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Epstein–Barr virus-derived circular RNA LMP2A
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Abstract

Cancer stem cells (CSCs) are cancer-initiating cells that are not only a
source of tumorigenesis but also the cause of tumour progression,
metastasis and therapy resistance. EBV-associated gastric cancer
(EBVaGC) is a distinct subtype of gastric cancer with unique clinico-
pathological and molecular features. However, whether CSCs exist in
EBVaGC, and the tumorigenic mechanism of EBV, remains unclear.
Here, NOD/SCID mice were injected subcutaneously with the EBVaGC
cell line SNU719 and treated with 5-fluorouracil weekly. Successive
generations of xenografts yielded a highly malignant EBVaGC cell
line, SNU-4th, which displays properties of CSCs and mainly consists
of CD44+CD24� cells. In SNU-4th cells, an EBV-encoded circRNA, ebv-
circLMP2A, expression increased and plays crucial roles in inducing
and maintaining stemness phenotypes through targeting miR-3908/
TRIM59/p53 axis. Additionally, high expression of ebv-circLMP2A is
significantly associated with metastasis and poor prognosis in
patients with EBVaGC. These findings not only provide evidence for
the existence of CSCs in EBVaGC and elucidate the pathogenic mech-
anism of ebv-circLMP2A in EBVaGC, but also provide a promising
therapeutic target for EBVaGC.
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Introduction

Epstein–Barr virus (EBV) is an oncogenic human herpesvirus that is

ubiquitously carried by more than 90% of the world’s population

(Chen et al, 2010). EBV-related malignancies account for 1.8% of all

cancer deaths worldwide, with an estimated 143,000 deaths in 2010

(Khan & Hashim, 2014). Among EBV-related malignancies, EBV-

associated gastric cancer (EBVaGC) is one of the most frequent cause

of EBV-related death (Khan & Hashim, 2014). Approximately 10% of

gastric cancer (GC) is defined as EBVaGC by in situ hybridization

(ISH) for EBV-encoded RNA (EBER-1) (Murphy et al, 2009).

Compared with EBV-negative GC (EBVnGC), EBVaGC has distinct

clinicopathological characteristics, including male predominance,

conspicuously inflammatory infiltration and a relatively favourable

prognosis (Fukayama et al, 2008). EBVaGC also exhibits unique

genetic changes and molecular features, including DNA hypermethy-

lation, PIK3CA mutations, and JAK2, PD-L1 and PD-L2 amplification

(Cancer Genome Atlas Research Network, 2014). Therefore,

EBVaGC is regarded as a distinct subtype of GC. In EBVaGC, EBV is

present in almost all tumour cells but absent in normal mucosal

epithelial cells (Morales-Sanchez & Fuentes-Panana, 2017), hinting

that EBV plays key roles in the development of EBVaGC. However,

the tumorigenic mechanism of EBV in EBVaGC remains unclear.

With the concept of tumour heterogeneity being proposed, a small

subpopulation of cells with particularly strong self-renewal, differenti-

ation, tumorigenesis and drug resistance has been found to exist in a

variety of malignant cancers, which are called cancer stem cells

(CSCs) (Reya et al, 2001). Mounting evidences has indicated that

CSCs are not only the initiators of cancer but also related to tumour

progression, metastasis and treatment resistance (Ajani et al, 2015).

Since the identification of CSCs in leukaemia, CSCs have been identi-

fied in a variety of solid tumours, including nasopharyngeal carci-

noma (NPC) (Kong et al, 2010), another EBV-related epithelial

malignancy derived from the amplification of a single EBV-infected

nasopharyngeal epithelial cell (Lun et al, 2014). As a direct patho-

genic factor of NPC, EBV has been shown to be involved in sustaining

the stemness phenotypes of NPC (Yang et al, 2016). Of the products

of EBV, EBV-encoded latent membrane protein 1 (LMP1) and 2A

(LMP2A) have been reported to promote cell proliferation, avoid

apoptosis, and participate in the acquisition of stemness features in

NPC (Port et al, 2013; Yang et al, 2016). EBV-encoded miRNAs, such
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as ebv-miR-BART5, ebv-miR-BART4-5p and ebv-miR-BART9, also

play an important role in maintaining the stemness phenotype by

regulating cycle progression and epithelial–mesenchymal transition

(EMT) and blocking apoptosis (Choy et al, 2008; Marquitz et al,

2011; Tsai et al, 2017). Additionally, the use of CSC-targeting agents

is becoming an efficient treatment for improving patient outcomes

(Lun et al, 2014). A recent study has shown that DNAzyme (DZ1), a

deoxyribozyme that can specifically target LMP1 mRNA, significantly

increases the radiosensitivity of NPC (Cao et al, 2014).

EBVaGC presents distinctive characteristics that distinguish it

from NPC (Fukayama et al, 2008). Previous studies have shown

that EBV is clonally inherited by every EBVaGC tumour cell (using

Terminal Repeat Analysis) and that it plays an important role in the

pathogenesis of EBVaGC (Fukayama et al, 2008; Morales-Sanchez &

Fuentes-Panana, 2017). As we know, CSCs are responsible for

tumour initiation and development (Dawood et al, 2014). If EBV

present in EBVaGC CSCs can regulate the stemness phenotypes in

EBVaGC, they will provide additional evidence to demonstrate that

EBV is an important pathogenic agent for EBVaGC. Nevertheless,

whether CSCs exist in EBVaGC has not been reported, and whether

EBV is involved in maintaining the stemness phenotype in EBVaGC

deserves further exploration.

A novel class of noncoding RNAs, circular RNAs (circRNAs), are

formed from a covalently closed loop that can tolerate the degrada-

tion of RNase R (Li et al, 2015a; Hsiao et al, 2017b). At present,

increasing studies have shown that circRNA helps regulate stemness

properties (Yu et al, 2017; Kristensen et al, 2018; Cherubini et al,

2019). For example, circPRMT5 promotes EMT and induces an

aggressive phenotype in urothelial carcinoma of the bladder (Chen

et al, 2018). circPan3 promotes the self-renewal of intestinal stem

cells by activating IL-13/b-catenin signalling (Zhu et al, 2019). Our

previous study and two other reports have shown that EBV can

generate various circRNAs (ebv-circRNAs) (Toptan et al, 2018;

Ungerleider et al, 2018; Huang et al, 2019). In our previous study,

ebv-circRNA was found to be expressed in several EBV-positive

malignancies, including Burkitt lymphoma, EBVaGC and NPC

(Huang et al, 2019), suggesting that ebv-circRNAs may play an

important role in maintaining the tumour phenotype. However, as a

virus-derived noncoding RNA, the biological function of ebv-

circRNAs has not yet been explored, let alone in CSC biology.

In this study, we established a successive xenograft model to enrich

EBVaGC CSCs by long-term treatment of the EBVaGC cell line SNU719

with 5-fluorouracil (5-Fu) in mice. We further demonstrated that ebv-

circLMP2A, which originated from exon 3 to exon 5 of the LMP2A

gene, was significantly upregulated in EBVaGC CSCs and played a criti-

cal role in inducing the stemness phenotype, by diminishing the anti-

carcinogenic effect of the miR-3908/TRIM59/p53 axis. Moreover, high

expression of ebv-circLMP2A was positively correlated with metastasis

and a poor prognosis in patients with EBVaGC, providing a useful

biomarker and potential therapeutic target for EBVaGC.

Results

Chemotherapy selectively enriches EBVaGC CSCs

First, we established a method to enrich EBVaGC CSCs using a

successive xenograft model under chemotherapy pressure (Fig 1A).

In the 5-Fu-treated xenograft group, the growth rate of the third and

fourth passage xenografts was significantly higher than in the first

generation, and there was no significant difference between the

third passage and fourth passage. However, in the PBS-treated xeno-

grafts, there was no significant difference among successive four-

generation xenografts (Fig 1B). After removing the H2Kd-positive

mouse cells by flow cytometry, the remaining freshly isolated cells

that were obtained from the fourth passage xenograft treated with 5-

Fu were designated as SNU-4th cells (Fig EV1B). EBER-1 ISH con-

firmed the existence of EBV in passaged xenografts, SNU719 and

SNU-4th cells (Figs 1C and EV1A).

