
Epstein-Barr Virus-Encoded MicroRNA BART15-3p Promotes Cell
Apoptosis Partially by Targeting BRUCE

Hoyun Choi,a Hanna Lee,a Sae Rom Kim,b Yong Song Gho,b Suk Kyeong Leea

Research Institute of Immunobiology, Department of Medical Lifescience, College of Medicine, The Catholic University of Korea, Seoul, Republic of Koreaa; Department of
Life Sciences, Pohang University of Science and Technology, Pohang, Republic of Koreab

Epstein-Barr Virus (EBV) generates a variety of viral microRNAs (miRNAs) by processing the BHRF1 and BamHI A rightward
(BART) transcripts. BART miRNAs are expressed in all cells latently infected with EBV, but the functions of most BART miRNAs
remain unknown. The results of a cell proliferation assay revealed that miR-BART15-3p inhibited cell proliferation. Fluores-
cence-activated cell sorting following staining with annexin V or propidium iodide showed that miR-BART15-3p promoted
apoptosis. Furthermore, the inhibitor for miR-BART15-3p increased cell growth and reduced apoptosis in EBV-infected cells.
Using bioinformatic analyses, we predicted that miR-BART15-3p may target the antiapoptotic B-cell lymphoma 2 (BCL2),
BCL2L2, DEAD (Asp-Glu-Ala-Asp) box polypeptide 42 (DDX42), and baculovirus inhibitor of apoptosis repeat-containing ubiq-
uitin-conjugating enzyme (BRUCE) mRNAs. The luciferase reporter assay showed that only the 3= untranslated region (UTR) of
BRUCE was affected by miR-BART15-3p. Two putative seed-matched sites for miR-BART15-3p were evident on the BRUCE 3=
UTR. The results of a mutation study indicated that miR-BART15-3p hybridized only with the first seed-matched site on the
BRUCE 3= UTR. miR-BART15-3p downregulated the BRUCE protein in EBV-negative cells, while the inhibitor for miR-
BART15-3p upregulated the BRUCE protein in EBV-infected cells without affecting the BRUCE mRNA level. miR-BART15-3p
was secreted from EBV-infected gastric carcinoma cells, and the level of miR-BART15-3p was 2- to 16-fold higher in exosomes
than in the corresponding cells. Our data suggest that miR-BART15-3p can induce apoptosis partially by inhibiting the transla-
tion of the apoptosis inhibitor BRUCE. Further study is warranted to understand the role of miR-BART15-3p in the EBV life
cycle.

MicroRNAs (miRNAs) are small noncoding RNAs approxi-
mately 19 to 25 nucleotides in length that can modulate gene

expression in multiple species. Primary miRNA transcripts are
processed consecutively by the enzymes Drosha and Dicer. Ma-
ture miRNAs function as negative gene regulators through com-
plementary sequence pairing to the 3= untranslated region (3=
UTR) of the target gene (1).

Epstein-Barr virus (EBV) is a herpesvirus which infects more
than 90% of the adult population and which has transforming
activity (2). It establishes latent infection in most people and is
closely associated with a variety of malignancies, including
Burkitt’s lymphoma (3), Hodgkin’s disease, gastric carcinoma,
nasopharyngeal carcinoma, and nasal natural killer/T-cell lym-
phoma (2). There are three types of latency in EBV infections
depending on the expression patterns of the latent proteins (4).
EBV-encoded RNAs (EBERs) and BamHI A rightward transcripts
(BARTs) are expressed in all three latency types (4, 5). EBV ex-
presses 25 different pre-microRNAs (6–8). BamHI fragment H
rightward open reading frame 1 (BHRF1) miRNAs processed
mainly from the long transcripts of the Epstein-Barr virus nuclear
antigen (EBNA) are expressed in latency type III, while 22 pre-
miRNAs generated from the BART transcripts are detected in
most EBV-associated tumors and cell lines (8–11).

The functions of several EBV BART miRNAs have been iden-
tified. miR-BART5-5p reduces the expression of p53 upregulated
modulator of apoptosis (PUMA), a proapoptotic protein, result-
ing in increased cell survival (12). miR-BART1-5p, miR-BART16-
5p, and miR-BART17-5p decrease the expression of latent mem-
brane protein 1 (LMP1), which usually triggers cell growth and
transformation but inhibits cell growth and potentiates apoptosis
when overexpressed (13). miR-BART22-3p targets latent mem-

brane protein 2A (LMP2A) of EBV to contribute to immune eva-
sion but does not affect cell proliferation and apoptosis (14). miR-
BART2-5p downregulates the EBV DNA polymerase BALF5 to
produce persistent EBV latency (15) and the natural killer cell
ligand MICB, which enables evasion of the immune response (16).
The expression of Dicer, which is associated with miRNA biogen-
esis, is decreased by miR-BART6-5p (17). BART cluster 1 and 2
miRNAs inhibit the expression of proapoptotic Bim to reduce
apoptosis. However, which specific BART miRNA targets Bim is
unclear (18). The functions of the majority of the BART miRNAs
remain unknown.

