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ABSTRACT Epstein-Barr virus (EBV) is the first human virus found to encode many
microRNAs. It is etiologically linked to nasopharyngeal carcinoma and EBV-associated
gastric carcinoma. During the latent infection period, there are only a few EBV proteins
expressed, whereas EBV microRNAs, such as the BamHI-A region rightward transcript
(BART) microRNAs, are highly expressed. However, how these BART miRNAs precisely
regulate the tumor growth in nasopharyngeal carcinoma and gastric carcinoma remains
obscure. Here, we report that upregulation of EBV-miR-BART5-3p promotes the growth
of nasopharyngeal carcinoma and gastric carcinoma cells. BART5-3p directly targets the
tumor suppressor gene TP53 on its 3’-untranslated region (3’-UTR) and consequently
downregulates CDKN1A, BAX, and FAS expression, leading to acceleration of the cell cy-
cle progress and inhibition of cell apoptosis. BART5-3p contributes to the resistance to
chemotherapeutic drugs and ionizing irradiation-induced p53 increase. Moreover,
BART5-3p also facilitates degradation of p53 proteins. BART5-3p is the first EBV-
microRNA to be identified as inhibiting p53 expression and function, which suggests a
novel mechanism underlying the strategies employed by EBV to maintain latent infec-
tion and promote the development of EBV-associated carcinomas.

IMPORTANCE EBV encodes 44 mature microRNAs, which have been proven to pro-
mote EBV-associated diseases by targeting host genes and self-viral genes. In EBV-
associated carcinomas, the expression of viral protein is limited but the expression of
BART microRNAs is extremely high, suggesting that they could be major factors in the
contribution of EBV-associated tumorigenesis. p53 is a critical tumor suppressor. Unlike
in most human solid tumors, TP53 mutations are rare in nasopharyngeal carcinoma and
EBV-associated gastric carcinoma tissues, suggesting a possibility that some EBV-
encoded products suppress the functions of p53. This study provides the first evidence
that a BART microRNA can suppress p53 expression by directly targeting its 3'-UTR. This
study implies that EBV can use its BART microRNAs to modulate the expression of p53,
thus maintaining its latency and contributing to tumorigenesis.

KEYWORDS Epstein-Barr virus, p53, miR-BART5-3p, gastric cancer, nasopharyngeal
carcinoma

pstein-Barr virus (EBV) is the first virus shown to be associated with human cancers
(1). It belongs to the y-subfamily of the herpesvirus and infects approximately more
than 90% of the worldwide adult population. Persistent latent infection of EBV is
etiologically related to a series of human lymphocytic malignancies, including Burkitt's
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lymphoma, Hodgkin's lymphoma, extranodal nasal natural killer/T cell lymphoma (2-6),
and several epithelial carcinomas, such as nasopharyngeal carcinoma and gastric
carcinoma (7-15). EBV can be found in most of the tumor cells of nasopharyngeal
carcinoma patients, which is a rare type of head and neck cancer in most parts of the
world, whereas it is common in Southern China and Southeast Asia. In 1990, Burke
et al. (16) reported that EBV was associated with gastric cancer for the first time. Then,
Tokunaga et al. (17) confirmed the presence of EBV-encoded small RNAs (EBER) in
gastric cancer tissues by in situ hybridization assay and defined the EBER-positive
gastric cancer as EBV-associated gastric carcinoma (EBVaGC). EBV is found within tumor
cells in 9% of gastric cancer cases (18). However, the role of EBV in the development of
nasopharyngeal carcinoma and EBVaGC is still a matter of debate.

The tumor suppressor p53 is a critical cellular protein in response to various stresses
and dictates various responses in cells, including apoptosis, DNA repair, cell cycle arrest,
and cell differentiation (19-22). Many human tumors harbor TP53 mutations or suffer
p53 loss, supporting p53’s pivotal role as a tumor suppressor. Unlike in most human
solid tumors, TP53 mutations are rare in nasopharyngeal carcinoma tissues, even in
recurrent radioresistant cases (23-25). Moreover, evidence from comprehensive anal-
ysis of gastric carcinoma also rarely shows TP53 mutation in EBVaGC, which is quite
different from other subtypes of gastric carcinoma displaying more-common p53
mutations (18, 26). The evidence suggests a possibility that there may be some
EBV-encoded products that suppress the functions of p53 as a tumor suppressor in
certain types of EBV-associated malignancies, contributing to virus latency and tumor-
igenesis. Until now, several EBV-encoded products have been found to be involved in
inactivating the p53-mediated pathway. For instance, Jha et al. found that EBV-encoded
EBNA3C can (i) upregulate Aurora kinase-B transcription (and Aurora kinase-B can lead
to p53 degradation) (27) and (ii) attenuate H2AX expression (and H2AX knockdown
leads to downregulation of p53) (28). EBV EBNA1 decreases p53 activation and results
in impaired responses to DNA damage and promotes cell survival (7).

MicroRNAs (miRNAs) are a class of small noncoding endogenous RNAs containing 18
to 23 nucleotides that repress targeted gene expression by forming imperfect com-
plementary duplexes with their target mRNAs in the 3’-untranslated region (3’-UTR),
leading to mRNA degradation and/or translational inhibition (29). Accumulating evi-
dence has suggested that miRNAs play crucial roles in cancer initiation and progression.
EBV is the first virus shown to encode miRNAs (30, 31). To date, a total of 25 EBV miRNA
precursors with 44 mature EBV miRNAs have been identified within two regions of the
EBV genome, the BamHI fragment H rightward open-reading frame (BHRF) region and
the BamHI-A region rightward transcript (BART) region (30, 32-35). Four EBV miRNAs
are encoded from the BHRF region, and the remainders are from the BART region.
Interestingly, BART miRNAs expressions were shown to be at a relative low level in
lymphocytic malignancies but extremely high in nasopharyngeal carcinoma and
EBVaGC (36-43), suggesting a pathogenic role in the development of such epithelial
malignancies.

