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A B S T R A C T

Viral noncoding RNAs (Epstein–Barr virus-encoded RNAs, EBERs) are believed to play a critical role in the
progression of lymphoma and nasopharyngeal carcinoma (NPC). However, the accurate mechanisms accounting
for their oncogenic function have not been elucidated, especially in terms of interaction between tumor cells and
mesenchymal cells. Here, we report that, in addition to NPC cells, EBERs are also found in endothelial cells in
Epstein–Barr virus (EBV)-infected NPC parenchymal tissues, which implicates NPC-derived extracellular vesicles
(EVs) in transmitting EBERs to endothelial cells. In support of this hypothesis, we first ascertained if EBERs could
be transferred to endothelial cells via EVs isolated from NPC culture supernatant. Then, we clarified that EVs-
derived EBERs could promote angiogenesis through stimulation of VCAM-1 expression. Finally, we explored the
involvement of EBER recognition by TLR3 and RIG-I in NPC angiogenesis. Our observations collectively illus-
trate the significance and mechanism of EVs-derived EBERs in angiogenesis and underlie the interaction me-
chanisms between EBV-infected NPC cells and the tumor microenvironment.

1. Introduction

Viral noncoding RNAs (Epstein–Barr virus-encoded RNAs, EBERs)
are the most abundant EBV transcripts (about 107 copies per cell)
during latent EBV infection in a variety of cell types. Owing to their
expression abundance and universal existence in all the 3 forms of la-
tent infection, EBERs have been intensively investigated since their
discovery by Lernar [1,51].

EBERs comprise EBER1 and EBER2 (167 and 172 nt long, respec-
tively) [2] and are reported to be associated with proteins recognizing
their double-stranded secondary structure, such as TLR3 and RIG-I
[3,4]. Furthermore, the interacting proteins of both of EBERs include La
[1] and PKR [5,6], which aids in proper folding of RNA Poll III tran-
scripts and confers resistance to apoptosis, respectively. Moreover, re-

localization of L22 from the nucleolus to the nucleoplasm via interac-
tion with EBER1 was observed [7,8], which might result in a depletion
of the protein from ribosomes. In addition, AUF1 sequestration attri-
butable to interaction with EBER1 may leads to interference with the
stability of AU-rich element-containing mRNAs or suppressing senes-
cence [9,10]. In terms of EBER2, interaction with PAX5 was recently
reported to be involved in the lytic replication in the EBV infected
Burkitt lymphoma cells [11].

With regard to the oncogenic roles in solid tumors of epithelial
origin, studies have indicated that EBERs are suggested to promote
neoplasia via IGF [12]. We recently found that EBERs could promote
NPC progression via TLR3 and RIG-I-mediated cancer-related in-
flammation [13,14]. However, contradictory observations regarding
the capability of EBERs in the transformation of lymphoma and NPC
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exist [8,15,16]. Furthermore, EBERs are reported to be present in
fractions related to exosomes released by EBV-transformed cells [17],
which might account for the pathogenesis of active EBV infections
characterized by cytokinemia [3].

Tumor-associated neovasculature, generated by the process of an-
giogenesis, contributes to the rapid growth of tumor by tilting the
balance toward activating angiogenic factors such as vascular en-
dothelial growth factor (VEGF) and fibroblast growth factor (FGF) and
inhibiting angiogenesis inhibitors such as TSP-1 and angiostatin
[18,19]. In addition to supplying surrounding tissues with oxygen and
nutrients, angiogenesis activates endothelial cells in response to in-
flammatory stimulus to increase the expression of adhesion molecules,
including ICAM, VCAM-1, E-selectin, CD105, and CD54, and this pro-
cess facilitates the interaction between neutrophils and endothelial cells
[20]. Of note, some of these adhesion molecules are not just involved in
the process of cell recognition and adhesion, they can also promote
angiogenesis in vitro and in vivo, as has been demonstrated with soluble
VCAM-1 and E-selectin [21]. However, the mechanism underlying this
process remains not fully understood.

Cells can communicate with neighboring or distant cells through the
secretion of extracellular vesicles (EVs). Those vesicles are composed of
exosomes and ectosomes (30–150 nm and 100–1000 nm in diameter,
respectively), with a lipid bilayer containing transmembrane proteins,
which encloses the cytosolic proteins and RNA. EVs have been shown to
participate in many facets of cancer progression and treatment, in-
cluding metastasis, therapy-induced resistance, and angiogenesis [22].
Importantly, in addition to proteins and mRNAs, miRNAs and other
noncoding RNAs are also in active EV cargoes. Several groups have
recently observed tumor cell-released EV-mediated secretion of specific
miRNAs or lncRNAs in the tumor microenvironment to be responsible
for cancer-promoting angiogenesis [23–27]. However, limited in-
formation is available on the impact of viral noncoding RNAs on pro-
moting cancer angiogenesis in the form of tumor cell-released EVs.

To elucidate the accurate mechanisms accounting for the oncogenic
function of EBERs, especially in terms of interaction between tumor
cells and mesenchymal cells, the present investigation attempts to es-
tablish if EBV-positive NPC cells could transmit EBERs to surrounding
endothelial cells via the secretion of EVs, leading to building a tumor-
promoting microenvironment via augmented angiogenesis.