As part of a larger effort to determine the function of each
individual BART miRNA, a total of 44 BART miRNA mimics
were prepared and transfected into AGS (gastric adenocarci-
noma) cells. Unexpectedly, unlike the majority of the BART
miRNAs, a few BART miRNAs increased apoptosis and inhib-
ited cell proliferation. The functional mechanism of miR-
BART15-3p, which showed the strongest apoptotic activity
among the BART miRNAs, was further investigated.

MATERIALS AND METHODS
Cell lines. AGS is an EBV-negative gastric cancer (GC) cell line, while
AGS-EBV is an AGS cell line infected with a recombinant Akata virus.
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AGS and SNU-719 cells were cultured in RPMI 1640 (Gibco BRL, Grand
Island, NY) supplemented with 10% fetal bovine serum (FBS) and anti-
biotics (100 U/ml penicillin and 100 �g/ml streptomycin; Gibco BRL).
AGS-EBV was maintained in the culture medium containing 400 �g/ml
G418 (Gibco BRL).

Transfection of miRNA mimic and LNA-miRNA inhibitor. All the
BART miRNA mimics and the scrambled control, which was used as a
negative control, were purchased from Genolution Pharmaceuticals
(Seoul, South Korea). The locked nucleic acid (LNA)-miR-BART15-3p
inhibitor and the negative control LNA-miRNA inhibitor were purchased
from Exiqon (Vedbaek, Denmark). All transfection experiments were
performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s protocol. Protein or RNA was extracted 48 h
after transfection.

Cell proliferation assay. Cell proliferation was analyzed using cell
counting kit 8 (CCK-8; Dojindo Molecular Technologies, Tokyo, Japan).
AGS cells (1 � 103 cells/well) were seeded in a 96-well plate and trans-
fected with each BART miRNA (10 nM) or the scrambled control (10
nM). AGS-EBV cells (1 � 103 cells/well) were plated in a 96-well plate and
transfected with LNA-miR-BART15-3p inhibitor (50 nM) or the negative
control (50 nM). After 72 h of incubation, 10 �l of CCK-8 solution was
added to each well. The absorbance was measured after 2 h using a Soft-
Max apparatus (Molecular Devices, Sunnyvale, CA) at a wavelength of
450 nm.

Annexin V staining. Cells were washed with cold phosphate-buffered
saline (PBS) and resuspended in 500 �l annexin V binding buffer (PE
annexin V apoptosis detection kit; BD Biosciences, San Diego, CA), con-
taining phycoerythrin (PE)-labeled annexin V and 7-amino-actinomycin
(7-AAD). Annexin V was used to label cells undergoing apoptosis by
detecting phosphatidylserine (PS) on the outer plasma membrane, while
7-AAD was used to detect dead cells. After incubating for 10 min at room
temperature in an area shielded from light, the specimens were analyzed
by fluorescence-activated cell sorting (FACS) using a FACSCalibur appa-
ratus (BD Biosciences), acquiring 10,000 events. Cells positive for annexin
V and negative for 7-AAD were considered to be undergoing early apop-
tosis.

Sub-G1 population analysis using propidium iodide (PI) staining.
Cells were harvested, washed with PBS, and fixed in 70% ethanol at �20°C
overnight. The cells were washed twice with PBS and then resuspended in
PBS containing 10 �g/ml RNase A (Invitrogen) and 50 �g/ml PI (Sigma-
Aldrich, St. Louis, MO). The distribution of cells in each phase of the cell

cycle was analyzed using a FACSCalibur apparatus (BD Biosciences) as
described previously (19).

Plasmid constructs. The full-length 3= UTR of each putative miR-
BART15-3p target gene was amplified from the genomic DNA of AGS-EBV
cells and cloned into the XhoI/NotI sites between the Renilla luciferase coding
sequence and the poly(A) site of the psiCHECK-2 plasmid (Promega, Madi-
son, WI). The primers used for the amplification were as follows: for baculo-
virus inhibitor of apoptosis repeat-containing ubiquitin-conjugating en-
zyme, (BRUCE); 5=-CCGCTCGAGTGCATTGATGTGGACTTCATAG
A-3= and 5=-ATAAGAATGCGGCCGCAAATGAGCCTGTATGGCAGG
T-3=; for B-cell lymphoma 2 (BCL2), 5=-CCGCTCGAGCCCTGGCCTG
AAGAAGAGAC-3= and 5=-ATAAGAATGCGGCCGCAGGGACGAGGA
AACCTTCAA-3=; for BCL2L2, 5=-CCGCTCGAGGTTCTCTGTCCCTC
CTCCCA-3= and 5=-ATAAGAATGCGGCCGCTGCAGCTCCTCTTGG
CTAAA-3=; for DEAD (Asp-Glu-Ala-Asp) box polypeptide 42 (DDX42),
5=-CCGCTCGAGAGGGGATGTGCTAAAGCGT-3= and 5=-ATAAGAA
TGCGGCCGCCCCGGTAGTAAAACATTTACTAGA-3=. Mutations to
the seed sequences of psiC-BRUCE were introduced using an EZchange
site-directed mutagenesis kit (Enzynomics, Daejeon, South Korea). The
primers used for the amplification were as follows: for BRUCEm1, 5=-TG
GTATGTTCAACAAATTTGTGTATACAAAG-3= and 5=-AAGTGTCGT
TCTCACAATTGAAAAATAAAAG-3=; for BRUCEm2, 5=-TTTGATAGA
TTTTATGTTTGGCCATATCTTCATG-3= and 5=-TAGTGTCAAAAGT
TGCTGACTTTAAATAGTAGTTG-3=.

