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1  | INTRODUC TION

Gastric cancer (GC) is the fifth most common diagnosed cancer 
globally, and almost half of global GCs are diagnosed in East Asia.1,2 

Most patients with GC are in an advanced stage when first diag-
nosed, because of a lack of valid early diagnosis.3,4 Despite advances 
in both the diagnostic methods and various treatments for GC over 
the past decades, including surgery, chemotherapy, radiotherapy, 
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Abstract
Angiogenesis is closely associated with tumorigenesis, invasion, and metastasis by 
providing oxygen and nutrients. Recently, increasing evidence indicates that cancer- 
derived exosomes which contain proteins, coding, and noncoding RNAs (ncRNAs) 
were shown to have proangiogenic function in cancer. A 26- nt- long ncRNA (X26nt) 
is generated in the process of inositol- requiring enzyme 1 alpha (IRE1α)- induced un-
spliced XBP1 splicing. However, the role of X26nt in the angiogenesis of gastric can-
cer (GC) remains largely unknown. In the present study, we found that X26nt was 
significantly elevated in GC and GC exosomes. Then, we verified that X26nt could be 
delivered into human umbilical vein endothelial cells (HUVECs) via GC cell exosomes 
and promote the proliferation, migration, and tube formation of HUVECs. We re-
vealed that exosomal X26nt decreased vascular endothelial cadherin (VE- cadherin) 
by directly combining the 3′UTR of VE- cadherin mRNA in HUVECs, thereby increas-
ing vascular permeability. We further demonstrated that X26nt accelerates the 
tumor growth and angiogenesis in a mouse subcutaneous tumor model. Our findings 
investigate a unique intercellular communication mediated by cancer- derived ex-
osomes and reveal a novel mechanism of exosomal X26nt in the regulation of tumor 
vasculature.
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and immunotherapy, the overall 5- year survival rate for GC has not 
markedly improved.5- 7 Therefore, the exploration of an effective 
therapeutic target is urgently needed.

Angiogenesis is essential for tumorigenesis, progression, inva-
sion, migration, and metastasis by providing oxygen and nutrients.8 
The steps of angiogenesis usually contain protease production, 
endothelial cell (EC) migration and proliferation, vascular tube for-
mation, anastomosis of newly formed tubes, synthesis of a new 
basement membrane, and incorporation of pericytes and smooth 
muscle cells.9,10 Vascular endothelial cadherin (VE- cadherin) is a 
central component of the adherens junction of ECs.11 Loss of the 
membrane- associated adhesion molecule will impair the endothelial 
junction integrity and increase vascular permeability. Current study 
indicated that VE- cadherin plays a vital role in angiogenesis.12 In 
recent decades, many angiogenesis inhibitors, such as trastuzumab 
and apatinib have been suggested and approved for treatment.13 
However, they do not show satisfactory outcomes because of an 
incomplete understanding of tumor angiogenesis. Therefore, inves-
tigating precise molecular mechanism involved in GC angiogenesis 
turns out to be crucial.

Exosomes, extracellular vesicles (EVs), ranging from 30 to 
150 nm in diameter, are secreted by several types of cells.14 It has 
been shown that exosomes can transfer a variety of functional bi-
ological molecules, including proteins, coding, and noncoding RNAs 
(ncRNAs) into the extracellular space or biological fluids to mediate 
cell communication.15,16 Exosomes derived from cancer cells contain 
oncogenic information that induces the tumor microenvironment 
to be conducive to cancer development. Growing evidence indi-
cated that exosomes can lead to cancer progression by mediating 
ncRNAs cross- talk between tumor cells and surrounding cells.17,18 
Cancer- secreted exosomal ncRNAs can be transported to adjacent 
ECs and contribute to tumor angiogenesis.19,20 However, the mecha-
nisms underlying the effects of ncRNAs on the cancer are still poorly 
understood.

