Journal of
Virology

REFERENCES

CONTENT ALERTS

MicroRNA miR-BART20-5p Stabilizes
Epstein-Barr Virus Latency by Directly
Targeting BZLF1 and BRLF1

Yu-Jin Jung, Hoyun Choi, Hyoji Kim and Suk Kyeong Lee

J. Virol. 2014, 88(16):9027. DOI: 10.1128/JV1.00721-14.
Published Ahead of Print 4 June 2014.

Updated information and services can be found at:
http://jvi.asm.org/content/88/16/9027

These include:
This article cites 54 articles, 26 of which can be accessed free
at: http://jvi.asm.org/content/88/16/9027#ref-list-1

Receive: RSS Feeds, eTOCs, free email alerts (when new
articles cite this article), more»

Information about commercial reprint orders: http://journals.asm.org/site/misc/reprints.xhtml
To subscribe to to another ASM Journal go to: http://journals.asm.org/site/subscriptions/

Journals. ASM.org

V3HOM 40 AINN DITOHLYD Ad $#T0Z ‘2 AInC uo /6o wse’1Alj/:dny woly papeojumoq


http://jvi.asm.org/content/88/16/9027
http://jvi.asm.org/content/88/16/9027#ref-list-1
http://jvi.asm.org/cgi/alerts
http://journals.asm.org/site/misc/reprints.xhtml
http://journals.asm.org/site/subscriptions/
http://jvi.asm.org/
http://jvi.asm.org/

JVI

Journals.ASM.org

MicroRNA miR-BART20-5p Stabilizes Epstein-Barr Virus Latency by
Directly Targeting BZLF1 and BRLF1

Yu-Jin Jung, Hoyun Choi, Hyoji Kim, Suk Kyeong Lee

Department of Medical Lifescience, College of Medicine, The Catholic University of Korea, Seoul, Republic of Korea

ABSTRACT

Epstein-Barr virus (EBV) is a human herpesvirus associated with various tumors. Rather than going through the lytic cycle, EBV
maintains latency by limiting the expression of viral genes in tumors. Viral microRNAs (miRNAs) of some herpesviruses have
been reported to directly target immediate early genes and suppress lytic induction. In this study, we investigated whether
BamHI-A rightward transcript (BART) miRNAs targeted two EBV immediate early genes, BZLFI and BRLFI. Bioinformatic
analysis predicted that 12 different BART miRNAs would target BRLFI. Of these, the results of a luciferase reporter assay indi-
cated that only one interacted with the 3’ untranslated region (UTR) of BRLFI: miR-BART20-5p. miR-BART20-5p’s effect on
gene expression involved two putative seed match sites in the BRLF1 3’ UTR, but a mutant version of the miRNA, miR-BART20-
5pm, had no effect on expression. As expected from the fact that the entire 3’ UTR of BZLF]I resides within the 3’ UTR of BRLFI,
miR-BART20-5p interacted with the 3' UTR of BZLF1 as well. BZLF1 and BRLF1 mRNA and protein expression was suppressed
in cells of an AGS cell line infected with the recombinant Akata strain of EBV (AGS-EBV) transfected with a miR-BART20-5p
mimic. The expression of various EBV early proteins was also suppressed by the miR-BART20-5p mimic. In contrast, BZLFI and

BRLFI expression in AGS-EBV cells transfected with a miR-BART20-5p inhibitor was enhanced. Furthermore, progeny virus
production was suppressed by the miR-BART20-5p mimic and enhanced by the miR-BART20-5p inhibitor in AGS-EBV cells
induced for the lytic cycle. Our data suggest that miR-BART20-5p plays a key role in latency maintenance in EBV-associated tu-

mors by directly targeting immediate early genes.

IMPORTANCE

Herpesviruses maintain latency using various mechanisms and establish lifelong infection in the host. From time to time, her-
pesviruses are reactivated and express immediate early genes which trigger a lytic cascade, leading to the production of progeny
viruses. Recently, some herpesviruses have been shown to use their own microRNAs (miRNAs) to downregulate immediate early
genes to inhibit the lytic cycle. This study presents evidence that EBV also downregulates two immediate early genes by miR-
BART?20-5p to suppress the lytic cycle and progeny virus production. Overall, this is the first study to report the direct regulation
of EBV immediate early genes by an EBV miRNA, implying its likely importance in latency maintenance in EBV-associated tu-

mors.

pstein-Barr virus (EBV) is a gammaherpesvirus associated

with a variety of malignancies, such as Burkitt’s lymphoma,
Hodgkin’s disease, nasal natural killer/T-cell lymphoma (NNL),
and gastric carcinoma (1). All herpesviruses, including EBV, have
two distinct life cycle phases: latency and lytic replication (2, 3).

Following primary infection, herpesviruses establish persistent
latent infection of host cells; by expressing only a few viral genes,
they try to avoid host immune surveillance (4, 5). Herpesvirus
microRNAs (miRNAs) regulate latency by inhibiting the expres-
sion of immediate early genes. For example, herpes simplex virus
(HSV) immediate early genes include ICP4, ICPO, ICP27, ICP22,
and ICP47 (6). miR-H2 of HSV-1 and HSV-2 downregulates ICP0O
expression, while miR-H6 of HSV-1 inhibits ICP4 expression (7).
Similarly, human cytomegalovirus (HCMV) miR-UL112-1 tar-
gets its immediate early gene IEI, inhibiting viral lytic replication
(8). The important transcriptional activators Rta and Zta are en-
coded by immediate early genes of gammaherpesviruses, includ-
ing Kaposi’s sarcoma-associated herpesvirus (KSHV) and EBV
(9). In KSHV, miR-K7, miR-K5, and miR-K9* target ORF50 (Rta)
expression to maintain a latent state (10-13).

