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Abstract
Background Epstein–Barr virus (EBV) is etiologically associated with ~ 10% of all gastric carcinomas. However, the molecu-
lar mechanisms and roles of EBV miRNAs in gastric carcinoma oncogenesis are yet to be elucidated.
Methods MicroRNA microarray and TaqMan quantitative real-time RT-PCR were conducted. RT-PCR and luciferase 
reporter assay for PIAS3, western blotting for 20 proteins, immunofluorescence for STAT3, transfection with miRBART5-
5p-plasmid, STAT3-plasmid, miRBART5-5p mimic, or PIAS3-siRNA, and in vitro assays for biological effects of PD-L1 
were implemented. In situ hybridization for EBV-encoded small RNAs and immunohistochemistry were performed on 
gastric carcinoma tissues.
Results Transfecting miR-BART5-5p into EBV(−) gastric carcinoma cell lines caused a decrease in PIAS3 3′-UTR reporter 
activity, PIAS3 downregulation, and subsequent STAT3 activation followed by PIAS3/pSTAT3-dependent PD-L1 upregula-
tion. Interestingly, due to PD-L1 knockdown, apoptosis was increased, while the rate of cell proliferation, invasion capacity, 
and migration were decreased in miR-BART5-5p-transfected cells. In EBV(+) gastric carcinoma cells, anti-miR-BART5-5p 
reduced PD-L1 levels through PIAS3/pSTAT3 control. Among 103 patients with EBV-associated gastric carcinomas, overall 
survival was significantly shortened for those with PD-L1(+) tumors compared to those with PD-L1(−) tumors (P = 0.049).
Conclusions Our findings imply that miR-BART5-5p directly targets PIAS3 and augments PD-L1 through miR-BART5/
PIAS3/pSTAT3/PD-L1 axis control. This contributes to antiapoptosis, tumor cell proliferation, invasion and migration, 
as well as immune escape, furthering gastric carcinoma progression and worsening the clinical outcome, especially in the 
PD-L1(+) group of patients with EBV-associated gastric carcinomas. miR-BART5-5p may, therefore, be amenable to PD-1/
PD-L1 immune checkpoint inhibitor therapy.
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Introduction

The Epstein–Barr virus (EBV) is a ubiquitous human herpes 
virus that infects more than 90% of the world’s adult popu-
lation [1]. In certain circumstances, EBV can also act as an 
oncogenic virus. For instance, it can cause Burkitt lymphoma, 
Hodgkin’s disease, nasal NK/T cell lymphoma, nasopharyn-
geal carcinoma, and gastric carcinoma [2]. In Korea, gastric 
carcinoma is the most prevalent malignancy, and the third 
highest cause of cancer-related death [3]. EBV infection has 
been detected in approximately 5–10% of all gastric carcinoma 
cases worldwide, irrespective of whether it is endemic to par-
ticular countries or geographical regions [4]. Accumulating 
evidence corroborates that EBV-associated gastric carcinoma 
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is a distinct subset of gastric carcinomas, both clinicopatholog-
ically and molecularly. They are characterized by extreme CpG 
hypermethylation throughout the genome [5], frequent muta-
tions in PIK3CA [5] and ARID1A [6], lack of TP53 mutations 
[5], and overexpression of interferon-γ [7] and PD-L1 [5, 8].

MicroRNAs (miRNAs) are a family of endogenous, non-
coding RNAs that are 17–23 nucleotides long and bind to 
complementary sites in the 3′-untranslated regions (3′-UTRs) 
of target mRNAs, blocking or repressing protein translation 
[9]. First described in 2004 [10], EBV-encoded miRNAs are 
located in two regions of the EBV genome: BamHI-A right-
ward transcripts (BART) (encoding 40 mature miRNAs) and 
BHRF1 (encoding four mature miRNAs) [1, 9]. EBV posi-
tive (EBV(+)) gastric carcinoma cells express BART miR-
NAs, but no BHRF1 miRNAs [11, 12]. Emerging evidence 
shows that EBV miRNAs target multiple human mRNAs, 
and downregulate proteins relevant to cell proliferation, apop-
tosis, human immune function, and cytokine signaling [13]. 
In gastric carcinoma cells, miR-BART5 inhibits apoptosis by 
targeting PUMA [14] and TP53 [15], and miR-BART20-5p 
promotes cell proliferation and suppresses apoptosis by tar-
geting BAD [16]. Unexpectedly, however, miR-BART15-3p 
enhances apoptosis by targeting BRUCE [17]. In nasopharyn-
geal carcinoma cells, miR-BART1 promotes metastasis via 
the PTEN pathway [18], miR-BART3 enhances growth and 
transformation by targeting the tumor suppressor DICE1 [19], 
miR-BART6-3p targets RIG-I and suppresses IFN-ß pro-
duction [20], miR-BART8-3p targets RNF38 and promotes 
metastasis [21], miR-BART9 promotes metastasis by targeting 
E-cadherin [22], and miR-BART10-3p enhances metastasis by 
targeting BTRC [23]. However, the targets and roles of most 
EBV BART miRNAs remain largely uncharacterized in the 
context of gastric carcinoma.

In this study, we investigated the cellular target of miR-
BART5-5p and its role as a viral onco-miRNA. We found that 
EBV miR-BART5-5p directly targets PIAS3 and upregulates 
programmed death-ligand 1 (PD-L1) through miR-BART5/
PIAS3/pSTAT3/PD-L1 axis control. As PD-L1 is involved in 
antiapoptosis and immune escape, its expression may contrib-
ute to unfavorable clinical outcomes in patients with EBV-
associated gastric carcinoma. Our findings shed new light on 
the intrinsic mechanisms of PD-L1 upregulation by a viral 
miRNA in EBV(+) gastric carcinomas and rationalize PD-1/
PD-L1 immune checkpoint inhibitors as potential therapeutics 
for the treatment of EBV-associated gastric carcinoma.

Materials and methods

Cell culture

In our study, we used five gastric carcinoma cell lines 
established from gastric tumors of five individual patients. 

SNU601, SNU484, SNU216, and SNU719 were acquired 
from the Korean Cell Line Bank (Seoul, Korea). YCCEL1 
was provided by Dr. SY Rha [24]. SNU601, SNU484, and 
SNU216 are EBV(−); SNU719 and YCCEL1 are EBV(+). 
HEK293T cell line was purchased from the American 
Type Culture Collection (Manassas, VA, USA). Cells were 
cultured in RPMI 1640 medium (Gibco BRL, Rockville, 
MD, USA) supplemented with 10% fetal bovine serum 
and antibiotics (100 U/mL penicillin and streptomycin) at 
37 °C in an atmosphere of 5%  CO2.