Recent studies demonstrated that BART miRNAs can regulate both the EBV genes
and host genes expression, playing important roles in viral latency, host cell survival,
and tumorigenesis (4, 6, 9-13, 44-49). However, their functions in tumorigenesis and
tumor progression of nasopharyngeal carcinoma and EBVaGC remain elusive. In this
study, we chose EBV-miR-BART5-3p (BART5-3p), which is significantly increased in
clinical specimens of nasopharyngeal carcinoma and EBVaGC (42, 43), to explore its
pathophysiology function. We found that EBV-miR-BART5-3p significantly downregu-
lates the protein level of p53. Alterations of the expression levels of BART5-3p dem-
onstrated that it induces the tumorigenesis of NPC and GC cells both in vitro and in vivo.
The underlying molecular mechanisms by which BART5-3p promotes tumor growth are
revealed to directly target two sites of TP53 mRNA on the 3’-UTR. Our findings provide
new insights into the carcinogenesis of nasopharyngeal carcinoma and EBVaGC regu-
lated by EBV miRNAs.
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RESULTS

BART5-3p suppresses the expression and transcriptional activity of p53 in
gastric cancer and nasopharyngeal carcinoma cells. To investigate the effect of
BART5-3p on p53, we transfected BART5-3p mimics into different epithelial cell lines,
SGC7901 (a gastric cancer cell line), GES1 (a gastric epithelial cell line), and HNE1 and
6-10B (two nasopharyngeal carcinoma cell lines), and then analyzed the p53 expression
changes of the cells. Figure 1A showed that BART5-3p mimics significantly reduced the
endogenous p53 protein and mRNA levels and its target p21 gene (CDKNTA). As a
chemotherapy medication, etoposide causes DNA strands to break and thus induces
p53 expression. When p53 expression was induced by etoposide treatment in SGC7901
and GES1 cells, BART5-3p mimics significantly reduced the expression levels of p53 and
p21 (Fig. 1B). BART5-3p mimics also significantly decreased the mRNA levels of TP53
and its target genes, including CDKNTA, FAS, BAX, BBC3 (also known as PUMA), and
TNFRSF10B (Fig. 1C). Further study showed that BART5-3p reduced the p53 transcrip-
tional activity (Fig. 1D). In order to further investigate the roles of BART5-3p on p53
modulation, we constructed two stable BART5-3p expression cell lines (SGC7901-LV-
B5-3p, HNE1-LV-B5-3p) by lentivirus-mediated transduction (Fig. 1E). The protein levels
of p53 and the mRNA levels of p53 target genes (CDKNTA, BBC3, BAX, and FAS) were
significantly reduced in both SGC7901-LV-B5-3p and HNE1-LV-B5-3p cell lines com-
pared to mock-transducted cells (Fig. 1F, G, and H). In contrast, downregulation of
BART5-3p by means of BART5-3p inhibitor increased the protein and mRNA levels of
p53 in these two cell lines (Fig. 11 and J). These data provide solid evidence that
BART5-3p suppresses p53 transcription and expression in some gastric cancer and
nasopharyngeal carcinoma cells.

BART5-3p shows promotion of cell growth activity. Since p53 is a master
molecule that regulates cell cycle, apoptosis, senescence, metabolism, and DNA dam-
age repair, here, we investigated the potential biological effects of BART5-3p on gastric
cancer and nasopharyngeal carcinoma cells. Colony formation assays confirmed that
upregulation of BART5-3p strongly promotes colony formation ability of SGC7901 and
HNE1 cells, showing more colonies than the negative-control cells (Fig. 2A). The same
phenomenon was observed in SGC7901-LV-B5-3p cells, a BART5-3p stable-expressing
cell line, compared to the negative-control cells (Fig. 2B). In contrast, downregulation
of BART5-3p by BART5-3p inhibitor reduced the colony formation ability of the
SGC7901-LV-B5-3p cells (Fig. 2C). To examine whether BART5-3p-induced cell growth
was associated with the regulation of cell cycle and apoptosis, the cell cycle distribution
and cell apoptosis ratio in the presence of BART5-3p were analyzed by flow cytometry.
Compared to the negative-control cells, BART5-3p mimic-transfected cells exhibited a
shorter Go/G, phase with a concomitantly longer S phase or G,/M phase in the cycle
distribution (Fig. 2D). Etoposide-treated SGC7901 cells showed a high apoptosis per-
centage, which was reduced by BART5-3p mimics, as well as by BART5-5p, a known cell
apoptosis-inhibitory EBV-encoded miRNA (Fig. 2E) (44). These data suggest that
BART5-3p can promote cell growth partially by accelerating cell cycle progression and
suppressing cell apoptosis.

BART5-3p-expressing cells exhibit more resistance and a lower sensitivity to
chemotherapeutic drug and ionizing irradiation-induced p53 increase. p53 tran-
scription regulates multiple apoptosis-related genes such as BAX, BAK, BAD, and PUMA.
Etoposide is a chemotherapy medication used for treatment of a number of types of
cancer. It forms a ternary complex with DNA and the topoisomerase Il enzyme, causes
errors in DNA synthesis, and promotes apoptosis of the cancer cells. Treatment of
SGC7901 cells with etoposide induced p53 expression as well as its downstream targets
(BAX, BAK, BAD, and PUMA), but BART5-3p exhibited a strong ability to resist these
increases (Fig. 3A). Cleaved poly(ADP-ribose) polymerase (PARP) is considered an
indicator of apoptosis. It was observed that the cleaved PARP was increased upon
etoposide treatment, whereas BART5-3p can reverse this effect (Fig. 3B). Radiotherapy
significantly induces p53 expression and cell apoptosis. BART5-3p also can repress 4Gy
ionizing irradiation-induced expression of cleaved PARP, p53, and p21 (Fig. 3C). Then,