In EBV, expression of the immediate early genes BZLF1 (which
encodes Zta) and BRLF1 (which encodes Rta) can trigger lytic
replication (14-18). BZLFI and BRLFI are transcribed from two
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different immediate early promoters, Zp and Rp, respectively.
BZLFI can also be transcribed from Rp as a long bicistronic tran-
script, as the entire BZLFI coding sequence as well as its 3’ un-
translated region (UTR) resides within the 3" UTR of BRLFI (19).
However, translation of the BZLF1 gene of the bicistronic mRNA
is not very efficient (19). Both BZLFI and BRLF]I are required for
full expression of the early and late EBV proteins (20, 21), leading
to the production of progeny virus. Furthermore, these immedi-
ate early proteins upregulate each other as well as themselves (14,
22-24).

The expression of BZLF1 and BRLFI is tightly regulated to
maintain latency, and a number of cellular and viral factors play
important roles in Zp and Rp regulation (20, 21). Epithelial-to-
mesenchymal transition regulators ZEB1 and ZEB2 can bind to
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the inhibitory elements in Zp, blocking the expression of the gene
(25-27). Recently, miR-200b and miR-429 were shown to induce
EBV lytic replication in both EBV-infected epithelial and B cells
(28). The effects of these cellular miRNAs were exerted by directly
targeting ZEB1 and ZEB2 to block their repressing activity on Zp
(28). Lin et al. (29) also reported that miR-429 expression in EBV-
infected fibroblasts and B cells triggered the lytic cycle through the
repression of ZEB1 and the activation of Zp.

EBV generates 44 different mature miRNAs, categorized into
BamHI fragment H rightward open reading frame 1 (BHRF1)
miRNAs and BamHI-A rightward transcript (BART) miRNAs
(30-33). There have been several reports of viral miRNAs directly
or indirectly regulating the EBV lIytic cycle. For example, in
C666-1 and Mutu cells transfected with a miR-BART6-5p antago-
mir, BZLFI and BRLFI mRNA levels increased significantly (34).
miR-BART6-5p is thought to suppress expression of EBV imme-
diate early genes indirectly, via silencing effects on Dicer; silencing
of Dicer in these cells with a small hairpin RNA (shRNA) substan-
tially downregulated BZLFI and BRLFI (34). Others have re-
ported that miR-BHRF1-1 overexpression in SUNE1, a nasopha-
ryngeal carcinoma (NPC) cell line, increases the EBV copy
number, following the accumulation of the BZLFI and BMRFI
lytic proteins (early antigen diffuse component [Ea-D]) (35). In
addition, a miR-BHRF1-1 inhibitor reduces BZLFI and BMRF1
expression in cells in which EBV lytic replication has been induced
with 12-O-tetradecanoylphorbol-13-acetate (TPA) (35). The
mechanism by which miR-BHRF1-1 regulates the EBV lytic cycle
is poorly understood (35). miR-BART?2, which is antisense to the
3" UTR of BALFS5, directly targets this EBV DNA polymerase and
reduces virus production (36). However, whether individual EBV
miRNAs can directly regulate the expression of EBV immediate
early genes remains unclear. In this study, we tested whether
BART miRNAs which are expressed in all EBV-infected cells can
target two EBV immediate early genes, BZLFI and BRLF]I.

MATERIALS AND METHODS

Cell lines and culture conditions. AGS is an EBV-negative gastric cancer
cell line, while SNU-719 and YCCELI are gastric carcinoma cell lines
naturally infected with EBV (37-39). They were cultured in RPMI 1640
(AGS and SNU-719) or Eagle’s minimal essential medium (YCCEL1)
containing 10% fetal bovine serum (FBS), 100 U/ml penicillin, and 100
pg/ml streptomycin. AGS-EBV is an AGS cell line infected with the re-
combinant Akata strain of EBV (40, 41). To culture AGS-EBV cells, 400
pg/ml of G418 (Gibco, Carlsbad, CA) was also added to the medium. The
human embryonic kidney cell line HEK293T was cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100
U/ml penicillin, and 100 pg/ml streptomycin. All cells were incubated at
37°C and supplemented with 5% CO,.

Transfection and TPA treatment. The miR-BART20-5p mimic and
scrambled control were purchased from Genolution Pharmaceuticals
(Seoul, South Korea). The locked nucleic acid (LNA)-miR-BART20-5p
inhibitor (LNA-miR-BART20-5pi) and negative-control LNA-miRNA
inhibitor were purchased from Exiqon (Vedbaek, Denmark). In this ex-
periment, AGS-EBV and HEK293T cells were seeded 24 h prior to trans-
fection in 100-mm-diameter dishes containing 10 ml culture medium.
SNU-719 and YCCELI cells were seeded 24 h prior to transfection in a
6-well-plate containing 2 ml culture medium. The cells were transfected
with Lipofectamine 2000 (Invitrogen, Carlsbad, CA), according to the
manufacturer’s protocol. After 24 h, cells were treated with 5 nM TPA for
48 or 72 h to induce the lytic cycle.

