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ABSTRACT

Epstein-Barr virus (EBV) is one of the major oncogenic viruses and is found in nearly 10% of gastric carcinomas. EBV is
known to encode its own microRNAs (miRNAs); however, their roles have not been fully investigated. The present report is
the largest series to comprehensively profile the expression of 44 known EBV miRNAs in tissue samples from patients with
EBV-associated gastric carcinoma. Several miRNAs were highly expressed in EBV-associated gastric carcinoma, and in
silico analysis revealed that the target genes of these EBV miRNAs had functions associated with cancer-related pathways,
especially the regulation of apoptosis. Apoptosis was reduced in EBV-associated gastric carcinoma tissue samples, and gas-
tric carcinoma cell lines infected with EBV exhibited downregulation of the proapoptotic protein Bid (the BH3-interacting
domain death agonist), a member of the Bcl-2 family. The luciferase activity of the reporter vector containing the 3= un-
translated region of BID was inhibited by an ebv-miR-BART4-5p mimic in gastric cancer cell lines. Transfection of an ebv-
miR-BART4-5p mimic reduced Bid expression in EBV-negative cell lines, leading to reduced apoptosis under serum depri-
vation. The inhibition of ebv-miR-BART4-5p expression was associated with partial recovery of Bid levels in EBV-positive
cell lines. The results demonstrated the antiapoptotic role of EBV miRNA via regulation of Bid expression in EBV-associ-
ated gastric carcinoma. These findings provide novel insights in the roles of EBV miRNAs in gastric carcinogenesis, which
would be a potential therapeutic target.

IMPORTANCE

This report is the largest series to comprehensively profile the expression of 44 known EBV miRNAs in clinical samples from
EBV-associated gastric carcinoma patients. Of the EBV miRNAs, ebv-miR-BART4-5p plays an important role in gastric carcino-
genesis via regulation of apoptosis.

Epstein-Barr virus (EBV) is one of the major oncogenic viruses
inducing various kinds of malignancies in humans. The virus

originally was isolated from Burkitt’s lymphoma and is associated
with other hematopoietic tumors, including Hodgkin’s lym-
phoma, extranodal nasal-type NK/T-cell lymphoma, diffuse large
B-cell lymphoma (DLBCL), and lymphoproliferative disorders in
immunosuppressed patients, as well as some epithelial malignan-
cies, such as nasopharyngeal carcinoma (NPC) and gastric carci-
noma (1–3). Nearly 10% of all gastric carcinomas are associated
with EBV infection and form a distinct subtype of disease, exhib-
iting characteristic clinicopathological features (4).

Several studies have investigated the roles played by EBV in
carcinogenesis and have sought to show that EBV gene transcripts,
including EBV nuclear antigen 2 (EBNA2) or latent membrane
protein 1 (LMP1), disturb signal transduction in host cells, caus-
ing immortalization or transformation (5). Although these stud-
ies have shed light on the oncogenic properties of EBV, many
unsolved problems remain.

Recently, a novel class of small, noncoding RNA molecules,
termed microRNAs (miRNAs), has been identified as a group of
important posttranscriptional regulators of gene expression.
miRNAs play roles in many complex biological processes, includ-
ing cellular development and differentiation. An increasing num-
ber of studies have shown that dysregulation of certain miRNAs
induces carcinogenesis in various organs. To date, more than
4,500 human miRNAs (cellular miRNAs) have been archived in

miRBase (http://www.mirbase.org/) (6). In a previous study, we
showed that two of these cellular miRNAs, hsa-miR-200a and hsa-
miR-200b, were downregulated in EBV-associated gastric carci-
noma tissues both in vivo and in vitro (7). This caused a decrease in
E-cadherin expression via upregulation of the transcription re-
pressors ZEB1 and ZEB2 and triggered the epithelial-to-mesen-
chymal transition, an important feature of carcinogenesis (8–11).

Not only mammals but also viruses encode miRNAs. EBV was
the first virus in which viral miRNAs were found (12, 13). To date,
25 EBV miRNA precursors and 44 mature EBV miRNAs have
been registered in miRBase. The EBV-encoded miRNAs fall into
two major clusters, the BHRF-1 and BART clusters. The BHRF-1
cluster contains four mature miRNAs expressed only in lytically
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infected cells or cells with latency type III infections (12, 14). The
BART cluster is further subdivided into subclusters 1 and 2, con-
taining 38 mature EBV miRNAs in total, and the miRNAs ebv-
miR-BART2-5p and ebv-miR-BART2-3p are located downstream
of these two clusters. Several studies have profiled EBV-encoded
miRNA expression in EBV-associated malignancies, including
NPC and DLBCL, and have revealed that specific viral miRNAs
play roles in carcinogenesis (15–18). Three studies used either
Northern blotting or quantitative reverse transcription-PCR (RT-
PCR) to measure the expression levels of a limited number of
EBV-encoded miRNAs in gastric carcinoma tissues (19–21). In
addition, two recent reports profiled viral miRNA expression lev-
els in gastric carcinoma cell lines infected with EBV (22, 23).