2. Materials and methods

2.1. Cell lines and cell culture

C666-1 is an NPC cell line consistently harboring Epstein-Barr virus
[28]. CNE1, HNE2 and CNE2, are EBV negative NPC cell lines. CNE1-
EBERs, HNE2-EBERs are stable EBERs-integrated NPC cell lines and
CNE2-LMP1 is a stable EBERs-integrated NPC cell line constructed in
our lab. All NPC cell lines are maintained in RPMI 1640 (Invitrogen,
Carlsbad, CA, USA) supplemented with 10% fetal bovine serum (FBS),
100 units/mL penicillin, and 100mg/mL streptomycin. The Ethical
Review Committee approved the study and the parturient provided
written informed consent with regard to experiments using primary
Human umbilical vein endothelial cells (HUVECs). HUVECs were iso-
lated from human umbilical cord, which was provided by maternity
department of Xiangya Hospital, Changsha, China. HUVECs were
maintained in RPMI 1640 (Invitrogen) supplemented with 10% FBS,
10 ng/mL EGF, and 10 ng/mL FGF (Peprotech, Rocky Hill, NJ, USA).
Isolated HUVECs were identified by their typical cobblestone mor-
phology and by immunostaining for von Willebrand factor. All cell lines
were maintained at 37 °C with 5% CO2.

2.2. Reagents and transfection

EBERs expression plasmid used in this paper has been described
previously [13]. TLR3 and RIG-I shRNA plasmids used in this paper

have been described previously [13,14]. Cells were transfected with
plasmids using ViaFect reagent (Promega, Madison, WI, USA) following
the manufacturer's instructions. Briefly, 3×105 cells seeded in a six-
well plate were transfected with 2 μg plasmids the following day.
Control siRNA and siRNA targeting VCAM-1 were designed and pro-
vided by RiBo Biotech (Guangzhou, China). Control ASO was manu-
factured and modificated by RiBo Biotech based on Nara Lee's de-
scriptions [11]. U0126, a MEK1/2 inhibitor, was purchased from Sigma
(St. Louis, USA). ASO targeting EBER1 were designed, synthesized and
modificated by RiBo Biotech. The targeting sequences of siRNA/shRNA
and ASOs were listed in Supplementary Table S1. Cells were transfected
with siRNA or ASOs following the manufacturer's instructions. Briefly,
cells were transfected once with 50 nM siRNA or 200 nM ASOs for ef-
ficient knockdown of target genes.

2.3. EVs isolation and characterization

2.3.1. Ultracentrifugation
FBS was purified by ultracentrifugation at 100,000×g for 3 h at

4 °C. Then the precipitate at the bottom (EVs fraction) was discarded
and the remaining supernatant were used as EVs free FBS for following
experiments.

2.3.2. ExoQuick precipitation
Exosomes produced from C666-1 cells were isolated from condi-

tioned culture medium supplemented with 10% FBS by ultra-
centrifugation using by the ExoQuick exosome precipitation solution
according to the manufacturer's recommendations (System Biosciences,
Mountain View, CA, USA). Briefly, 1/5 volume of ExoQuick Solution
was added to conditioned culture medium and refrigerated at 4 °C
overnight. The mixture was centrifuged at 1500×g for 30min, and the
supernatant was removed by aspiration. The pelleted fraction was re-
suspended in nuclease-free water. Once the exosomes were obtained,
we detected the expression of TSG101 (an exosome marker protein) by
western blot assay and examined the exosomes by scanning electron
microscopy analysis. Isolated EVs were used immediately, or were re-
suspended in 50–100 μL of PBS and stored at −80 °C.

2.4. Transmission electron microscopy on EVs

10 μL of EVs suspension in 1× PBS was dried onto freshly glow
discharged 200mesh formvar‑carbon-coated copper grids, negatively
stained with 2% aqueous uranyl acetate and observed with a Tecnai G2
Spirit TWIN transmission electron microscope (TEM) (FEI, Hillsboro,
Oregon, USA).

2.5. Size distribution analysis of C666-1 derived EVs

EVs derived from C666-1 culture supernatant were diluted in 1mL
PBS, and size distribution was analyzed with the Zetasizer Nano
ZEN3690 (Malvern Instruments Ltd., Malvern, UK) at 37 °C according
to the manufacturer's instructions.

2.6. Fluorescence labeling of EVs

EVs from C666-1 were labeled using PKH67 green fluorescent cell
linker kit (Sigma-Aldrich, St. Louis, MO, USA) according to the manu-
facturer's recommendations. Briefly, EVs were dissolved in 1mL Diluent
C, and 4 μL PKH67 was added in 1mL Diluent C separately. Then
buffers were mixed and left to stand at room temperature for 5min,
after which the reaction was stopped with FBS without EVs. The sam-
ples were then transferred to a 100 kDa Amicon Ultra centrifugal filter
(Merck Millipore, Billerica, MA, USA) and centrifuged at 3000×g for
15min. Finally, the sample was washed 3 times with 5mL PBS and
resuspended in PBS until use. Prepared EVs were then co-cultured with
HUVECs for 24 h, then the co-cultured cells were photographed using
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confocal microscope (Leica, SP5 X, Wetzlar, Germany).

2.7. Transwell migration assay

The assay used 24-well Transwell plates with 8-μm-pore poly-
carbonate filters (Corning Costar, Corning, NY, USA). Transwell inserts
were coated with 100 μL diluted (1:10 with RPMI) Matrigel (BD
Biosciences, San Diego, CA, USA) and solidified at 37 °C for 1 h. Cells
(3× 104) resuspended with 200 μL serum-free medium were seeded
onto the upper chamber, and 700 μL complete medium with FBS was
added to the lower chamber. The inserts were removed after incubation
for 48 h at 37 °C and 5% CO2. The cells were then stained with crystal
violet and counted by viewing under a microscope of 5 random mi-
croscopic fields.