Luciferase reporter assay. To test the effect of miR-BART15-3p on
the expression of putative target genes, HEK293T cells were seeded in a
96-well plate (5 � 103 cells/well). After 24 h, the cells were cotransfected
with the psiCHECK reporter vector containing the 3= UTR fragment of
the putative target gene and miR-BART15-3p or the mutated miR-
BART15-3p (miR-BART15-3pm). To test the effect of an inhibitor of
miR-BART15-3p on the luciferase activity of psiC-BRUCE in EBV-in-
fected gastric carcinoma cell lines, AGS-EBV and SNU-719 were seeded in
a 96-well plate (5 � 103 cells/well). After 24 h, the cells were cotransfected
with the psiC-BRUCE reporter vector and the LNA-miR-BART15-3p in-
hibitor. Luciferase activities were measured 48 h posttransfection using
the Dual-Glo luciferase reporter assay system (Promega). Renilla lucifer-
ase activity was normalized using firefly luciferase activity for each sample.

Quantitative reverse transcription-PCR (qRT-PCR). AGS and AGS-
EBV cells were harvested, and total RNA was extracted using the RNA-
zol B reagent (Tel-Test, Friendswood, TX) according to the manufac-
turer’s instructions. cDNA was synthesized using 1 �g total RNA,

FIG 1 Effects of each individual BART miRNA on cell growth in AGS. Cells were transfected with each individual BART miRNA or the scrambled control. (A)
The miR-BART15-3p mimic, which has a 2-uracil (U) overhang at the 3= end of both strands, is shown. All the other BART miRNA mimics were designed in a
similar pattern. (B) The degree of cell proliferation was analyzed using the CCK-8 assay kit after 72 h (n � 9). Error bars indicate SD. *, P � 0.05; †, P � 0.01.
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oligo(dT) (Ahram Biosystems, Seoul, South Korea), and Moloney mu-
rine leukemia virus (M-MLV) reverse transcriptase (Invitrogen). Real-
time PCR for the indicated genes was carried out using a SYBR green
qPCR kit (TaKaRa, Tokyo, Japan) with a Mx3000P real-time PCR
system (Stratagene, La Jolla, CA). The sequences of the primers were as
follows: for BRUCE, 5=-CTTGGTCTGAACACGAAAGACA-3= and 5=-
TCCATCCGTACAAGGAAACTGT-3=; for glyceraldehyde phosphate de-
hydrogenase (GAPDH), 5=-CATGAGAAGTATGACAACAGCCT-3= and
5=-AGTCCTTCCACGATACCAAAGT-3=. The PCR conditions were
95°C for 10 min, followed by 40 cycles at 95°C for 30 s, 60°C for 30 s, and
72°C for 30 s. For the dissociation curve, reaction mixtures were incubated
at 95°C for 10 s and ramped up from 60°C to 95°C with a heating rate of
0.1°C/s, and fluorescence was measured continuously. Relative gene ex-
pression was calculated according to the comparative Ct method using
GAPDH as an internal standard.

Stem-loop real-time PCR for miRNA analysis. Real-time reverse
transcription quantitative PCR (qRT-PCR) reagent kits were purchased
from Applied Biosystems (Foster City, CA). The kit includes TaqMan
assays for EBV-miR-BART15-3p and a control assay (RNU6B), the
TaqMan microRNA reverse transcription kit, and UNG-free TaqMan
universal PCR master mix II. All TaqMan assays were performed using a
two-step procedure. First, single-stranded cDNA synthesis from total

RNA was performed using the reverse transcription kit. Briefly, for each 7
�l of reverse transcription (RT) master mixture, 0.15 �l of 100 mM con-
centrations of deoxynucleoside triphosphates (dNTPs), 1 �l of Multi-
Scribe reverse transcriptase, 1.5 �l of 10� RT buffer, 0.19 �l of RNase
inhibitor, and 4.16 �l of nuclease-free water were combined. A 7-�l por-
tion of RT master mixture was then combined in a fresh tube with 5 �l
total RNA (1 ng) and 3 �l RT primer (specific to each TaqMan assay). The
RT reactions were then performed in a DNA Engine thermal cycler (Bio-
Rad Laboratories, Hercules, CA) programmed to incubate the reaction
mixtures at 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. In the
second step, TaqMan qRT-PCR assays were carried out using a Mx3000P
real-time PCR system (Stratagene). Each qRT-PCR was performed in a 20
�l volume containing 10 �l of TaqMan universal PCR master mix II, 1 �l
of 20� TaqMan miRNA assay mix, 8 �l of RNase-free water, and 1 �l
single-stranded cDNA product. Three replicates were used for each sam-
ple. Relative gene expression was calculated according to the comparative
cycle threshold (CT) method using RNU6B as an internal standard.