Morphologically, SNU-4th cells were predominantly dispersed

and spindle-shaped (Fig 1D). Compared with parental SNU719 cells,

SNU-4th single cell could grow as a tumour sphere at day 10 and

▸Figure 1. EBVaGC CSCs are selectively enriched under low-dose chemotherapy pressure.

A Schematic model presenting the process used to acquire EBVaGC CSCs.
B Tumour growth curves for successive four-generation xenografts treated with 5-Fu or PBS. Twelve mice per group.
C Representative cases show the first- and fourth-generation xenograft H&E staining (left) and EBER-1 ISH staining (right).
D The morphology of parental SNU719 and SNU-4th cells.
E Tumour sphere culture was performed to evaluate the sphere formation capacity in SNU719 and SNU-4th cells, and the data are shown as the mean numbers and

sizes of the tumour spheres. The central horizontal lines represent the median, the top and the bottom positions of the box represent upper and lower quartiles,
error bars represent the mean � SD, and the average number and maximal diameter of spheres were calculated under a microscope in five randomly chosen
fields in each independent experiment, n = 3 biological replicates.

F CCK-8 assay of SNU719 and SNU-4th cells to determine cell proliferation under the indicated culture conditions (10% FBS or 0.1% FBS).
G, H Expression of stemness markers (Sox2, Klf4, Bmi1, Oct4) and drug resistance genes (ABCG2, Mrp1) evaluated by real-time PCR (G) and WB (H) in SNU719 and SNU-

4th cells.
I Real-time PCR analysis of the expression of EMT-associated markers (E-cad, Vimentin) and transcription factors (Twist1, Snail, Slug, Zeb1) in SNU719 and SNU-4th

cells.
J WB analysis of the expression of E-cad, Vimentin and Mmp7 in SNU719 and SNU-4th cells.
K Colony formation assay analysis of the colony-forming ability in SNU719 and SNU-4th cells.
L Transwell migration and the Matrigel invasion assay were performed to assess the migratory and invasive capability of SNU719 and SNU-4th cells.
M Representative images of the flow cytometric analysis of SP cells.
N Representative images of the flow cytometric analysis of the surface antigen phenotype.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, scale bars = 100 lm, *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test.
Source data are available online for this figure.
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formed more and larger tumour spheres (Figs EV1C and 1E). As

shown in Fig 1F, compared with parental SNU719 cells, the growth

curve of SNU-4th cells was almost identical when the medium was

supplemented with 10% foetal bovine serum (FBS), while SNU-4th

cells showed a significantly accelerated growth rate when the cells

were maintained in medium supplemented with 0.1% FBS. Further-

more, SNU-4th cells but not parental SNU719 cells showed high

expression of stemness markers (Sox2, Klf4, Bmi1 and Oct4) and

drug resistance genes (ABCG2 and Mrp1) at both mRNA and protein

levels (Fig 1G and H).

Next, we evaluated the expression levels of a representative

mesenchymal marker (Vimentin), EMT-associated transcription

factors (Twist1, Snail, Slug and Zeb1) and the metastasis-related

gene matrix metalloproteinase 7 (Mmp7), and SNU-4th cells exhib-

ited higher mRNA levels of these genes than parental SNU719 cells

(Fig 1I). In addition, compared with parental SNU719 cells, SNU-4th

cells showed decreased expression of epithelial cell marker E-

cadherin (E-cad) and increased expression of the mesenchymal

marker Vimentin and Mmp7 (Fig 1J), colony-forming ability

(Fig 1K) and migratory and invasive capability (Fig 1L).

Cancer stem cells are also believed to be resistant to chemotherapy,

in part by over-expressing an ATP-binding cassette half-transporter

ABCG2, and this property refers to the capacity to expel dyes, defined

as a flow cytometry side population (SP) (Patrawala et al, 2005).

Freshly isolated SNU-4th cells contained 15-fold more SP cells than

SNU719 cells (6.87 � 2.56% vs 0.47 � 0.38%, P < 0.001; Fig 1M),

and a larger proportion of SNU-4th cells were CD44+CD24�

(89.17 � 7.31% vs 27.89 � 9.47%, P < 0.001; Fig 1N).

Collectively, the above results demonstrated that SNU-4th cells

obtained from the fourth passage xenograft treated with 5-Fu

possessed the properties of CSCs and mainly consisted of

CD44+CD24� cells.

Profiling of circRNAs in the fourth passage xenografts

We compared the expression of circRNAs between the fourth

passage xenografts treated with 5-Fu and PBS by RNA sequencing.

Detailed information for each sample and annotations is provided in

Dataset EV1. A total of 260 circRNAs (both human and ebv-

circRNAs) were differentially expressed between the two groups, in

which 234 circRNAs were significantly upregulated and 26 circRNAs

were downregulated in the xenografts treated with 5-Fu compared

with those treated with PBS (Fig 2A and B). Additionally, a total of

261 distinct ebv-circRNA candidates were found in these tissues,

144 of which contained at least two back-spliced reads (Fig 2C).

Most ebv-circRNAs ranged in length from 300 to 600 nucleotides

(nt) and no more than 1,500 nt (Fig 2D). Approximately 47.5% of

the ebv-circRNAs originated from protein coding exons, and others

derived from intergenic regions, introns, exon-intergenic regions

and exons–introns (Fig 2E). Analysis of the number of ebv-circRNA

isotypes from their host gene showed that one gene could generate

multiple ebv-circRNAs isotypes (Fig 2F).

ebv-circLMP2A is highly expressed in EBVaGC CSCs and correlated
with the prognosis of EBVaGC patients

Compared with the xenografts treated with PBS, the expression of a

single ebv-circRNA was consistently upregulated in the three

xenografts treated with 5-Fu (Table EV1). This ebv-circRNA was

derived from LMP2A gene with a head-to-tail loop formed from exon 3

to exon 5, which we termed ebv-circLMP2A. The distinct sequence of

ebv-circLMP2A was confirmed by Sanger sequencing (Fig 3A). The

expression of ebv-circLMP2A was further evaluated in EBVaGC cells.

SNU-4th cells highly expressed ebv-circLMP2A, while SNU719 and

YCCEL1 cells barely expressed ebv-circLMP2A (Fig 3B). As shown in

Fig 3C, the presence of ebv-circLMP2A was validated by reverse tran-

scription-polymerase chain reaction (RT–PCR) and real-time PCR in

SNU-4th, SNU719 and YCCEL1 cells treated with or without RNase R

digestion. The fragment of the linear form of LMP2A was digested with

RNase R, whereas ebv-circLMP2A was resistant to RNase R digestion.

We further explored the stability of ebv-circLMP2A in SNU-4th cells,

and after treatment with actinomycin D, real-time PCR revealed that

the half-life of ebv-circLMP2A exceeded 24 h while that of linear

LMP2A mRNA was < 4 h (Fig 3D). In addition, both real-time PCR

analysis of nuclear and cytoplasmic ebv-circLMP2A RNA and RNA ISH

demonstrated that ebv-circLMP2A predominately localized in the cyto-

plasm (Fig 3E and F).

Furthermore, the expression of ebv-circLMP2A in 69 EBVaGC

patients was analysed by real-time PCR. ROC analysis was applied

to distinguish between high and low expression of ebv-circLMP2A

(Fig EV2A). As shown in Table 1, high ebv-circLMP2A expression

was significantly correlated with lymph node metastasis

(P < 0.001), distant metastasis (P = 0.001) and advanced TNM stage

(P = 0.032). Additionally, EBVaGC patients with high ebv-

circLMP2A expression had a worse 5-year overall survival (OS) than

those with low ebv-circLMP2A expression (53.8% vs 75.6%,

P < 0.001, Fig 3G). We also assessed progression-free survival

(PFS) and found that higher expression of ebv-circLMP2A also

predicted a poorer PFS than low ebv-circLMP2A expression (15.4%

vs 72.6%, P < 0.001, Fig 3H).

Taken together, our results indicated that ebv-circLMP2A was

abundantly expressed in SNU-4th cells and mainly localized in the

cytoplasm, and higher ebv-circLMP2A expression correlated with a

worse prognosis in EBVaGC patients.