Plasmid constructs. The full-length 3" UTRs of BZLFI and BRLFI
were amplified from the cDNA of AGS-EBV cells. The 3" UTRs of BZLFI
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and BRLFI were then cloned into XholI/NotI sites between the Renilla
luciferase-coding sequence and the poly(A) site of the psiCHECK-2 plas-
mid (Promega, Madison, WI) to produce psiC-BZLF1 and psiC-BRLF1,
respectively. Primers used for amplification were as follows: for BZLFI,
5'-TCGACTCGAGCGAGGATCTCTTAAATTTCTAACTCC-3" and 5'-
GGCCGCGGCCGCCAAAGAGAGCCGACAGGAAG-3'; for BRLFI, 5'-
TCGACTCGAGGAGCCACAGGCATTGCTAA-3" and 5'-GGCCGCGG
CCGCCAAAGAGAGCCGACAGGAAG-3'. Mutations were introduced
into the seed sequences of psiC-BZLF1 and psiC-BRLF1 using an
EZchange site-directed mutagenesis kit (Enzynomics, Daejeon, South
Korea). The primers used for this purpose were as follows: for BZLFIm1
and BRLFImlI, 5'-CACGCCTCGTTTACTAATGGAATATTAATAAAT
AT-3" and 5'-ATCGAGCCGTGGTTTCAATAACG-3'; for BRLFIm2,5'-
CTGAGAATGCTTATCAAGCTTATGCAGCAC-3" and 5'-GTCGAGC
CTGAGGGGCAGGAAACCACG-3'. In order to exclude the effect of
BZLF1, which is encoded within the 3" UTR of BRLFI, in the luciferase
assay for BRLFI, a —1 frameshift mutation was introduced. This was
carried out by deleting 1 nucleotide from the start codon of BZLF1 within
psiC-BRLF1 using EZchange site-directed mutagenesis. The primers used
for this purpose were as follows: for psiC-BRLF1(ABZLF1), 5'-GGACCC
AAACTCGACTTCTGAAGAT-3" and 5'-TCATCTTCAGCAAAGATAG
CAAAGGTC-3'.

Luciferase reporter assay. To investigate the effect of miR-BART20-5p
upon the expression of immediate early genes, HEK293T cells or AGS cells
were seeded in a 96-well plate (5 X 10° cells/well). After 24 h, the cells were
cotransfected with a psiCHECK reporter vector containing a BZLFI or
BRLF1 3" UTR fragment and 10 nM miR-BART20-5p or a miR-
BART20-5p mutant: miR-BART20-5pm. Luciferase activity was mea-
sured at 48 h posttransfection using a Dual-Glo luciferase reporter assay
system (Promega). For each sample, Renilla luciferase activity was nor-
malized using firefly luciferase activity.

Quantitative reverse transcription-PCR (qQRT-PCR). AGS-EBV cells
were harvested, and total RNA was extracted using the RNAzol B reagent
(Tel-Test, Friendswood, TX), according to the manufacturer’s instruc-
tions. cDNA was synthesized using 3 g total RNA, oligo(dT) primers
(Macrogen, Seoul, South Korea), and Moloney murine leukemia virus
(M-MLV) reverse transcriptase (Invitrogen). Real-time PCR for the indi-
cated genes was carried out using a SYBR green quantitative PCR (qPCR)
kit (TaKaRa, Tokyo, Japan) with an Mx3000p real-time PCR system
(Stratagene, La Jolla, CA). The sequences of the primers were as follows:
for BZLF1,5'-GGCTAACCAAGGACAACAGC-3" and 5'-GAAGCCACC
CGATTCTTGTA-3'; for BRLF1,5'-GTGTTCCACAGCCTGCAC-3" and
5'-GAAGCCACCCGATTCTTGTA-3'; and for GAPDH (the glyceralde-
hyde-3-phosphate dehydrogenase gene), 5'-ATGGGGAAGGTGAAGGT
CG-3" and 5'-GGGGTCATTGATGGCAACAATA-3'. 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. To confirm specific amplification of the PCR product,
dissociation curves were checked routinely. For this, reaction mixtures
were incubated at 95°C for 60 s and ramped from 60°C to 95°C at a heating
rate of 0.1°C/s, with fluorescence measured continuously. Relative gene
expression was calculated using the comparative threshold cycle (C;)
method, using GAPDH as an internal standard.

Quantitative real-time PCR for miRNA analysis. miRNA cDNA was
synthesized using a Mir-X miRNA First-Strand synthesis kit (Clontech,
Mountain View, CA) according to the manufacturer’s instructions. Real-
time quantitative PCRs were performed using a SYBR green qPCR kit
(TaKaRa, Tokyo, Japan). Specific miRNA sequences in the cDNA were
quantified using miRNA-specific sequences as 5" primers. The forward
primer used for miR-BART20-5p was 5'-TAGCAGGCATGTCTTCATT
CC-3". All amplifications were performed in triplicate, and values were
normalized to the value for an endogenous control, U6, which was sup-
plied in the kit.

Western blot analysis. Cell lysate in radioimmunoprecipitation assay
(RIPA) buffer (5 ug) containing protease inhibitors (1 mM phenylmeth-
ylsulfonyl fluoride, 10 pg/ml leupeptin, 10 wg/ml pepstatin A, and 10
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pg/ml aprotinin) was mixed with loading buffer (5X) (Fermentas, Wal-
tham, MA) and heated at 95°C for 5 min. Samples were separated electro-
phoretically on 8% sodium dodecyl sulfate (SDS)-polyacrylamide gels,
and the separated proteins were transferred to a polyvinylidene fluoride
(PVDF) membrane (Millipore, Billerica, MA). The effect of miR-BART20-5p
upon the expression of EBV-lytic proteins was assessed using anti-BZLF1
(1:500; Dako, Denmark), anti-BRLF1 (1:500; Argene, France), anti-
BMRF1 (1:500; Novocastra, United Kingdom), anti-BHRF1 (1:250;
monoclonal antibody 3E8), and anti-BALF5 (1:300) antibodies (42, 43).
After washing, the blots were incubated with horseradish peroxidase-con-
jugated antimouse secondary antibodies or horseradish peroxidase-con-
jugated antirabbit secondary antibodies (Amersham Biosciences, Piscat-
away, NJ) at a dilution of 1:5,000 for 1 h at room temperature. Protein
bands were visualized using an enhanced chemiluminescence detection
system (Amersham Bioscience), and the membrane was exposed to X-ray
film (Agfa, Mortsel, Belgium). a-Tubulin antibody (Cell Signaling Tech-
nology, MA) was used to confirm that loading was comparable between
gel lanes. The density of each protein band was read and quantified using
Fujifilm Multi Gauge software (version 3.0) (44).