The present study is the largest series to comprehensively pro-
file the expression of 44 known EBV-encoded miRNAs in clinical
samples from gastric carcinoma patients. We used quantitative
RT-PCR to investigate viral miRNA expression in such samples, in
cell lines originally derived from EBV-associated gastric carci-
noma cells, and in cells secondarily infected with EBV by the cell-
to-cell contact method (24). We compared our expression profiles
with those previously reported for patients with EBV-associated
malignancies, and we identified several viral miRNAs that are fre-
quently highly expressed in EBV-associated gastric carcinoma tis-
sues. We sought the cellular targets of these viral miRNAs using an
in silico approach. We focused specifically on apoptosis-related
proteins and further investigated their roles in vitro.

MATERIALS AND METHODS
Tissue samples. Viral miRNA expression was examined in tissues from 10
patients with surgically resected EBV-associated gastric carcinoma. An
additional 5 NPC cases and 5 EBV-positive DLBCL cases were selected to
measure the expression of specific EBV miRNAs. The frequency of apop-
tosis also was analyzed in 54 surgical specimens (from 19 cases of EBV-
positive and 35 cases of EBV-negative gastric carcinoma). Samples were
collected from the archives of the Department of Pathology of the Uni-
versity of Tokyo Hospital. The study was approved by the University of
Tokyo Ethics Committee. Samples were fixed in formalin and embedded
in paraffin. Hematoxylin-and-eosin (H&E)-stained slides were reviewed.
The presence of EBV in tumor cells was confirmed by in situ hybridization
targeting an EBV-encoded small RNA (EBER-ISH) with an EBER1-RNA
oligonucleotide probe, as previously described (25).

KT tumors were established by inoculating cells of surgically resected
EBV-associated gastric carcinoma tissues into SCID mice, as previously
described (26).

Cell lines and culture conditions. The gastric carcinoma cell lines
used in the present study were MKN1, NUGC3, AGS, and SNU719. The
former three lines originally were derived from gastric carcinoma tissues
without EBV infection. The MKN1 line was obtained from the Riken
BioResource Center Cell Bank (Tsukuba, Japan), the NUGC3 line from
the Japanese Cancer Research Resource Bank (Osaka, Japan), and the AGS
line from the American Type Culture Collection (Manassas, VA). The
SNU719 line was derived from EBV-associated gastric carcinoma tissue
and was obtained from the Korean Cell Line Bank (Seoul, South Korea).
All cell lines were authenticated using the short tandem repeat-PCR
method. Cell lines were cultured in RPMI 1640 medium (Nacalai Tesque,
Kyoto, Japan) supplemented with 10% (vol/vol) fetal calf serum (FCS)
(MP Biomedicals, Solon, OH), penicillin (40 U/ml), and streptomycin (50
�g/ml) at 37°C under 5% (vol/vol) CO2.

EBV infection. MKN1, NUGC3, and AGS cells were infected with
recombinant EBV using the cell-to-cell contact method (24). Cells of a
Burkitt’s lymphoma line, Akata, were modified to produce recombinant
EBV in which a neomycin resistance gene was inserted into BXLF1; this
virus was used in the present study. EBV-infected cells were obtained after

bulk selection with G418 (700 �g/ml; Sigma-Aldrich, St. Louis, MO). The
establishment of EBV infection was confirmed by detecting EBER-ISH in
cells grown on plastic slides after fixation in 10% (vol/vol) formalin. The
expression of EBV latent genes (BARF0, EBER, EBNA1, EBNA2, LMP1,
and LMP2A) was evaluated using RT-PCR as previously described (26).
EBV-infected cells were maintained in bulk in RPMI 1640 medium sup-
plemented with 10% (vol/vol) FCS and G418 (50 �g/ml).

RNA extraction and quantitative RT-PCR. Total RNAs, including
miRNAs, were extracted from paraffin-embedded tissues of surgically re-
sected samples and KT tumors using RecoverAll total nucleic acid isola-
tion kits for formalin-fixed, paraffin-embedded tissues (Life Technolo-
gies, Carlsbad, CA). Total RNA was extracted from cultured cells using
mirVana miRNA isolation kits (Life Technologies).

For miRNA analysis, mature miRNAs were reverse transcribed and quanti-
tative PCR was performed using TaqMan MiRNA assays detecting ebv-
miR-BART1-5p (1), ebv-miR-BART1-3p, ebv-miR-BART2-5p (2),
ebv-miR-BART2-3p, ebv-miR-BART4-5p (4), ebv-miR-BART4-3p
(4*), ebv-miR-BART5-5p (5), ebv-miR-BART5-3p (5*), ebv-miR-
BART6-5p, ebv-miR-BART6-3p, ebv-miR-BART7-5p (7*), ebv-miR-
BART7-3p (7), ebv-miR-BART8-5p (8), ebv-miR-BART8-3p (8*),
ebv-miR-BART9-5p (9*), ebv-miR-BART9-3p (9), ebv-miR-BART11-
5p, ebv-miR-BART11-3p, ebv-miR-BART12, ebv-miR-BART13-5p
(13*), ebv-miR-BART13-3p (13), ebv-miR-BART14-5p (14*), ebv-
miR-BART14-3p (14), ebv-miR-BART15, ebv-miR-BART16, ebv-
miR-BART17-5p, ebv-miR-BART17-3p, ebv-miR-BART18-5p (18),
ebv-miR-BART18-3p, ebv-miR-BART19-5p, ebv-miR-BART19-3p
(19), ebv-miR-BART20-5p, ebv-miR-BART20-3p, ebv-miR-BART21-
5p, ebv-miR-BART21-3p, ebv-miR-BART22, ebv-miR-BHRF1-1,
ebv-miR-BHRF1-2-5p (1-2*), ebv-miR-BHRF1-2-3p (1-2), and ebv-
miR-BHRF1-3, as well as custom TaqMan small RNA assays detecting
ebv-miR-BART3-5p (3*), ebv-miR-BART3-3p (3), ebv-miR-BART10-
5p (10*), and ebv-miR-BART10-3p (10). The figures in parentheses
indicate the previous mature miRNA identifier. The assays were per-
formed according to the protocols of the manufacturer (Life Technol-
ogies). Viral miRNA expression data first were normalized to those for
a reference RNA, RNU6B, and expression levels relative to those of
ebv-miR-BART19-5p were calculated next.