Silencing of ebv-circLMP2A inhibits the stemness phenotype of
SNU-4th cells in vitro and vivo

To investigate the function of ebv-circLMP2A, we designed three

shRNAs, which could target the back-spliced sequence of ebv-

circLMP2A. Fluorescence microscopy showed the expression of GFP-

labelled interfering plasmids in SNU-4th cells (Fig EV2B). Real-time

PCR revealed that of the three shRNAs, sh-2 and sh-3 dramatically

downregulated ebv-circLMP2A expression, and the linear LMP2A

mRNA levels were not regulated by ebv-circLMP2A shRNAs (Fig 4A).

Sh-2 and sh-3 interfering plasmids were used in subsequent experi-

ments. The tumour sphere formation assay showed that downregula-

tion of ebv-circLMP2A markedly suppressed the self-renewal ability of

SNU-4th cells (Fig 4B). Interfering ebv-circLMP2A expression also

significantly reduced the expression of Vimentin, Mrp1, ABCG2, Klf4,

Oct4, Bmi1 and Sox2 in SNU-4th cells at both mRNA and protein levels

(Fig 4C and D). Moreover, silencing of ebv-circLMP2A expression

inhibited the migratory and invasive capability (Fig 4E), and colony-

forming ability (Fig 4F) of SNU-4th cells, and the interference in ebv-

circLMP2A expression also led to a significant decrease in SP cells and

a sharp increase in the apoptosis rate of SNU-4th cells (Fig 4G and H).
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To investigate whether ebv-circLMP2A could affect tumour

growth in vivo, SNU-4th cells transfected with ebv-circLMP2A inter-

fering plasmids or control vector were subcutaneously injected into

NOD/LtSz-scid/scid (NOD/SCID) mice. Compared with the control

group, the expression of ebv-circLMP2A was significantly reduced

in xenograft tissues from the circLMP2A interfering group

(Fig EV2F). Additionally, compared with the control group, the

ebv-circLMP2A interfering group showed a significantly decreased

xenograft growth rate and tumour weight (Fig 4I and J). We also

established a metastasis model by injecting the above different

transfectants via the tail vein into NOD/SCID mice. Compared with

the control group, the ebv-circLMP2A interfering group formed

fewer and smaller metastatic colonies (Fig 4K and L).

Over-expression of ebv-circLMP2A induces the stemness
phenotype of SNU719 and YCCEL1 cells in vitro and vivo

To further clarify the role of ebv-circLMP2A in regulating the

stemness phenotype, we constructed GFP-labelled ebv-circLMP2A

over-expression stable transfectants in SNU719 and YCCEL1 cells

(Fig EV2B). The expression of ebv-circLMP2A was observably

increased in these stable transfectants (Fig 5A). Additionally, the

linear LMP2A mRNA levels were not regulated by ebv-circLMP2A

over-expression (Fig EV2C). Northern blotting +/� RNase R treat-

ment was performed to confirm the product from the over-

expression system was actually circular RNA (Fig EV2D). We

also performed Sanger sequencing to confirm the distinct

circularization junction sequence of ebv-circLMP2A from the

over-expression system (Fig EV2E). As presented in Fig 5B, over-

expression of ebv-circLMP2A induced the formation of tumour

spheres in both SNU719 and YCCEL1 cells. The expression of

Vimentin, Mrp1, ABCG2, Klf4, Oct4, Bmi1 and Sox2 in SNU719

and YCCEL1 cells transfected with ebv-circLMP2A was also

increased at both mRNA and protein levels (Fig 5C and D).

Moreover, over-expression of ebv-circLMP2A could increase the

proportion of SP cells and decrease the rate of apoptosis in

SNU719 and YCCEL1 cells (Fig 5E and F). Moreover, the migra-

tory and invasive capability, and the colony-forming ability in

SNU719 and YCCEL1 cells were also promoted by ebv-circLMP2A

(Fig 5G and H).

A B C

D E F

Figure 2. Profiling of circRNAs in the fourth passage xenografts.

A Heat map analysis of the expression of circRNAs (both human circRNAs and ebv-circRNAs) in the fourth passage xenografts treated with 5-Fu or PBS. Red colour
represents upregulated circRNAs, and green colour represents downregulated circRNAs.

B Volcano plot representing the expression fold changes in circRNAs. The red dots represent upregulated circRNAs, and green dots represent downregulated circRNAs.
C The back-spliced read distribution of ebv-circRNAs (n = 261).
D The length distribution of ebv-circRNAs.
E Genomic origin of ebv-circRNAs.
F Number of ebv-circRNAs produced from one gene.
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Furthermore, in the in vivo tumorigenicity experiment, compared

with the control group, the expression of ebv-circLMP2A was clearly

increased in xenograft tissues from the over-expression ebv-

circLMP2A group (Fig EV2F). Compared with the control group, the

xenograft growth rate and tumour weight were also promoted in the

over-expression ebv-circLMP2A group (Figs 5I and J, and EV3A and

B), forming more and larger metastatic colonies (Figs 5K and L, and

EV3E and F).

◀ Figure 3. Characterization of circLMP2A in SNU-4th, SNU719 and YCCEL1 cells and correlated with the prognosis of EBVaGC patients.

A Schematic illustration showing the genomic loci of the circLMP2A (black arrow). The sequence of circLMP2A was validated by Sanger sequencing. The red arrow
indicates the “head-to-tail” splicing sites of circLMP2A.

B Real-time PCR analysis of the expression of circLMP2A in SNU-4th, SNU719 and YCCEL1 cells.
C The existence of circLMP2A was validated by RT–PCR (up) and real-time PCR (down) in SNU-4th, SNU719 and YCCEL1 cells treated with or without RNase R

digestion. GAPDH was used as a negative control.
D Real-time PCR analysis of circLMP2A and LMP2A expression after treatment with actinomycin D at the indicated time points in SNU-4th cells.
E Real-time PCR analysis of circLMP2A and LMP2A expression in either the cytoplasm or nucleus in SNU-4th cells. GAPDH and U6 were used as controls in cytoplasm

and nucleus, respectively.
F RNA ISH for circLMP2A. U6 and 18S are mainly localized in the nucleus and cytoplasm, respectively, and were used as controls.
G Kaplan–Meier survival curve analysis showing the correlation between circLMP2A expression and OS. n = 69, P < 0.001, log-rank test.
H Kaplan–Meier survival curve analysis showing the correlation between circLMP2A expression and progression-free survival (PFS). n = 69, P < 0.001, log-rank test.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, scale bar = 10 lm, ***P < 0.001, Student’s t-test.

Table 1. Correlations between the clinicopathological features and expression of ebv-circLMP2A, hsa-miR-3908 and TRIM59 in 69 EBVaGC patients.

Cases

ebv-circLMP2A expression

Cases

hsa-miR-3908 expression

Cases

TRIM59 expression

Low High P Low High P Low High P

Gender

Male 64 38 26 0.575 64 34 30 0.198 64 33 31 0.166

Female 5 5 0 5 1 4 5 2 3

Age

< 60 42 24 18 0.561 42 22 20 0.808 42 21 21 0.448

≥ 60 27 19 8 27 13 14 27 14 13

Lauren classification

Intestinal 15 4 11 0.458 15 10 5 0.244 15 7 8 0.386

Diffuse 54 39 15 54 25 29 54 28 26

Size

< 5 cm 29 23 6 0.058 29 16 13 0.628 29 12 17 0.807

≥ 5 cm 40 20 20 40 19 21 40 23 17

Differentiation

Well/Moderate 11 7 4 0.199 11 6 5 0.513 11 5 6 0.202

Poor 58 36 22 58 29 29 58 30 28

T stage

T1 + T2 15 12 3 0.853 15 8 7 0.771 15 14 1 0.003

T3 + T4 54 31 23 54 27 27 54 21 33

Lymph node status

Negative 33 32 1 < 0.001 33 16 17 0.085 33 17 16 0.784

Positive 36 11 25 36 19 17 36 18 18

Distant metastasis

Negative 53 42 11 0.001 53 26 27 0.055 53 27 26 0.589

Positive 16 1 15 16 9 7 16 8 8

TNM stage

I + II 26 23 3 0.032 26 13 13 0.458 26 14 12 0.066

III + IV 43 20 23 43 22 21 43 21 22

Bold values: P < 0.05 indicates statistical significance (chi-square test).
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ebv-circLMP2A serves as a sponge for miR-3908