MicroRNA microarray analysis

The miRNA expression profiles of gastric carcinoma were 
conducted with the SurePrint G3 Human miRNA Microar-
ray, Release 16.0, 8 × 60 K (Agilent Technologies, Santa 
Clara, CA, USA) that contains a total of 1205 human and 
144 viral miRNAs. Array data export processing and anal-
ysis was performed using Affymetrix GeneChip Command 
Console Software. Quantile normalization was conducted 
using statistical computing program, R version 3.0.2 (https 
://www.r-proje ct.org) to standardize the data across the 
samples [25]. For ebv-miRNAs, relative expression levels 
were determined by “each EBV miRNA level/ebv-miR-
BART5-3p level”. Additionally, hsa-miRNAs data of 
EBV(+) gastric carcinomas and EBV(−) gastric carcino-
mas were compared using threshold values of ≥ 1.5-fold 
change, and corrected P value < 0.05. Hierarchical cluster-
ing was then achieved using the Euclidean distance metric 
and the complete linkage rule.

Total RNA (including miRNAs) was extracted from 
formalin-fixed, paraffin-embedded tissue blocks using the 
miRNeasy FFPE kit (Qiagen, Hilden, Germany). Tissue 
lysates were treated with DNase I (Roche, Basel, Switzer-
land) to eliminate DNA contamination.

Reverse transcription‑polymerase chain reaction 
(RT‑PCR)

Total RNA was extracted using an RNeasy Mini Kit (Qia-
gen). Extracted RNA was treated for 20 min at 37 °C with 
10 units of DNase I (Roche) and an RNase inhibitor (Roche) 
to eliminate remaining genomic DNA. After inactivation at 
75 °C for 10 min, RNA samples were purified with an RNe-
asy Mini Kit (Qiagen). Complementary DNA (cDNA) was 
synthesized from 1 μg of total RNA with a high-fidelity RT-
PCR system. The following primers were used for cDNA 
amplification: PIAS3 (forward, 5′-GCA CCC TGA TGT CAC 
CAT GA-3′; reverse, 5′-CAT TTG GCT CCT GGC AGA AC-3′), 
β-actin (forward, 5′-GAC AGG ATG CAG AAG GAG ATT ACT 
-3′; reverse, 5′-TGA TCC ACA TCT GCT GGA AGGT-3′).

https://www.r-project.org
https://www.r-project.org
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Quantitative real‑time RT‑PCR

Total RNA (including miRNAs) was extracted using the 
miRNeasy Mini Kit (Qiagen). miRNA cDNA was synthe-
sized with 10 ng of total RNA from each sample using the 
TaqMan MicroRNA Reverse Transcription Kit (Ambion Life 
Technologies, Grand Island, NY, USA). TaqMan quantitative 
real-time RT-PCR analysis was conducted with an ABI 7900 
Real-Time PCR System using the TaqMan miRNA assay 
with the EBV-miR-BART5-5p (MIMAT0003413), EBV-
miR-BART10-3p (MIMAT0003420), EBV-miR-BART22 
(MIMAT0010132) or hsa-miR-18a (MIMAT0000072) 
primer sets (Applied Biosystems, Foster City, CA, 
USA), according to the manufacturer’s protocol. RNU6b 
(Applied Biosystems) was utilized to normalize microRNA 
expression.

Western blotting and densitometric analysis

Proteins were separated by SDS-PAGE using a 5% stacking 
gel, and then transferred onto reinforced PVDF membranes 
(Millipore, Bedford, MA, USA). After blocking the non-
specific sites, each membrane was probed overnight at 4 °C 
with one of the following primary antibodies: PIAS3 (D5F9, 
1:1000), STAT3 (124H6, 1:1000), phospho-STAT3 (D3A7, 
1:1000), phospho-Akt (D9E, 1:1000), Akt (11E7, 1:1000), 
phospho-mTOR (Ser2448, 1:1000), poly ADP ribose poly-
merase (PARP) (#9542, 1:1000), Cyclin D1 (92G2, 1:1000), 
Cyclin D3 (DCS22, 1:1000), CDK2 (78B2, 1:1000), CDK4 
(D9G3E, 1:1000), and CDK6 (DCS83, 1:1000) from Cell 
Signaling (Beverly, MA, USA); PD-L1 (17952-1-AP, 
1:1000) from Proteintech Fisher Scientific (Hampton, NH, 
USA); NF-κB p65 (A, 1:500), mTOR (30, 1:1000), c-Myc 
(9E11, 1:1000), c-Jun (H-79, 1:1000), caspase-3 (H-277, 
1:1000), MMP2 (H-76, 1:1000), MMP9 (2C3, 1:1000), 
and transcription factor IIB (sc-23875, 1:2000) from Santa 
Cruz Biotechnology (Santa Cruz, CA, USA); and MMP1 
(ab53142, 1:1000) and β-actin (AC-15, 1:10,000) from 
Abcam (Cambridge, UK). The membranes were washed 
and incubated for 30 min at room temperature with horse-
radish peroxidase-conjugated anti-mouse or anti-rabbit 
secondary antibodies (Cell Signaling). An antibody against 
β-actin (AC-15, 1:10,000, Abcam) or transcription factor II 
B (sc-23875, 1:2000, Santa Cruz Biotechnology) was used 
to confirm equal loading and transfer of each protein from 
total cellular extracts or nuclear extracts.

Western blots were digitalized using the GS-700 Imag-
ing Densitometer (Bio-Rad, Hercules, CA, USA), processed 
with Corel Photo Paint 7.0 to adjust image brightness and 
contrast. The densities of western blots were evaluated using 
Molecular Analyst Software (Bio-Rad), and normalized to 
pertinent controls.

For extraction of nuclear protein only, we utilized 
lysis buffer A (10 mol/L Tris, pH 8.0, 60 mmol/L NaCl, 
1 mmol/L EDTA, 1 mmol/L dithiothreitol, 0.1% Noni-
det P-40, and 1 mmol/L phenylmethylsulfonyl fluoride) 
and buffer B (200 mmol/L HEPES, pH 7.9, 0.75 mmol/L 
spermidine, 0.15 mmol/L spermine, 0.2 mmol/L EDTA, 
2  mmol/L EGTA, 2  mmol/L dithiothreitol, 20% glyc-
erol, 1 mmol/L phenylmethylsulfonyl fluoride, and 0.4 M 
NaCl), as previously described [26].

MicroRNA, plasmid and small interfering RNA 
transfection, and inhibitor treatment

The pTRIPZ-miR-BART5 plasmid was a kind gift from 
Professor Bryan R. Cullen (Duke University). EBV-
miR-BART5-5p mimic (miR-BART5-5p; MC11615), 
EBV-miR-BART5-5p inhibitor (Anti-miR-BART5-5p; 
MH11615), EBV-miR-BART10-3p mimic (miR-BART10-
3p; MC12577), EBV-miR-BART10-3p inhibitor (Anti-
miR-BART10-3p; MH12577), EBV-miR-BART22 mimic 
(miR-BART22; MC15462), EBV-miR-BART22 inhibi-
tor (Anti-miR-BART22; MH15462), and the scrambled 
miRNA control (miR-control) were from Ambion Applied 
Biosystems (Austin, TX, USA), and hsa-miR-18a-5p 
mimic (Pre-miR™ miRNA Precursor;AM17100), hsa-
miR-18a-5p inhibitor (Anti-miR™ miRNA Inhibitor; 
AM17000), from the Bioneer (Daejeon, Republic of 
Korea). They were transfected at a final concentration of 
1 nM using Lipofectamine 2000 (Invitrogen, Carlsbad, 
CA, USA).