To quantify mRNAs encoding apoptosis-related proteins (Bax, Bid, Bim,
and Bmf), total RNA was reverse transcribed using the SuperScript II first-
strand synthesis system (Life Technologies) and random primers. Quantita-
tive RT-PCR was performed using TaqMan Gene Expression assays (Life
Technologies) according to the manufacturer’s protocol. Data were normal-
ized to the expression level of mRNA encoding glyceraldehyde-3-phosphate
dehydrogenase (GAPDH). Quantitative RT-PCR analyses were performed
using the 7300 real-time PCR system (Life Technologies).

TABLE 1 Clinicopathological features of EBV-associated gastric
carcinoma cases

Parameter Valuea

Age (yr; means � SD) 70.1 � 9.5 (range, 56–90)
Male/female ratio 9:1
Region (n) Upper (5), middle (4), lower (1)
Size (cm; means � SD) 7.8 � 4.8 (range, 2.1–18.0)
Stage (n) IA (1), IB (4), IIA (1), IIB (2), IV (2)
No. with lymph node metastasis

(present/absent)
6/4

No. with distant metastasis
(present/absent)

2/8

Outcome (n) NED (5), AWD (1), DOD (1), DOO (2),
LFU (1)

5-yr survival rate 78% (7/9)
a NED, alive with no evidence of disease; AWD, alive with disease; DOD, died of the
disease; DOO, died of other causes; LFU, lost to follow-up.
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FIG 1 Comprehensive profiling of EBV miRNAs expressed in EBV-associated gastric carcinoma. (A) Quantitative RT-PCR analysis of EBV miRNA expression
levels in samples from 10 surgically resected EBV-associated gastric carcinoma patients. Relative expression levels (target EBV miRNA levels/ebv-miR-
BART19-5p level) are shown. (B) Comparison of the average miRNA profiles of surgically resected samples, KT tumors inoculated into mice, and SNU719 cells
cultured in vitro. Relative expression levels (target EBV miRNA levels/ebv-miR-BART19-5p level) are shown. (C) Quantitative RT-PCR analysis of expression
levels of ebv-miR-BART7-3p and ebv-miR-BART22 in 10 gastric carcinomas, 5 nasopharyngeal carcinomas, and 5 EBV-positive diffuse large B-cell lymphomas.
Relative expression levels (ebv-miR-BART7-3p level/ebv-miR-BART22 level) are shown. (D) Quantitative RT-PCR analysis of the levels of the top 10 viral
miRNAs expressed in EBV-negative and -positive cell lines. Relative expression levels (target EBV miRNA levels/ebv-miR-BART15 level) are shown. GC, gastric
carcinoma; NPC, nasopharyngeal carcinoma; DLBCL, diffuse large B-cell lymphoma; n.s., not statistically significant (Student’s t test).
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In silico prediction of cellular targets of viral miRNAs. The top 10
viral miRNAs (by prevalence) expressed in EBV-associated gastric carci-
noma tissues were selected, and seed sequences were obtained from
miRBase. These sequences were input to TargetScanHuman Custom 5.2
(http://www.targetscan.org/vert_50/seedmatch.html) to identify potential
target genes. To identify pathways possibly dysregulated by EBV miRNAs,
listed genes were uploaded to the Functional Annotation Tool of DAVID
Bioinformatics Resources 6.7 (http://david.abcc.ncifcrf.gov) (27, 28). An en-
richment was considered to be significant when the modified Fisher P value
was �0.05. Potential target genes related to apoptosis identified by Target-
ScanHuman Custom 5.2 also were confirmed using two different programs,
TargetRank (http://genes.mit.edu/targetrank) and RepTar (http://reptar
.ekmd.huji.ac.il).

TUNEL. The frequency of apoptosis was evaluated in 54 surgically
resected specimens using the terminal deoxynucleotidyltransferase-medi-
ated dUTP-biotin nick end labeling (TUNEL) method according to the
manufacturer’s protocol (ApopTag peroxidase in situ apoptosis detection
kit; EMD Millipore, Billerica, MA). The proportions of apoptotic cells
were calculated by counting stained cells among all tumor cells. Two pa-
thologists (A. Shinozaki-Ushiku and T. Hibiya) independently evaluated
all specimens.