December 2018 Volume 92 Issue 23 e01022-18

Journal of Virology

jviasm.org 3


https://jvi.asm.org

Zheng et al. Journal of Virology

A £
= - NC
%1.5- SGC7901 1.571 GES1 151 6.108 157 HNE1 = B5.3p
S
oR oR oR R 8
eO @% %O 003 %o %b eO ®% gm- X 1.0 . 1.04 X 1.0 .
P53 s W . E o .
S S S- - - 05 05 05
GAPDH SN SHB AN e e s ©
[
SGC7901 GES1 6-10B  HNEf1 B
£ o o od o
£ TP53 CDKN1A TP53 CDKN1A TP53 CDKN1A TP53 CDKN1A
B £ D
2 801 SGC7901 1207 GES1 . 157 mm NC
- e NC @& NC B
c = @8 B5-3p
NC + - + - + - + - 2., |E3B53p . 90{ E3B5-3p i
B53p - + - + - + - + @ EaNC + etoposide EaNC + etoposide $
Etoposide - - + + - - + + ;5<_ o B5-3p + etoposide D B5-3p + etoposide g 07
p53-’---—’- : . 2
o
GAPDH (D S S —— 2 051
€2 =
SGC7901 GES1 o ©
= [0}
S o
© o
o TP53 CDKN1A
C s mnc E S =mLV-mock F G i
S |mBs3p S 5. ™ LV-B53p $ 5, SGCT901
= Ne o ks “ o N oR = mm LV-mock
S 1.0 2 & & P S | mmLV-B5-3p
2 . £ 201 AR ARt g
B i - i % NV RV £ 10]
g - B 8 p53 I I - - 5 " g -
=S B o GAPDH N - % o
€ < SGC7901 HNET £
2 o @ 0.5 o
B SR S TN TGN N 2 3
% «Q@ \{~$ Q?‘ %?‘ %Q)O »\Q Q«Q/ § ol % 04
i ® QQ@ ° HNE1 SGC7901 o CDKN1A BBC3 BAX FAS
N
H % HNE1 I £ ®Binhibitor NC @8 B5-3p inhibitor J
< 157 gm LV-mock Q157 . 2.0
S | mLv-B53p = L
2 inhibitor NC  + - + - ke, 154 N inhibitorNC + -+ -
@ 1.04 B5-3p inhibitor -+ -+ 2404 ’ BS-SEtmhlbl'tc?r -+ -+
s . om0 oposide - -+ +
g P53 . - - g 1o ps3 we we 0 WD
< - o GAPDHiES DD - 100 150 851 681
051 T GC7901 HNET  L°°1 - - - -
£ SGC7901 HNE1 E*° 05 GAPDH Sl S e 480
o LV-B5-3p LV-B5-3p @ HNE1-LV-B5-3p
« CDKN1ABBC3 BAX  FAS T SGC7901-LV-B5-3p HNE1-LV-B5-3p

FIG 1 BART5-3p inhibits the expression and transcriptional activity of p53 in multiple cell lines. (A) SGC7901, GES1, 6-10B, and HNE1 cells were transfected
with either negative-control mimics (NC) or BART5-3p mimics (B5-3p) for 36 h. The protein levels of p53 and p21 were determined by Western blotting, and
the mRNA levels of TP53 and CDKN1A were analyzed by qPCR. (B) SGC7901 and GES1 cells were transfected with either NC mimics or BART5-3p mimics for
12 h initially and then treated (or not treated) with 10 wM etoposide for another 24 h; the protein levels of p53 were determined by Western blotting, and
the mRNA levels of TP53 and CDKN1A were analyzed by gPCR. (C) SGC7901 cells were transfected with NC or BART5-3p mimics for 24 h. The mRNA expression
levels of the indicated genes were analyzed by qPCR. (D) SGC7901 cells were cotransfected with mimics and firefly luciferase pp53-TA-luc reporter plasmid
along with Renilla luciferase reporter plasmid for 24 h before the luciferase reporter assay was performed. The data are shown as the relative firefly luciferase
activity normalized to the value of Renilla luciferase. (E to H) Two stable BART5-3p-expressing cell lines were constructed by lentivirus-mediated transduction
in HNET and SGC7901 cells. The transcriptional levels of BART5-3p were assayed by qPCR (E), and the p53 protein levels were determined by Western
blotting (F); mRNA expression levels of the indicated genes were analyzed by qPCR (G, H). (I) HNE1-LV-B5-3p and SGC7901-LV-B5-3p cells were transfected
with NC inhibitors or BART5-3p inhibitors for 36 h. The p53 protein levels were determined by Western blotting, and the mRNA levels of TP53 were analyzed
by gPCR. (J) HNE1-LV-B5-3p cells were transfected with either NC inhibitor or BART5-3p inhibitor for 12 h initially and then treated (or not treated) with 10 uM
etoposide for another 24 h. The protein expression levels of p53 were determined by Western blotting. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) was
used as protein loading control. Actin was used for normalizing the expression of mRNA. RPU6B (U6) was used for normalizing the expression of BART5-3p. Both
the mean mRNA expression and mean luciferase activity were calculated from 3 independent experiments, and data are shown as the means =+ standard errors
of the means (SEM). NS, not significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared with the control group (NC or mock).

the effect of BART5-3p on cell sensitivity to etoposide was examined. SGC7901 and
GES1 cells were each treated with 5, 10 and 15 uM etoposide, and the protein levels of
p53 accordingly increased in a dose-dependent manner, whereas BART5-3p can reduce
the upregulation of p53 induced by etoposide (Fig. 3D and F). At the same time, the
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FIG 2 BART5-3p propels cell growth in vitro. Colony formation assays were performed as described in Materials and Methods, and
representative images (A, B, and C, left panels) and number of colonies (A, B, and C, right panels) are shown. (A) SGC7901 and HEN1cells
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FIG 3 BARTS5-3p protects cells from apoptosis. (A) SGC7901 cells were transfected with NC or BART5-3p mimics for 12 h and then treated with 10 uM etoposide
for 24 h. The protein levels of p53, BAX, BAK, BAD, and PUMA were determined by Western blotting. (B) SGC7901 and GES1 cells were transfected with NC or
BART5-3p mimics for 12 h and then treated with 20 uM etoposide for 48 h. The protein levels of p53, p21, and cleaved PARP were determined by Western
blotting. (C) SGC7901 and GES1 cells were transfected with NC or BART5-3p mimics for 12 h and then treated with 4Gy IR. The cells were harvested 24 h after
irradiation. The protein levels of p53, p21, and cleaved PARP were determined by Western blotting. (D to G) SGC7901 and GES1 cells were transfected with NC
or BART5-3p mimics for 12 h and then treated with the indicated concentrations of etoposide for 24 h. The protein levels of p53 were determined by Western
blotting. The mRNA levels of CDKNTA, FAS, and BAX were detected by qPCR. GAPDH was used as the protein loading control. Actin was used for normalizing
the expression of mRNA. Three independent experiments were performed, and data are shown as the means + SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001
compared with the control group (NC).

mRNA levels of related genes (CDKN1A, FAS, and BAX) showed a dose-dependent
increase in the control groups, whereas this effect was compromised in BART5-3p-
overexpressing cells (Fig. 3E and G). These data suggest that BART5-3p-overexpressing
cells show resistance to chemotherapeutic drugs and ionizing irradiation-induced p53
increase.