Given that ebv-circLMP2A is abundant and stable in the cyto-

plasm, we speculated that ebv-circLMP2A could function as a

miRNA sponge to bind functional miRNAs. In this study, by

bioinformatics analysis (miRanda and TargetScan), the top seven

candidate miRNAs were identified to address whether ebv-

circLMP2A could function as a sponge for miRNAs (Fig 6A,

Dataset EV2). Of the seven candidate miRNAs, we found that

miR-3908 was the most markedly downregulated miRNA in

freshly isolated SNU-4th cells compared with parental SNU719

cells (Fig 6B). In addition, miR-3908 was upregulated after speci-

fic knockdown of ebv-circLMP2A in SNU-4th cells (Fig 6C) and

downregulated upon over-expression of ebv-circLMP2A in SNU719

and YCCEL1 cells (Fig 6D and E). To further confirm that the

ebv-circLMP2A could sponge miR-3908, a biotin-labelled ebv-

circLMP2A probe was designed to pull down ebv-circLMP2A in

SNU-4th cells. The pull-down efficiency was validated by real-time

PCR and RT–PCR (Fig 6F and H). Subsequently, of the miRNAs

pulled down by the ebv-circLMP2A probe in SNU-4th cells, miR-

3908 was the most abundant (Fig 6G and H). Moreover, RNA ISH

in SNU-4th cells revealed that ebv-circLMP2A and miR-3908 were

co-localized in the cytoplasm (Fig 6I).

As shown in Fig 6J, ebv-circLMP2A contained three predictive

binding sites of miR-3908. To identify which binding site was

functional, we mutated each binding site in ebv-circLMP2A, and

the dual-luciferase reporter assay indicated that miR-3908 was

able to reduce the luciferase reporter activities of ebv-circLMP2A

Wt and ebv-circLMP2A mut2 (Fig 6K), suggesting that binding

site1 and site3 but not site2 were critical for ebv-circLMP2A to

sponge miR-3908.

Over-expression of miR-3908 reverses the ebv-circLMP2A-induced
stemness phenotype in vitro

We next explored the potential function of miR-3908 in EBVaGC.

Over-expression of miR-3908 inhibited the formation of tumour

spheres in SNU-4th cells (Fig 7A), whereas suppression of miR-

3908 expression promoted their formation in SNU719 and YCCEL1

cells (Fig EV4A and B). To address whether ebv-circLMP2A could

induce stemness phenotype by interacting with miR-3908, we co-

transfected miR-3908 mimics and ebv-circLMP2A into SNU-4th,

SNU719 and YCCEL1 cells, and we found that over-expression of

miR-3908 attenuated the tumour sphere formation ability induced

by ebv-circLMP2A (Figs 7A, and EV4A and B). Moreover, the

results of real-time PCR and WB also indicated that miR-3908 coun-

teracted the upregulation effect of ebv-circLMP2A on the expression

of EMT-related markers, stemness markers and drug resistance

genes (Figs 7B and C, and EV4C–E). In addition, miR-3908 signifi-

cantly suppressed the colony-forming ability and migratory and

invasive capability, and it substantially diminished the impact of

ebv-circLMP2A on colony formation, migration and invasion

(Figs 7D and E, and EV4F–I). Furthermore, miR-3908 obviously

promoted cell apoptosis and largely eliminated ebv-circLMP2A-

induced inhibition of apoptosis (Figs 7F, and EV5A and B). MiR-

3908 could also decrease the percentage of SP cells and greatly

inhibit the upregulation effect of ebv-circLMP2A on SP cells

(Figs 7G, and EV5C and D).

In addition, the expression level of ebv-circLMP2A was nega-

tively correlated with that of miR-3908 in EBVaGC tissues

(r = �0.25, P = 0.039, Fig 7H). EBVaGC patients with higher miR-

3908 expression had a better 5-year OS than those with lower 3908

expression (94.1% vs 79.7%, P = 0.049, Fig 7I).

ebv-circLMP2A modulates the expression of TRIM59
through miR-3908

It has been reported that tripartite motif-containing 59 (TRIM59) is

upregulated in GC tissues and can promote proliferation, clone

formation and migration of GC cells via degradation of p53 (Zhou

et al, 2014). Using miRanda analysis, we found that the 30untrans-
lated region (30 UTR) of TRIM59 mRNA contained a potential bind-

ing site for miR-3908 (Fig 8A). Co-transfection of miR-3908 and

TRIM59-Wt luciferase reporter strongly reduced the luciferase activ-

ity, whereas co-transfection of miR-3908 and TRIM59-mut luciferase

reporter showed no obvious effect on the luciferase activity

(Fig 8B). In addition, the mRNA level of TRIM59 was significantly

increased in freshly isolated SNU-4th cells compared with parental

SNU719 cells (Fig 8C), and miR-3908 could reduce the expression of

TRIM59 and attenuate the upregulation of TRIM59 expression

induced by ebv-circLMP2A in SNU-4th, SNU719 and YCCEL1 cells,

at both mRNA and protein levels (Fig 8D–I). Moreover, p53, which

◀ Figure 4. Silencing of circLMP2A inhibits the stemness phenotypes of SNU-4th cells.

A Real-time PCR analysis of the interfering efficacy and linear LMP2A mRNA levels after transfection of three circLMP2A shRNAs.
B Tumour sphere culture analysis of the tumour sphere formation in SNU-4th cells transfected with sh-circLMP2A-2, sh-circLMP2A-3 or sh-control. The central

horizontal lines represent the median, top and bottom positions of the box represent upper and lower quartiles, and error bars represent the mean � SD. The
average number and maximal diameter of spheres were calculated under a microscope in five randomly chosen fields in each independent experiment, n = 3
biological replicates. Scale bars = 100 lm.

C, D EMT-related markers, stemness markers and drug resistance genes were evaluated by real-time PCR (C) and WB (D) in SNU-4th cells transfected with sh-
circLMP2A-2, sh-circLMP2A-3 or sh-control.

E, F Transwell assay (E) and colony formation assay (F) analysis of the migratory and invasive capability and colony-forming ability in SNU-4th cells transfected with
sh-circLMP2A-2, sh-circLMP2A-3 or sh-control. Scale bars = 100 lm.

G, H Flow cytometric analysis of the rate of SP cells (G) and apoptosis (H) in SNU-4th cells transfected with sh-circLMP2A-2, sh-circLMP2A-3 or sh-control.
I, J Subcutaneously established tumour xenografts in NOD/SCID mice. Tumour volume (I) and tumour weight (J) of the xenografts were remarkably inhibited by

downregulation of circLMP2A. Six mice per group.
K, L Representative images of bioluminescence (K) and lung metastases (L) are presented to measure the metastatic colonies. Six mice per group, scale bars = 50 lm.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test.
Source data are available online for this figure.
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can be degraded by TRIM59, was significantly downregulated by

either miR-3908 inhibitors or ebv-circLMP2A (Fig 8G–I). WB and

immunohistochemistry (IHC) analysis further demonstrated that the

expression of TRIM59 was upregulated and p53 inhibited by ebv-

circLMP2A in xenograft tumours (Figs 8J and K, and EV3C and D).

Moreover, ebv-circLMP2A led to an increase in ERG+ intra-tumour

microvessel density in xenograft tumours (Figs 8J, and EV3D). We

also explored the correlation between the expression of TRIM59 and

clinicopathological parameters. As presented in Table 1, high

expression of TRIM59 was correlated with an advanced T stage

(P = 0.003), although there was no significant correlation between

the expression of TRIM59 and overall survival (Fig EV4J).

We also studied the expression of CD44/CD24 and p53 in 69

paraffin-embedded EBVaGC samples by IHC, and we observed that in

ebv-circLMP2A high-expression EBVaGC specimens, the

CD44+CD24� cells were significantly increased and the p53+ cells

significantly decreased (Fig 8L, Table EV2). Taken together, these

results indicate that the ebv-circLMP2A/miR-3908/TRIM59/p53 axis

plays crucial roles in inducing and maintaining stemness phenotypes.