2.8. Co-culture

Six-well Transwell plates with 0.4-μm pore membrane inserts
(Corning Costar, Corning, NY, USA) were used. C666–1 cells were
seeded unto the upper chamber, and the lower chamber was seeded
with HUVECs and these cells were co-cultured for 1 week.

2.9. In vitro HUVEC tube formation assay

Matrigel (50 μL/well) was applied in 96-well plates and incubated
for 1 h at 37 °C. The cell suspension (50 μL) was seeded onto Matrigel.
After incubation for 8 h, photomicrographs of each well were taken
under light microscopy, and the total tube area was quantified as mean
pixel density obtained from image analysis of 5 random microscopic
fields using ImageJ software (http://rsb.info.nih.gov/nih-image/).

2.10. Matrigel plug assay

All animal experiments were conducted at the Central South
University in compliance with Chinese legislation for animal care. The
6-week-old female nude mice were used in the assay (Slac Laboratory
Animal, Shanghai, China). HUVECs (2×106; transfected EBERs or
pcDNA-3.1) suspended in 300 μL complete medium were injected sub-
cutaneously with 300 μL growth factor reduced Matrigel (BD
Biosciences). After 1 week, the Matrigel plugs were harvested and
processed for analysis. All studies were performed following guidelines
approved by the Experimental Animal Ethics Committee of Central
South University.

2.11. Immunohistochemistry (IHC) of matrigel plugs

Plugs were fixed with formalin, cut into 4-μm sections and then
mounted on slides, deparaffinized in xylene, and rehydrated through a
graded alcohol series to water. For antigen retrieval, slides were heated
in 0.01mol/L citrate buffer (pH 6.0). After the slides were cooled to
room temperature, endogenous peroxidase was blocked with 30%
H2O2. The slides were washed with PBS and treated with 5% BSA to
block nonspecific binding sites. This was followed by incubation with
an anti-CD31 antibody (Ab9498, Abcam, Cambridge, MA, USA) at 4 °C
overnight. After PBS rinses, the slides were incubated with the HRP-
conjugated secondary antibody (Abcam) for 30min at room tempera-
ture. Immunostaining was performed using DAB (Abcam). Finally, nu-
clei were counterstained with hematoxylin for 1min and examined
under a microscope. The quantification of IHC staining density was
performed by ImageJ software and calculated on the basis of the
average staining intensity and the percentage of positively stained cells.

2.12. Scratch wound healing assay

Confluent cell monolayers were scratched with a sterile pipette tip.
Then, the cells were washed with D-Hanks solution to remove any

floating cells. At time 0 and after 24 or 48 h, the migrated distance were
examined and photographed using a phase-contrast microscope (Leica
DMI3000B, Wetzlar, Germany).

2.13. Qiagen RT2 profiler PCR array and qRT-PCR

Total RNA was prepared with Trizol (Invitrogen, Carlsbad, CA, USA)
from HUVECs transfected with control or EBERs expression plasmid for
24 h. RNA samples were reverse transcribed using the PrimeScript RT
reagent kit with gDNA Eraser (Takara & Clontech, Tokyo, Japan).
Quantitative real-time PCR (qRT-PCR) analysis was performed using
the CFX-96 real-time PCR system (Bio-Rad, Hercules, CA, USA). For
PCR array experiments, an RT2 Profiler PCR array was used to si-
multaneously examine the mRNA levels of genes closely associated with
angiogenesis, including 5 housekeeping genes, in 96-well plates fol-
lowing the manufacturer's protocol (PAHS-024Z, PAHS-072Z).
Heatmap of differential expression of genes were generated using the
web interface (http://hemi.biocuckoo.org). Volcano plots of differential
expression of genes were obtained and analyzed on the Qiagen website
(http://pcrdataanalysis.sabiosciences.com/pcr/arrayanalysis.php). The
primers were listed in Table S2.

2.14. Western blot analysis

Protein of NPC cell lines and HUVECs were prepared in a standard
RIPA buffer containing proteinase and phosphatase inhibitors (Roche,
Indianapolis, IN, USA). Then prepared protein were separated via SDS-
PAGE and transferred to NC membranes (Pierce Biotechnologies Inc.,
Rockford, IL, USA). The primary antibodies anti-E-selectin (ab18981,
Abcam), VCAM-1 (ab134047, Abcam), p42 MAP Kinase (Erk2) (9108S,
CST, CA, USA), p44/42 MAPK (Erk1/2) (4695S, CST, CA, USA) and
phosphorylated ERK (9101S, CST, CA, USA) were used for the assay,
and the bound antibodies were detected with HRP-conjugated sec-
ondary antibodies (Abcam). Densitometric analysis of WB results were
performed with ImageJ software.

2.15. In situ hybridization

In situ hybridization (ISH) was performed using the EBER HRP-
conjugated probe and DAB as the substrate from the ISH kit (Life
Technologies, Carlsbad, CA, USA), according to the manufacturer's in-
structions.

2.16. Luciferase assay

Reporter assay was conducted according to the manufacturer's di-
rections (Promega, Fitchburg, WI, USA). The luciferase reporter plas-
mids were co-transfected with pRL-SV40 to correct for variations in
transfection efficiency. The relative luciferase activity was normalized
to the value of pRL-SV40 activity. The VCAM-1 promoter sequence
(Transcriptional start site [TSS]± 1 kb) was cloned into luciferase re-
porter plasmid in front of luciferase CDS sequence.

2.17. Statistical analyses

Statistical analyses were performed using SPSS 18.0 (SPSS) and
GraphPad Prism, version 5. Results are expressed as means± SD. For
comparisons between groups, statistical analyses were performed using
the Mann–Whitney test. Differences with P values of <0.05 were
considered significant.