Endoplasmic reticulum (ER) stress/the unfolded protein re-
sponse (UPR) activation has been identified to be related to tumor 
progression.21 The IRE1a- XBP1 pathway is a conserved adaptive 
mediator of the UPR. Upon activation, the endoribonuclease do-
main of inositol- requiring enzyme 1 alpha (IRE1α) cleaves unspliced 
XBP1 (XBP1u) mRNA and removes a 26- nt- long ncRNA (X26nt), 
which generates a spliced XBP1 (XBP1s) encoding an active tran-
scription factor.14 Our previous studies have shown that XBP1 
splicing can increase endothelial nitric oxide synthase expression 
and cellular location, leading to ECs migration and therefore con-
tributing to wound healing and angiogenesis.22 Numerous studies 
have suggested that XBP1s plays pivotal roles in ECs proliferation, 
autophagy, and apoptosis.23- 25 However, the function of X26nt has 
not been elucidated so far.

In the current study, we found that X26nt was apparently up-
regulated in GC and exosomes derived from GC. We further verified 
that X26nt could be delivered into human umbilical vein endothelial 
cells (HUVECs) via GC cell exosomes and promoted the proliferation, 
migration, and tube formation of HUVECs. In addition, we confirmed 

that X26nt could reduce the expression of VE- cadherin via binding 
to the 3′UTR of VE- cadherin mRNA. Our in vivo study also demon-
strated that X26nt facilitated the tumor growth and angiogenesis in 
a mouse subcutaneous tumor model. These findings provided novel 
mechanistic insights for GC angiogenesis.

2  | MATERIAL S AND METHODS

2.1 | Human serum and tissues

We obtained gastric tumor serum and tissues from patients with 
GC at Xinhua Hospital, Shanghai Jiao Tong University School of 
Medicine (Shanghai, China). GC tissue chip containing 16 pairs 
of tumor tissues and paracancerous tissues were obtained from 
Shanghai Outdo Biotech Company. All patients were diagnosed 
and staged by pathological analyses based on the TNM criteria de-
fined by the International Union against Cancer (UICC). The study 
protocol conformed to the ethical guidelines of the Declaration of 
Helsinki and was approved by the Institutional Review Board and 
Ethics Committee of Xinhua Hospital.

2.2 | Cell culture

The GC cell line BGC- 823 cells (BGCs), MGC- 803 cells, MKN- 45 
cells, and GES- 1 cells were purchased from the Cell Bank of Type 
Culture Collection of the Chinese Academy of Sciences and cul-
tured in Dulbecco's Modified Eagle's Medium (DMEM; Gibco, Life 
Technologies) with 10% FBS and antibiotics (100 IU/mL penicil-
lin and 100 µg/mL streptomycin). HUVECs were obtained from 
ScienCell Research Laboratories and cultured in basal endothelial 
cell medium (EBM2) supplemented with the EGM- 2- MV bullet kit 
(CC- 3156; Lonza). The cell culture was placed in humidified air at 
37°C with 5% CO2.

2.3 | RNA extraction and quantitative real- time PCR 
(qRT- PCR)

Total RNA was extracted using RNeasy Mini Kit (QIAGEN) according 
to the manufacturer's instructions. The concentration and quality 
of the total RNA were assessed with Nanodrop Spectrophotometer 
(Thermo Fisher Scientific). The cDNA synthesis was performed using 
Prime- Script RT master mix (TaKaRa). Primers were obtained from 
Shanghai Sangon. qRT- PCR analysis was performed in triplicate on 
7900 HT Real- Time PCR System (Applied Biosystems) using SYBR 
Premix Ex Taq (TaKaRa). Relative expression was calculated using 
U6 as an endogenous internal control. The U6 sense primer was 
5′- TGGAACGCTTCACGAATTTGCG- 3′ and the antisense primer 
was 5′- GGAACGATACAGAGAAGATTAGC- 3′. The X26nt primers 
are as follows: the outer primer used for primary amplification was 5′
- GGTTTTCCCAGTCACGACGCTGCACTCAGACTAC- 3′ and 5′- CAG
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CTATGACCATGATTACGCAGAGGTGCAC- 3′; the second- round am-
plification using inner primer was 5′- GGTTTTCCCAGTCACGACG- 3′ 
and 5′- CAGCTATGACCATGATTACG- 3′.