Discussion

In this study, we acquired a highly aggressive EBVaGC cell line,

SNU-4th, by long-term treatment of the EBVaGC cell line SNU719

with 5-Fu in mice in vivo. The SNU-4th cells exhibited clear stem-

ness characteristics and mainly consisted of CD44+CD24� cells.

Importantly, an EBV-encoded circRNA, ebv-circLMP2A, was highly

expressed in SNU-4th cells, acted as a sponge for miR-3908, and

further enhanced the TRIM59/p53 pathway to sustain the stemness

phenotype in EBVaGC CSCs. Moreover, we also revealed that ebv-

circLMP2A was positively correlated with metastasis and a poor

prognosis in patients with EBVaGC.

Increasing evidence indicates that CSCs are the cause and main-

tainers of tumours (Reya et al, 2001; Ajani et al, 2015). However,

due to the rarity of CSCs within cancers, it is difficult to isolate and

study CSCs, and little is known about what regulates their stemness

phenotype and initiates tumours. Current methods for CSC isolation

include serum-free culture-based approaches, SP isolation, cellular

markers for the identification of CSCs, and the establishment of

tumorigenicity under chemotherapy pressure (Yu et al, 2007; Khan

et al, 2015; Abbaszadegan et al, 2017). In the past, we have used

serum-free culture to isolate EBVaGC CSCs, but EBV was lost in the

enriched CSCs, potentially due to prolonged culture under serum-

free conditions with nutrient deficiency (Yip et al, 2018). Here, we

took advantage of CSC chemotherapeutic resistance (Yu et al, 2007)

to generate a highly aggressive EBVaGC cell line, SNU-4th, by

successive in vivo passage of EBVaGC cell SNU719 under 5-Fu treat-

ment. Compared with parental SNU719 cells, SNU-4th cells exhib-

ited unique properties, including self-renewal capacity, growth

under nonadherent conditions, survival in serum-free medium,

EMT, upregulation of stemness and drug resistance markers, and an

increasing proportion of SP cells. Given that these biological proper-

ties are important requirements suggesting the presence of CSCs in

cancers (Reya et al, 2001; Patrawala et al, 2005; Abbaszadegan

et al, 2017), SNU-4th cells can be considered as CSCs in EBVaGC. In

addition, we found that SNU-4th cells mainly consisted of

CD44+CD24� cells, providing a reliable surface marker to isolate

EBVaGC CSCs. Moreover, EBER-1 ISH manifested the existence of

EBV in SNU-4th cells, suggesting that EBV may be involved in main-

taining the stemness phenotype in EBVaGC.

At present, only three viral genomes have been reported to

generate circRNAs, including EBV, Kaposi’s sarcoma herpesvirus

and human papillomaviruses (HPV) (Toptan et al, 2018; Zhao et al,

2019). For the biological functions of viral circRNA, only one study

published in 2019 has reported that HPV-encoded circE7 is essential

for the transformed growth of cervical carcinoma cells (Zhao et al,

2019). Our previous study has verified that various ebv-circRNA

exist in EBVaGC, but the biological roles of ebv-circRNA have not

been explored (Huang et al, 2019). In this study, we found that an

EBV-encoded circRNA, ebv-circLMP2A, was highly expressed in

SNU-4th cells, and further in vitro and in vivo functional experi-

ments demonstrated that ebv-circLMP2A participated in the induc-

tion and maintenance of CSCs phenotype in EBVaGC. Our findings

that EBV was present in EBVaGC CSCs and EBV-encoded circRNA

could induce and maintain the stem cell-like properties, not only

elucidate the exact role of this ebv-circRNA in the emergence of

CSCs but also provide crucial evidence to clarify that EBV is an

important pathogen of EBVaGC.

When circRNAs are mainly present in the cytoplasm, the best

characterized function is as an miRNA sponge to regulate gene

expression. In the nucleus, in contrast, circRNAs can bind to RNA

binding proteins, such as certain transcription factors (Li et al,

2015b; Jin et al, 2016). Here, ebv-circLMP2A was found to be

◀ Figure 5. Over-expression of circLMP2A induces the stemness phenotypes of SNU719 and YCCEL1 cells.

A Real-time PCR confirmed the over-expression of circLMP2A in SNU719 and YCCEL1 cells after transfection.
B Over-expression of circLMP2A induced the formation of tumour spheres in SNU719 and YCCEL1 cells. The central horizontal lines represent the median, top and

bottom positions of the box represent upper and lower quartiles, and error bars represent the mean � SD. The average number and maximal diameter of spheres
were calculated under a microscope in five randomly chosen fields in each independent experiment, n = 3 biological replicates. Scale bars = 100 lm.

C, D EMT-related markers, stemness markers and drug resistance genes were assessed by real-time PCR (C) and WB (D) in SNU719 and YCCEL1 cells transfected with
circLMP2A or vector.

E, F Flow cytometric analysis of the rate of SP cells (E) and apoptosis (F) in SNU719 and YCCEL1 cells transfected with circLMP2A or vector.
G, H Transwell assay (G) and colony formation assay (H) analysis of the migratory and invasive capability and colony-forming ability in SNU719 and YCCEL1 cells

transfected with circLMP2A or vector. Scale bars = 100 lm.
I, J Subcutaneously established tumour xenografts in NOD/SCID mice. Tumour volume (I) and tumour weight (J) of the xenografts were significantly increased by over-

expression of circLMP2A. Six mice per group.
K, L Representative images of bioluminescence (K) and lung metastases (L) are presented to measure the metastatic colonies. Six mice per group, scale bars = 50 lm.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test.
Source data are available online for this figure.
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predominantly localized in the cytoplasm and able to sponge miR-

3908. Interestingly, although ebv-circLMP2A contained three

predicted binding sites for miR-3908, only binding site1 and site3

were critical for ebv-circLMP2A to sponge miR-3908. This finding

suggests that the presence of putative miRNA binding sites in

circRNAs does not necessarily indicate that the circRNA inhibits the

miRNA by an absolute stoichiometric relationship at the real cell

level. Indeed, the changes in expression levels of a single circRNA

generally will not lead to significant changes in competing miRNA

binding sites (Kristensen et al, 2019), and the circRNA may not
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inhibit the miRNA by functioning as a sponge but through targeted

RNA-directed miRNA degradation (TDMD), which requires exten-

sive complementarity outside the seed sequence (Ghini et al, 2018).

Here, we found that site3 of ebv-circLMP2A and miR-3908 has

extensive complementarity outside of the seed sequence, suggesting

that the function of ebv-circLMP2A might also suppress miR-3908

through targeted RNA-directed miRNA degradation in addition to

sponging.

MiR-3908 has been reported to suppress tumorigenicity, cell

migration and invasion and to promote apoptosis in glioma and

breast cancer (Li et al, 2017; Liu et al, 2017). Consistent with the

tumour-suppressing role of miR-3908 in these studies, our study

demonstrated that miR-3908 could suppress the stemness pheno-

types in SNU-4th cells. Moreover, over-expression of miR-3908

could substantially eliminate the ebv-circLMP2A induced stemness

phenotypes, indicating that ebv-circLMP2A exerted its function

through attenuating the inhibitory function of miR-3908. In addition,

studies have shown that circRNAs exert tumour suppressive or

carcinogenic functions by acting as miRNA sponges for multiple dif-

ferent miRNAs, rather than containing multiple sites for a specific

miRNA (Kristensen et al, 2019). For example, the oncogenic

circCCDC66 contains binding sites for several miRNAs, including

miR-33b and miR-93, both of which target the MYC oncogene (Hsiao

et al, 2017a). Here, we found that ebv-circLMP2A has a much larger

effect on patient survival than miR-3908, suggesting that other

mechanisms of ebv-circLMP2A might also exist in promoting the

progression of EBVaGC. For example, ebv-circLMP2A might also

sponge other miRNAs or regulate the expression of other genes via

unknown mechanisms.