Western blotting. Whole-cell extracts were dissolved in lysis buffer
(10 mM Tris-HCl [pH 7.4], 150 mM NaCl, 5 mM EDTA, 1.0% [vol/vol]
Triton X-100, 1.0% [wt/vol] sodium deoxycholate, 0.1% [wt/vol] SDS,
and 1 mM phenylmethylsulfonyl fluoride [PMSF], with a protease inhib-
itor cocktail), and protein samples (10 �g) were loaded onto and sepa-
rated on 15% (wt/vol) SDS polyacrylamide gels. After transfer to polyvi-
nylidene difluoride (PVDF) membranes, proteins were probed using the
following primary antibodies: anti-human Bax antibody (clone D2D3;
1:1,000 dilution; Cell Signaling, Danvers, MA); anti-human Bid (clone
ab2388; 1:500; Abcam, Cambridge, United Kingdom); anti-human Bim
(clone C34C5; 1:1,000; Cell Signaling); anti-human Bmf (clone G81;
1:1,000; Cell Signaling); anti-cleaved caspase-3 (clone asp175; 9661;
1:1000; Cell Signaling); or anti-actin (clone A5441-2ML; 1:10,000; Sigma-
Aldrich). Probing with secondary antibodies followed; these were anti-
rabbit-horseradish peroxidase (HRP; 1:10,000; Jackson, West Grove, PA)
and anti-mouse-HRP (1:10,000; Jackson). Stained proteins were visual-
ized using the ImmunoStar LD system (Wako, Osaka, Japan) according to
the manufacturer’s protocol. Signal intensity was quantified using the
LAS-3000 system (Fujifilm Corp., Tokyo, Japan) and Multi Gauge, ver-
sion 3.0 (Fujifilm).

Luciferase reporter assay. To evaluate the effect of ebv-miR-BATR4-5p
on the expression of the putative target gene, BID, a luciferase reporter assay
was performed. Six cell lines, MKN1, MKN1-EBV, NUGC3, NUGC3-EBV,
AGS, and AGS-EBV, were seeded in 96-well plates (2.0 � 104 cells/well) and
were transfected with the pEZX-MT01 vector containing the 3= untranslated
region (UTR) fragment of BID (GeneCopoeia, Rockville, MD) using ViaFect
transfection reagent (Promega, Madison, WI). Mutations to putative binding
sites of ebv-miR-BART4-5p were introduced using a QuikChange lightning
site-directed mutagenesis kit (Agilent, Santa Clara, CA), and this mutant was
transfected into cell lines similarly. After 24 h, ebv-miR-BART4-5p mimic or
negative control was transfected into MKN1, NUGC3, and AGS cells using
Lipofectamine RNAiMax transfection reagent (Life Technologies). Luciferase
activity was measured 24 h posttransfection using a Dual-Glo luciferase assay
system (Promega) and the EnSpire plate reader (PerkinElmer, Waltham,
MA) according to the manufacturer’s protocol.

Transfection with inhibitors and mimics of miRNA. EBV-negative
cells (MKN1, NUGC3, and AGS) or EBV-infected cells (MKN1-EBV,
NUGC3-EBV, and AGS-EBV) were seeded at 2 � 105 cells per well into
6-well plates and transfected with miRNA inhibitors, miRNA mimics, or
negative controls (Life Technologies) using the RNAiMAX transfection
agent (Life Technologies). The final concentrations of miRNA inhibitors
and mimics were 30 nM and 3 nM, respectively. Total RNA was collected
for assay at 24 h and 48 h posttransfection.

Induction of apoptosis by serum deprivation. EBV-negative cell lines
MKN1, NUGC3, and AGS were cultured in serum-free RPMI 1640 for 48
h in tissue culture slides and 6-well plates. After fixation with 4% parafor-
maldehyde and staining with hematoxylin, apoptotic cells were counted
and the proportions of these cells among viable cells were calculated.
Proteins also were extracted, and Western blotting using anti-cleaved
caspase-3 antibody was performed.

Statistical analysis. Statistical analysis was performed using Student’s
t test. A comparative difference was considered significant when the P
value was �0.05.

RESULTS
Viral miRNA profiling of EBV-associated gastric carcinoma tis-
sues using quantitative RT-PCR. The clinicopathological fea-
tures of EBV-associated gastric carcinoma cases examined are
summarized in Table 1. EBV-associated gastric carcinoma tended
to arise in the upper to middle region of the stomach in older
patients and exhibited a striking male predominance. The 5-year
survival rate of our patients was 78%. These findings are consis-
tent with those of previous reports (4). Tumor tissue was extracted
from formalin-fixed and paraffin-embedded tissues from each

TABLE 2 Functional clustering analysis of EBV miRNA target genes

Database Related pathway(s)
Gene
count P value

KEGG Pathways in cancer 37 0.0009
KEGG Focal adhesion 31 0.0000
KEGG Regulation of actin cytoskeleton 28 0.0005
KEGG Wnt signaling pathway 25 0.0000
KEGG Ubiquitin mediated proteolysis 20 0.0011
KEGG Axon guidance 17 0.0080
KEGG Viral myocarditis 16 0.0000
KEGG T cell receptor signaling pathway 16 0.0035
KEGG Tight junction 16 0.0240
KEGG Neurotrophin signaling pathway 15 0.0270
KEGG Adherens junction 14 0.0011
KEGG ECM-receptor interaction 14 0.0025
KEGG ErbB signaling pathway 13 0.0092
KEGG Dilated cardiomyopathy 13 0.0140
KEGG Colorectal cancer 12 0.0180
KEGG Hypertrophic cardiomyopathy 12 0.0190
KEGG Fc gamma R-mediated phagocytosis 12 0.0400
KEGG Pathogenic Escherichia coli infection 11 0.0030
KEGG p53 signaling pathway 11 0.0110
KEGG Arrhythmogenic right ventricular