Small interfering RNA (siRNA)-specific knockdown of BRUCE ex-
pression. siRNA specific for BRUCE (siBRUCE) was synthesized by Ge-
nolution Pharmaceuticals (Seoul, South Korea). A negative-control
siRNA lacking any known gene product was purchased from Genolution
Pharmaceuticals. AGS cells at 30 to 50% confluence were transfected with

FIG 2 Effect of miR-BART15-3p on cell proliferation and apoptosis. (A) Cells were seeded in a 96-well plate and then transfected with the miR-BART15-3p
mimic or the scrambled control. After the indicated periods, 10 �l of CCK-8 solution was added to each well to check cell proliferation. (B) Cells were transfected
with the indicated concentrations of the miR-BART15-3p mimic or the scrambled control. After 72 h, 10 �l of CCK-8 solution was added to each well. (C) Cells
were transfected with the miR-BART15-3p mimic or the scrambled control and analyzed after 72 h. The proportion of the sub-G1 population was evaluated
following propidium iodide staining. (D) Results similar to those in panel C were obtained in two more independent experiments, and the means and SD from
all three independent experiments are plotted. (E) Cells were transfected with the miR-BART15-3p mimic or the scrambled control and analyzed after 72 h. The
proportions of apoptotic cells were accessed by PE-Annexin V staining. (F) Results similar to those in panel E were obtained in two more independent
experiments, and the means and SD from all three independent experiments are plotted. Error bars indicate SD (n � 3). *, P � 0.05; †, P � 0.01.
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10 nM siRNA using Lipofectamine 2000 (Invitrogen) in 60-mm-diameter
dishes. The cells were harvested 48 h after transfection to analyze BRUCE
expression.

Western blotting. To detect the BRUCE protein, the cell lysate in
radioimmunoprecipitation assay (RIPA) buffer (50 �g) was mixed with
NuPAGE LDS sample buffer (4�) and heated at 70°C for 10 min. The
samples were electrophoretically separated on precast 3 to 8% NuPAGE
Novex Tris-acetate gels (Invitrogen), and the separated proteins were
transferred to a nitrocellulose membrane (Invitrogen). Rabbit polyclonal
antibody against BRUCE (Abcam, Cambridge, United Kingdom) was
used as the primary antibody at a dilution of 1:1,000. After a washing, the
blots were incubated with horseradish peroxidase-conjugated anti-rabbit
secondary antibody (Amersham Biosciences, Piscataway, NJ) at a dilution
of 1:1,000 for 2 h at room temperature. Protein bands were visualized
using an enhanced chemiluminescence detection system (Amersham Bio-
sciences). �-Actin antibody (Cell Signaling Technology, Danvers, MA)
was used to confirm comparable loading.

Exosome isolation and characterization. Cells were cultured for 48 h
with RPMI containing 10% FBS. To avoid contamination with the bovine
serum exosome, FBS was predepleted of exosome by ultracentrifugation
at 150,000 � g for 16 h at 4°C. The cell culture medium was collected after
48 h and concentrated by ultracentrifugation using the QuixStand bench-
top system (Amersham) with a 100-kDa hollow fiber membrane (Amer-
sham Biosciences). To remove the remaining cell debris, the concentrated
culture medium was sequentially centrifuged at 500 � g for 5 min and
then at 3,000 � g for 20 min at 4°C. The concentrated medium was then
ultracentrifuged in a 70Ti rotor (Beckman Instruments, Fullerton, CA) at
100,000 � g for 2 h at 4°C, and the pelleted exosome was resuspended with
1� PBS. Exosomes were stored at �70°C before RNA extraction or West-
ern blot analysis (20).

To characterize the exosomes, proteins of whole-cell lysates (50 �g)
and exosomes (1 �g) were separated by SDS-PAGE and transferred to
polyvinylidene difluoride (PVDF) membranes (Thermo Fisher Scientific,
Rockford, IL). The blocked membrane was incubated with the indicated
antibodies. The immunoreactive bands were visualized using enhanced
chemiluminescence substrate (GE Healthcare, Buckinghamshire, United
Kingdom).

Transmission electron microscopy (TEM). The purified exosomes
were applied to glow-discharged carbon-coated copper grids (EMS, Mat-
field, PA). After the exosomes had been allowed to be absorbed onto the
grid for 3 min, the grids were rinsed with droplets of deionized water and
negatively stained with 2% uranylacetate (Ted Pella, Redding, CA). Elec-
tron micrographs were recorded with a JEM 1011 microscope (JEOL,
Tokyo, Japan) at an acceleration voltage of 100 kV (21).

Statistical analyses. The data were analyzed using one-way repeated-
measure analysis of variance (ANOVA) or Student’s t test. Curve fit and
analysis were performed using GraphPad Prism (GraphPad Software, San
Diego, CA). P values of �0.05 were considered statistically significant. All
results are expressed as means � standard deviations (SD).