siRNA knockdown of BZLFI and BRLFI1 expression. Small interfer-
ing RNAs (siRNAs) specific for BZLF1 (siBZLF1) and BRLF1I (siBRLF1),
as well as a negative-control siRNA lacking any known target gene prod-
uct, were synthesized by Genolution Pharmaceuticals. The sequence of
the negative-control siRNA was 5'-ACGUGACACGUUCGGAGAAUU-
3. The sequences of the siRNAs were as follows: for siBZLF1, 5'-CGACA
TAACCCAGAATCAACA-3',and for siBRLF, 5'-ATCTTGGATACATTT
CTAAATGATT-3". AGS-EBV cells (1 X 10° cells/dish) were transfected
with 10 nM siRNA using Lipofectamine 2000 (Invitrogen) in 100-mm-
diameter dishes. Following transfection, lytic induction proceeded for 48
h. Then, cells were harvested to analyze BZLF1 and BRLFI expression.

Quantitative PCR to assess EBV genome copy numbers. AGS-EBV
cells (1 X 10°) were seeded in a 100-mm-diameter dish. After 24 h, the
cells were transfected with the miR-BART20-5p mimic (10 nM) or
LNA-miR-BART20-5p inhibitor (30 nM). After 24 h the cultures were
refreshed with new RPMI 1640 medium that included 5 nM TPA. The
cells were incubated at 37°C in a 5% CO, incubator for 3 days, allowing
the production of viral particles. Cells were harvested by centrifuging
them for 5 min at 800 X g at room temperature, and the supernatant
was then passed through a 0.45-pm-pore-size filter (Nalgene, Roches-
ter, NY). Subsequently, the supernatant was ultracentrifuged using an
SW41 rotor (Beckman Instruments, Fullerton, CA) at 75,000 X g for 2
h at 4°C, and the pellet was resuspended in 200 pl 0.2X phosphate-
buffered saline and then heated to 95°C for 15 min. Next, 20 pl of 20
mg/ml proteinase K was added to the solution and the mixture was
incubated at 56°C for 1 h, followed by heat inactivation at 95°C for 30
min. Real-time PCR amplification of EBNA-I was carried out using a
SYBR green qPCR kit (TaKaRa, Tokyo, Japan) with an Mx3000P real-
time PCR system (Stratagene). The sequences of the EBNA-1I primers
were 5'-AGTCGTCTCCCCTTTGGAAT-3" and 5'-TCCTCACCCTC
ATCTCCATC-3'". The PCR conditions were 95°C for 30 s, followed by
40 cycles of 95°C for 10 s and 60°C for 30 s. For the dissociation curve,
the reaction mixtures were incubated at 95°C for 60 s and then ramped
from 55°C to 95°C at a heating rate of 0.1°C/s, with fluorescence being
measured continuously. The relative viral copy number was calculated
according to the comparative C; method.

Statistical analysis. Data were analyzed using the Student ¢ test. Curve
fit and analysis were performed using GraphPad Prism software (Graph-
Pad Software, San Diego, CA). P values of <0.05 were considered statis-
tically significant. All results were expressed as means * standard devia-
tions (SDs).

RESULTS

Screening of BART miRNAs targeting EBV immediate early genes.
To examine whether BART miRNAs contained seed matches for
the 3" UTR of the EBV immediate early genes BZLFI and BRLFI, we
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used the publicly available RNA hybrid program (http://bibiserv
.techfak.uni-bielefeld.de/rnahybrid/). Twelve BART miRNAs (miR-
BART3-3p, miR-BART1-3p, miR-BART5-5p, miR-BART17-5p,
miR-BART6-3p, miR-BART22-3p, miR-BART12-3p, miR-BART19-
5p, miR-BART20-5p, miR-BART13-5p, miR-BART2-5p, and
miR-BART2-3p) seed matched the BRLFI 3" UTR (Fig. 1A).

Next, we carried out a luciferase reporter assay to assess
whether the 12 identified BART miRNAs targeted the 3" UTR of
BRLFI. First, HEK293T cells were cotransfected with each of the
12 BART miRNA mimics and a luciferase reporter vector, psiC-
BRLF1. Only the miR-BART20-5p mimic was able to significantly
reduce the luciferase activity of the reporter vector compared to
that of the scrambled control (Fig. 1B). miR-BART20-5p sup-
pressed luciferase activity when the experiment was carried out
using AGS cells as well (Fig. 1C). Unexpectedly, the luciferase
activity in HEK293T cells transfected with the miR-BART3-3p
and miR-BART6-3p mimics increased by roughly 20 to 30% (Fig.
1B). However, these results were not repeated when AGS cells
(Fig. 1C) instead of HEK293T were used. Thus, miR-BART20-5p
was chosen for further investigation.

miR-BART20-5p directly targets both the BZLFI and BRLF1
3’ UTRs. BZLF1] is located between nucleotides 89,838 and 90,906
of the EBV genome, while BRLFI is located between nucleotides
89,838 and 93,893 (National Center for Biotechnology Informa-
tion; http://www.ncbi.nlm.nih.gov/). Thus, the whole BZLFI se-
quence, including its 3’ UTR, resides within the 3" UTR of BRLFI
(Fig. 2A). This makes miR-BART20-5p also seed match the 3’
UTR of BZLFI (Fig. 2A). Luciferase activity was inhibited in
HEK293T cells cotransfected with a miR-BART20-5p mimic and
either psiC-BZLF1 or psiC-BRLF1 relative to that in cells cotrans-
fected with the scrambled control and either reporter vector (Fig.
2C). In contrast, no alteration in luciferase activity was observed
in HEK293T cells cotransfected with a reporter vector and miR-
BART20-5pm, which contains mutations at nucleotides 4 to 6 of
the miR-BART20-5p sequence (Fig. 2B and C).