cardiomyopathy
11 0.0230

KEGG Endometrial cancer 10 0.0053
KEGG Acute myeloid leukemia 10 0.0110
KEGG Dorsoventral axis formation 8 0.0008
KEGG SNARE interactions in vesicular transport 7 0.0330
Reactome REACT_604: hemostasis 24 0.0058
Reactome REACT_16888: signaling by PDGF 18 �0.0001
Reactome REACT_11061: signaling by NGF 17 0.0380
Reactome REACT_13552: integrin cell surface

interactions
15 0.0001

Reactome REACT_578: apoptosis 14 0.0280
Reactome REACT_18266: axon guidance 13 �0.0001
Reactome REACT_11044: signaling by Rho GTPases 13 0.0430
Reactome REACT_9417: signaling by EGFR 11 0.0002
Biocarta Apoptotic signaling in response to DNA

damage
7 0.0180

Biocarta D4-GDI signaling pathway 5 0.0340
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case and subjected to quantitative RT-PCR analysis. Figure 1A
shows the relative expression levels of viral miRNAs normalized to
that of ebv-miR-BART19-5p in each of 10 EBV-associated gastric
carcinoma samples. Of 44 known viral miRNAs, 40 were ex-
pressed at different levels in the tested samples. However, no
miRNA of the BHRF cluster was detected. These results are consistent
with those of previous reports to the effect that BHRF miRNAs were
not expressed in either NPC or DLBCL samples (15–18). No viral
miRNA was detected in normal gastric tissue samples obtained from
the same patients (data not shown). EBER-ISH confirmed that EBV
was present only in tumor cells, not in lymphocytes infiltrating the
tumor or the background normal mucosa. Therefore, the viral
miRNAs are considered to originate from tumor cells, not lympho-
cytes.

Figure 1B compares the average miRNA expression levels in the 10
cases to those in KT tumors (inoculated into and maintained in SCID
mice) and SNU719 (a cell line derived from EBV-associated gastric car-
cinoma). The viral miRNA expression profiles were similar in clinical
samples, KT tumors and SNU719 cells, but the expression levels of
miRNAs in BART subcluster 2 were relatively low in SNU719 cells com-
pared to those of clinical samples and KT tumors. Of all miRNAs de-
tected,ebv-miR-BART7-3pexhibited thehighest levelofexpression, fol-
lowed by ebv-miR-BART9-3p, ebv-miR-BART1-3p, ebv-miR-BART5-
5p, ebv-miR-BART14-3p, ebv-miR-BART10-3p, ebv-miR-BART4-5p,
ebv-miR-BART1-5p,ebv-miR-BART2-5p,andebv-miR-BART15.ebv-
miR-BART2-3p, ebv-miR-BART7-5p, ebv-miR-BART9-5p, ebv-miR-
BART10-5p, ebv-miR-BART14-5p, ebv-miR-BART18-3p, ebv-miR-
BART20-5p, and ebv-miR-BART20-3p were expressed at extremely low
levels. In contrast to the previous reports, which demonstrated high ex-

pression of ebv-miR-BART22 in NPC and lymphoma, the expression of
ebv-miR-BART22 was low in our gastric carcinoma tissues. Therefore,
the expression of ebv-miR-BART7-3p and ebv-miR-BART22 addition-
allyweremeasuredin5NPCcasesand5EBV-positiveDLBCLcases.The
expression levels of ebv-miR-BART7-3p and were ebv-miR-BART22
first were normalized to those of RNU6B, and the relative expression
levels (ebv-miR-BART7-3p/ebv-miR-BART22) are shown in Fig. 1C.
The expression of ebv-miR-BART22 was low in NPC and DLBCL, sim-
ilar to the case for gastric carcinoma.

EBV miRNA expression in cell lines. We next measured the
expression levels of the top 10 viral miRNAs in cell line models of
EBV-associated gastric carcinoma (Fig. 1D). The relative expres-
sion level of each miRNA first was normalized to that of RNU6B
and, second, to that of ebv-miR-BART15. All 10 viral miRNAs
were expressed in EBV-infected MKN1, NUGC3, and AGS cells,
similar to the results obtained from clinical samples. No original
cell line (i.e., not EBV infected) expressed EBV miRNAs. Thus, in
vitro infection of gastric carcinoma cell lines with EBV induced
viral miRNA expression, and such cells can be used as models of
EBV-associated gastric carcinoma.

Prediction of the targets of viral miRNAs in EBV-associated
gastric carcinoma. The in silico prediction of target genes was
performed using TargetScanHuman Custom 5.2. A total of 2,564
genes were predicted to be targeted by the top 10 viral miRNAs
expressed in EBV-associated gastric carcinoma. The list was up-
loaded to the Functional Annotation Tool of DAVID Bioinfor-
matics Resources 6.7, and analysis showed that 34 pathways (24
KEGG pathways, 8 Reactome pathways, and 2 Biocarta pathways)
potentially were targeted (Table 2). Cancer pathways of the KEGG