RESULTS
BART miRNAs affected cell proliferation in AGS cells. In order
to investigate the effects of BART miRNAs on cell growth, we
purchased all BART miRNA mimics (a total of 44 mimics). Figure
1A shows the sequence of the miR-BART15-3p mimic. AGS cells
were transfected with each of the BART miRNAs (10 nM), and cell
proliferation was accessed 72 h after transfection using the CCK-8
kit (Fig. 1B). The majority of BART miRNAs enhanced cell pro-
liferation, while five BART miRNAs (miR-BART15-3p, -5-5p,
-16-5p, -17-3p, and -20-3p) reduced cell growth. Among the five
miRNAs, miR-BART15-3p suppressed cell proliferation most
strongly and was further studied.

miR-BART15-3p inhibits cell proliferation and induces
apoptosis in AGS cells. In order to investigate the effects of miR-

BART15-3p on cell growth, AGS cells were transfected with 10 nM
miR-BART15-3p. Cell growth was analyzed using the cell prolif-
eration assay at 6, 12, 24, 48, and 72 h after transfection. Prolifer-
ation of AGS cells transfected with miR-BART15-3p decreased
significantly after �48 to 72 h compared to that of cells transfected
with the scrambled control (Fig. 2A). When AGS cells were trans-
fected with increasing concentrations of miR-BART15-3p, the cell
proliferation measured after 72 h was significantly lower than that
in control cells at concentrations over 3 nM. Cell growth was al-
most completely inhibited by miR-BART15-3p at concentrations
higher than 10 nM (Fig. 2B).

miR-BART15-3p was transfected into AGS cells in order to
analyze apoptotic activity. After 72 h, the ratio of the sub-G1 pop-
ulation in AGS cells transfected with miR-BART15-3p was
21.76 � 0.34%, while that in AGS cells transfected with the scram-
bled control was 2.57% � 0.05%. (Fig. 2C). Similar results were
obtained in two more independent experiments; the means and
SD from all three independent experiments are shown in Fig. 2D.
The effect of miR-BART15-3p on apoptosis was further analyzed
using a PE-annexin V apoptosis detection kit. AGS cells trans-
fected with miR-BART15-3p showed an increased early apoptotic
cell population compared to cells transfected with the scrambled
control (Fig. 2E). Similar results were obtained in two more inde-
pendent experiments; the means and SD from all three indepen-
dent experiments are shown in Fig. 2F.

FIG 3 Effect of the inhibitor for miR-BART15-3p on AGS-EBV cells. (A) The
sequence of the LNA inhibitor for miR-BART15-3p is shown at the top. The
endogenous expression of miR-BART15-3p in AGS-EBV cells was analyzed by
the TaqMan miRNA assay 72 h after transfection with the LNA-miR-
BART15-3p inhibitor or the LNA control. (B) To determine the effect of the
miR-BART15-3p inhibitor on cell proliferation, AGS-EBV cells in a 96-well
plate were transfected with the inhibitor or the control LNA. After 72 h, 10 �l
of CCK-8 solution was added to each well. (C) AGS-EBV cells were transfected
with the inhibitor or the control LNA. The proportion of the sub-G1 popula-
tion was evaluated 72 h later by PI staining. (D) Results similar to those in
panel C were obtained in two more independent experiments, and the means
and SD from all three independent experiments are plotted. †, P � 0.01.
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miR-BART15-3p inhibitor increases cell proliferation and
inhibits apoptosis in EBV-infected cells. To check the effect of
the LNA inhibitor on the miR-BART15-3p expression level, qRT-
PCR was carried out in AGS-EBV cells transfected with LNA-miR-
BART15-3p inhibitor. The inhibitor reduced the endogenous
level of miR-BART15-3p to 9.1% of the level in control LNA-
transfected cells (Fig. 3A). As expected, miR-BART15-3p expres-
sion was not detected in the EBV-negative cell line, AGS (Fig. 3A).
AGS cells transfected with miR-BART15-3p mimic showed

7-fold-higher levels of miR-BART15-3p than the endogenous
level found in AGS-EBV cells. Cell proliferation measured 72 h
after inhibitor transfection was higher than in control LNA-trans-
fected cells (Fig. 3B). To analyze the effects of reduced miR-
BART15-3p function on apoptosis, the inhibitor was transfected
into AGS-EBV cells. After 72 h, the proportion of sub-G1 cells was
measured by FACS analysis following PI staining. The proportion
of the sub-G1 population was lower in AGS-EBV cells transfected
with the inhibitor than in cells transfected with the control LNA

FIG 4 Target search for miR-BART15-3p. (A) Seed-matched regions of the putative target genes for miR-BART15-3p are shown. (B) To test whether the putative
target genes are regulated by miR-BART15-3p, the 3= UTR fragment of each gene was cloned into a luciferase reporter (psiCHECK-2) vector. HEK293T cells were
cotransfected with the miR-BART15-3p mimic and the appropriate 3= UTR reporter plasmid. To confirm the sequence-specific function of miR-BART15-3p,
miR-BART15-3pm (the sequence is shown at the bottom of panel A), which has substituted nucleotides at �4 to 6 sites of miR-BART15-3p, was also used.
Luciferase activity was analyzed 48 h after transfection (n � 3). (C) Illustration showing the location of the possible seed-matched sites for miR-BART15-3p on
the BRUCE 3= UTR and the sites changed to produce mutated forms of psiC-BRUCE. (D) HEK293T cells were cotransfected with miR-BART15-3p and the
indicated psiC-BRUCE vector containing the wild-type or mutated 3= UTR of BRUCE. Luciferase activity was normalized using firefly luciferase activity. Error
bars indicate SD (n � 3). †, P � 0.01.
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(Fig. 3C). Figure 3D shows the summarized results of three inde-
pendent PI staining/FACS experiments.