We further examined the sensitivity of AGS (an EBV-negative gastric cancer cell line)
and AGS-Akata (an EBV-positive gastric cancer cell line) cells to etoposide. AGS-Akata
cells showed a strong resistance to etoposide-induced p53 increase compared to AGS
cells, whereas the BART5-3p inhibitor can reverse this resistance (Fig. 4A and B).
Interestingly, it was noted that the levels of BART5-3p in AGS-Akata cells maintain a
relatively high level within 8 h of etoposide treatment and then drastically decline to
a little higher than the basic level. Meanwhile, the levels of CDKNTA was rapidly

FIG 2 Legend (Continued)

were transfected with either NC or BART5-3p mimics for 6 h, and then cells were reseeded. (B) Colony formation assays were performed
in SGC7901-LV-mock and SGC7901-LV-B5-3p cells. (C) SGC7901-LV-B5-3p cells were transfected with either NC or BART5-3p inhibitors for
6 h, and then cells were reseeded. (D) HEN1, 6-10B, and SGC7901 cells were transfected with either NC or BART5-3p mimics for 36 h, and
the cell cycle distribution was detected by a flow cytometer. (E) SGC7901 cells were transfected with the indicated mimics for 12 h and
then treated with 20 uM etoposide for another 48 h. The number of apoptosis cells was determined by a flow cytometer. Three
independent experiments were performed, and data are shown as the means = SEM. *, P < 0.05; **, P < 0.01; ***, P < 0.001 compared
with the control group (NC or mock).
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FIG 4 EBV confers gastric cancer cells resistance to apoptosis, and BART5-3p is involved. (A, B) Cells were
treated (or not treated) with 10 uM etoposide for 24 h. AGS-Akata cells were transfected (or not) with
BART5-3p inhibitor for 12 h before being treated with etoposide. The protein levels of p53 were detected
by Western blotting (A); the relative p53 protein level was normalized to GAPDH, and the fold changes
(after/before etoposide treatment) are shown. *, P < 0.05; ***, P < 0.001 (B). (C) AGS-AKATA cells were
treated with 10 uM etoposide for the indicated times. The RNA levels of CDKNTA and BART5-3p were
detected by qPCR. Actin was used for normalizing the expression of CDKNTA. RPU6B (U6) was used for
normalizing the expression of BART5-3p. (D) AGS-AKATA cells were transfected with NC or BART5-3p
mimics for 36 h. The protein levels of p53 and p21 were detected by Western blotting.

increased, showing a relatively high and stable level from 4 to 8 h, and then further rose
up to 10 more times than the basic level at 24 h (Fig. 4Q). It seems that the relatively
high level of BART5-3p contributed to impeding the further rise of CDKNTA within 8 h
of etoposide treatment, and when BART5-3p declined, CDKNTA correspondingly in-
creased. To support this explanation, Western blotting was performed to reveal the
inhibitory effect of BART5-3p on p53 and its target p21 in AGS-Akata cells (Fig. 4D).
These results indicate that in EBV-positive gastric cancer cells, BART5-3p contributed to
cell resistance to the chemotherapeutic drug-induced p53 increase.

EBV-miR-BART5-3p accelerates p53 protein degradation and directly targets
TP53. Proteasome-mediated ubiquitination is an important posttranslational modifica-
tion of p53, resulting in p53 degradation. We investigated whether BART5-3p modu-
lates p53 expression is dependent on proteasome-mediated protein degradation.
SGC7901 cells were transfected with a BART5-3p mimic or a negative-control mimic and
then treated with cycloheximide (CHX), a potent inhibitor of protein translation.
Western blot analysis was performed at indicated time periods after CHX treatment to
measure p53 protein levels (Fig. 5A). Quantification of Western blot results showed that
BART5-3p mimics did cause a decrease in the degradation time of the p53 protein, with
the half-life shortened from 34.5 to 19.3 min (Fig. 5B). Furthermore, treatment of
SGC7901 cells with the proteasome inhibitor MG132 did not influence the ability of
BART5-3p to decrease p53 protein levels (Fig. 5C). MDM2 is the most important E3
ubiquitin ligase of p53, leading to p53 degradation by the proteasome. However,
nutlin3a, an inhibitor of MDM2-p53 binding, did not influence the ability of BART5-3p
to decrease p53 protein levels (Fig. 5D).

To clarify whether TP53 is a direct cellular target gene for BART5-3p, luciferase
reporter assays were performed by cotransfection of a BART5-3p mimic with a full-
length of TP53 3’-UTR or coding DNA sequence (CDS)-containing luciferase reporter
vector into HEK293 cells, respectively. The luciferase activity of the 3’-UTR but not CDS
was significantly reduced by the BART5-3p mimic compared with the control mimic
(NQ) (Fig. 5E), suggesting that the 3’-UTR of TP53 mRNA may contain target sites
directly targeted by BART5-3p. RNAhybrid, an online tool for microRNA target predic-
tion, revealed that two possible BART5-3p binding sites existed in the 3'-UTR of TP53
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FIG 5 BART5-3p directly targets TP53 and promotes the degradation of p53 protein. (A) SGC7901 cells were transfected with NC or BART5-3p
mimics for 36 h, were subsequently treated with cycloheximide (20 wg/ml), and were collected after the indicated periods of time. The protein
levels of p53 were determined by Western blotting. (B) p53 protein half-life was calculated by quantification of Western blots shown in panel A
using Image Lab software; the half-life of p53 is indicated. (C) SGC7901 cells were transfected with NC or BART5-3p mimics for 36 h and were
subsequently treated with MG132 (25 wM) for 4 h. The protein levels of p53 were determined by Western blotting. (D) GES1 cells were transfected
with NC or BART5-3p mimics for 12 h and were subsequently treated with Nutlin3a (10 uM) for 24 h. The protein levels of p53 were determined
by Western blotting. (E) HEK293 cells were cotransfected with NC (or BART5-3p) mimics and TP53 3'-UTR or TP53 CDS dual-luciferase reporter
plasmid for 48 h before the luciferase reporter assay was performed. The data are shown as the relative firefly luciferase activity normalized to
the value of Renilla luciferase. (F) Bioinformatics predictions of two binding sites by BART5-3p in the TP53 3'-UTR region. Wild-type (WT1 and WT2)
and mutant (MUT1 and MUT2) sequences are indicated. (G) HEK293 cells were cotransfected with NC (or BART5-3p) mimics and TP53 3'-UTR WT
(or MUT) dual-luciferase reporter plasmid for 48 h before the luciferase reporter assay was performed. The data are shown as the relative firefly
luciferase activity normalized to the value of Renilla luciferase. (H) SGC7901 cells were transfected with NC or BART5-3p mimics for 36 h, and cell
lysates were immunoprecipitated using either a normal rabbit IgG or anti-AGO2 antibody, and the mRNA level of TP53 binding to AGO2 was
determined by qPCR. Immunoprecipitation (IP) with anti-lgG antibody was used as a negative control. Both mean luciferase activity and the mean
TP53 expression were calculated from 3 independent experiments, and data are shown as the means = SEM. NS, not significant; *, P < 0.05; **,
P < 0.01 compared with the control group (NC).