Even though translation of BZLF1 from the bicistronic transcript
is not efficient, BZLFI might be expressed from psiC-BRLF1 and
affect the luciferase activity as part of Zp (nucleotides 90,906 to
91,106) as well as the whole BZLFI sequence included in psiC-BRLF1.
To avoid this complication, we introduced a —1 frameshift mutation
at the start codon of BZLFI in psiC-BRLF1 to produce psiC-
BRLF1(ABZLF1). When the luciferase assay was carried out in
HEK293T cells cotransfected with psiC-BRLF1(ABZLF1) and miR-
BART?20-5p, results comparable to those shown in Fig. 2C were ob-
tained (Fig. 2D).

Target sites for miR-BART20-5p in the BZLF1 and BRLFI1 3’
UTRs. There is one additional seed match sequence (target site 2;
Fig. 2A) in the 3" UTR of BRLFI, in addition to the seed match
sequence (target site 1) shown in Fig. 1A. Meanwhile, miR-
BART20-5p possesses only one putative seed match sequence to
the 3" UTR of BZLFI (target site 1). Site-directed mutagenesis was
performed to produce mutant versions of 3’ UTR reporter vectors
(Fig. 3A and B). Each of these vectors was cotransfected with the
miR-BART20-5p mimic into HEK293T cells, and the luciferase
assay was carried out. No alteration in luciferase activity was ob-
served in cells transfected with the miR-BART20-5p mimic to-
gether with either psiC-BZLF1m1 or psiC-BRLF1m1m?2 (Fig. 3C).
However, luciferase activity was partially reduced in cells trans-
fected with the miR-BART20-5p mimic together with either psiC-
BRLF1m1 or psiC-BRLF1m2. The reduction in activity observed
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FIG 1 Screening of BART miRNAs targeting EBV immediate early genes. (A) Schematic overview of seed matches between 12 BART miRNAs and the 3" UTR
of BRLFI. (B, C) Luciferase (luc) activity in cells cotransfected with psiC-BRLF1 and BART miRNA mimics (n = 3 per experiment). HEK293T (B) or AGS (C)
cells were cotransfected with each of the 12 BART miRNA mimics and psiC-BRLF1. Luciferase activity was normalized using internal firefly luciferase activity and
expressed as a ratio of the luciferase activity to the activity obtained from the scrambled control-transfected cells. Error bars indicate SDs. *, P < 0.05; +, P < 0.01.
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FIG 2 Luciferase activity assays testing if miR-BART20-5p targets the EBV immediate early genes BZLFI and BRLFI. (A) Schematic drawing of the 3" UTRs of
BZFL1 and BRLFI. (B) Seed matches between miR-BART20-5p and the 3" UTRs of BZLFI and BRLFI. Nucleotides 4 to 6 of the miR-BART20-5p were mutated
to create miR-BART20-5pm. Mutated sequences are written in bold. Coordinates of target site 1 and target site 2 are shown in parentheses (target site 1 was
nucleotides 89,897 to 89,917 and target site 2 was nucleotides 90,636 to 90,656 in the sequence with GenBank accession number NC_007605.1). (C) Direct
targeting of the BZLF1 and BRLFI 3" UTRs by miR-BART20-5p. Luciferase activity was measured in HEK293T cells cotransfected with psiC-BZLF1 or
psiC-BRLF1 and the miR-BART20-5p mimic. (D) Effect of BZLFI on the luciferase activity of psiC-BRLF1. To avoid the possible expression of BZLFI from the
psiC-BRLF1 vector, a frameshift mutation was introduced at the start codon of BZLFI to produce psiC-BRLF1(ABZLF1). Luciferase activity was measured in
HEK293T cells cotransfected with psiC-BRLF1 or psiC-BRLF1(ABZLF1) and the miR-BART20-5p mimic. The scrambled control and miR-BART20-5pm were
used to confirm sequence-specific binding between miR-BART20-5p and the 3" UTRs. Luciferase activity was normalized using firefly luciferase activity and
expressed as a ratio of the luciferase activity to the activity obtained from the scrambled control-transfected cells. Error bars indicate SDs (n = 3 per experiment).
+, P <0.01.

was less than that seen in cells cotransfected with the miR-
BART20-5p mimic and wild-type psiC-BRLF1 (Fig. 3C). As ex-
pected, luciferase activity was not affected in cells cotransfected
with wild-type or mutant BZLFI and BRLFI 3' UTR reporter vec-
tors and miR-BART20-5pm or the scrambled control (Fig. 3C).
miR-BART20-5p inhibits BZLFI and BRLF1 mRNA and pro-
tein expression. We examined whether miR-BART20-5p modu-
lates BZLF1 and BRLFI expression in AGS-EBV cells. TPA treat-
ment was used to induce the EBV lytic cycle, as AGS-EBV cells did
not express lytic genes in the basal state. Lytic induction by TPA
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treatment was confirmed via Western blotting, which demon-
strated the presence of the BZLFI and BRLFI proteins (Fig. 4A).
AGS-EBYV cells were transfected with the miR-BART20-5p mimic
and treated with TPA. After lytic induction, we compared the
levels of miR-BART20-5p in the mimic-transfected and the
scrambled control-transfected AGS-EBV cells. The level of miR-
BART20-5p was increased over 400-fold by transfection of the
mimic compared with the level achieved by transfection of the
scrambled control (Fig. 4B).