miR-BART15-3p directly targets the BRUCE 3= UTR. We
used three publicly available programs to predict putative tar-
gets of miR-BART15-3p: TargetScan (http://www.targetscan
.org), DIANA-microT (http://diana.cslab.ece.ntua.gr/micro
T/), and RNA hybrid (http://bibiserv.techfak.uni-bielefeld.de
/rnahybrid/). Among the many predicted targets, BCL2, BCL2L2,
DDX42, and BRUCE were chosen for further analysis based on
their gene functions and the free energy provided by RNA hybrid
program. BRUCE is a member of the inhibitor of apoptosis (IAP)
family containing an IAP repeat region at its N-terminal domain
(22). The 3= UTR of the four putative target genes for miR-
BART15-3p were individually cloned into the psiCHECK-2 plas-
mid (Fig. 4A). The resulting 3= UTR reporter vectors were then
individually cotransfected with miR-BART15-3p into HEK293T
cells. The luciferase activity of the reporter vector containing the
3= UTR of BRUCE (psiC-BRUCE) was inhibited by miR-
BART15-3p, whereas the activities of the other vectors were not.
However, the luciferase activity of the psiC-BRUCE vector was not
affected by mutated miR-BART15-3p (miR-BART15-3pm) or by
the scrambled control (Fig. 4B). There were two putative seed-
matched regions for miR-BART15-3p in the BRUCE 3= UTR.
Site-directed mutagenesis was performed to mutate one (psiC-
BRUCEm1, psiC-BRUCEm2) or both (psiC-BRUCEm1m2) of
these sites (Fig. 4C). These plasmids were cotransfected into
HEK293T cells with miR-BART15-3p, and a luciferase assay was
carried out. The luciferase activity of cells transfected with either
psiC-BRUCEm1 or psiC-BRUCEm1m2 was not altered by miR-
BART15-3p, whereas that of psiC-BRUCEm2-transfected cells
was reduced by miR-BART15-3p (Fig. 4D). As expected, the lu-
ciferase activity of the wild-type or mutated BRUCE 3= UTR re-

FIG 5 Effect of Inhibitor for miR-BART15-3p on the luciferase activity of the
psiC-BRUCE reporter vector cotransfected into EBV-infected cells. AGS-EBV
cells were cotransfected with the inhibitor or the control LNA and the psiC-
BRUCE vector containing the wild-type or mutated 3= UTR of BRUCE (top).
Experiments similar to those described above were also performed using a
naturally EBV-infected gastric carcinoma cell line, SNU-719 (bottom). The
observed luciferase activity was normalized to that of firefly luciferase. Error
bars indicate SD (n � 3). *, P � 0.05; †, P � 0.01.

FIG 6 Effect of miR-BART15-3p on the mRNA and protein levels of BRUCE. AGS cells were transfected with the miR-BART15-3p mimic or the scrambled
control. Cells were harvested after 48 h to extract RNA or protein. (A) Real-time RT-PCR for BRUCE mRNA was carried out using the SYBR green qPCR kit.
Relative gene expression was calculated according to the comparative CT method using GAPDH as an internal control. (B) Anti-BRUCE (1:1,000) and
anti-�-actin (1:1,000) antibodies were used for Western blot analysis. �-Actin antibody was used to confirm comparable loading. (C) The effect of miR-
BART15-3p on BRUCE expression was analyzed by Western blots using three independently transfected AGS cell batches, and similar results were obtained from
them. (D) The Western blot of BRUCE shown in panel C was quantified and normalized to �-actin, and results are presented as a bar graph. *, P � 0.05.
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porter vector was not affected by miR-BART15-3pm or the scram-
bled control.

To investigate the regulation of luciferase activity of psiC-
BRUCE by endogenously expressed miR-BART15-3p, EBV-in-
fected cells were cotransfected with the reporters and LNA-
miR-BART15-3p inhibitor (Fig. 5). The luciferase activity of
psiC-BRUCE was inhibited when it was introduced into EBV-
infected cells. In addition, cotransfection of LNA-miR-
BART15-3p inhibitor with psiC-BRUCE resulted in recovery of
luciferase activity to the control level (Fig. 5).

Interestingly, real-time RT-PCR analysis revealed that BRUCE
mRNA expression was not reduced by miR-BART15-3p (Fig. 6A).
However, Western blot analysis showed that the expression of the
BRUCE protein in AGS cells was impaired following miR-
BART15-3p transfection (Fig. 6B, C, and D). To confirm these
results, we transfected AGS-EBV cells with the LNA-miR-
BART15-3p inhibitor, and measured the expression levels of
BRUCE mRNA and protein after 48 h. The level of BRUCE mRNA
was not altered (Fig. 7A), but an increase in the BRUCE protein
level was observed in AGS-EBV cells (Fig. 7B and C) following
inhibitor transfection. Similar Western blot results were obtained
in SNU-719 cells (Fig. 7D and E).