mRNA, demonstrating perfect base pairing between the seed sequence of mature
BART5-3p and the 3'-UTR of TP53 mRNA from nucleotide positions 183 and 596,
respectively (Fig. 5F). Two mutant vectors (mut 1 or mut 2) were constructed to disrupt
the binding of BART5-3p to the TP53 3'-UTR (Fig. 5F), and the result showed that the
luciferase activity of the wild-type (WT) TP53 3’-UTR but not the mutant was signifi-
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on day 30 following subcutaneous implantation. (D) The representatives of immunohistochemistry staining for p21 in tumors from

xenograft nude mice. Original magnification, X200; bar, 50 um.

cantly reduced by the BART5-3p mimic but not by the negative-control (NC) mimic (Fig.
5G). Argonaute 2 (Ago2) is a major component of the RNA-induced silencing complex
and binds miRNAs along with their mRNA targets in ribonucleotide complexes.
SGC7901 cells were transfected with BART5-3p mimics, and then immunoprecipitation
assays were performed by using an anti-Ago2 antibody. BART5-3p mimics significantly
increase the level of TP53 mRNA that binds to Ago2 compared to the level seen with
NC mimics (Fig. 5H). Taken together, these results suggest that TP53 is a potential target
gene of BART5-3p.

BART5-3p impels the growth of SGC7901 cells in vivo. The in vitro study showed
a solid effect of BART5-3p on p53 expression; we then examined the in vivo effect of this
discovery by xenografting SGC7901-LV-BART5-3p cells or SGC7901-LV-mock cells into
nude mice. As shown in Fig. 6A, B, and C, BART5-3p overexpression significantly
increased the tumor growth of LV-BART5-3p cells compared with the LV-mock cells.
Further, the tumor growth of LV-B5-3p cells was significantly inhibited in the presence
of BART5-3p antagomir, a cholesterol-conjugated BART5-3p inhibitor. The results indi-
cate that BART5-3p impels the growth SGC7901 cells in vivo. Immunohistochemical
staining on tumor sections of xenografts demonstrated that BART5-3p significantly
reduced the expression of p21 in LV-B5-3p tumors compared with LV-mock tumors. In
contrast, downregulation of BART5-3p by BART5-3p antagomir increased the protein
levels of p21 (Fig. 6D).

BART5-3p is expressed in EBVaGC specimens. We collected tissue samples from
20 cases of EBVaGC and 4 cases of non-EBVaGC for analyzing the expression of
BART5-3p within the tumor tissues. The clinicopathological parameters of gastric
carcinoma specimens are listed in Table 1. EBVaGC was defined as positive EBER-
staining by means of in situ hybridization assay (Fig. 7A). It was found that, taking the
background level into account, about one-half of the EBVaGC specimens had different

December 2018 Volume 92 Issue 23 e01022-18

Journal of Virology

jviasm.org 9


https://jvi.asm.org

Zheng et al.

TABLE 1 Clinicopathological parameters of gastric carcinoma patients and specimens

Variable No. of cases
Age (yr)

=55 13

<55 1
Gender

Male 21

Female 3

Degree of differentiation

Well differentiated 1

Moderately differentiated 8

Poorly differentiated 15
TNM@ stages

Iand Il 7

Il and IV 17
EBER status

Positive (EBER") 20

Negative (EBER™) 4

aThe TNM (tumor, nodes, metastasis) staging system describes the progression of the cancer.

levels of expression of BART5-3p (Fig. 7B), whereas the non-EBVaGC tumors had no
BART5-3p expression. This clinical finding suggests a potential role for BART5-3p in
EVBaGC tumorigenesis and therapies.

DISCUSSION
EBV infection is tightly linked to the development of various human lymphocytic
and epithelial malignancies. Twenty-five EBV miRNA precursors and 44 mature EBV
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FIG 7 BART5-3p expression in EBVaGC clinical specimens. (A) Representative images of EBER staining by
means of in situ hybridization. Shown are EBER-negative (left) and EBER-positive (right) gastric cancer
specimens. (B) The transcriptional levels of BART5-3p in specimens from 20 cases of EBVaGC (numbered 1 to
20) and 4 cases of non-EBVaGC (numbered 21 to 24) were determined by stem-loop RT-gPCR. The expression
values of case number 1 are set as 1 for BART5-3p. U6 was used for normalizing the expression of BART5-3p.
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miRNAs have been identified, which could be divided into two main clusters, the BHRF1
and BART clusters. EBV miRNAs display a cell type-specific expression pattern. BHRF1
cluster miRNAs are highly expressed in EBV latency IIT and lytic replication cells, such
as B lymphoma cells, but are almost undetectable in latency | and Il cells, such as
EBVaGC and nasopharyngeal carcinoma cells. In contrast, BART miRNAs account for a
large proportion of the total EBV miRNAs in EBVaGC and nasopharyngeal carcinoma
cells. Considering the highly restricted patterns of viral protein expression in most
EBV-associated tumors, the abundance of BART miRNAs in carcinomas suggests that
they could be major factors in the contribution of EBV to tumorigenesis.

