells,
and epithelial cells), immunogenicity, and pathogenicity. The
experimental system described in this study should contribute
to the further clarification of the biological significance of viral
strain variation and to the identification of potentially disease
specific variants.
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