Knockdown of BRUCE induces cell death in AGS. We exam-
ined whether siRNA against BRUCE also causes apoptosis similar
to miR-BART15-3p. AGS cells were transfected with 10 nM
siBRUCE, and the fraction of the sub-G1 population was analyzed
72 h later by PI staining. siBRUCE reduced the mRNA level and
protein level of BRUCE as expected (Fig. 8A and B). siBRUCE-
transfected AGS cells showed an increased sub-G1 population
(Fig. 8C). However, the fraction of the sub-G1 population was
higher in AGS cells transfected with miR-BART15-3p than with
siBRUCE.

miR-BART15-3p is present in exosomes from EBV-infected
gastric cell lines. In order to check the possibility that miR-
BART15-3p is secreted from the cells, exosomes were isolated
from the culture media of the AGS and AGS-EBV cell lines by the
ultracentrifugation method. TEM analysis of exosome prepara-
tions from both cells showed circular and cup-like vesicles with
sizes ranging between �30 and �50 nm (Fig. 9A). The expression
of the exosome markers CD8 and CD81 was analyzed by Western
blotting. CD8 and CD81 were detected in the exosome prepara-
tions, while the cellular marker cytochrome C was detected only in
the whole-cell lysates (Fig. 9B). To test whether miR-BART15-3p
is secreted via exosomes, quantitative real-time RT-PCR for miR-
BART15-3p was carried out using the same amount of RNAs pu-
rified from the exosomes and cell pellets. A 2-fold-higher level of
miR-BART15-3p was detected in the exosomal RNA than in the
cellular RNA of AGS-EBV. miR-BART1-3p, which was used as a
exosomally secreted miRNA control (23, 24), was enriched 12-
fold in the exosomal RNA. In the case of SNU-719, miR-
BART15-3p was enriched 16-fold in the exosomal RNA, and miR-
BART1-3p was enriched in exosomal RNA compared to cellular
RNA (Fig. 9C). miR-BART5-5p was not significantly enriched in
the exosome (Fig. 9C), as previously reported (23, 24).

DISCUSSION

In the process of screening the effect of BART miRNAs on cell
growth, we found that a few BART miRNAs inhibited cell growth,
while majority of the BART miRNAs enhanced cell proliferation.
Among the BART-miRNAs that inhibited cell growth, miR-
BART15-3p showed the most potent effect. In addition, an inhib-
itor of miR-BART15-3p promoted cell proliferation and inhibited
cell death in EBV-infected cells.

We also found that the miR-BART15-3p mimic repressed the ex-

FIG 7 Effect of LNA-miR-BART15-3p inhibitor on BRUCE mRNA and protein levels. AGS-EBV cells were transfected with the LNA-miR-BART15-3p inhibitor
or the control LNA. The cells were harvested after 48 h to extract RNA or protein. (A) Real-time RT-PCR for BRUCE mRNA was carried out using the SYBR green
qPCR kit. Relative gene expression was calculated according to the comparative CT method using GAPDH as an internal control. (B and D) Anti-BRUCE
(1:1,000) and anti-�-actin (1:1,000) antibodies were used for Western blot analysis. The �-actin antibody was used to confirm comparable loading. The effect of
LNA-miR-BART15-3p inhibitor on the expression of BRUCE in the EBV-infected gastric cancer cells was analyzed by Western blots using three independently
transfected AGS-EBV (B) and SNU-719 (D) cell batches. Similar results were obtained from both cell lines. (C and E) The results of the Western blot of BRUCE
expression shown in panels B and D were quantified and normalized to �-actin, and the results are presented as bar graphs. *, P � 0.05.
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pression of the reporter fused to the 3= UTR of BRUCE in HEK293T
cells. The 3= UTR of BRUCE has two potential seed matches for miR-
BART15-3p. However, miR-BART15-3p seemed to directly target
only the first predicted site (NM_016252; positions 14906 to 14928)
of the BRUCE 3= UTR. The miR-BART15-3p binding sites are well
conserved among mammals (data not shown), even though EBV is a
human herpesvirus. The luciferase activity of psiC-BRUCE was re-
duced in AGS-EBV cells endogenously expressing miR-BART15-3p,
while the reduction in psiC-BRUCE activity was abrogated by the
inhibitor for miR-BART15-3p. Thus, the endogenous expression of
miR-BART15-3p in the EBV-infected gastric carcinoma cell lines
AGS-EBV and SNU-719 seems to suppress BRUCE expression.

Interestingly, we observed that miR-BART15-3p downregu-
lated the level of BRUCE protein without affecting the level of
BRUCE mRNA. This agrees with the previous finding that some
miRNAs suppress the translation of mRNA without affecting their
stability (25).

In this study, custom predictions of TargetScan and DIANA-
microT were used to predict targets for miR-BART15-3p. Four

antiapoptotic genes (BCL2, BCL2L2, DDX42, and BRUCE) were
chosen as putative miR-BART15-3p targets for further analysis.
However, these four genes were not predicted targets of miR-
BART15-3p based on the high-throughput sequencing (HITS)
cross-linking immunoprecipitation (CLIP) and photoactivatable-
ribonucleoside-enhanced (PAR)-CLIP data of other researchers
(26–28). The free energy of BRUCE was noticeably the lowest
among the four chosen potential target genes.

BRUCE, also known as APOLLON or BIRC6, is a member of
the inhibitor of apoptosis (IAP) family containing an IAP repeat
region at its N-terminal domain (22). BRUCE has a single BIR
domain, which protects cells from apoptosis by inhibiting the ac-
tivities of caspase and proapoptotic elements through pairing and
ubiquitin-dependent degradation (29). Similar to previous obser-
vations that BRUCE knockout cells can be sensitized to cell death
and easily induced to undergo cell death (30), the effect of miR-
BART15-3p on apoptosis through BRUCE was confirmed in the
present study using BRUCE siRNA in AGS cells. Considering the
dramatic effect of BRUCE siRNA on BRUCE expression, its effect
on cell death was not very potent compared to that of miR-
BART15-3p. This might be due to the fact that miRNAs can have
multiple targets. Other apoptosis-related target genes of miR-
BART15-3p are now under investigation in our laboratory.