3. Results

3.1. EBERs are present in epithelial cells within NPC parenchymal tissues

Given that EBV-infected NPC cells can communicate with
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endothelial cells [23], we tried to explore the possible role of EBERs in
the regulation of endothelial cells. ISH staining of NPC cells indicated
that EBERs were frequently present in endothelial cells in the vicinity of
EBV-positive NPC cells (upper panel of Fig. 1A, patient 2 and patient 3),
whereas EBERs could not be detected in endothelial cells of tumor
parenchymal tissue that was not infected by EBV (upper panel of
Fig. 1A, non-cancerous, Supplementary Fig. 1). Recent observations
indicate the latent membrane protein 1 (LMP1), a primary oncoprotein
encoded by EBV that plays a key role in both the initiation and pro-
gression of NPC [52,53], could be transmitted via exosomes and induce
expression of the EGFR [23]. Interestingly, analysis of EBV LMP1 ex-
pression by Immunohistochemical (IHC) on consecutive sections on
which EBER ISH was performed indicated the absence of LMP1 in
EBER-positive endothelial cells (lower panel of Fig. 1A, Supplementary
Fig. 1). In situ hybridization (ISH) of EBERs and immunohistochemistry
(IHC) of LMP1 with EBERs or LMP1 stable expression NPC cell line
validated our experimental system (Supplementary Fig. 1). These ob-
servations suggest that EBERs are probably transferred from EBV-po-
sitive NPC cells to surrounding endothelial cells. We further confirmed
this conclusion via confirmation of co-staining of CD31 and EBERs in
the same endothelial cell (Fig. 1B). Furthermore, a deeper investigation
indicated in 13 of 24 NPC tissue samples (compared to 0 of 24 in non-
cancerous group), EBERs were present in endothelial cells of tumor
parenchymal tissues (Fig. 1C, patient 2 and 3 of Fig. 1A), whereas
EBERs staining was negative in endothelial cells of the rest NPC tissue
samples (Fig. 1C, patient 1 of Fig. 1A).

3.2. EBERs are transferred to surrounding endothelial cells via EVs released
by EBV-positive NPC cells

On the basis of our observation that EBERs could localize in en-
dothelial cells, as well as the previous literature describing the release
of EBERs into culture supernatant from EVs [17,24–27,29,30], we
reasoned that EBERs present in endothelial cells might originate from
EVs released from NPC cells. To test this hypothesis, we first set up
transwells in which cells of the EBV-positive NPC line C666-1 were
separated by a porous 0.4-μm membrane from HUVECs. EVs and other
soluble factors, but not cells, could migrate across these membranes. Six

days later, HUVECs in the lower chamber were collected, and RNA was
isolated. qRT-PCR confirmed the existence of EBERs in HUVECs, with
an EBER1:EBER2 ratio almost identical to that in C666-1 cells (Fig. 2A).
To characterize the EVs derived from C666-1 into HUVECs, we first
isolated EVs from C666-1 culture supernatant and confirmed their ex-
istence and purity by TEM, Zetasizer and Western blotting (Supple-
mental Fig. 2). After incubation with membrane fluorescent dye
PKH67-labeled EVs derived from C666-1 cells, we visualized EVs in-
ternalized into endosome-like structures by HUVECs (Fig. 2B). After-
wards, EVs isolated from C666-1 culture supernatant were co-cultured
with HUVECs and EBERs were shown being present in both the cyto-
plasm and nucleus of HUVECs as assayed by ISH with EBER probe
(Fig. 2C). Collectively, these observations confirm that EBERs are
transferred to surrounding endothelial cells via EVs released by EBV-
infected NPC cells.

3.3. EBERs from EVs derived by NPC cells promote angiogenesis

Next, we conducted experiments to investigate the effect of EBERs
on endothelial cells. First, Transwell assays indicated that C666-1 in the
upper chamber greatly increased the tube-formation capacity of
HUVECs in the lower chamber (Fig. 3A, D). The HUVECs co-cultured
with EVs isolated from C666-1 culture supernatant were further sub-
jected to tube-formation assay. The result demonstrated that C666-1-
derived exosomes could significantly enhance tube formation of HU-
VECs compared with the control (Fig. 3B, E). q-PCR assay of recovered
HUVECs after co-culture with C666-1 cells derived exosomes confirmed
transmission of EBERs to HUVECs (Supplementary Fig. 3A). To examine
whether EBERs could increase angiogenic ability, we transiently
transfected HUVECs with EBER expression plasmids. q-PCR assay of
recovered HUVECs confirmed EBERs expression after transfection
(Supplementary Fig. 3B). Expression of EBERs in HUVECs could sig-
nificantly increase their tube-formation, invasion and migration capa-
city (Fig. 3C, F–H), whereas EBERs did not affect on HUVECs pro-
liferation (Fig. 3I). To confirm this observation, we examined the effect
of the EVs from C666-1 with EBERs expression being knockdown.
EBER1 expression in C666-1 cells was efficiently reduced with the an-
tisense oligonucleotides (ASOs) complementary to nucleotides 135 to