Several studies have demonstrated that BART miRNAs played crucial roles in tumor
progression of EBV-associated carcinomas. Choy et al. (44) reported that BART5-5p
conferred resistance to apoptosis by directly targeting the proapoptotic gene PUMA.
Cai et al. (11, 12) demonstrated that BART1-3p, BART1-5p, and BART7-3p directly
targeted the cellular tumor suppressor PTEN and consequently promoted NPC cells
metastasis. Shinozaki-Ushiku et al. (41) found that BART4-5p reduced Bid expression in
gastric cancer cell lines, leading to reduced apoptosis. BART22 was proved to target
MAP3K5 and promote nasopharyngeal carcinoma cells’ proliferative and invasive abil-
ities (50). Lung et al. (13) revealed that BART5-5p, BART7-3p, BART9-3p, and BART14-3p
could negatively regulate the expression of ATM by binding to multiple sites on its
3’-UTR in response to DNA damage, contributing to the tumorigenesis of NPC cells.
BART20-5p was found to reduce apoptosis, enhance cell growth, and contribute to
tumorigenesis of EBVaGC by directly targeting the BAD (47). Choi et al. (45) demon-
strated that BART15-3p promotes cell apoptosis partially by targeting BRUCE in AGS-
EBV cells. In the current study, we showed that an EBV miRNA, BART5-3p, suppresses
the protein levels of p53 in several gastric cancer and nasopharyngeal carcinoma cell
lines. Overexpression and knockdown experiments were performed to characterize the
function of BART5-3p, highlighting the importance of BART5-3p in the control of p53
expression and p53-related phenotypes.

The modulation of p53 by BART5-3p was not surprising. The p53 protein is a
sequence-specific DNA damage-inducible transcription factor that controls cell growth
by regulating cell cycle and apoptosis, mainly by upregulating the cyclin-dependent
kinase inhibitor p21/WAF1/CIP1 and Bax, respectively (51). p53 is also involved in
cellular responses to viral infection. The replicated genomes of DNA viruses, including
adenoviruses, polyomavirus, and herpesviruses, are recognized by cellular DNA damage
sensors, triggering activation of DNA damage responses (52-56). The TP53 mutation
has been found to be the most frequent genetic alteration in human malignancy.
However, unlike other types of cancer, TP53 accumulation with a rare mutation has
been identified in nasopharyngeal carcinoma and EBVaGC (18, 23-26). Thus, EBV should
develop countermeasures against p53 activation to maintain latent infection and
promote the development of EBV-associated carcinomas. Limited evidence has been
provided in this context. The EBV latent protein EBNA1 contributes to repression of
p53-dependent DNA damage signaling by competition for the USP7 binding site with
p53 (7, 57). EBNA3C can directly bind to p53 at the DNA binding and tetramerization
domain, forming a complex to repress the p53 transactivation activity (58). EBNA3C also
directly interacts with ING4, ING5, and Gemin3, negatively regulating p53-mediated
functions (59, 60). Moreover, EBNA3C could enhance the intrinsic ubiquitin ligase
activity of Mdm2 toward p53, which in turn facilitated p53 ubiquitination and degra-
dation (61). Several EBV-encoded miRNAs have been proved to be involved in nega-
tively regulating p53 activity. Huang and Lin (4) found that BART20-5p directly inhibited
gamma interferon (IFN-y) and BART8 directly inhibited STAT1, which resulted in sec-
ondary suppression of TP53. However, our study reports that TP53 was directly targeted
by an EBV-encoded miRNA for the first time. As shown in this study, BART5-3p can
inhibit the mRNA and protein levels of p53, downregulate p53 transcriptional activity,
and promote cell growth of nasopharyngeal carcinoma and gastric cancer cells (Fig. 1
and 2). We noticed that the inhibition effect is more profound in protein levels than
mRNA levels (Fig. 1A and B). We further showed that BART5-3p promoted p53 protein
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degradation, decreasing p53 protein’s half-life from 34.5 min to 19.3 min (Fig. 5A and
B). p53 protein degradation is regulated mainly by the ubiquitin proteasome pathway,
and Mdm2 was identified as the principal endogenous E3 ligase with high specificity for
p53 (62-64). Surprisingly, even under the influence of MG132 (a proteasome inhibitor)
and nutlin3a (a selective Mdm2 antagonist), BART5-3p still can inhibit the protein levels
of p53. So, the specific mechanism of BART5-3p facilitating p53 protein degradation
remains to be revealed. We further identified that BART5-3p directly targets the 3'-UTR
of the TP53, leading to reduced p53 expression.

p53 is activated upon exposure to genotoxic stress, which then upregulates the
expression of p21, resulting in a halt in cell cycle progression to allow repair of
damaged DNA. However, if the damage is too severe, p53 then induces apoptosis.
BART5-3p significantly reduced the number of cells in G,/G, phase and increased the
number of cells in S phase. To test the effect of BART5-3p on p53 activation by
genotoxic stress, cells were treated with etoposide and ionizing irradiation, respec-
tively. Etoposide significantly increased the protein levels of p53 and promoted its
transcriptional targets’ expression, such as CDKNTA, BAX, and FAS, which were the
crucial genes involved in cell cycle arrest and apoptosis. Importantly, BART5-3p signif-
icantly repressed the expression of these genes induced by genotoxic stress and
reduced the cell apoptosis percentage. Therefore, we concluded that BART5-3p targets
TP53 and consequently downregulates the expression of CDKNTA, BAX, and FAS,
contributing to cell growth and tumorigenesis. Notably, several studies indicated that
the expression level of BART5-3p is relatively low in multiple EBV-positive cancer cell
lines but is normal (compared to other BART microRNAs) in clinical specimens of
nasopharyngeal carcinoma and gastric carcinoma (41-43, 65, 66). Our study found that
the expression of BART5-3p can be induced by etoposide (Fig. 4C) and the expression
levels of BART5-3p are reasonable and common in EBVaGC specimens (Fig. 7B),
indicating that the expression of BART5-3p is regulated by a complicated and tight
regulation network, though the mechanism remains obscure. To date, there are few
studies demonstrating the mechanism that regulates BART expression. Notably, the
NF-kB signaling was proved to regulate the expression of BARTSs (67). The dysregulation
of BART5-3p suggests the possible biological meaning of BART5-3p in EBVaGC and
nasopharyngeal carcinoma tumorigenesis.