The expression level of miR-BART15-3p detected in EBV-in-
fected NPC cells using qRT-PCR and deep sequencing has been
reported to be intermediate compared with those of other BART
miRNAs (31, 32). In EBV-infected natural killer/T cell lympho-
mas and lymphoblastoid cell lines (LCLs), miR-BART15-3p can
be detected at low frequencies by deep sequencing (27, 33). In
contrast, miR-BART15-3p is not detected in EBV-infected diffuse
large B-cell lymphomas, germinal center B cells, and memory B
cells (34, 35). In general, the expression level of miR-BART15-3p
seems to be lower in immune cells than in epithelial cells.

The effect of miR-BART15-3p on apoptosis was rather unex-
pected, as EBV is a tumorigenic virus and some of its miRNAs
have been reported to increase cell proliferation and inhibit apop-
tosis (12, 13, 18, 26). It is unclear why miR-BART15-3p would
cause apoptosis and inhibit cell proliferation. miR-BART15-3p
may accelerate the virus lytic cycle and/or spreading of progeny
viruses by inducing host cell apoptosis, as caspase cleavage of some
viral proteins was shown to favor viral replication and spreading
(36). For example, Aleutian mink disease virus promotes caspase
activation during permissive infection and cleaves the NS1 protein
to facilitate entry into the viral lytic cycle (37, 38). In addition,
human papillomavirus (HPV) induces caspase 3-dependent
apoptosis, and caspase 3 cleaves the HPV E1 protein enhancing
viral amplification (36, 39).

The effects observed following transfection with the miR-
BART15-3p mimic should be evaluated with care, because the
level of transfected miR-BART15-3p was 7-fold higher than its
physiological level detected in AGS-EBV cells. However, based on
the fact that inhibition of miR-BART15-3p enhanced cell survival
and reduced the sub-G1 population in AGS-EBV cells (Fig. 3),
miR-BART15-3p seems to induce apoptosis under physiological
conditions. EBV-infected cells would be able to withstand the det-
rimental effect of miR-BART15-3p, as there are many BART
miRNAs that support cell proliferation (Fig. 1B). Thus, BART
miRNA expression following EBV infection would potentiate cell
survival rather than induce apoptosis in total.

Recently, several miRNAs were found to be secreted selectively

FIG 8 Effect of siRNA for BRUCE (siBRUCE) on BRUCE expression and
apoptosis. The expression levels of BRUCE mRNA (A) and protein (B) in AGS
cells 48 h after transfection with the miR-BART15-3p mimic siBRUCE or the
scrambled control were measured by qRT-PCR and Western blot, respectively.
GAPDH and �-actin were used as internal controls for qRT-PCR and Western
blot, respectively. (C) AGS cells were transfected with the miR-BART15-3p
mimic siBRUCE or the scrambled control. The proportion of the sub-G1 cell
population was measured after 72 h by PI staining and FACS analysis. Error
bars indicate SD (n � 3). †, P � 0.01.
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via microvesicles, especially exosomes (40). Furthermore, se-
creted miRNAs can be transported to adjacent cells and function
in repressing target mRNAs (40). This suggests that miRNAs could be
used in communication between cells. EBV viral miRNAs are also
secreted and transported to adjacent cells via exosomes (23, 40, 41). In
EBV-positive nasopharyngeal cancer, several viral miRNAs, includ-
ing miR-BART4, -1, -7, -16, -9, -12, and -13, were enriched in the
exosomes and transported to adjacent endothelial cells (23). EBV-
transformed lymphoblastoid B cells also secreted several viral
miRNAs, including miR-BHRF1-1, miR-BHRF1-2, miR-BART1-
3p, miR-BART1-5p, and miR-BART2-5p (24). While we were pre-
paring this paper, NACHT, LRR, and PYD domain-containing pro-
tein 3 (NLRP3) was identified as a target of miR-BART15-3p. The
authors reported that miR-BART15-3p can be secreted from EBV-
infected B cells via exosomes, and a small but significant amount of
EBV miR-BART15 was taken up by noninfected cells. Furthermore,
the delivered miR-BART15-3p was able to inhibit the NLRP3 inflam-
masome in the PMA-differentiated macrophage cell line Thp-1 (41).

In this study, we observed that miR-BART15-3p increases apop-
tosis partially by inhibiting translation of BRUCE mRNA without
affecting its stability. We also found that miR-BART15-3p exists in
exosomes from an EBV-positive gastric cancer cell line and that this
miRNA is enriched in the exosomes compared to the corresponding
cell pellets. Because miR-BART15-3p inhibited BRUCE expression,
its transfer to adjacent immune cells would induce their apoptosis.
Our data suggest the possibility that exosomal miR-BART15-3p can
provide a favorable microenvironment for the growth of EBV-asso-
ciated tumors by being transmitted to neighboring immune cells.

Further investigation of the communication of EBV-positive gastric
cancer cells with adjacent immune cells is warranted.
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