FIG 2 Apoptotic status of EBV-positive and -negative gastric carcinoma tissues. (A) Apoptotic cell numbers were quantitated using the TUNEL method and are
stained brown. EBER in situ hybridization (EBER-ISH) confirmed that EBV was present in cells of EBV-associated gastric carcinoma. (B) The apoptotic rate was
significantly lower in EBV-associated gastric carcinoma tissues than in EBV-negative ones (Student’s t test).
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database contained 37 potentially targeted genes, including genes
associated with oncogenesis. These were composed of oncogenes
(e.g., KRAS), tumor suppressor genes (e.g., APC and PTEN), sig-
nal transduction genes (e.g., GRB2, STAT5B, SOS1, PDGFRA,
WNT4, and WNT5A), apoptosis-related genes (e.g., BID and
CASP3), and others. Cell-to-cell adhesion-associated pathways
also were targeted by EBV miRNAs, including focal adhesion
pathways (31 genes), tight junction pathways (16 genes), and ad-
herence junction pathways (14 genes). Interestingly, apoptosis-
related pathways were listed in all three databases as being targeted
by EBV miRNAs. Recently, several studies have investigated the
role played by EBV miRNA in inhibition of apoptosis, especially in
terms of the activities of the Bcl-2 family proteins, including Bim
and PUMA (29, 30). We found that six genes of the Bcl-2 family
potentially were targeted by EBV miRNAs, and the findings were
confirmed by using different target prediction programs, Target-
Rank and RepTar. These target genes were BAK1, BCL2L15,
BCL2L2, BCL2L11, BID, and BMF, encoding the apoptosis-asso-
ciated proteins Bak, Bfk, Bcl-w, Bim, Bid, and Bmf, respectively.
Bak and Bfk are members of the Bax subfamily, whereas Bim, Bid,
and Bmf are BH3-only proteins. These proteins interact with
Bcl-2 and induce apoptosis. Bcl-w belongs to the Bcl-2 subfamily
and inhibits apoptosis.

Decreased apoptosis in EBV-associated gastric carcinoma
tissue. The TUNEL method was used to explore the apoptotic
status of 54 surgically resected specimens (Fig. 2). The apoptotic
rate was lower in EBV-associated gastric carcinoma tissues (19
cases; average, 1.87%) than in EBV-negative gastric carcinoma
tissues (35 cases; average, 3.21%); this difference was statistically
significant (P � 0.024 by Student’s t test). This result is consistent
with that of our previous study showing a decrease in apoptosis in
EBV-positive gastric carcinoma cell lines (31).

Expression of apoptosis-related proteins in vitro. To explore
the antiapoptotic role played by EBV, we used Western blotting to
quantify the levels of four proapoptotic proteins, Bak, Bim, Bid,
and Bmf, in vitro. Figure 3 shows that the level of Bid expression
was significantly less in MKN1-EBV and NUGC3-EBV cells than
in control (uninfected) cell lines. AGS-EBV cells exhibited a slight
decrease in the level of Bid expression, but this did not attain
statistical significance. The expression level of Bim was slightly
lower in EBV-AGS than in AGS cells. EBV infection did not affect
the expression level of Bak. Expression of Bmf was undetectable in
all EBV-positive and -negative cell lines (data not shown). Quan-
titative RT-PCR analysis showed that Bid mRNA expression was
reduced in MKN1-EBV cells, but not in NUGC3-EBV or AGS-
EBV cells, compared to the levels of control uninfected cell lines.

FIG 3 Expression of apoptosis-associated proteins in EBV-positive and -negative cell lines. (A) Western blotting for Bid, Bim, and Bak. (B) The list of
apoptosis-associated proteins targeted by EBV miRNAs expressed at high levels in EBV-associated gastric carcinoma tissue. (C) Quantitative RT-PCR-based
analysis of Bid expression levels. Expression of Bid mRNA first was normalized to that of GAPDH and next compared to that of SNU719.
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The results obtained from target prediction programs showed that
Bid was a potential target of ebv-miR-BART4-5p; thus, we se-
lected it as a potential regulator of apoptosis in EBV-associated
gastric carcinoma and further investigated its role in vitro.

Regulation of Bid protein expression by ebv-miR-BART4-
5p. To test the effect of ebv-miR-BART4-5p on the expression of
Bid, a luciferase reporter assay was performed in gastric carcinoma
cell lines. The luciferase activity was measured by introducing the
reporter vector containing the wild-type 3= UTR of Bid and the
vector containing mutations in the putative binding site of ebv-
miR-BART4-5p (Fig. 4A). Bid expression was reduced in cells
transfected with wild-type vector and the ebv-miR-BART4-5p
mimic compared to that of the negative control, while no signifi-
cant reductions were observed when they were transfected with
mutant vector (Fig. 4B). To evaluate the inhibitory effect of en-
dogenously expressed ebv-miR-BART4-5p, EBV-positive and
-negative cells also were transfected with wild-type or mutant vec-
tors. Luciferase activities of the wild-type vector were normalized
to that of the mutant vector, and the reduction rates of Bid expres-
sion were compared (Fig. 4C). EBV-positive cell lines showed re-
duced Bid expression compared to that of EBV-negative cells. The
reduction in rates of Bid expression by the ebv-miR-BART4-5p
mimic were almost similar to those observed in EBV-positive cells.

We next performed Western blot analysis to assess the expres-

sion of Bid in cell lines transfected with the ebv-miR-BART4-5p
mimic (Fig. 5A to C). Transfection of an ebv-miR-BART4-5p
mimic into EBV-negative cell lines decreased the level of Bid ex-
pression in MKN1 and NUGC3 cells (24 h and 48 h posttransfec-
tion) as well as AGS cells (48 h posttransfection).