The evidence provided in this study suggests a hypothesis that EBV carefully
chooses multiple countermeasures against p53 activation to maintain latent infection
and promote the development of EBV-associated carcinomas. Our work has derived
one new mechanism for EBV modulation of cell growth. Based on this mechanism, new
strategies can be devised to restrict the initiation and progression of nasopharyngeal
carcinoma and EBVaGC. BART5-3p is a potential therapeutic target in nasopharyngeal
carcinoma and EBVaGC. Considering the inhibitory effect of BART5-5p on PUMA and
apoptosis, RNA interference with pre-miR-BART5 in nasopharyngeal carcinoma and
EBVaGC cells to control cellular growth may be a feasible strategy in EBV-associated
carcinomas.

MATERIALS AND METHODS

Cell cultures and reagents. SGC7901 (EBV-negative gastric cancer cell line), GES1 (nonmalignant
EBV-negative gastric epithelial cell line), and HNE1 and 6-10B (EBV-negative nasopharyngeal carcinoma
cell lines) cells were maintained in RPMI 1640 (HyClone) supplemented with 10% fetal bovine serum
(HyClone); AGS (EBV-negative gastric cancer cell line) cells were maintained in Ham’s F-12 medium
(HyClone) supplemented with 10% fetal bovine serum; AGS-Akata (Strain Akata, EBV-positive gastric
cancer cell line) cells also received 400 ug/ml of G418 to maintain the EBV genome. HEK293 cells were
maintained in Dulbecco’s modified Eagle medium (DMEM; HyClone) supplemented with 10% fetal
bovine serum. Etoposide and MG132 were obtained from Sigma-Aldrich. miRNA mimics and
inhibitors were purchased from GenePharma Inc. (Shanghai, China). Sequences were as follows: for
BART5-3p mimic, 5'-GUGGGCCGCUGUUCACCU-3'(sense) and 5'-GUGAACAGCGGCCCACUU-3’ (anti-
sense); for BART5-5p mimic, 5'-CAAGGUGAAUAUAGCUGCCCAUCG-3'(sense) and 5'-AUGGGCAGCUAUA
UUCACCUUGUU-3'(antisense); for negative-control (NC) mimic, 5’-UUCUCCGAACGUGUCACGUTT-
3'(sense) and 5'-ACGUGACACGUUCGGAGAATT-3’ (antisense); for BART5-3p inhibitor, 5'-AGGUGAACAG
CGGCCCAC-3'; and for inhibitor NC, 5'-CAGUACUUUUGUGUAGUACAA-3’. BART5-3p antagomir was
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purchased from Ribobio (Guangzhou, China). The cells were transfected with RNAs and/or plasmids using
Lipofectamine 3000 (Invitrogen).

Patient samples. Formalin-fixed paraffin-embedded (FFPE) surgical gastric cancer specimens (see
Table 1 for patients’ information) were obtained from the Xiangya Hospital (Changsha, China). Written
informed consent was obtained from all study participants. Collections and using of tissue samples were
approved by the ethical review committees of the appropriate institutions. In the present study, EBVaGC
was defined as positive EBER staining by means of in situ hybridization assay, as described later in the
text.

Lentivirus transduction. The lentivirus packaging system was made by GenePharma Inc. (Shanghai,
China). A lentiviral vector plasmid, LV3 (H1/GFP&Puro), was used in this study to construct the stable cell
lines. The randomized flanking sequence control (mock) and EBV-miR-BART5-3p were purchased from
GenePharma and transduced into cells according to the manufacturer’s instructions.

Western blotting. Protein extracts were resolved by 8% to 15% SDS-polyacrylamide gel, transferred
to polyvinylidene difluoride (PVDF) membranes, and probed with antibodies against p53 (DO-1) (1:500;
Santa Cruz), p21 (1:500; Cell Signaling Technology), BAX (1:1,000; Cell Signaling Technology), BAK
(1:1,000; Cell Signaling Technology), BAD (1:500; Cell Signaling Technology), cleaved-PARP (1:1,000; Cell
Signaling Technology), GAPDH (1:5,000; Sangon Biotech, China). Horseradish peroxidase (HRP)-
conjugated secondary antibody (Santa Cruz) was used as the secondary antibody. The antigen-antibody
reaction was visualized by enhanced chemiluminescence assay. Western blot quantification was per-
formed with Image lab software, analyzing the intensity of the grayscale images.

Flow cytometry. For cell apoptosis detection, cells were plated into 6-well plates, transfected with
miRNA mimics for 12 h, and after an additional 48 h treated with 20 uM etoposide. The number of
apoptotic cells was determined using a fluorescein isothiocyanate (FITC)-annexin V apoptosis detection
kit (BD Pharmingen) and a flow cytometer as per the manufacturer’s instructions. For cell cycle detection,
cells were plated into 6-well plates and transfected with miRNA mimics for 36 h. Cells were harvested and
fixed in 70% ethanol overnight at 4°C. Then, cells were counterstained in the dark with 50 ug/ml
phosphatidylinositol and 0.1% RNase A in 400 ul of phosphate-buffered saline (PBS) at 25°C for 30 min.
Stained cells were assayed and quantified using a flow cytometer.

Plasmids and dual-luciferase reporter assays. The full lengths of TP53 3’-UTR or CDS were
amplified and subcloned into the pmirGLO dual-luciferase miRNA target expression vector. Two wild-
type and mutant sites in TP53 3’-UTR were produced by GeneCreate Biotech (Wuhan, China). The
pp53-TA-luc luciferase reporter plasmid was purchased from Beyotime (China) to monitor the transcrip-
tional activity of p53. For miRNA target gene verification, HEK293 cells were seeded in 48-well plates and
cotransfected with 200 ng of the luciferase reporter plasmid (TP53 3'-UTR, CDS, wild-type or mutant
plasmid) along with 20 pmol of BART5-3p or negative-control (NC) mimics. For p53 transcriptional
activity detection, SGC7901 cells were cotransfected with 200 ng of pp53-TA-luc luciferase reporter
plasmid and 40 ng of Renilla plasmid along with 20 pmol of BART5-3p or NC mimics. Firefly and Renilla
luciferase activities were measured via a Dual-GLO luciferase assay system (Promega). The data were
expressed as the relative firefly luciferase activity normalized to the value of Renilla luciferase.