Fig. 1. EBERs are present in endothelial cells within
NPC parenchymal tissues. (A) Serial sections of 24
non-cancerous and 24 NPC tissues with discernible
capillaries were subjected to IHS staining for EBERs
or IHC staining for LMP1. Representative sections of
staining of EBERs (upper panel) and LMP1 (lower
panel) is depicted (patient 1 represents EBERs nega-
tive case, patient 2 and 3 represent EBERs positive
case). The enlarged picture presents the cross-section
of a complete capillary, and the arrows point to en-
dothelial cells with or without EBERs or LMP1. The
scale bar indicates 100 μm. (B) Analysis of en-
dothelial marker CD31 expression by
Immunohistochemical (IHC) on consecutive sections
on which EBER ISH was performed. The enlarged
picture presents the cross-section of a complete ca-
pillary, and the arrows point to endothelial cells co-
stained with EBERs and CD31. Here exemplified are
two representative patients' staining results (patient 4
and 5). The scale bar indicates 100 μm. (C) Histogram
presents number of cases with EBERs-positive or
EBERs-negative endothelial cells of non-cancerous
and NPC tumor parenchymal tissues (n=24 respec-
tively). (C) *P< 0.05, Mann–Whitney test.
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154 of EBER1, which encompassing stem-loop V of EBER1 (Fig. 3J and
Supplementary Fig. 3C). As shown in Fig. 3K, the activity of endothelial
cell activation of the EVs isolated from C666-1 with EBER1 knockdown
was significantly decreased, evidenced by a decline of VCAM-1 and
selectin-E expression, in comparison with the EVs isolated from control
ASO treated cells.

To analyze the angiogenic response to EBERs in vivo, we performed
a Matrigel plug angiogenesis assay to detect the newly formed blood
vessels in the transplanted gel plugs in nude mice. The appearance of
EBER-transfected cell plugs turned out to be richer in blood vessels than
those of the controls (Fig. 4A). The density of neovessels in Matrigel
plugs was quantified by immunohistochemical staining (IHC) with anti-
human CD31 (Fig. 4B). Quantification analysis confirmed that EBER
expression significantly increased angiogenetic vessel formation
(Fig. 4C). Thus, EBERs derived from NPC EVs could promote angio-
genesis in vitro and in vivo.

3.4. EBERs derived from NPC exosomes promote angiogenesis by
stimulating VCAM-1 expression

To explore molecular events involved in EBER-triggered angiogen-
esis, we performed RT2 Profiler PCR array analysis of HUVECs tran-
scripts from the EBERs-transfected cells and the control group. After
48 h post transfection of EBERs expression plasmid, differential ex-
pressing angiogenesis-related genes in HUVECs were profiled into 5
groups (Fig. 5A). The volcano plot of the total rank product analysis
showed 6 out of 101 genes investigated were significantly upregulated
(fold change >2, P< 0.05) (Fig. 5B), among which the expression level
of VCAM-1 was the highest; western blot analysis further confirmed
these observations (Fig. 6A). Considering the markedly altered gene

expression level, we selected VCAM1 for further investigation of its
involvement in EBERs-triggered angiogenic response. VCAM-1 was first
reported to be responsible for the interaction between neutrophils and
endothelial cells in the process of inflammation, and subsequently, so-
luble VCAM-1 was found to contribute to the angiogenic process [31].
To examine the requirement of VCAM-1 in EBER-induced angiogenesis,
we first validated the knockdown efficiency of 3 separate siRNAs tar-
geting VCAM-1 and chosen one of the most effective molecules,
siVCAM3, for the following experiments (Supplementary Fig. 4A).
HUVECs pretreated with the siRNA targeting VCAM-1 for 48 h before
challenging them with EBERs plasmid were shown to have an alleviated
level of VCAM-1 expression (Fig. 6B) and tube-formation capability
(Fig. 6C), whereas the knockdown of VCAM-1 had no observed impact
on EBER transfection efficiency (Supplementary Fig. 4B). To further
confirm our observation, we established an EBER-expressing cell line by
transfecting EBV-negative NPC cells (HNE2). The EVs from the super-
natants of both HNE2 and HNE2-EBERs that were pretreated with the
siRNA targeting VCAM-1 were shown to lose its ability to promote the
tube-formation ability (Fig. 6D). Consistently, the EVs from the EBER1
depleted C666-1 alleviated VCAM-1 expression in HUVECs compared
with EVs extracted from untreated C666-1 culture supernatant
(Fig. 3K). VCAM-1 is thus at least partially responsible for the angio-
genic response stimulated by NPC EV-derived EBERs.

3.5. TLR3 and RIG-I mediate angiogenic capacity conferred by NPC EV-
derived EBERs

We have previously reported that the recognition of EBERs by TLR3-
and RIG-I could initiate cancer-related inflammation in NPC [13,14]
and here our observation indicated exosome-transferred EBERs are

Fig. 2. EBERs are transferred to surrounding endothelial
cells via EVs released by EBV-positive NPC cells. (A) EBER
levels in HUVECs, untreated or co-cultured for 6 days with
C666-1 cells at a 1:4 ratio, separated by Transwell mem-
branes. EBER levels in C666-1 here acted as the positive
control. (B) C666-1 EVs were labeled with PKH67 and
incubated with HUVECs for 24 h. EV signals were de-
tected in the cytoplasm of HUVECs (green). Nuclear
counterstaining was performed using 4′6‑diamidi-
no‑2‑phenylindole (DAPI) (blue). The scale bar indicates
25 μm. (C) Top panel: ISH staining for EBERs was con-
ducted in C666-1 (left) and HUVECs cultured alone
(center). C666-1 EVs were incubated with HUVECs for
3 days, after which ISH staining was conducted for EBERs
(right). In the enlarged images in the bottom panel, ar-
rows point to EBER-positive cells. The scale bar indicates
100 μm. (A) *P<0.05, Mann–Whitney test. All experi-
ments were repeated twice.
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located in both the nucleus and cytoplasm (Fig. 2C). Thus, it is rea-
sonable to speculate that the EBERs present in cytoplasm might pro-
mote angiogenesis via TLR3 and RIG-I in HUVECs. To test this as-
sumption, we first transfected HUVECs with TLR3/RIG-I shRNA
plasmids and validated their interference efficiency in HUVECs