The pPM-C-His-PIAS3 plasmid and the pcDNA3-STAT3 
plasmid were obtained from Applied Biological Materials 
Inc. (Richmond, BC, Canada) and Addgene (Cambridge, 
MA, USA), respectively. Cells were transfected with 4 μg 
plasmid DNA using Lipofectamine 2000 (Invitrogen) in 
500 μL serum-free medium for 4 h at 37 °C in a  CO2 incu-
bator per manufacturer’s instructions.

PIAS3-specific small interfering RNA (siRNA) 
(AM16704; 5′-GGA UGU AAG GCC UUA GCC A-3′) and 
PD-L1-specific siRNA (s26547; 5′-GGC AUU UGC UGA 
ACG CAU U-3′) were synthesized by Ambion Applied Bio-
systems. A scrambled siRNA (sc-37007, Santa Cruz Bio-
technology) was used as the negative control. Cells were 
transfected with 200 pmol siRNA using Lipofectamine 2000 
(Invitrogen) in 3 mL serum-free medium for 4 h at 37 °C in 
a  CO2 incubator per manufacturer’s instructions. Without 
removing the transfection mixture, 3 mL RPMI with 20% 
fetal bovine serum was added. Cells were incubated for an 
additional 24 h.

For STAT3 knockdown, cells were incubated with the 
STAT3 inhibitor, S3I- 201 (Sigma-Aldrich, St. Louis, MO, 
USA), at 100 μM for 24 h.
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Luciferase activity assay for PIAS3

The entire 3-UTR of PIAS3 was cloned into the pEZX-
MT06 vector to generate a luciferase reporter gene contain-
ing the seed match for miR-BART5-5p. HEK293T cells were 
co-transfected with 0.8 μg of pEZX-MT06 vector includ-
ing either the PIAS3 3-UTR Renilla/firefly dual-luciferase 
reporter plasmid or the empty vector (GeneCopoeia, Rock-
ville, MD, USA); and with the miR-BART5-5p mimic or 
scrambled miRNA control (miR-control). After 48 h, lucif-
erase activity was calculated using the dual-luciferase assay 
kit (Promega, Madison, WI, USA). Renilla luciferase activ-
ity was normalized to firefly luciferase activity. All assays 
were performed in triplicate, and each transfection with the 
reporter plasmid was conducted on a separate day.

Immunofluorescence assay

Cells grown on coverslips were fixed for 10 min in 4% 
paraformaldehyde in 10  mmol/L piperazine- N,N-bis 
(2-ethanesulfonic acid) (PIPES), pH 6.8, 10 mmol/L NaCl, 
300 mmol/L sucrose, 3 mmol/L  MgCl2, and 2 mmol/L 
EDTA. Cells were immersed for 10 min in Tris-buffered 
saline (TBS) with 0.75% Triton X-100, and blocked for 
10 min with 5% bovine serum albumin and 0.1% Triton 
X-100 in TBS. Cells were then incubated with a primary 
antibody against STAT3 (124H6, 1:200, Cell Signaling, 
Beverly, MA, USA) and an Alexa Fluor 488-conjugated 
goat anti-mouse IgG (H+L) secondary antibody (Invitro-
gen, Carlsbad, CA, USA). Nuclei were counterstained with 
4,6-diamidino-2-phenylindole (DAPI) (1 μg/mL). Stained 
cells were visualized on a Zeiss Observer Z1 fluorescence 
microscope (Carl Zeiss Meditec AG, Jena, Germany).

Apoptosis, cell proliferation, invasion, 
and migration assays

Apoptosis was evaluated with the annexin V-fluorescein 
isothiocyanate (FITC) apoptosis kit (BD Biosciences, San 
Diego, CA, USA) as stated in the manufacturer’s protocol. 
Briefly, cells were cultured in serum-free medium, trypsi-
nized, centrifuged, and resuspended in annexin V-binding 
buffer (150 mmol/L NaCl, 18 mmol/L  CaCl2, 10 nmol/L 
HEPES, 5 mmol/L KCl, and 1 mmol/L  MgCl2). The cells 
were stained with FITC-conjugated annexin V (1 μg/mL) 
and propidium iodide (50 μg/mL), and promptly analyzed 
on a FACScan flow cytometer (Becton Dickinson, Moun-
tain View, CA, USA) installed with the CellQuest software 
(Becton Dickinson).

Cell proliferation was measured with the Cell Counting 
Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan). 

Absorbance was measured at  A450 nm on a spectrophotom-
eter (Spectramax 190; Molecular Devices, Sunnyvale, CA, 
USA).

Cell invasion was evaluated with 6-well BioCoat Matrigel 
invasion chambers (BD Biosciences) according to the manu-
facturer’s protocol, with minor modifications. Briefly, cells 
(1 × 105) in 200 μL medium were plated in the upper cham-
ber, and the lower chamber was filled with 1 mL serum-free 
medium supplemented with 10% bovine serum albumin. 
After incubation for 24 h at 37 °C, cells that invaded the 
lower chamber were stained with 8 μg/mL calcein AM (BD 
Biosciences) in Hanks’ buffered saline at 37 °C for 30 min 
and counted on a fluorescence microscope (Olympus IX71; 
Tokyo, Japan).

Cell migration was examined with a wound-healing assay. 
Briefly, using the tip of a micropipette, a plate of confluent 
cells was scratched to create the “wound” (an area free of 
cells). Images were captured at 0 h, 24 h, and 48 h with an 
inverted photomicroscope (Olympus IX71), and movements 
of individual cells were calculated with NIH Image J soft-
ware (https ://rsb.info.nih.gov/ij/index .html).

RNA in situ hybridization 
and immunohistochemistry of surgically resected 
gastric carcinoma tissues

We included 103 specimens of EBV-associated gastric car-
cinoma tissue acquired during surgical resection from 1997 
to January 2013 at the Seoul National University Boramae 
Hospital. Overall survival of patients was estimated from 
the date of surgery to death or to the last follow-up visit. 
Median follow-up period for overall survival was 59 months 
(mean ± SD: 60.5 ± 36.14, range: 1–130).

In situ hybridization for EBV-encoded small RNAs 
(EBERs) and immunohistochemistry were performed on for-
malin-fixed, paraffin-embedded tissues using an automated 
immunostainer, the BenchMark Ultra IHC/ISH system (Ven-
tana Medical Systems, Tucson, AZ, USA) per the manufac-
turer’s instructions. The INFORM EBER probe (Ventana 
Medical Systems) was used for EBER  in situ hybridiza-
tion. EBV-infected cells were detected as black signals at the 
hybridization site using light microscopy. All EBV-positive 
cases revealed black signals in almost all cancer cell nuclei.