RT and real-time PCR. Total RNAs were extracted using TRIzol reagent (Invitrogen). For mRNA
reverse transcription (RT), 2 ug of RNA was used to synthesize cDNA using a RevertAid first-strand cDNA
synthesis kit (Thermo) according to the manufacturer’s protocol. For miRNA reverse transcription, 1 ug
of RNA was used to synthesize cDNA using a Mir-X miRNA First-Strand synthesis kit (TaKaRa) according
to the manufacturer’s protocol. The levels of gene transcripts were determined by quantitative real-time
PCR (qPCR) using specific primers and a SYBR premix Ex Taq Il kit (TaKaRa). The expression levels of
miRNA and mRNA were quantified by measuring cycle threshold (C;) values and normalized to U6 and
Actin, respectively. The data were further normalized to the negative control, unless otherwise indicated.
The primers used for qPCR are as follows. TP53, forward, 5'-CAGCACATGACGGAGGTTGT-3’, and reverse,
5'-TCATCCAAATACTCCACACGC-3'; BAX, forward, 5'-CCCGAGAGGTCTTTTTCCGAG-3’, and reverse, 5'-CC
AGCCCATGATGGTTCTGAT-3'; BBC3, forward, 5'-GACCTCAACGCACAGTACGAG-3’, and reverse, 5'-AGGA
GTCCCATGATGAGATTGT-3'; FAS, forward, 5'-TCTGGTTCTTACGTCTGTTGC-3’, and reverse, 5'-CTGTGCAG
TCCCTAGCTTTCC-3'; CDKN1A, forward, 5'-TGTCCGTCAGAACCCATGC-3', and reverse, 5'-AAAGTCGAAGT
TCCATCGCTC-3'; TNFRSF10B, forward, 5'-GCCCCACAACAAAAGAGGTC-3', and reverse, 5'-AGGTCATTCCA
GTGAGTGCTA-3’; Actin, forward, 5'-GAGCTACGAGCTGCCTGACG-3’, and reverse, 5'-GTAGTTTCGTGGATG
CCACAG; EBV-miR-BART5-3p, forward, 5'-GTGGGCCGCTGTTCACCT, and reverse, Universal Reverse Primer
(TaKaRa); U6 primers were provided in the Mir-X miRNA First-Strand synthesis kit (TaKaRa).

TagMan microRNA assay. Total RNAs from formalin-fixed paraffin-embedded (FFPE) surgical spec-
imens were extracted using the RecoverAll total nucleic acid isolation kit for FFPE (Invitrogen) according
to the manufacturer’s protocol. The miRNA (mature BART5-3p or U6)-specific RT primers and miRNA-
specific TagMan probes were purchased from Thermo, and the miRNAs’ expression was detected by
TagMan microRNA assays according to the manufacturer’s protocol. The results were normalized to U6.

RNA immunoprecipitation assays. SGC7901 cells were harvested and washed twice in ice-cold PBS.
The cell pellet was resuspended in gentle lysis buffer and incubated on ice for 20 min. After a further 15
min of centrifugation at 12,000 rpm at 4°C, the supernatants were incubated with anti-Argonaute-2
(AGO2) antibody (Abcam) or control anti-IgG antibody conjugated to protein A agarose beads (Santa
Cruz) and rotated at 4°C for 4 h. After incubation, the supernatant was removed by brief centrifugation,
and the beads were washed extensively by wash buffer, followed by adding 0.5 ml of TRIzol. Then, RNAs
were extracted and analyzed by reverse-transcription quantitative PCR (RT-qPCR).
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Colony formation assay. Cells with different treatments were planted into 6-well cell culture plates

(1,000 per well) and incubated for 12 days. Plates were washed with PBS and stained with crystal violet.
Colonies with more than 50 cells were counted.

Immunohistochemistry staining. Paraffin sections prepared from experiments with nude mice were

applied to immunohistochemistry staining for the determination of protein levels of p21. In brief, tumor
tissues embedded in paraffin were dewaxed in xylene and hydrated in ethanol. By placing the slides in
boiling sodium citrate buffer (10 mmol/liter, pH 6.0) for 5 min, the antigen was retrieved. The endoge-
nous peroxidase activity in tumor tissues was blocked with 3% H,0,. After incubation with goat serum
to block the unspecific binding sites, the slides were incubated with anti-p21 antibodies at 4°C overnight.
Biotinylated goat anti-rabbit IgG antibodies were added at a 1:100 dilution and incubated. Finally, the
slides were incubated with HRP-conjugated streptavidin and then developed with 3,3’-diaminobenzidine
(DAB) solution. After counterstaining with hematoxylin, the sections were dehydrated and mounted.

Tumor xenografts in nude mice. Nude mice (4- to 5-week-old male nude mice) were used for

examining tumorigenicity. To evaluate the role of BART5-3p in tumor formation in vivo, a group of 6 mice
(group 1) and a group of 12 mice were subcutaneously injected with SGC7901-LV mock control cells and
LV-B5-3p cells, respectively, into the left or right side on the back (1.5 X 10 cells per mouse). The tumor
volumes were measured regularly and calculated using the formula (A X B?)/2, where A is the largest
diameter and B is the perpendicular diameter. Two weeks after inoculation, the mice injected with
SGC7901-LV-B5-3p cells were randomly divided into two groups (groups 2 and 3, each with six mice):
group 3 mice were locally injected with BART5-3p antagomir (10 nmol/mouse) into the tumor mass twice
a week for 2 weeks; group 2 mice were injected with the equal volumes of saline buffer. All mice were
killed on day 30 after inoculation. Tumor tissues were fixed in 4% paraformaldehyde for 24 h and
transferred to gradient ethanol. Tumors were embedded in paraffin, sectioned with LeiCa RM2245, and
processed for histological examinations. This study was carried out in strict accordance with the
recommendations in the Guide for the Care and Use of Laboratory Animals (National Institutes of Health).
The protocol was approved by the Animal Ethics Committee of Central South University. All surgeries
were performed under sodium pentobarbital anesthesia, and all efforts were made to minimize animal
suffering.

In situ hybridization. EBER in situ hybridization was performed on the FFPE tissue sample slides with

the EBER1 probe in situ hybridization kit (Zsbio, China). Only those samples with a universal and
unequivocal nuclear staining within almost all tumor cells were interpreted as showing EBER positivity.

Statistical analysis. Statistical analysis was determined by independent t test or analysis of variance

(ANOVA) using SPSS17.0 and GraphPad Prism. Significance parameters were set at P values of <0.05.
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