(Fig. 7A). Interestingly, TLR3/RIG-I interference substantially alle-
viated the ability of tube-formation of HUVECs in response to EBERs
challenge (Fig. 7B) and we showed that interference had no evident
effect on the transfection efficiency of EBERs (Supplementary Fig. 5).
Accordingly, after EBERs treatment, VCAM-1 expression was lower in

Fig. 3. Exosomal EBERs shed from NPC cells promote angiogenesis. (A) HUVECs were grown alone or in co-culture with C666-1 separated by a 0.4-μm Transwell
membrane for 24 h, after which HUVEC tube formation was assayed. The scale bar indicates 100 μm. (B) HUVECs were grown alone or in co-culture with exosomes
isolated from C666-1 cells for 24 h, after which HUVEC tube formation was assayed. The scale bar indicates 100 μm. (C) HUVECs were transfected with control or
EBER expression plasmids for 24 h, after which HUVEC tube formation was assayed. The scale bar indicates 100 μm. (D–F) Quantification of the number of branch
points formed during tubulogenesis determined by pixel density in assays performed in A–C, respectively. (G) Micrographs of the scratch wound healing assay of
HUVECs 24 h after transfection with control or EBERs expression plasmid. The scale bar indicates 200 μm. (H) The migratory capability was examined by the
Transwell assay using HUVECs 24 h after transfection with control or EBER expression plasmids. Representative images showing cell migration are provided. The
scale bar indicates 100 μm. (I) Cell counting was performed for 3 consecutive days for HUVECs transfected with control or EBERs expression plasmid. (J) C666-1 cells
were transfected with control ASO or ASO targeting EBER1. 48 h later, RNA was extracted and subjected to qRT-PCR to analyze EBER expression. (K) EVs were
isolated from culture supernatant of C666-1 cells which had been transfected with control ASO or ASO targeting EBER1 for 48 h. Then these EVs were co-cultured
with HUVECs for 24 h, after which RNA from HUVECs were extracted and subjected to qRT-PCR to analyze the expression of endothelial activation markers. (D–F,
I–K) *P< 0.05, Mann–Whitney test. All experiments were repeated twice.
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TLR3/RIG-I knockdown cells than that in control shRNA plasmid
transfected cells (Fig. 7C).

Next, we compared the angiogenic ability of TLR3/RIG-I knock-
down HUVECs with the control cells upon treatment with the HNE2-
EBER cell-derived exosomes. As expected, TLR3/RIG-I knockdown
significantly eliminated VCAM-1 expression of HUVECs after co-culture
with EVs from HNE2-EBERs (Fig. 7D). Moreover, ERK (Fig. 7E) rather
than NFκB subunit p65 (data not shown) was involved in this process.
These findings indicate that TLR3 and RIG-I recognition of EBERs partly
accounts for the pro-angiogenic effect of NPC-derived EVs.

Both TLR3 and RIG-I activate downstream signaling pathway via
mitogen-activated protein kinase (MAPK), transcription factors nuclear
factor-κB (NF-κB) and interferon-regulatory factor 3 (IRF3) [32].
Moreover, VCAM-1 transcription and expression were shown to be in-
creased by NF-κB [32,33] or MAPK pathways [34,35]. Given our data
indicated ERK rather than NFκB may be activated in HUVECs by EBERs
including EVs secreted by NPC cells (Fig. 8), we investigated whether
TLR3 and RIG-I regulate VCAM1 expression via MEK1-ERK1/2 sig-
naling pathway. As shown in Fig. 8A, pretreatment with U0126, a
MEK1/2 inhibitor, significantly decreased VCAM-1 expression of HU-
VECs upon EBERs including EVs treatment. In agreement, ERK-2
knockdown dramatically down-regulated VCAM-1 expression after
HUVECs co-cultured with EBERs including EVs (Fig. 8B). Furthermore,
ERK-2 knockdown alleviated VCAM-1 transcription activity upon co-
culture with EBERs including EVs, as indicated by luciferase reporter
gene assay (Fig. 8C), which was validated by q-PCR results (Fig. 8D).

4. Discussion

Recently, EVs and exosomes have been the focus of intensive re-
search owing to their capacity to transfer proteins, miRNAs, and
lncRNAs to recipient cells and their crucial roles in signal transduction
pathways [22]. A large body of evidence suggests that miRNAs and
lncRNAs of human origin can be exchanged between cancer cells and
mesenchymal cells [24,25,27] or from cancer stem-like cells and more
aggressive cancer cells to the rest of the cancer cells [26,29,30]. In-
triguingly, in the present study we provide solid evidence (in vitro, in
vivo and patient samples) showing that EBERs are transferred from EBV-

infected NPC cells to surrounding endothelial cells, which stimulates
VCAM-1 expression via TLR3/RIG-I recognition (Fig. 9).