To assess PIAS3, pSTAT3, and PD-L1 expression 
by immunohistochemistry, tissues were incubated with 
anti-PIAS3 (ab119106, 1:50, Abcam), phospho-STAT3 
(Tyr705) (1:50, Cell Signaling), or PD-L1 antibody 
(SP263, ready to use, Ventana Medical Systems). For sta-
tistical evaluation in interpretation of immunohistochemi-
cal staining results, a two-tiered system was adopted; pos-
itive vs. negative (for pSTAT3 and PD-L1), or retainment 
vs. loss (for PIAS3). Hence, PIAS3 should be retained as 
a normal feature [27]. If ≥ 5% of tumor cells in a tissue 

https://rsb.info.nih.gov/ij/index.html
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section displayed reactivity, the tissue was considered 
positive for pSTAT3 or PD-L1 and retained for PIAS3.

Statistical analysis

Chi-square test, Pearson’s test, two-tailed Student’s t test, 
Spearman’s rank correlation coefficient analysis, and 
Kaplan–Meier survival analysis were conducted with 
 IBM®  SPSS® Statistics 20.0 (IBM Inc., Chicago, IL, 
USA). P < 0.05 was considered statistically significant.

Results

miR‑BART5‑5p is expressed in EBV(+) gastric 
carcinoma cells and EBV(+) gastric carcinoma tumor 
samples

We found that miRNAs were differentially expressed 
according to EBV status. By comparing differential 
expression with a 1.5-fold difference between EBV(+) 
and EBV(−) cells, 132 cellular miRNAs were found to be 
downregulated, while 59 cellular miRNAs were upregu-
lated in EBV(+) cells vs. EBV(−) cells. EBV-encoded 
miRNAs were only expressed in the EBV(+) gastric car-
cinoma cell line (Fig. 1a). Forty EBV-encoded miRNAs 

Fig. 1  MicroRNA (miRNA) 
microarray expression profile 
and miR-BART5-5p expres-
sion in gastric carcinoma cell 
lines and gastric carcinoma 
tissue samples. a Heat map 
and hierarchical clustering 
of Epstein–Barr virus (EBV) 
miRNAs (ebv-miRNAs) and 
human miRNAs (hsa-miRNAs) 
expressed by gastric carcinoma 
cell lines that are “EBV(+) 
YCCEL1” or “EBV(−) 
SNU601” and “EBV(−) 
SNU216”. b Relative expres-
sion levels of each ebv-miRNA 
(each EBV miRNA level/ebv-
miR-BART5-3p level) in EBV 
(+) gastric carcinoma tissues 
(n = 3; the average miRNA 
profiles in three samples) (pink 
bars), EBV(+) gastric carci-
noma cell line (n = 1) (red bars), 
and the average miRNA profiles 
in tissues and cells (black bars). 
c Seed sequence homology of 
miR-BART5-5p with hsa-miR-
18a and hsa-miR-18b. d Rela-
tive expression of miR-BART5-
5p by qRT-PCR in the EBV(+) 
gastric carcinoma YCCEL1 
cell line and SNU719 cell line 
(n = 2) vs. EBV(−) SNU601 and 
SNU216 cell lines (n = 2), and 
in EBV(+) gastric carcinoma 
tissue (n = 13) vs. EBV(−) gas-
tric carcinoma tissue samples 
(n = 3). Expression levels were 
normalized to RNU6B. Data 
represent mean ± SD
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were expressed in the EBV(+) gastric carcinoma cell line 
and EBV(+) gastric carcinoma tumor tissues samples, and 
all 40 mapped to either the miR-BART cluster 1 or miR-
BART cluster 2. BHRF miRNAs were not expressed by 
any of the cell lines or tissue samples examined (Fig. 1b).

To identify the human cellular targets of EBV-miR-
NAs, we referred to the literature, and carried out com-
putational screening using data in the miRbase database 
(https ://www.mirba se.org) and the VIRmiRNA database 
(https ://crdd.osdd.net/serve rs/virmi rna/seed-align .html). 
We recognized that 13 EBV-miRNAs had seed sequence 
homology with 21 human onco-miRNAs [28]. Among 
these EBV-miRNAs, we focused on miR-BART5-5p to 
determine whether miR-BART5-5p has cancer-associated 
function, despite its considerably low level in our micro-
RNA microarray data of gastric carcinomas, which is dif-
ferent from the findings of Choy et al., who showed an 
abundance of miR-BART5-5p [14]. We found that miR-
BART5-5p had seed sequence homology with two human 
miRNAs, hsa-miR-18a-5p, and hsa-miR-18b-5p (Fig. 1c), 
which are associated with cancer [29]. We verified the 
expression of miR-BART5-5p in EBV(+) gastric carci-
noma cells and tissues compared to EBV(−) cell lines and 
tissues using qRT-PCR (Fig. 1d).

Construction of miR‑BART5‑5p stably‑expressing 
cells and optimization of miR‑BART5‑5p‑mimic 
transfection

To explore the specific role of miR-BART5-5p in the devel-
opment of gastric carcinoma, we sought to establish gastric 
carcinoma cell lines that stably express miR-BART5-5p, and 
no other EBV-encoded miRNAs. To this end, we transfected 
the pTRIPZ-miR-BART5-5p plasmid (a kind gift from Pro-
fessor Bryan R. Cullen, Duke University) into EBV(−) 
gastric carcinoma SNU601 and SNU216 cell lines. Among 
the cell lines established, miR-BART5-5p was expressed at 
levels significantly lower (at best, 222-fold lower) than that 
of SNU719 and YCCEL1 cells, which reflect the typical 
expression levels of cell lines derived from naturally occur-
ring EBV(+) gastric carcinoma tumors (S1 Fig.). To achieve 
levels that more closely mimic endogenous expression, we 
chose to use a commercially available EBV-miR-BART5-
5p mimic. First, we transfected various concentrations (1, 
10, 25, and 50 nM) of the mimic into EBV(−) gastric car-
cinoma SNU601 cells. After 48 h, we assessed its expres-
sion by qRT-PCR. Finally, we determined that 1 nM was the 
optimal transfection concentration of the miR-BART5-5p 
mimic, because miR-BART5-5p expression levels in 1 nM-
transfected cells most closely reflected endogenous expres-
sion (S2A Fig.), and transfection stress, cell damage, etc., 
were minimal (S2B Fig.).

miR‑BART5‑5p directly targets PIAS3 and reduces 
PIAS3 protein levels

Since hsa-miR-18a-5p directly targets the protein inhibitor 
of activated signal transducer and activator of transcription 
3 (PIAS3) [30], and miR-BART5-5p shows seed homol-
ogy with has-miR-18a-5p, we investigated whether miR-
BART5-5p may also target PIAS3. In the original naive 
cell lines, PIAS3 protein levels were lower in EBV(+) gas-
tric carcinoma cell lines (SNU719 and YCCEL1, endog-
enously expressing miR-BART5-5p) than in EBV(−) cell 
lines (SNU216, SNU484, and SNU601, not expressing 
miR-BART5-5p) (Fig. 2a, b). Specifically, there was an 
inverse correlation between levels of miR-BART5-5p and 
PIAS3 protein in gastric carcinoma cell lines (P = 0.068) 
(Fig. 2c).