We also found that TRIM59 was a direct target of miR-3908. As a

newly identified member of the TRIM family with extensive ubiqui-

tin enzyme activity (Hatakeyama, 2011), TRIM59 has been shown

to be upregulated in a variety of solid tumours, with the function of

promoting invasion, metastasis and EMT (Chen et al, 2017; Sun

et al, 2017). In gastric cancer, TRIM59 promotes gastric carcinogen-

esis by ubiquitinating and degrading p53 (Zhou et al, 2014). As a

downstream target of TRIM59, p53 could be inhibited by miR-3908

inhibitors or ebv-circLMP2A in our study, suggesting that ebv-

circLMP2A induces the stemness phenotype of EBVaGC cells

through eliminating the anticarcinogenic effect of the miR-3908/

TRIM59/p53 axis.

In addition, in the EBVaGC clinical samples, the expression level

of ebv-circLMP2A was negatively correlated with that of miR-3908,

EBVaGC patients with lower miR-3908 expression had a worse 5-

year OS and high expression of TRIM59 was correlated with an

advanced T stage. In high-expression ebv-circLMP2A EBVaGC clini-

cal specimens, cells with low p53 expression were significantly

increased. Our findings elucidate the significance of the interaction

between ebv-circLMP2A, miR-3908, TRIM59 and p53 in EBVaGC

tissues and further support that the ebv-circLMP2A/miR-3908/

TRIM59/p53 axis plays key roles in the development of EBVaGC.

Importantly, the expression of ebv-circLMP2A was positively corre-

lated with metastasis and a poor prognosis. Considering the high

stability of circRNAs (Li et al, 2015a), ebv-circLMP2A might be a

more preponderant prognostic biomarker than EBV-encoded protein

and miRNA in EBVaGC.

In conclusion, for the first time, we enriched EBVaGC CSCs

and demonstrated that ebv-circLMP2A was involved in inducing

and maintaining stemness phenotypes through targeting the miR-

3908/TRIM59/p53 axis in EBVaGC cells, and we further revealed

that ebv-circLMP2A predicted a poor prognosis of EBVaGC

patients, providing not only a novel insights into the exact role

of EBV in EBVaGC but a promising therapeutic strategy for the

treatment of EBVaGC.

◀ Figure 6. circLMP2A serves as a sponge for miR-3908.

A Schematic illustration showing overlapping target miRNAs of circLMP2A predicted by miRanda and TargetScan.
B The relative levels of seven miRNA candidates were detected by real-time PCR in SNU719 and SNU-4th cells.
C–E Real-time PCR analysis of seven miRNA expression in SNU-4th cells transfected with sh-circLMP2A-2 or sh-control (C), and SNU719 (D) and YCCEL1 cells (E)

transfected with circLMP2A or vector.
F–H circLMP2A in SNU-4th cell lysate was pulled down with circLMP2A-specific probe and detected by real-time PCR (F) and RT–PCR (H). The relative levels of five

miRNA candidates were detected by real-time PCR (G) and RT–PCR (H). GAPDH was used as a negative control.
I RNA ISH showing the co-localization between circLMP2A and miR-3908 in SNU-4th cells. circLMP2A probes were labelled with Cy3, and miR-3908 probes were

labelled with FITC. Nuclei were stained with DAPI.
J Wild-type and mutant circLMP2A and miR-3908 sequences are presented. Red font indicates mutant bases.
K Dual-luciferase reporter assay for luciferase activity of the indicated plasmids (circLMP2A Wt, circLMP2A mut1, circLMP2A mut2, circLMP2A mut3 luciferase

reporter) in HEK-293T cells transfected with mimic-NC or miR-3908.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, scale bar = 5 lm, *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test.

◀ Figure 7. Over-expression of miR-3908 reverses the circLMP2A induced stemness phenotype.

A Tumour sphere culture analysis of the tumour sphere formation ability of SNU-4th cells transfected with the above different mimics.
B, C Real-time PCR (B) and WB (C) analysis of EMT-related markers, stemness markers and drug resistance genes expression in SNU-4th cells transfected with the

above different mimics.
D, E Colony formation assay (D) and transwell assay (E) analysis of the colony-forming ability and migratory and invasive capability of SNU-4th cells transfected with

the above different mimics.
F, G Flow cytometric analysis of the rate of apoptosis (F) and SP cells (G) in SNU-4th cells transfected with the above different mimics.
H Pearson correlation analysis of the correlation between the expression of circLMP2A and miR-3908. n = 69, P = 0.039, Pearson’s correlation coefficient analysis.
I Kaplan–Meier survival curve analysis of the correlation between miR-3908 expression and OS. n = 69, P = 0.049, log-rank test.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, scale bars = 100 lm, *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test.
Source data are available online for this figure.
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Materials and Methods

Ethics statement

All specimens were obtained with appropriate informed consent

from the patients and approved by the Institute Research Ethics

Committee of Sun Yat-Sen University. All animal studies were

performed in accordance with the institutional ethics guidelines for

the animal experiments which were approved by the Experimental

Animal Ethics Committee of the Third Affiliated Hospital, Sun

Yat-sen University.

Patient samples

A total of 78 paraffin-embedded EBVaGC samples were collected

from patients who underwent gastrectomy in the First, Second,

Third, and Sixth Affiliated Hospitals of Sun Yat-Sen University

and the Guangzhou First People’s Hospital between January 2006

and June 2012, among which follow-up data were lost in four cases

and the reference gene GAPDH was not detected in five cases

because the amount of RNA extracted from the samples was insuffi-

cient. Thus, only 69 samples were included in the clinicopathologi-

cal and survival analyses. Clinical information was obtained from

the hospital archives. All patients were staged according to the

seventh American Joint Committee on Cancer (AJCC) TNM staging

system for GC (Edge & Compton, 2010).

Cell lines

EBV-positive gastric cell lines SNU719 and YCCEL1 cells were

purchased from Korean Cell Line Bank and were cultured in

RPMI-1640 medium (Gibco, Carlsbad, CA, USA) supplemented

with 10% FBS (Gibco). HEK-293T cells were cultured in

Dulbecco’s Modified Eagle’s Medium (Gibco) supplemented with

10% FBS. All cells were maintained at 37°C in a humidified atmo-

sphere with 5% CO2.

Generation of SNU-4th cells

Parental SNU719 cells were passaged in 4-week-old female (weight:

18–24 g) NOD/SCID mice (Model Animal Research Center of

Nanjing University, Nanjing, China) by subscapular subcutaneous

injection of 2 × 106 cells. The 5-Fu (20 mg/kg, Selleck, Houston,

TX, USA) was injected into the tail vein weekly. When the diameter

of the xenografts reached 1.5 cm, the mice were euthanized and

single-cell suspensions were obtained by collagenase digestion as

described by Ponti et al (2005). Subsequently, H2Kd-positive mouse

cells were removed from freshly isolated cells by flow cytometry,

and the purified cells were passaged in 5-Fu-treated NOD/SCID mice

as described above. After four successive generations, we defined

the freshly purified single tumour cells that were obtained from each

generation of xenografts treated with 5-Fu as SNU-1st, SNU-2nd,

SNU-3rd and SNU-4th cell.

RNA preparation, RNase R treatment

Total RNA was extracted from cultured cells, and three pairs of the

fourth passage tumour xenografts were treated with 5-Fu or PBS

using TRIzol reagent (Invitrogen, Carlsbad, CA, USA) according to

the manufacturer’s instruction. Total RNA from formalin-fixed,

paraffin-embedded EBVaGC tissues was purified using the RNeasy

FFPE Kit (Qiagen, Germany) according to the manufacturer’s

instruction. The Cytoplasmic and Nuclear RNA Purification Kit

(Norgen, Thorold, Canada) was used to isolate and purify both cyto-

plasmic and nuclear RNA following the vendor’s protocol.

For RNase R treatment, purified RNA was incubated with 2 U/lg
of RNase R (Epicentre, WI, USA) for 20 min at 37°C.

RT–PCR, real-time PCR and DNA sequencing

cDNA was synthesized using the Evo M-MLV RT Kit with gDNA

Clean (AG, Changsha, China) for mRNAs and the Mir-X miRNA

First-Strand Synthesis Kit (Takara, Dalian, China) for miRNAs.