VCAM-1 is an immunoglobulin-like molecule that plays a role in
various cell-to-cell adhesion interactions, most likely by binding to in-
tegrin α4β1 (also known as very late activation antigen-4). VCAM-1
expression is maintained at low levels in endothelial cells of healthy
tissues and is stimulated under inflammatory conditions by a multitude
of signals such as cytokines, reactive oxygen species, oxidized low-
density lipoprotein, TLR agonists, or shear stress [36]. Owing to its
involvement in inflammation and its wide distribution in human tissues
and organs, VCAM-1 is indicated in autoimmune disease, cardiovas-
cular disease, infections, and cancer [37]. Here, we show that NPC EV-
derived EBERs promote angiogenesis by facilitating VCAM-1 expres-
sion. In support of this observation, previous publications have shown
soluble VCAM-1 to be angiogenic in rat corneas and to confer chemo-
tactic activity to endothelial cells [31]. Furthermore, VCAM-1 was
found to mediate angiogenesis upon stimulation by IL-4 and IL-13 [38].
Mechanistically, p38 and FAK, rather than ERK1/2, have been found to
account for VCAM-1-stimulated angiogenesis [39], whereas PLC-PKC-
NFκB was attributable to VCAM-1 transcription activation [40]. In
contrast, we found that EBERs stimulated ERK1/2 rather than NFκB
subunit p65 phosphorylation. Furthermore, our results indicated that
EBERs stimulate VCAM-1 expression via TLR3 or RIG-I, both of which
could transmit downstream signaling pathways mediated by MAPK or
NFκB [41]. Of note, a recent report by Fearnley et al. [42] suggests a
role for the canonical MAPK pathway involving ERK1/2 and hyper-
phosphorylation of ATF2 causing elevation in VCAM-1 gene transcrip-
tion. Our current findings and this relevant published literature lead us
to believe that NPC EVs promote angiogenesis via TLR3/RIG-I re-
cognition of EBERs, which is mediated by ERK activated ATF2 rather
than NFκB. Interestingly, VEGF-A stimulation of VCAM-1 expression in
endothelial cells such as HUVECs has been previously reported by dif-
ferent groups involving multiple mechanisms [33,42–44]. Accordingly,
in addition to EBERs, protein-based factors associated with EVs from
NPC cells, such as VEGF-A may promote such signaling leading to in-
creased VCAM-1 gene transcription, which exemplified the significance
of VCAM-1 in NPC EVs mediated angiogenesis.

Besides its association with tumor angiogenesis, EBER-mediated

Fig. 4. EBERs promote neovascularization in vivo. (A)
Representative light microscopic photographs of Matrigel
plugs harvested 1week after subcutaneous injection into
nude mice. HUVECs transfected with control or EBERs
expression plasmid were mixed with growth factor-re-
duced Matrigel. The scale bar indicates 2.5mm. (B) The
neovasculature induced by EBERs in Matrigel was visua-
lized by IHC staining of paraffin-embedded tissue sections
with anti-human CD31 antibodies. Representative pho-
tographs revealed vasculature positively stained for CD31
(brown). The scale bar indicates 100 μm. (C) Quantitative
data for the neovessels in Matrigel plugs determined by
pixel density between HUVECs transfected with control or
EBER expression plasmids (*P< 0.05, Mann–Whitney
test). Experiments were repeated twice.
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Fig. 5. PCR array of angiogenesis related
genes indicates VCAM-1 expression is sig-
nificantly increased after challenging HUVECs
with EBERs. (A) EBERs shed from EVs of NPC
cells promote angiogenesis. Heatmap illus-
trating changes in mRNA expression levels
(log2 transformed) between HUVECs trans-
fected with control or EBERs expression plas-
mids. Differentially expressed genes fell into 5
groups according to their molecular char-
acteristics or their association with angiogen-
esis. Each value is an average of 3 in-
dependent experiments, with values presented
from low (green) to high (red). (B) Volcano
plot of mRNA changes across HUVECs trans-
fected with control or EBERs expression plas-
mids. All experiments were repeated twice.
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VCAM-1 expression might contribute to tumor progression in various
ways. The last few years have witnessed an ever-increasing body of
knowledge on the molecular understanding of tumorigenicity and me-
tastasis, and an impressive variety of VCAM-1 functionalities in cancer
have been elucidated. Endothelial VCAM-1 has been found to mediate
tumor cell adhesion, transendothelial migration, and myeloid cell ad-
hesion, all of which collectively predispose tissues to tumor metastasis
[36]. EBV is closely related to NPC metastasis, however, previous re-
search has concentrated on understanding this association by focusing
on mechanisms of EBV-encoded proteins and RNAs within tumor cells.
Furthermore, although recent in vitro evidence suggests that NPC cells
can communicate with endothelial cells via exosomes [23], the impact
of exosome-derived EBERs on endothelial cells located in NPC par-
enchymal tissues and the underlying molecular mechanisms are not
fully understood. Our present research demonstrated the association
between EBERs and VCAM-1 via TLR3/RIG-I-mediated transcription
activation, illustrating the impact of NPC EV-derived EBERs on tumor
angiogenesis. EBER-stimulated VCAM-1 per se was verified to be an-
giogenic in the present study, and the stimulation of VCAM-1 might
further directly contribute to metastasis by promoting tumor cell ad-
hesion, transendothelial migration, and myeloid cell recruitment and
adhesion, which affect primary tumor metastasis [45,46]. Hence, the
causal relationship between EBERs and VCAM-1 may be vital for NPC

metastasis, which should be the focus of further study.
EBV is a γ-herpesvirus that has been a leading candidate implicated

in triggering several autoimmune diseases and cancer. Apart from its
capability to infect epithelial cells and lymphocytes, it can infect en-
dothelial cells or fibroblasts in vitro [31,47,48]. This seems to contradict
our results by raising the possibility of EBV infection rather than EVs
accounting for the presence of EBERs in endothelial cells in NPC par-
enchymal tissues. We propose the following explanations in support of
our results. First, IHC staining indicated that EBV-encoded LMP1 never
appeared in the epithelial cells of NPC tissues, in contrast to the de-
tection of LMP1 in EBV-infected fibroblasts in systemic sclerosis [48].
Second, most of the published reports investigated the infection of
endothelial cells by EBV with in vitro models and did not validate their
hypothesis with clinical samples [47,49]. Third, EBERs positive en-
dothelial cells were only evident in the vicinity of some EBERs in-
tensively stained NPC cells, while there were no presence of EBERs in
most endothelial cells in EBV positive NPC parenchymal tissues. Fi-
nally, despite the possibilities of EBV infection, EVs derived from EBV
positive NPC cells are capable of delivering exosomes to co-cultured
endothelial cells [23,50], which is reminiscent of our observation that
EVs-derived EBERs were proven to be angiogenic.