Cells were harvested after 48 h to detect the expression of
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FIG 3 Target site search for miR-BART20-5p in the BZLFI and BRLFI 3’ UTRs. (A) Illustration showing (i) the location of possible seed match sites between
miR-BART20-5p and the 3" UTR regions and (ii) the sites altered to produce mutant forms of psiC-BZLF1 and psiC-BRLF1. Site-directed mutagenesis was
performed to produce mutant versions of each individual 3’ UTR BRLFI seed match sequence (psiC-BRLF1m1, psiC-BRLF1m2) and both sequences simulta-
neously (psiC-BRLFIm1m2). A mutant version of the seed match sequence in the BZLFI 3" UTR was also produced (psic-BZLF1m1). (B) Seed matches between
miR-BART20-5p and the mutated 3" UTRs of BZLFI and BRLFI. wt, wild type. (C) Target sites for miR-BART20-5p in the 3’ UTRs of BZLFI and BRLFI.
Luciferase activity was measured in HEK293T cells cotransfected with the miR-BART20-5p mimic and a luciferase reporter vector containing the wild-type or
mutated 3" UTRs of BZLF1 and BRLFI. A scrambled control and miR-BART20-5pm were used to confirm sequence-specific binding between miR-BART20-5p
and the 3" UTRs. Luciferase activity was normalized using firefly luciferase activity and expressed as a ratio of the luciferase activity to the activity obtained from
the scrambled control-transfected cells. Error bars indicate SDs (n = 3 per experiment). T, P < 0.01.

BZLF1 and BRLFI. Real-time reverse transcription-PCR (RT-
PCR) revealed that BZLFI and BRLFI mRNA levels were reduced
by 35 to 45% following transfection with the miR-BART20-5p
mimic (Fig. 4C). Similarly, Western blotting showed that the level
of BZLF1 and BRLFI expression was reduced by transfection of
the miR-BART20-5p mimic relative to that achieved by transfec-
tion of a scrambled control (Fig. 4D and E). As early and late gene
expression follows the expression of immediate early genes upon
lytic reactivation, we examined whether the protein products of
EBV early genes were also reduced by miR-BART20-5p. We found
that BMRFI, BALF5, and BHRFI levels were decreased in cells
transfected with the miR-BART20-5p mimic relative to those in
cells transfected with the scrambled control (Fig. 4C and D).

The EBV miR-BART20-5p inhibitor increases BZLFI and
BRLF1 mRNA and protein expression. qRT-PCR results showed
that the expression of miR-BART20-5p in AGS-EBV cells which
were treated with TPA was about 2-fold higher than that in un-
treated AGS-EBYV cells (Fig. 5A). When AGS-EBV cells were trans-
fected with LNA-miR-BART20-5pi to deplete endogenous miR-
BART?20-5p, the level of miR-BART20-5p was reduced by over
90% compared to that in the control inhibitor-transfected cells
(Fig. 5B).

BZLF1 and BRLFI mRNA levels and the corresponding protein
levels were then measured after lytic induction in cells transfected
with the LNA inhibitor. BZLFI and BRLFI mRNA levels increased
by 50% after treatment with LNA-miR-BART20-5pi (Fig. 5C).
Western blotting revealed that expression of the two immediate
early proteins, as well as BALF5 and BMRFI, increased following
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transfection with LNA-miR-BART20-5pi (Fig. 5D). The mRNA
levels of BZLF1 and BRLFI were also increased by LNA-miR-
BART?20-5pi transfection compared to the levels achieved by con-
trol LNA transfection in naturally EBV-infected gastric carcinoma
cell lines, SNU-719 and YCCELLI (Fig. 5E).

miR-BART20-5p reduced EBV particle production. We in-
vestigated whether miR-BART20-5p functions in regulating the
EBV life cycle by targeting both BZLFI and BRLFI. First, BZLFI
and BRLFI protein levels in AGS-EBV cells transfected with siB-
ZLF1 or siBRLF1 were assessed following TPA treatment. Cells
transfected with miR-BART20-5p were used for comparison.
Western blotting revealed that BRLFI protein levels were reduced
by siBRLF1 transfection (Fig. 6A). Interestingly, siBRLF1 also sup-
pressed BZLF1 expression to some extent. As expected from the
fact that the entire BZLFI sequence is contained within the BRLF1
sequence, both BZLF1 and BRLFI protein levels were reduced by
siBZLF1 transfection (Fig. 6A). As shown in Fig. 4, transfection
with the miR-BART20-5p mimic also reduced BZLFI and BRLFI
protein levels, but the magnitude of the reduction was less than
that observed after transfection with the siRNAs (Fig. 6A).