In contrast, transfection of an ebv-miR-BART4-5p inhibitor
into EBV-positive cells triggered the recovery of Bid expression in
MKN1-EBV cells (24 h and 48 h posttransfection) and a slight
increase in Bid expression level in NUGC3-EBV cells (48 h post-
transfection). The ebv-miR-BART4-5p inhibitor did not affect the
Bid level of AGS-EBV cells (Fig. 5D to F). Quantitative RT-PCR
analysis showed that the expression level of Bid mRNA was not
affected by transfection of the ebv-miR-BART4-5p mimic or the
ebv-miR-BART4-5p inhibitor. These results show that ebv-miR-
BART4-5p miRNA regulates Bid expression at the posttranscrip-
tional level, although the recovery level of Bid expression by in-
hibiting ebv-miR-BART4-5p was relatively lower than that
expected from the results of its mimic transfection experiment.

Effect of ebv-miR-BART4-5p expression on apoptosis. To ex-
plore the effect of ebv-miR-BART4-5p expression on apoptosis,
MKN1, NUGC3, and AGS cells were transfected with ebv-miR-
BART4-5p mimic or negative control and cultured for 48 h in
serum-deprived RPMI 1640. The frequency of apoptotic cells was
significantly higher in MKN1, NUGC3, and AGS cells transfected

FIG 4 Effect of ebv-miR-BART4-5p on Bid expression. (A) Sequence of putative binding site of ebv-miR-BART4-5p within 3=UTR of BID mRNA. Mutations
were introduced to the binding site. (B) Relative luciferase activity (Firefly/Renilla) in EBV-negative cells transfected with the wild-type BID 3=UTR or mutant
vectors and ebv-miR-BART4-5p or negative control. (C) Reduction rates of Bid expression in EBV-negative (no treatment) and -positive cells. Luciferase
activities of the wild-type reporter are normalized to those of the mutant. NC, negative control; *, P � 0.05 (Student’s t test); n.s., not statistically significant.
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FIG 5 Effect of ebv-miR-BART4-5p on regulation of Bid protein expression and apoptosis. The results of transfection of the ebv-miR-BART4-5p mimic (A to
C) and ebv-miR-BART4-5p inhibitor (D to F) are shown. (A) Quantitative RT-PCR-based analysis of mature ebv-miR-BART4-5p expression levels in EBV-
negative cell lines transfected with ebv-miR-BART4-5p mimic and negative-control miRNA (24 h and 48 h posttransfection). Expression of ebv-miR-BART4-5p
first was normalized to that of RNU6B and next compared to that of EBV-positive cell lines. (B) Quantitative RT-PCR-based analysis of Bid expression levels.
Expression of Bid mRNA first was normalized to that of GAPDH and next compared to that of EBV-negative cell lines. (C) Western blot analysis of Bid expression
levels. Expression levels were densitometrically measured. (D) Quantitative RT-PCR-based analysis of mature ebv-miR-BART4-5p expression levels in EBV-
positive cell lines transfected with ebv-miR-BART4-5p inhibitor and negative-control miRNA (24 h and 48 h posttransfection). Expression of ebv-miR-
BART4-5p first was normalized to that of RNU6B and next compared to that of EBV-positive cell lines. (E) Quantitative RT-PCR-based analysis of Bid expression
levels. Expression of Bid mRNA first was normalized to that of GAPDH and next compared to that of EBV-positive cell lines. (F) Western blot analysis of Bid
expression levels. Expression levels were densitometrically measured. (G and H) The antiapoptotic effect of ebv-miR-BART4-5p expression in cells under
serum-free culture for 48 h. (G) Frequency of apoptotic cells among viable cells. (H) Western blot analysis of cleaved caspase-3. M, ebv-miR-BART4-5p mimic;
NC, negative control; I, ebv-miR-BART4-5p inhibitor; *, P � 0.05 (t test).
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with the negative control (averages of 5.45%, 0.81%, and 2.02%,
respectively) compared to those of cells transfected with the ebv-
miR-BART4-5p mimic (averages of 3.49%, 0.47%, and 0.77%,
respectively). Similarly, Western blot analysis demonstrated the
reduced expression of cleaved caspase-3 levels in all three cell lines
transfected with the ebv-miR-BART4-5p mimic, also indicating
reduced apoptosis.