To our knowledge, this is the first report on viral noncoding RNAs
being transferred from cancer cells to endothelial cells via EVs, thereby

Fig. 6. EBERs derived from NPC exosomes promote
angiogenesis by stimulating VCAM-1 expression. (A)
HUVECs were transfected with control or EBERs ex-
pression plasmids. After 24 h, proteins were extracted
and subjected to WB analysis of angiogenic markers
in these 2 groups. (B–C) HUVECs were transfected
with control or siRNA targeting VCAM-1 for 48 h,
after which control or EBERs expression plasmids
were applied to challenge HUVECs for another 24 h.
RNA was extracted, and VCAM-1 expression was
analyzed by qRT-PCR (B), and tube formation assay
was performed (C, left) between these 2 groups. The
number of branch points formed during tubulogen-
esis was determined by pixel density (C, right). (D)
HUVECs were transfected with control RNA or siRNA
targeting VCAM-1 for 48 h, after which EVs isolated
from culture supernatant of HNE2-control or HNE2-
EBER expression cell lines were applied to the co-
culture for another 24 h. The tube formation assay
was then performed in these 2 groups. The formation
of tubelike structures was observed with phase con-
trast microscopy (left) and quantified by pixel density
(right). (B-D) *P< 0.05, Mann–Whitney test. (C–D)
The scale bar indicates 100 μm. All experiments were
repeated twice.
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promoting subsequent angiogenesis. This scenario might be also ap-
plicable for other EBV-mediated tumor-promoting angiogenesis phe-
nomena such as gastric carcinoma. We expect that this newly revealed
role of EV-derived EBERs in modulating NPC angiogenesis could
eventually help identify potential targets in EBV associated epithelial

carcinoma treatment from the perspective of tumor and micro-
environment interplay. Further studies need to investigate the re-
lationship between EBERs and VCAM-1 in NPC metastasis.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.bbadis.2019.01.015.

Fig. 7. TLR3 and RIG-I mediate angiogenic capacity conferred by NPC EV-derived EBERs. (A–C) HUVECs were transfected with TLR3/RIG-I shRNA plasmids for 48 h,
after which control or EBER expression plasmids were used to challenge HUVECs for another 24 h. (A) Proteins were extracted, and TLR3/RIG-I knockdown
efficiency was validated by western blotting analysis. (B) The formation of tubelike structures was observed with phase contrast microscopy (left) and quantified by
pixel density (right). The scale bar indicates 100 μm. (C) Next, RNA was extracted, and VCAM-1 expression was analyzed by qRT-PCR. (D) HUVECs were transfected
with TLR3/RIG-I shRNA plasmids for 48 h, after which EVs isolated from the culture supernatant of HNE2-control or HNE2-EBER cells were applied to the co-culture
for another 24 h. RNA was extracted, and VCAM-1 expression was analyzed by qRT-PCR. (E) HUVECs were transfected with TLR3/RIG-I shRNA plasmids for 48 h,
after which control or EBERs expression plasmids were used to challenge HUVECs for another 24 h. Proteins were extracted, phosphorylated ERK was analyzed by
western blot assay (left) and subjected to densitometric analysis (right). (B-E) *P< 0.05, Mann–Whitney test. All experiments were repeated twice.

Fig. 8. MEK1-ERK1/2 pathway is required for EBERs
containing EVs induced VCAM1 expression. (A) EVs
were isolated from the culture supernatant of HNE2-
EBERs. HUVECs were cultured alone or co-cultured
with EVs in the presence or absence of U0126, a
MEK1/2 inhibitor for 48 h, after which protein of
HUVECs were isolated and subjected to Western blot
to analyze VCAM-1 activation. (B) HUVECs knock-
down ERK2 expression or expressing a scramble
shRNA sequence were cultured alone or co-cultured
with EVs isolated from the culture supernatant of
HNE2-EBERs for 48 h. Then protein of HUVECs were
isolated and subjected to Western blot to analyze
VCAM-1 activation. (C) HUVECs transfected with
VCAM-1 promoter guided luciferase reporter gene
plasmid were cultured alone or co-cultured with EVs
isolated from the culture supernatant of HNE2-EBERs
for 48 h, after which HUVECs were lysed and sub-
jected to reporter gene assays. (D) Control shRNA or
ERK2 shRNA expressing HUVECs were cultured alone
or co-cultured with EVs isolated from the culture
supernatant of HNE2-EBERs for 48 h. Then RNAs of
HUVECs were isolated and subjected to q-PCR to
analyze VCAM-1 transcription. (C–D) *P< 0.05,
Mann–Whitney test. All experiments were repeated
twice.

Fig. 9. A schematic diagram showing EVs derived EBERs promote angiogenesis via TLR3/RIG-I-mediated VCAM-1 expression.
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