To confirm miR-BART5-5p-induced PIAS3 down-
regulation, we transfected miR-BART5-5p into SNU216, 
SNU484, and SNU601 cells (EBV(−) gastric carcinoma 
cell lines), and anti-miRBART5 into YCCEL1 (an EBV(+) 
gastric carcinoma cell line) (Fig. 2d). PIAS3 mRNA levels 
were unaltered in all examined cell lines, irrespective of 
miR-BART5-5p (Fig. 2e). PIAS3 protein levels were lower 
in miR-BART5-5p-transfected gastric carcinoma cells 
than in their corresponding miR-control-transfected cells. 
Conversely, PIAS3 protein levels were higher in anti-miR-
BART5-transfected YCCEL1 cells than in the correspond-
ing miR-control-transfected cells (P < 0.05, each) (Fig. 2f).

Furthermore, comparing RNA sequences, the 3-UTR 
of PIAS3 was found to contain a potential binding site 
for miR-BART5-5p, and relative luciferase activity dimin-
ished significantly in HEK293T cells co-transfected with a 
plasmid containing the 3-UTR of PIAS3 and miR-BART5-
5p, compared to that in HEK293T cells co-transfected with 
a negative control (empty vector) and miR-BART5-5p 
(Fig. 2g). These results indicate that PIAS3 reduction was 
directly driven by miR-BART5-5p.

To evaluate the effect of miR-BART5-5p on the expres-
sion of proteins besides PIAS3, we tested 18 proteins 
related to gastric oncogenesis such as NF-κB, apoptosis 
indicators, Akt/mammalian target of rapamycin (mTOR) 
signaling, matrix metalloproteinase (MMP) family, and 
cell cycle-related proteins. We transfected miR-BART5-5p 
into EBV(−) gastric carcinoma SNU216 cells and SNU601 
cells, or with anti-miR-BART5-5p into EBV(+) gastric 
carcinoma YCCEL1 cells and SNU719 cells. After 48 h, 
proteins from nuclear extracts and/or total cellular extracts 
were harvested for western blotting. We found that levels 
of these proteins were not modified by miR-BART5-5p or 
anti-miR-BART5-5p (S3 Fig.).

https://www.mirbase.org
https://crdd.osdd.net/servers/virmirna/seed-align.html
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Fig. 2  miR-BART5-5p downregulates the expression of PIAS3 
by directly targeting PIAS3. a–c Inverse correlation between miR-
BART5-5 level and PIAS3 protein level in original naive cells 
(without any transfection or treatment). a Relative expression of 
miR-BART5-5p in EBV(+) gastric carcinoma cell lines (SNU719 
and YCCEL1), and EBV(−) gastric carcinoma cell lines (SNU216, 
SNU484, and SNU601) by qRT-PCR. Expression levels were nor-
malized to RNU6B RNA. b Expression of PIAS3 in the aforemen-
tioned (original naive) cell lines by western blot analysis. Repre-
sentative images (bottom) and quantification of PIAS3 expression by 
densitometry (bar graph). The bar graph shows PIAS3 normalized to 
β-actin. EBV(−) gastric carcinoma cell lines are represented as black 
columns, and EBV(+) gastric carcinoma cell lines as gray columns. 
c Inverse correlation between miR-BART5-5 level (a) and PIAS3 
protein level (b) was deduced by Spearman’s rho (rho = − 0.659, 
P = 0.008) in five cell lines. d–f miR-BART5-5p-induced PIAS3 
downregulation. d miR-BART5-5p levels in EBV(−) SNU216, 

SNU484 and SNU601 cells transfected with miR-BART5-5p or miR-
control; and EBV(+) SNU719 and YCCEL1 transfected with anti-
miR-BART5-5p or miR-control. Expression levels were normalized 
to RNU6B. e PIAS3 mRNA levels by RT-PCR analysis. f Expression 
of PIAS3 by western blot analysis in EBV(−) SNU217, SNU484, 
and SNU601 cells transfected with miR-BART5-5p or miR-control; 
and in EBV(+) SNU719 and YCCEL1 cells transfected with anti-
miR-BART5-5p or miR-control. Representative images (bottom) and 
quantification of PIAS3 expression by densitometry (bar graphs). g 
Luciferase reporter assay (upper bar graph) in HEK293T cells co-
transfected with miR-BART5-5p and PIAS3 3′-UTR, or an empty 
vector (NC); and co-transfected with miR-control and PIAS3 3′-UTR, 
or empty vector (NC). For all graphs, data represent mean ± SD 
of triplicate measurements. β-actin was used as a loading control. 
(Bottom) 6-mer sequence alignment of miR-BART5-5p and PIAS3 
mRNA
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miR‑BART5‑5p activates signal transducer 
and activator of transcription 3 (STAT3) 
by downregulating PIAS3

PIAS3 was named based on its initial characterization as 
a “protein inhibitor of activated STAT3” [31]. Therefore, 
we postulated that miR-BART5-5p-induced inhibition of 
PIAS3 may activate STAT3, which promotes its translo-
cation to the nucleus. Consistent with this hypothesis, the 
functional binding site for STAT3 matches the promoter 
region of the hsa-miR-17–92 cluster (which includes hsa-
miR-18a) [32], and hsa-miR-18a/b exhibits seed identity 
(nucleotides 2–7) with EBV miR-BART5-5p, according to 
informatics analysis (https ://www.mirba se.org) (Fig. 1c).

To determine whether the inhibition of PIAS3 by miR-
BART5-5p promotes the activation of STAT3, we evalu-
ated the nuclear localization of STAT3 by fluorescence 
microscopy and western blot analysis of nuclear protein 
extracts, since activated STAT3 (phosphorylated STAT3) 
translocates to the nucleus, where STAT3 transcribes vari-
ous genes [31]. In the SNU601 cells, which are EBV(−) 
cells that do not express miR-BART5-5p endogenously, 
we observed nuclear localization of STAT3 in the miR-
BART5-5p-transfected cells, but not in the control-trans-
fected cells (Fig. 3a). Using identically-treated cells, we 
confirmed these results by western blot analysis of nuclear 
protein extracts (Fig. 3b, images) and their quantification 
by densitometry (Fig. 3b, bar graphs).

Through western blot analysis, we assessed PIAS3, 
STAT3, and activated STAT3 (pSTAT3) protein levels 
in total cell extracts of SNU601 cells co-transfected with 
miR-BART5-5p and a PIAS3 expression plasmid/or empty 
vector; and in extracts of SNU601 cells co-transfected with 
a miR-control and a PIAS3 expression plasmid/or empty 
vector. We found that miR-BART5-5p enhanced pSTAT3 
upregulation, and this pSTAT3 upregulation was offset by 
PIAS (Fig. 3c). miR-BART5-5p or PIAS3 had no effect on 
total STAT3 levels.