DISCUSSION

In the time since Pfeffer et al. first reported that EBV encoded
miRNAs, increasing numbers of EBV miRNAs have been se-
quenced and deposited in databases (12). Several groups have pro-
filed the expression of these viral miRNAs in the tissues or cell lines
of various EBV-associated malignancies using different methods,
including miRNA microarrays, multiplex RT-PCR, and deep se-
quencing (15–18, 20, 21, 32–35). The present study is the largest to
conduct comprehensive profiling of 44 known EBV miRNAs in
EBV-associated gastric carcinoma tissues. The comparison of our
data with previous works revealed that some EBV miRNAs (ebv-
miR-BART1-3p, ebv-miR-BART1-5p, ebv-miR-BART2-5p,
ebv-miR-BART3-3p, ebv-miR-BART4-5p, ebv-miR-BART5-5p,
ebv-miR-BART9-3p, ebv-miR-BART10-3p, ebv-miR-BART14-
3p, ebv-miR-BART16, ebv-miR-BART19-3p, ebv-miR-BART20-
5p, ebv-miR-BART20-3p, and ebv-miR-BART22) commonly
were highly expressed in various kinds of tumors. High expression
of ebv-miR-BART7-3p was evident in almost all reports, suggest-
ing that ebv-miR-BART7-3p is important in EBV-associated
malignancies. The expression levels of ebv-miR-BART1-3p, ebv-
miR-BART2-5p, ebv-miR-BART3-3p, ebv-miR-BART4-5p, ebv-
miR-BART5-5p, and ebv-miR-BART9-3p were high in epithelial
tumors. The expression of EBV miRNA also was associated with
latency types; ebv-miR-BART14-3p was expressed at high levels in
tumors of latency type I (gastric carcinoma and some forms of lym-
phoma), whereas ebv-miR-BART6-3p and ebv-miR-BART8-3p
were highly expressed in tumors of latency type II (NPC). ebv-miR-
BART20-5p and ebv-miR-BART20-3p were highly expressed in cell
lines derived from NPC and B-cell lymphomas but not in tissue sam-
ples. While expression of ebv-miR-BART22 was low in gastric carci-
noma, its expression level was nearly as high as that of ebv-miR-
BART7-3p in lymphomas and NPCs in previous studies. However,
our additional experiment to compare expression levels of ebv-miR-
BART7-3p and ebv-miR-BART22 in NPC and DLBCL showed that
relatively low expression of ebv-miR-BART22 was observed in these
tumors as well as in gastric carcinoma. The discrepancy may be
caused by the different sample types (cell lines or tissues), the differ-
ences among individuals, and different detection methods. It also is
assumed that the oncogenic roles played by EBV miRNAs in different
types of EBV-associated malignancy exhibit both similarities and dif-
ferences. These findings indicate that caution should be exercised
when seeking to apply data from in vitro experiments at a clinical
level.

In silico analysis showed that the genes targeted by highly
expressed EBV miRNAs were associated with oncogenesis, cell
adhesion, signal transduction, and apoptosis, all of which are es-
sential for the development and progression of cancer. As EBV-
associated gastric carcinoma exhibited less apoptosis than control
EBV-negative gastric carcinoma, we specifically focused on ex-
pression of apoptosis-associated proteins and found that Bid was
downregulated in EBV-positive cell lines. Bid, also termed the
BH3 interacting domain death agonist, belongs to the BH3-only

protein of the Bcl-2 family. The protein is a death agonist forming
heterodimers with either the agonist Bax or the antagonist Bcl-2,
and it mediates mitochondrial damage induced by caspase-8. In
silico analysis indicated that Bid was a target of ebv-miR-BART4-
5p, and this was confirmed by luciferase assay. Transfection of
ebv-miR-BART4-5p mimic caused Bid suppression, leading to
reduced apoptosis. These results suggest that reduction of apop-
tosis in EBV-associated gastric carcinoma is attributable to the
expression of ebv-miR-BART4-5p, which in turn controls the
level of the proapoptotic protein Bid.

Another finding is that Bid suppression was more significant in
EBV-infected cells than in cells transfected with ebv-miR-
BART4-5p mimic alone. Furthermore, recovery of Bid expression
by ebv-miR-BART4-5p inhibitor was partial in EBV-positive cell
lines. From these results, it is assumed that there are some other
factors that regulate Bid expression. EBV latent genes may be the
candidates, since they are known to play roles in regulating cell
proliferation and apoptosis, although our preliminary experiment
failed to show direct effects of these genes on Bid expression (data
not shown). In addition, considering the fact that transfection of
ebv-miR-BART4-5p mimic alone reduced apoptosis, it is specu-
lated that ebv-miR-BART4-5p also targets other apoptosis-related
genes as well as Bid. For example, Marquitz et al. demonstrated
that the expression of the proapoptotic protein Bim was down-
regulated by several EBV miRNAs located in ebv-miR-BART clus-
ter 1, to which ebv-miR-BART4-5p belongs (29). Several miRNAs
in cluster 1 have been demonstrated to show both antiapoptotic
and proapoptotic effects, and it is possible that several EBV
miRNAs interact to cooperatively regulate apoptosis via different
apoptosis-related proteins (30, 36, 37). Further work is necessary
to clarify the complex mechanism by which EBV miRNAs regulate
apoptosis-related proteins and the potential relationship with la-
tent genes and tumor subtypes.

Viral miRNAs may be useful targets in cancer detection and
therapy. Some EBV miRNAs are secreted and may be detected
in plasma of nasopharyngeal carcinoma patients (38–40).
Thus, EBV miRNA can be used as a biomarker predicting tu-
mor progression and therapeutic response. As some EBV
miRNAs inhibit apoptosis, specific targeting of such miRNAs
and their precursors may be therapeutically effective and are
associated with fewer side effects than is the use of conventional
cytotoxic anti-cancer drugs.

In conclusion, we present the comprehensive profile of the
expression of 44 known EBV miRNAs in clinical samples from
EBV-associated gastric carcinoma patients. We found that, of sev-
eral highly expressed EBV miRNAs, ebv-miR-BART4-5p plays a
partial role in suppressing proapoptotic protein Bid, leading to
reduced apoptosis. Although further investigation is necessary to
elucidate other possible factors related to the antiapoptotic effect
caused by EBV, our findings provide novel insights in the roles
played by EBV miRNAs in gastric carcinogenesis and identify fu-
ture potential therapeutic targets.
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