For RT–PCR, cDNAs were amplified using SYBR Green Premix

Pro Taq HS qPCR Kit (AG, Changsha, China) according to the manu-

facturer’s instruction. The PCR product was analysed by elec-

trophoresis in a 1.8% agarose gel stained with 0.4 mg/ml of

ethidium bromide and visualized under UV light.

Real-time PCR was carried out on an ABI 7500 FAST Real-Time

PCR System (Applied Biosystems, USA) using the SYBR� Premix Ex

TaqTMII Kit (Takara). GAPDH and U6 were used as internal standard

controls for mRNAs and miRNAs, respectively. Each sample was

replicated three times, and data were calculated by the ΔΔCT

method. The primers used in this study are listed in Table EV3.

DNA sequencing was performed on 3730xl DNA analysers using

the ABI PRISM Big Dye Terminator Cycle Sequencing Ready Reac-

tion Kit (PE Applied Biosystems, USA) according to the vendor’s

protocol. The PCR product was sequenced bidirectionally.

◀ Figure 8. circLMP2A modulates the expression of miR-3908 target TRIM59.

A Schematic representation of the putative binding sites for miR-3908 and TRIM59.
B Dual-luciferase reporter assay for the luciferase activity of the indicated plasmids (TRIM59-Wt and TRIM59-Mut luciferase reporter) in HEK-293T cells transfected

with mimic-NC or miR-3908.
C Real-time PCR analysis of the mRNA level of TRIM59 in SNU719 and SNU-4th cells.
D–F Real-time PCR analysis of the expression of TRIM59 in SNU-4th (D), SNU719 (E) and YCCEL1 cells (F) transfected with the above different mimics.
G–I WB analysis of the expression of TRIM59 and p53 in SNU-4th (G), SNU719 (H) and YCCEL1 cells (I) transfected with the above different mimics.
J Immunohistochemical staining showing that over-expression of circLMP2A could lead to increased expression of TRIM59 and ERG but decreased expression of p53.
K WB analysis of the expression of TRIM59 and p53 in tumour xenografts.
L Immunohistochemical staining showing that high expression of circLMP2A in EBVaGC tissues resulted in significant increases in CD44+CD24� cells and significant

decreases in p53+ cells.

Data information: Results are presented as the mean � SD, n = 3 biological replicates, scale bars = 50 lm, *P < 0.05; **P < 0.01; ***P < 0.001, Student’s t-test.
Source data are available online for this figure.
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RNA sequencing

The total RNA samples of three pairs of tumour xenografts were

subjected to the RiboMinus Eukaryote Kit (Qiagen) to remove ribo-

somal RNA, followed by linear RNA depletion using RNase R before

constructing the RNA sequencing libraries. Strand-specific RNA-seq

libraries were prepared using the NEBNext Ultra Directional RNA

Library Prep Kit for Illumina (NEB, Beverly, MA) following the

manufacturer’s instructions. Briefly, the digested RNA samples were

fragmented and synthesized to cDNA, and then, the purified cDNA

was subjected to 12–15 cycles of PCR amplification, and the libraries

were quality controlled with a Bioanalyzer 2100 (Agilent, Santa

Clara, CA). Finally, the purified cDNA was sequenced in a HiSeq

2000 system (Illumina, San Diego, CA, USA). The RNA-seq data

were deposited in GEO (Accession code: GSE145894).

Identification and annotation of circRNAs

The reference human genome (GRCh38/hg38) was obtained from

the UCSC genome browser (http://genome.ucsc.edu/), and the

reference EBV genome (Accession No. NC_007605.1) was obtained

from NCBI GenBank (http://www.ncbi.nlm.nih.gov/). First,

sequencing reads that aligned contiguously and across the full

length to the genomes by TopHat2 were removed. Subsequently, the

unmapped reads were processed to 20-nt anchors from both ends

and aligned in the reverse orientation (head-to-tail) representing a

back-spliced junction. The total number of reads that spanned back-

spliced junctions was used as an absolute measure of the circRNA

abundance. The genomic regions that mapped to inferred circRNAs

were annotated according to RefSeq, and the corresponding gene of

this transcript fragment was defined as the host gene for each

circRNA.

RNA in situ hybridization

The existence of EBV in tumour cells was confirmed by ISH with

theEBER-1 probe (PanPath, Amsterdam, the Netherlands), as previ-

ously described by Chen et al (2010).

ebv-circLMP2A and miR-3908 probes designed and synthesized

by RiboBio (Guangzhou, China) were labelled with Cy3 and FITC,

respectively. A fluorescence in situ hybridization kit (RiboBio) was

used to detect the signal of the probes according to the manufac-

turer’s instruction. The images were obtained using a Nikon A1Si

Laser Scanning Confocal Microscope (Nikon, Japan).

CircRNA plasmid construction, lentivirus production and
stable transfection

siRNAs targeting to ebv-circLMP2A were synthesized by RiboBio,

and short hairpin RNA (shRNA) plasmid was further constructed by

Geneseed Biotech (Guangzhou, China). Transfection was performed

using Lipofectamine 3000 (Invitrogen) according to the manufac-

turer’s instruction.

The lentiviral vector for ebv-circLMP2A over-expression was

constructed by Geneseed Biotech, and the empty lentiviral vector

was used as a control. SNU719 and YCCEL1 cells were seeded into

24-well plates and infected with the corresponding lentivirus along

with polybrene (8 lg/ml, Sigma, USA). After 48 h, the transfected

cells were selected with puromycin (2 lg/ml, Sigma) for 4–6 weeks,

and surviving cells were used as stable transfectants.

Oligonucleotide transfection

The mimic-nc, miR-3908 mimic, nc-inhibitors and miR-3908 inhibi-

tors were synthesized and purchased from RiboBio. Transfection

was carried out using the riboFECTTM CP transfection kit (RiboBio)

according to the manufacturer’s instruction.

Northern blot analysis

Biotin-labelled U6 and ebv-circLMP2A probes were synthesized by

RiboBio. The sequence of the U6 probe was CGTGTCATCCTTGCG

CAGGGGCCATGCTAATCTTCTCTGTATCGTTCCAATTTTAGTATAT

GTGCTGCCGA-biotin, and the sequence of the ebv-circLMP2A

probe was CAGAAGAGAATTAAAAGGTGGGTCCTCAATCCTCCATG

TTAGGCAAATTGCAAAGACAAGTGTCCATAGGAGCATGAGAAGG

AACATTGTAGTCAAGTTAAGTGTGCCCAAAATCAGTGACGCTAGC

AGTGC-biotin. Briefly, 10 lg total RNA with or without RNase R

treatment was loaded on a 15% urea denatured PAGE gel and run

in 1× TBE buffer. Then, the RNA was transferred to a Hybond-N+

membrane (GE Healthcare, Uppsala, Sweden) by capillary transfer.

The membrane was washed and the RNA ultraviolet-crosslinked

onto the membrane at 265 nm (UVP, CA, USA). Pre-hybridization

was done at 64°C for 1.5 h, and hybridization with ebv-circLMP2A

probe was performed at 64°C overnight. The membranes were

washed twice in 0.2× SSC and 0.1% SDS at 62°C for 30 min. After

washing, the blot was visualized using the Immobilon ECL

substrate kit (Millipore, Germany).

Biotin-coupled probe pull-down assay

Both the oligo and circLMP2A biotinylated probes were designed by

RiboBio. The sequence of the oligo probe against the LacZ gene of

bacteria used as control was GCTGTATCGCTGGATCAAAT-biotin,

and the sequence of the circLMP2A probe for targeting the back-

spliced sequence of ebv-circLMP2A was GATACCTGTGAACA

GAAACG-biotin. In brief, 5 × 107 cells were harvested, lysed and

sonicated. The lysates were then incubated with 4 lg biotinylated

ebv-circLMP2A probes at 4°C overnight. Subsequently, the biotin-

coupled RNA complex was pulled down by incubating the cell

lysates with streptavidin magnetic beads (Life Technologies, CA,

USA) for 3 h at 25°C. After washing the beads complex with the

wash buffer, the RNA complex bound to the beads was eluted and

extracted using the RNeasy Mini Kit (Qiagen) and further analysed

by real-time PCR.