Conversely, we co-transfected YCCEL1 EBV (+) cells, 
which endogenously express miR-BART5-5p, with anti-
miR-BART5-5p and a PIAS3-specific siRNA (siPIAS3)/
or a scrambled control siRNA (siSCR), with siPIAS3 and 
a miR-control, or with siSCR and a miR-control. We col-
lected total cell extracts and evaluated the expression of 
the aforementioned proteins by western blot analysis. We 
found that anti-miR-BART5-5p decreased endogenous lev-
els of STAT3 activation, and this pSTAT3 downregulation 
was ablated by PIAS3 knockdown (Fig. 3d).

These results suggest that miR-BART5-5p activates 
STAT3 by downregulating PIAS3 in gastric carcinoma.

miR‑BART5‑5p upregulates PD‑L1 
in a STAT3‑dependent manner

PD-L1—initially known as a crucial immune check-
point molecule—transports antiapoptotic signals to can-
cer cells [33] The PD-L1 gene promoter contains specific 
sequences (response elements) that bind to STAT3 [34, 35]. 
Accordingly, we inferred that PD-L1 was downstream in 
the miR-BART5-5p/PIAS3/pSTAT3 axis. miR-BART5-
5p transfection significantly enhanced the expression of 
PD-L1 in SNU601 cells compared to control-transfected 
cells (P = 0.007). Conversely, anti-miR-BART5-5p trans-
fection significantly reduced the expression of PD-L1 in 
YCCEL1 EBV(+) cells compared to control-transfected 
cells (P = 0.034) (Fig. 4a).

To assess whether STAT3 may control the transcription 
of PD-L1 in gastric carcinoma, we transfected SNU601 
EBV(−) cells with an miR-control or miR-BART5-5p, and 
treated them with S3I-201 (a STAT3 inhibitor) or dimethyl-
sulfoxide (DMSO). As a result, miR-BART5-5p upregu-
lated PD-L1 and pSTAT3, and this miR-BART5-5p-induced 
PD-L1 upregulation was abrogated by STAT3 inhibition 
(Fig. 4b). Conversely, in YCCEL1 EBV(+) cells, anti-miR-
BART5-5p downregulated PD-L1 and pSTAT3, and this 
PD-L1 downregulation was restored by transfection with a 
STAT3 expression plasmid (Fig. 4c). These results indicate 
that miR-BART5-5p enhances PD-L1 expression by activat-
ing STAT3 in gastric carcinoma cells.

PD‑L1 knockdown enhances apoptosis 
in miR‑BART5‑5p‑transfected cells

To determine whether apoptosis may be modified by miR-
BART5-5p-PIAS3/pSTAT3/PD-L1 axis control, we abol-
ished PD-L1 upregulation in miR-BART5-5p-transfected 
SNU601 cells by treatment with a PD-L1-specific siRNA 
(siPD-L1) (Fig. 5a). Using these cells, we evaluated the 
effect of PD-L1 on serum deprivation-induced apoptosis by 
flow cytometry. After 48 h of serum deprivation, the miR-
BART5-5p-transfected SNU601 cells treated with siPD-
L1 showed significantly increased apoptosis compared to 
cells treated with the scrambled siRNA (siSCR) (P = 0.002) 
(Fig. 5b). Furthermore, the rate of cell proliferation was 
lowered, and the invasion capacity and migration of miR-
BART5-5p-transfected SNU601 cells treated with siPD-L1 
were reduced compared to those of cells treated with scram-
bled siRNA (P < 0.001) (Fig. 5c–e).

Since transfecting miR-BART5-5p into SNU601 and 
SNU216 cells (SNU601 miR-BART5-5p and SNU216 
miR-BART5-5p, respectively) had no effect on apoptosis 
compared to the miR-control-transfected cells after 48 h 
(S4A Fig), we extended the experiment to 96 h. How-
ever, even after 96 h of serum deprivation, there was no 

https://www.mirbase.org
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Fig. 3  miR-BART5-5p induces nuclear translocation of STAT3 and 
upregulates pSTAT3 in a PIAS3-downregulation-dependent manner. 
a STAT3 and DAPI expression by immunofluorescence in SNU601, 
SNU216, and SNU484 cells transfected with miR-BART5-5p or 
miR-control; and YCCEL1 and SNU719 cells transfected with anti-
miR-BART5-5p or miR-control; (STAT3: red; nuclei/DAPI: blue). b 
Expression of STAT3 by western blot analysis in nuclear extracts of 
SNU601, SNU216, and SNU484 cells transfected with miR-BART5-
5p or miR-control; and YCCEL1 and SNU719 cells transfected with 
anti-miR-BART5-5p or miR-control. Representative images (bot-
tom) and quantification of STAT3 by densitometry (bar graphs). c 
Expression of PIAS3, STAT3, and pSTAT3 by western blot analy-
sis in total cellular extracts of SNU601 cells transfected with empty 
vector and miR-control, empty vector and miR-BART5-5p, PIAS3 

expression plasmid (pPM-PIAS3) and miR-control, or miR-BART5-
5p and pPM-PIAS3 (representative images, left); quantification of the 
ratio of pSTAT3/STAT3 by densitometry (bar graph). d Expression 
of PIAS3, STAT3, and pSTAT3 in total cellular extracts by western 
blot analysis of YCCEL1 cells transfected with siRNA scrambled 
control (siSCR) and miR-control, anti-miR-BART5-5p and scrambled 
siSCR, PIAS3-specific siRNA (siPIAS3) and miR-control, or with 
siPIAS and anti-miR-BART5-5p (representative images, left); quan-
tification of the ratio of pSTAT3/STAT3 by densitometry (bar graph). 
Transcription factor IIB (TF II B) was used as the loading control for 
nuclear extracts, and β-actin as the loading control for total cellular 
extracts. For all graphs, data represent mean ± SD of triplicate meas-
urements
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difference in apoptosis between the cells transfected with 
miR-BART5-5p and the control miR-transfected cells 
(S4A Fig). In addition, miR-BART5-5p did not affect the 
rate of cell proliferation (S4B Fig), invasion capacity (S4C 
Fig), and migration (S4D Fig).