Next, the effect of miR-BART20-5p on the production of prog-
eny virus production was analyzed in cells transfected with the
miR-BART20-5p mimic or the LNA-miR-BART20-5p inhibitor.
AGS-EBV cells transfected with siBZLF1, siBRLF1, and the miR-
BART20-5p mimic showed a reduction in viral DNA levels of over
50% relative to those in cells transfected with control miRNA (Fig.
6B). In contrast, AGS-EBV cells transfected with LNA-miR-
BART?20-5pi showed a roughly 2.5-fold increase in the amount of
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FIG 4 Effect of miR-BART20-5p on BZLFI and BRLFI mRNA and protein levels. (A) Induction of lytic gene expression by TPA treatment. To induce the EBV lytic
cycle, AGS-EBV cells were treated with 5 nM TPA for 48 h, and EBV immediate early gene products were detected by Western blotting. Anti-a-tubulin antibody (1:500)
was used to demonstrate comparable loading between lanes. (B) Relative level of miR-BART20-5p in mimic-transfected cells. AGS-EBV cells were transfected with 10 nM
the miR-BART20-5p mimic or the scramble control. At 24 h after transfection, the cells were treated with 5nM TPA. Real-time RT-PCR was carried out 48 h later to assess
the level of miR-BART20-5p. (C) Reduction in BZLFI and BRLFI mRNA levels by miR-BART20-5p. AGS-EBV cells were transfected with the miR-BART20-5p mimic,
miR-BART20-5pm, or the scrambled control. The cells were then treated with TPA for 48 h and harvested for real-time RT-PCR. (D) Effect of mR-BART20-5p upon the
expression of various EBV proteins. AGS-EBV cells were transfected with the miR-BART20-5p mimic or the scrambled control, treated with TPA for 48 h, and then
harvested for analysis. Western blotting was carried out using three sets of independently transfected AGS-EBV cells. Untransfected AGS-EBV cells were also used for
comparison. (E) The Western blotting results shown in panel D were normalized to those for a-tubulin and are expressed as ratios of the protein expression level to the
level obtained from untransfected controls. Error bars indicate the SDs. *, P < 0.05; 1, P < 0.01.

EBV DNA relative to that in cells transfected with the control from a luciferase assay using fusions between the luciferase gene

inhibitor (Fig. 6C).

DISCUSSION

In this study, we found that miR-BART20-5p regulates the expres-
sion of the EBV immediate early genes BZLFI and BRLFI. Results
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and the 3' UTR of BZLFI or BRLFI indicated that miR-
BART20-5p directly targets the 3' UTRs of these genes. miR-
BART20-5p reduced the mRNA levels as well as the protein levels
of BZLFI and BRLFI in TPA-treated AGS-EBV cells. Since BRLF1
and BZLF] are part of a bicistronic transcript sharing part of the 3’
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FIG 5 Effect of LNA-miR-BART20-5pi on BZLF1 and BRLFI expression. (A) miR-BART20-5p expression before and after lytic induction. To induce the lytic
cycle, AGS-EBV cells were treated with 5 nM TPA for 48 h. (B, C) Effect of LNA-miR-BART20-5pi on the level of miR-BART20-5p (B) and the BZLFI and BRLF1
mRNAs (C). AGS-EBV cells were transfected with 30 nM LNA-miR-BART20-5pi. At 24 h after transfection, the cells were treated with 5 nM TPA. Real-time
RT-PCR was carried out 48 h later to assess the level of miR-BART20-5p (B) or the BZLFI and BRLFI mRNAs (C). (D) Effect of LNA-miR-BART20-5pi on
expression of various EBV proteins. The same sets of cells used for the assays whose results are presented in panels B and C were used for Western blotting. The
numbers under each band represent the ratio of the level of expression to that for cells transfected with the control inhibitor. (E) Experiments similar to those
described for panel C were also performed using naturally EBV-infected gastric carcinoma cell lines SNU-719 and YCCELL. For SNU-719 and YCCELI cells, 50
nM LNA-miR-BART20-5pi was transfected. Error bars indicate SDs. *, P < 0.05; f, P < 0.01.

UTR (45), it is not surprising that miR-BART20-5p targets both
mRNAs. miR-BART20-5p seems to have only one binding site
(targetsite 1) in the BZLFI 3’ UTR, as the suppressive effect of the
miR-BART20-5p mimic on luciferase activity was completely
abolished when this seed match site was mutated. In contrast,
miR-BART20-5p appeared to bind to both potential seed match
sites in the BRLF1 3" UTR, as luciferase activity was reduced but
not completely abolished when either site was mutated, while it
was abolished when both sites were mutated simultaneously.
However, the interaction between miR-BART20-5p and target
site 1 seemed to be more important than that between miR-
BART20-5p and target site 2, as miR-BART20-5p reduced the
luciferase activity of psiC-BRLFIm2 more than that of psiC-
BRLF1m1 (Fig. 3C).

We found that siBZLF1 inhibited the expression of not only
BZLFI but also BRLFI (Fig. 6A). This was expected because the
whole BZLFI sequence resides within the 3" UTR of BRLFI, as
depicted in Fig. 2A. However, siBRLF1 suppressed the expression
of BZLFI efficiently as well as strongly inhibited BRLFI expres-
sion, even though siBRLF1 does not directly bind to BZLFI

9034 jviasm.org

mRNA. The fact that BZLFI and BRLFI can reciprocally induce
each other (14, 22-24) may be related to this observation.

In contrast to our findings, which suggest posttranscriptional
regulation of BZLFI1 and BRLFI by miR-BART20-5p, Seto et al.
(46) have reported that BZLF1 expression does not differ among
lymphoblastoid cell lines (LCLs) infected with wild-type EBV,
mutant EBV devoid of any EBV miRNAs, or mutant EBV devoid
of BHRFI miRNA. They also found that BZLFI expression was
not altered in LCLs infected with a reconstituted mutant EBV in
which an expression cassette encoding all BART miRNAs was in-
troduced into the prototype B95-8 EBV genome by homologous
recombination. This discrepancy may be due to differences be-
tween our experimental system and their experimental system.
First, the cell types used in the experiments were different. We
employed an EBV-infected gastric carcinoma cell line, AGS-EBV,
while they used LCLs established by infecting B cells with EBV.
The effect of miR-BART20-5p upon BZLFI and BRLF1 expression
could differ depending on the cell type. Second, the range of EBV
miRNAs investigated differed between the two experiments. Seto
etal. (46) examined the combined effect of all EBV miRNAs or all
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FIG 6 Effect of miR-BART20-5p and LNA-miR-BART20-5pi on progeny
virus production. (A) Effect of siRNAs targeting BZLF1 (siBZLF1) and BRLFI
(siBRLF1) on protein expression. AGS-EBV cells were transfected with the
miR-BART20-5p mimic, siBZLF1, siBRLF1, or the scrambled control. After 24
h, lytic replication was induced in AGS-EBV cells with 5 nM TPA. Protein was
extracted from the cell pellet 48 h after the lytic induction and assayed by
Western blotting. (B) Effect of the miR-BART20-5p mimic, siBZLF1, and
siBRLF1 on the production of progeny virus. AGS-EBV cells were transfected
with 10 nM the miR-BART20-5p mimic or siRNAs. After 24 h, lytic replication
was induced with 5 nM TPA. Viral particles were harvested from the cell
culture medium 72 h after the lytic induction and used for the detection of the
EBV genome by real-time PCR. The results are shown as ratios of the amount
of produced to the amount obtained from the scrambled control-transfected
cells. (C) Effects of LNA-miR-BART20-5pi on the production of progeny.
AGS-EBV cells were transfected with 30 nM LNA-miR-BART20-5pi and then
processed under the same conditions described in the legend to panel B. Error
bars indicate SDs. T, P < 0.01.