Luciferase reporter assay

The pmiR-RB-ReportTM 30UTR was synthesized by RiboBio. HEK-

293T cells were co-transfected with indicated luciferase reporter

plasmids and miRNA mimics using Lipofectamine 3000 (Invitro-

gen) according to the manufacturer’s instructions. Forty-eight

hours after transfection, the dual-luciferase reporter assay system

(Promega, Wisconsin, USA) was used to measure the firefly and

renilla luciferase activities using the multi-label analyser Infinite

F500 (TECAN, Austria). Ratios of luminescence from firefly to
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renilla luciferase were calculated. Each assay was repeated in three

independent experiments.

Tumour sphere culture

Cells were seeded into ultra-low attachment six-well plates (Corn-

ing, USA) at a density of 1,000 cells per well and cultured in suspen-

sion in serum-free RPMI-1640 (Gibco), supplemented with B27

(1:50, Invitrogen), 50 ng/ml fibroblast growth factor (ProSpec,

Israel), 50 ng/ml epidermal growth factor (ProSpec) and 8 lg/ml

insulin (Sigma). After 4 weeks, tumour spheres were photographed,

and the average number and maximal diameter of spheres were

calculated under a microscope in five randomly chosen fields.

Cell proliferation assay

Cells were seeded in 96-well plates at a density of 5,000 cells per

well. Cell viability was measured using the Cell Counting Kit-8

(CCK-8) (Dojindo, Japan) on days 1, 2, 3, 4, 5 and 6 according to

the manufacturer’s instruction, and the absorbance at 450 nm was

evaluated using an automatic microplate reader (TECAN, Austria).

Colony formation assay

Cells were plated in six-well plates at a density of 1,000 cells per

well and maintained with RPMI-1640 medium supplemented with

10% FBS. After 15 days, the cells were fixed with 4% paraformalde-

hyde and stained with 0.1% crystal violet for 20 min at room

temperature. Subsequently, the dye was washed out with PBS, the

plates were photographed, and the number of colonies that reached

more than 50 cells was calculated.

Cell migration and invasion assay

Cells were resuspended in 200 ll serum-free RPMI-1640 medium at

a density of 5 × 105 cells/ml and seeded into the upper chambers of

each transwell (8 lm pore size, Costar) which was precoated with-

out or with Matrigel (BD Biosciences, USA) for the migration and

invasion assays. RPMI-1640 medium supplemented with 20% FBS

was added to the bottom chamber as a chemoattractant. The cells

were cultured at 37°C with 5% CO2 for 48 h. Cells in the upper

chambers were removed with cotton swabs, and cells on the lower

surface were fixed with 4% paraformaldehyde and then stained with

0.1% crystal violet. Five microscopic fields of view were randomly

selected for imaging, and the average number of stained cells per

high-power field was calculated. Each assay was repeated in three

independent experiments.

Flow cytometry for sorting, apoptosis and side
population analysis

For sorting analysis, the freshly isolated cells were incubated with

the anti-H2Kd antibody (BD PharmingenTM, San Diego, USA) at 4°C

for 30 min, and the purity of sorted populations was determined by

flow cytometry (BD influx, USA). For analysis of the cell surface

markers, CD24 (PE-conjugated) and CD44 (APC-conjugated) anti-

bodies (BD PharmingenTM) were used and detected by flow cytome-

try (BD influx, USA).

For apoptosis analysis, cells were stained using an Annexin V,

633 apoptosis kit (Dojindo, Japan) according to the manufacturer’s

instruction and analysed by flow cytometry (BD influx, USA).

For side population analysis, 500 ll of single-cell suspensions at

a density of 1 × 106 cells/ml was incubated with 50 lM verapamil

(MP Biomedicals, California, USA) at 37°C for 30 min. After incuba-

tion, 5 lg/ml of the DNA binding dye Hoechst 33342 (MP Biomedi-

cals) was added to the cells and further incubated at 37°C for

90 min in the dark. Subsequently, the cells were washed three times

with PBS and analysed by flow cytometry (BD influx, USA). Each

assay was repeated in three independent experiments.

Western blotting

Cells were lysed and proteins extracted using the whole protein

extraction kit (KeyGen Biotech, Nanjing, China) according to the

manufacturer’s instructions. The protein concentration was quanti-

fied using a bicinchoninic acid (BCA) protein assay kit (Keygen

Biotech). Protein extractions were separated by 10% SDS–PAGE and

transferred to polyvinylidene fluoride (PVDF) membranes (0.22 lm,

Millipore, Germany). Immunoreactive bands were detected using

Immobilon ECL substrate kit (Millipore, Germany). The images

were acquired using a chemiluminescence system (Bio-Rad, USA)

and analysed using Image Lab Software. The primary antibodies

used in this study and the dilutions are listed in Table EV4.

In vivo tumorigenicity experiment

Female 4-week-old NOD/SCID mice (weight: 18–24 g) were

randomly divided into six groups (six mice per group). SNU-4th

cells with ebv-circLMP2A knockdown and control vector, and

SNU719 and YCCEL1 cells stably transfected with ebv-circLMP2A

over-expression and control vector were subcutaneously injected

into left subscapular region of NOD/SCID mice (2 × 106 cells per

mouse). Subsequently, xenograft growth was monitored once a

week by measuring the width (W) and length (L) with callipers,

and the volume (V) of the xenograft was calculated using the

formula V = (W2 × L)/2. Six weeks after injection, the mice were

euthanized and examined for tumour weights and gene expres-

sion. For the in vivo tumour metastasis studies, NOD/SCID mice

were also divided into six groups as described previously. The

above different transfectants were injected into NOD/SCID mice

via the tail vein (5 × 106 cells per mouse), respectively. Two

months later, mice were imaged using the bioluminescence IVIS

Lumina a Imaging System (Caliper Life Sciences, America) and

then euthanized.

Immunohistochemistry

The paraffin-embedded xenografts and 69 EBVaGC paraffin-

embedded samples were cut into 4-lm-thick sections. Subsequently,

immunohistochemistry analysis was carried out according to a proce-

dure described previously (Gong et al, 2019), with antibodies specific

for TRIM59 (1:50 dilution, Abcam, Cat No. ab69639), p53 (1:100 dilu-

tion, Cell Signaling Technology, Cat No. #2572) and ERG (1:100 dilu-

tion, Dako, Cat No. EP111). The co-expression of CD24 (1:100

dilution, R&D, Cat No. MAB5248) and CD44 (1:100 dilution,

Abcam, Cat No. ab51037) was detected by sequential
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double-immunohistochemical staining according to the instructions

supplied with the double-staining DouSPTM Double stain System

(Maixin, Fuzhou, China). In the first step, sections were incubated

with anti-CD24 antibody at 4°C overnight after antigen retrieval,

followed by incubation with secondary antibody for 10 min. Then,

the alkaline phosphatase method was used with BCIP/NBT as a chro-

mogen (dark blue). For the second step, the sections were incubated

with anti-CD44 antibody at 37°C for 1 h, followed by incubation with

secondary antibody for 10 min. Immunostaining detection was

accomplished using a polymer peroxidase system with the chromogen

DAB (brown). CD44+CD24� cells were visualized with a brown cellu-

lar membrane. The immunoreactivity in each tissue section was eval-

uated by two pathologists, and the images were obtained under a

microscope (Olympus CX23, Japan) with appropriate magnification.

Statistical analysis

All data are shown as the mean � standard deviation (SD). Statisti-

cal analyses were performed with SPSS 19.0 (IBM SPSS, Chicago, IL,

USA), and a P-value < 0.05 was considered statistically significant.

Data differences between two groups were analysed using Student’s

t-test or chi-square test. Pearson’s correlation coefficient analysis

was carried out to analyse the correlations.

ROC analysis was used to generate a cut-off value to distinguish

between high and low expression of ebv-circLMP2A, as previously

described by Dong et al (2016). For miR-3908 and TRIM59, the

median values were used as cut-off values to define the subgroups.

Overall survival was calculated from the date of surgery to the date

of death from any cause or the last day of follow-up. Survival analy-

sis was performed by Kaplan–Meier methodology and the log-rank

test for significance.

Data availability

The circRNA-seq data produced in this study are available at the Gene

Expression Omnibus under the accessgseion code GSE145894

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE145894).

Expanded View for this article is available online.
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