Tumoral PD‑L1 expression is associated 
with adverse clinical outcomes in patients 
with EBV‑associated gastric carcinoma

Since we found that PD-L1 inhibited apoptosis, we hypoth-
esized that the expression of PD-L1 by tumor cells may be 

Fig. 4  miR-BART5-5p upregulates PD-L1 in a pSTAT3-dependent 
manner. a Expression of PD-L1 by western blot analysis in SNU601, 
SNU216, and SNU484 cells transfected with miR-BART5-5p or miR-
control (upper column); and in YCCEL1 and SNU719 cells trans-
fected with anti-miR-BART5-5p or miR-control (lower column). b 
Expression of STAT3, pSTAT3, and PD-L1 by western blot analysis 
in SNU601 cells transfected with dimethyl sulfoxide (DMSO) and 
miRNA-control, DMSO and miR-BART5-5p, STAT3 inhibitor (S3I-
201) and miRNA-control, or miR-BART5-5p and S3I-201 (repre-

sentative images, left); quantification of PD-L, normalized to β-actin 
by densitometry (bar graph). c Expression of STAT3, pSTAT3, and 
PD-L1 by western blot analysis in YCCEL1 cells transfected with 
empty vector and miR-control, anti-miR-BART5-5p and empty vec-
tor, STAT3 expression plasmid (pcDNA3 STAT3) and miR-control, 
or pcDNA3 STAT3 and miR-BART5-5p (representative images, 
left); quantification of PD-L1 normalized to β-actin by densitometry 
(bar graph). β-actin was used as a loading control throughout. For all 
graphs, data represent mean ± SD of triplicate measurements
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linked to the survival of patients with EBV-associated gas-
tric carcinomas. To this end, we evaluated tissues samples 
from 103 patients with EBV-associated gastric carcinoma 
obtained during surgical resection (Fig. 6a; Supplemental 
Table 1). Immunohistochemically, 94% (97/103) of the 
tumor tissue samples were PIAS3 negative, 40% (41/103) 
were pSTAT positive, and 50% (51/103) were PD-L1 

positive (Fig. 6b–e). There was no statistically significant 
correlation among the expression of these three proteins 
in gastric carcinoma tissues. For the clinical outcomes of 
patients with EBV-associated gastric carcinoma, those 
with tumoral expression of PD-L1 had a significantly 
lower overall survival rate than patients whose tumors 
were negative for PD-L1 (P = 0.049) (Fig. 6f).

Fig. 5  PD-L1 knockdown enhances apoptosis and reduces the cell 
proliferation rate, invasion capacity, and migration of miR-BART5-
transfected SNU601 cells. a Expression of PD-L1 by western 
blot analysis in miR-BART5-5p-transfected SNU601 cells treated 
with scrambled siRNA control (siSCR) or PD-L1-specific siRNA 
(siPD-L1). b Serum deprivation-induced apoptosis in miR-BART5-
5p-transfected SNU601 cells, transfected with siPD-L1 or siSCR. 
The percentage of apoptotic cells was determined by annexin V (+)/
propidium iodide (−) cells (bottom right quadrant of image). Quan-
tification of the percent of apoptotic cells after 24 and 48 h of serum 
deprivation. Data represent mean ± SD of triplicate measurements. 
c Evaluation of cell proliferation in three cell lines using the WST-1 
assay; miR-BART5-5p-transfected SNU601 cells treated with siPD-

L1, miR-BART5-5p-transfected SNU601 cells treated with siSCR, 
and original SNU601 cells. d Matrix invasion assay. Cells that infil-
trated through invasion chambers were photographed using a fluo-
rescence microscope (representative images, left) and their invasion 
density is indicated in a bar graph. e Cell migration was assessed 
by a wound healing assay. Representative images of miR-BART5-
5p-transfected SNU601 cells treated with siPD-L1, and miR-BART5-
5p-transfected SNU601 cells treated with siSCR at the indicated time 
points after wound scratching (left). The percentage of wound heal-
ing was calculated as 0-, 24-h distances of wound/0-h distance (bar 
graph). Distance was measured in at least three randomly-selected 
fields. For all graphs, data represent mean ± SD of triplicate measure-
ments
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Discussion

The present study suggests that EBV-encoded miR-BART5-
5p may inhibit apoptosis and promote immune evasion, 
contributing to the progression of EBV-associated gastric 
carcinomas. We demonstrated that miR-BART5-5p induced 
PD-L1 upregulation. Apoptosis increased, while cell pro-
liferation, invasion, and migration decreased when PD-L1 
upregulation was abrogated by PD-L1-specific siRNAs in 
miR-BART5-5p-transfected cells, characterizing PD-L1 as 
an antiapoptotic factor and a tumor growth-promoting fac-
tor. This is consistent with prior studies which showed that 
PD-L1 can relay antiapoptotic signaling to cancer cells, act-
ing as a transmembrane receptor [33]. In addition, PD-L1 
knockdown led to the suppression of cell proliferation, inva-
sion, and migration [36]. To our knowledge, this is the first 
documentation of PD-L1 upregulation by an EBV-encoded 
miRNA. Besides, miR-BART5-5p-mediated PD-L1 upregu-
lation may assist EBV in the evasion of immune surveil-
lance. Accumulating evidence indicates that upregulation 
of PD-L1 is crucial for immune escape. The PD-1/PD-L1 
(receptor/ligand) interaction acts like an immune brake 
(i.e., it allows PD-L1 expressing cells to evade immune 

surveillance) [37]. In other words, when cancer cells that 
aberrantly express PD-L1 bind to PD-1-expressing T cells, 
they hijack a mechanism that normally controls the autoim-
mune response and protect themselves from the T cell-medi-
ated killing effect [38]. In this study, we observed that the 
PD-L1(+) patient group had a lower rate of overall survival 
than the PD L1(−) group of patients with EBV-associated 
gastric carcinomas. This study of 103 patients with EBV(+) 
gastric carcinomas belongs to one of the largest series of sin-
gle institute studies dealing with the prognosis of EBV-asso-
ciated gastric carcinoma patients [39]. Our data connote that 
miR-BART5-5p-mediated PD-L1 upregulation may enhance 
cancer progression by inhibiting apoptosis and promoting 
immune escape. Such finding suggests that PD-1/PD-L1 
immune inhibitor therapy may benefit the PD-L1(+) group. 
In addition to miR-BART5-5p activity, PD-L1 upregula-
tion may occur via multiple mechanisms in EBV-associated 
gastric carcinomas, including the amplification of chromo-
somal region 9p24.1, which includes the PD-L1 gene [5], 
and mutations in the 3′-UTR of PD-L1 [40]. Furthermore, 
in this tissue context, EBV-associated gastric carcinomas are 
characterized by heavy lymphocyte infiltration with cells, 
such as  CD8+ cytotoxic T lymphocytes [41].  CD8+ cells 

Fig. 6  Histopathological features of EBV-associated gastric carci-
noma tissues and clinical outcome of patients with EBV-associated 
gastric carcinoma, ± PD-L1. a Representative image of nuclear 
expression of Epstein–Barr virus-encoded small RNAs by in  situ 
hybridization (black/dark blue staining). Representative immuno-
histochemical analysis of b PIAS3 loss, c cytoplasmic and nuclear 

PIAS3 expression, d nuclear pSTAT3 expression, and e membrane-
bound PD-L1 expression in tumor cells. f Kaplan–Meier plot of the 
comparative overall survival of 103 patients with EBV-associated 
gastric carcinomas based on PD-L1 status. Tumoral PD-L1 (+) group 
shows a lower survival rate than tumoral PD-L1 (−) group (P = 0.049)
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secrete interferon-γ, and interferon-γ extrinsically induces 
the upregulation of PD-L1 on the cancer cell surface [42].