BART miRNAs, while we tested the effect of individual BART
miRNAs. In their study, the effect of individual EBV miRNAs,
such as miR-BART20-5p, could have been masked by the coun-
terbalancing effects of other miRNAs. Third, the state of the cells
used differed between experiments. In our experiment, TPA was
used to induce the lytic cycle before the effect of miR-BART20-5p
upon immediate early gene expression was investigated; in our
hands, AGS-EBV cells showed very low levels of lytic gene expres-
sion at the baseline. In contrast, Seto et al. (46) did not artificially
induce the EBV lytic cycle during their experiments. Finally, the
effect of BART miRNAs upon BZLFI expression may not have
been detectable if BART miRNA expression in the LCLs was not
high enough. Seto et al. (46) mentioned that the steady-state levels

August 2014 Volume 88 Number 16

EBV miR-BART20-5p Targets BZLF1 and BRLF1

of miRNAs absent in B95-8-derived EBVs (including miR-
BART20-5p) were considerably lower in EBV-infected LCLs re-
constituted with BART miRNAs than in control JM LCL cells.

In our study, a high level of miRNA was achieved by transfect-
ing the miR-BART20-5p mimic. As previously reported and
shown here, we detected very low levels of expression of the BZLF1
protein in SNU-719 cells (37) and YCCELI cells (39) as well as in
AGS-EBV cells (47, 48) in the basal state. These observations sug-
gest that, in addition to miR-BART20-5p, these EBV-infected gas-
tric carcinoma cells may express low levels of miR-200b and miR-
429 and/or high levels of ZEB1 and ZEB2. Indeed, downregulation
of the miR-200 family, including miR-200b and miR-429, has
been observed in EBV-associated gastric carcinomas (49, 50).

Cells transfected with the miR-BART20-5p mimic showed lev-
els of miR-BART20-5p about 400-fold higher than the endoge-
nous level found in AGS-EBV cells. A relatively low basal level of
miR-BART20-5p in a variety of EBV-infected cells, including
AGS-EBV cells (50, 51), could be the main reason for this big fold
increase. In addition, the effects of miR-BART20-5p on BZLFI
and BRLFI appeared to be undistorted by this high level achieved
by mimic transfection. It is because the LNA inhibitor increased
the expression of BZLFI and BRLFI in AGS-EBV, SNU-719, and
YCCELI cells, implying that miR-BART20-5p functions at endog-
enous levels in these cell lines.

When LNA-miR-BART20-5pi was transfected into AGS-EBV
cells, the level of miR-BART20-5p was reduced about 90%, as
shown in Fig. 5B. However, the mRNA and protein levels of
BZLFI and BRLFI were increased about 1.25- to 2-fold in these
cells. Considering that the endogenous expression level of miR-
BART20-5p in AGS-EBV cells is relatively low (50, 51), the effect
of the miRNA inhibitor on BZLFI and BRLFI expression is not
trivial. Furthermore, as miRNAs are known to finely modulate
gene expression, blocking an miRNA nearly completely with an
inhibitor may not cause a phenomenal increase in target gene
expression.

AGS and AGS-EBV cells were reported to be persistently in-
fected with parainfluenza virus type 5 (PIV5; formerly known as
simian virus 5 [SV5]) (52). We have not tested whether the cells
that we used are also persistently infected with PIV5. Even if the
cells were chronically infected with PIV5, it does not seem to affect
our conclusion qualitatively, as effects similar to those of LNA-
miR-BART20-5pi in AGS-EBV cells were also observed in two
other cell lines (SNU-719 and YCCEL1) which were derived inde-
pendently (38, 39).

Our findings may prove helpful with regard to cancer treat-
ment. Previously, miR-BART20-5p has been shown to target T-
bet, the master transcription factor for cytotoxic natural killer
(NK) cells, resulting in secondary suppression of p53 in NNL (53).
Recently, miR-BART20-5p was shown to target IFNG (gamma
interferon [IFN-vy]) as well (54). On the basis of these results, an
association between invasive NNL pathogenesis and the inhibi-
tion of T-bet and IFNG (IFN-vy) by miR-BART20-5p has been
suggested (53, 54). Thus, miR-BART20-5p inhibitors may induce
T-bet, IFNG (IFN-vy), and p53 expression as well as EBV lytic an-
tigens in EBV-associated tumors. As BART miRNAs are expressed
in all EBV-infected cells regardless of the EBV latency type, target-
ing of miR-BART20-5p would increase chemosensitivity and sus-
ceptibility to immune attack for all varieties of EBV-associated
tumors.
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