The present study indicates that miR-BART5/PIAS3/
pSTAT3/PD-L1 axis control works in EBV-associated 
gastric carcinoma via viral miRNA-induced human cellu-
lar signaling activation. In this study, we found that miR-
BART5-5p directly targeted the 3′-UTR of PIAS3, down-
regulating PIAS3 protein levels, which activated STAT3 
and enhanced the expression of PD-L1. To our knowledge, 
this study provides the first evidence that a viral miRNA 
directly targets PIAS3. PIAS3 interrupts the phosphorylation 
of STAT3 via PIAS3 binding to the STAT3 DNA binding 
domain, thereby inhibiting STAT3 activation and suppress-
ing the expression of STAT3-mediated proteins [31, 35, 43]. 
Phosphorylated STAT3 proteins form dimers, and STAT3 
dimers translocate to the cell nucleus, where they function 
as transcriptional activators [44, 45]. STAT3 regulates many 
genes including PD-L1 [45–47], and induces CD4+ Th 17 
cell differentiation [48]. Therefore, “PIAS3 down regulation/
STAT3 upregulation/PD-L1 upregulation” may play a role in 
the suppression of both innate and adaptive immunity [43].

The miR-BART5/PD-L1 axis seems to be irrelevant to 
hsa-miR-18a-5p, despite seed sequence homology between 
miR-BART5-5p and hsa-miR-18a-5p. When transfecting 
miR-BART5-5p into three EBV(−) gastric carcinoma cell 
lines, and anti-miR-BART5-5p into two EBV(+) gastric car-
cinoma cell lines, there was no significant change in the level 
of hsa-miR-18a-5p (S5A Fig). Additionally, hsa-miR-18a-5p 
affected the level of PD-L1 in three out of five cell lines, 
which was irrespective of EBV status (S5B Fig). In keeping 
with recent reports, we observed that many hsa-miRNAs 
were lowered in EBV(+) cells compared to EBV(−) cells. 
EBV-infection could provoke striking alteration in the cel-
lular miRNA repertoire; mainly, it downregulates the tumor 
suppressor hsa-miRNAs (anti-oncomiRs), and upregulates 
oncomiRs, and could thus contribute to carcinogenesis [11, 
49, 50]. Further studies will warrant elucidating the regula-
tory mechanisms between hsa-miRNAa and ebv-miRNAs. 
With regard to ebv-miRNAs profiling in the present study, 
miR-BART22 was the highest expressed in EBV(+) cells, 
and miR-BART22 did not affect PD-L1 level in five gas-
tric carcinoma cell lines (S5C Fig). Compared to previ-
ous works, miR-BART22 was highly expressed in EBV-
associated gastric carcinomas from The Cancer Genome 
Atlas (TCGA) project and other reports [5, 51–53]. On the 
other hand, Shinozaki-Ushiku et al. reported that expres-
sion of miR-BART22 was low, and that of miR-BART7-
3p was highest in EBV(+) gastric carcinoma tissues and 
EBV(+) SNU719 cells [54], whereas Tsai et al. stated that 
miR-BART18-5p expression was the highest in EBV(+) 
SNU719 cells [55]. In our microRNA data, miR-BART7-3p 
was the second most highly expressed in gastric carcinoma 
tissues and the fourth in EBV(+) YCCEL1 cells, whereas 

expression of miR-BART18-5p was the third in EBV(+) 
cells. The reasons for this discrepancy largely lie in the use 
of different detection methods and the different latency types 
[54]. Furthermore, we addressed additional possible reasons: 
time-dependent dynamic heterogeneity of ebv-miRNAs lev-
els according to the cancer progression, cancer type- or cell 
line-specific miRNAs characteristics, etc.

This study has some inherent limitations. Our findings 
were obtained in miR-BART5-5p mimic-transfected cells, 
and not in stably transfected cells. In our experience, cells 
stably transfected with the pTRIPZ-miR-BART5 plasmid 
yielded very low miR-BART5-5p expression levels: up to 
222-fold less than in EBV(+) gastric carcinoma cell lines 
(Fig. S1), even if we accept that the expression levels of 
EBV miRNAs have varied by nearly 50-fold among six 
types of EBV-infected cell lines [9]. Instead, we adjusted 
the amount of miR-BART5-5p mimic transfection, to reflect 
physiological levels of expression and lessen transfection 
stress. We also noticed that transfection with an excessive 
amount (100 nM) of miR-BART5-5p mimic reduced cell 
proliferation and increased apoptosis (data not shown), 
probably due to transfection stress, which may lead to the 
misconception that EBV-miRNAs might act as anticancer 
components. To address another issue, apoptosis increased 
with statistical significance when miR-BART5-5p-mediated 
PD-L1 upregulation was ablated by PD-L1-specific siRNA 
in miR-BART5-5p-transfected cells. This implies that 
PD-L1 inhibits apoptosis. However, cells initially transfected 
with miR-BART5 showed minimally decreased apoptosis 
(without statistical significance) compared to control cells. 
To explain these findings, we conjecture that PD-L1 increase 
by a single viral miRNA may be insufficient to cause a sta-
tistically significant effect on apoptosis. Indeed, the accumu-
lating assistance of multiple miRNAs engenders synergis-
tic effects [13]; a cluster of EBV miRNAs (i.e., miR-BART 
cluster 1 or cluster 2) acts together to affect biological activi-
ties, such as cell growth in the mouse model of nasopharyn-
geal carcinoma and gastric carcinoma [56], antiapoptosis 
in gastric carcinoma cells [57], migration in epithelial cells 
[58], and B cell transformation [59]. Lastly, we could not 
find statistical correlations among the immunohistochemi-
cal results of PIAS3, STAT3, and PD-L1 in EBV-associated 
gastric carcinoma tissues. We suggest that the lack of cor-
relation may occur, because the expression of these cancer-
related proteins may be affected not only by the cancer cell 
itself, but also by the complex tumor microenvironment.

In summary, miR-BART5-5p directly targets PIAS3, 
and induces PD-L1 upregulation through miR-BART5/
PIAS3/pSTAT3/PD-L1 axis control, where a viral miRNA 
cooperates with human cellular signaling (see model in 
Fig. 7). miR-BART5-mediated PD-L1 upregulation may be 
involved in inhibiting apoptosis and assisting immune eva-
sion, leading to cancer progression, rather than initiating 
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transformation of gastric epithelial cells. This concept is 
consistent with our finding that the PD-L1(+) group had 
worse clinical outcomes than the PD-L1(−) group of patients 
with EBV-associated gastric carcinoma, thereby predicting 
a positive clinical response to PD-1/PD-L1 immune check-
point inhibitor therapy in the PD-L1(+) group. The present 
study, where miR-BART5-5p functions as an oncogenic 
miRNA, further supports the characterization of EBV as an 
oncogenic virus, in light of the exceedingly limited expres-
sion of viral proteins (four of EBER, EBNA1, LMP2A, and 
BARF1) [2] in EBV-associated gastric carcinomas.
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