2.4 | Fluorescence in situ hybridization

Fluorescence in situ hybridization (FISH) for X26nt and XBP1 probe 
was conducted as previously described.26 GC tissues were fixed with 
4% paraformaldehyde, using FAM- labelled probe for X26nt (5′- FAM- 
AGAGGTGCACGTAGTCTGAGTGCT GC- 3′) and Cy3- labelled probe 
for XBP1 (5′- Cy3- GGGGTGACAACTGGGCCTGCACCTGC- 3′) at 
8 ng/μL concentration. Hybridization was performed at 37°C over-
night. Slides were subsequently counterstained using DAPI. Images 
were visualized using Leica SP5 Laser scanning confocal microscope.

2.5 | Exosome isolation and analysis

BGCs were incubated for 48 hours in DMEM medium with free 
FBS. This conditioned medium was collected and the exosomes 
were isolated using exoEasy Maxi Kit (cat. no. 76 064, QIAGEN) 
according to the manufacturer's instructions. Then, the identifi-
cation of the exosomes was processed according to the proto-
col described in Exosome Antibody Array (System Biosciences). 
For exosome uptake experiments, exosome preparations were 
labeled with PKH67 Fluorescent Cell Linker Kits (Sigma- Aldrich) 
according to the manufacturer's instructions, followed by wash-
ing through Exosome Spin Columns (MW3000; Invitrogen) to 
remove excess dye. Then, the exosomes were incubated with 
HUVECs for 12 hours and examined under a SP5 confocal micro-
scope (Leica).

2.6 | Transmission electron microscopy (TEM)

The exosomes were suspended with 50- 100 μL 2% paraformalde-
hyde, then 10 μL of exosome suspension was absorbed onto Formvar 
carbon- coated copper grids (200 mesh) for 1 min. After washing 
with PBS, 1% glutaraldehyde was added to copper grids for 5 min. 
Samples were washed with double- distilled water and negatively 
stained with 2% uranyl acetate solution for 1 min. Subsequently, 
50 μL methylcellulose was added to the samples for 5 min on the 
ice. After air dry, the samples were visualized at 87 000× in a Philips 
Tecnai transmission electron microscope at 80 kV.

2.7 | Nanoparticle tracking analysis

Isolated exosome samples were appropriately diluted using 1× PBS 
buffer to measure the particle size and concentration. The exosome 
particle size and concentration were measured using nanoparticle 
tracking analysis (NTA) with ZetaView PMX 110 (Particle Metrix) and 

corresponding software ZetaView 8.04.02. NTA measurement was 
recorded and analyzed at 11 positions. The ZetaView system was 
calibrated using 110 nm polystyrene particles. The temperature was 
maintained around 23 and 37°C.

2.8 | Western blot

The equal amounts of protein extracts were separated through 
an 10% sodium dodecyl sulfate- polyacrylamide gel (SDS- PAGE) 
and then transferred to a PVDF membrane (IPFL00010; Merck 
Millipore). Then, the membranes were incubated with Anti- VE- 
cadherin antibody (1:500; ab166715; Abcam) and Anti- mouse IgG 
(H + L; DyLight? 680 Conjugate; #5470; Cell Signaling Technology). 
GAPDH was used as endogenous control, and the densitometry 
analysis was performed with ImageJ software (NIH).

2.9 | Transfection assay

For in vitro transfection of X26nt mimics, X26nt inhibitors (X26nt 
asRNA), Cy3- labeled X26nt, X26nt- overexpressing (X26nt OE) len-
tivirus, and negative control (Sangon/GeneChem) were transfected 
using Lipofectamine 3000 (Life Technologies) according to the man-
ufacturer's instructions. Transfection cells were collected and used 
for further analysis after 24 or 48 hours.

2.10 | Cell proliferation assay

Cell proliferation assay was performed in vitro according to the 
manufacturer's guidelines (C0071S, Beyotime). The cells were pho-
tographed using an Olympus CKX53 Imaging System (Olympus 
Corporation) with an excitation wavelength of 495 nm.

2.11 | Wound healing assay

Different pretreated HUVECs were seeded at a density of 
2.0 × 105 cells/mL in a six- well plate, and cells were allowed to ad-
here on the plate overnight. Then wounds were made using a 1 mL 
pipette tip, and the wells were washed with PBS to remove debris. 
Cells were cultured in fresh media containing 2% FBS. Photographs 
were taken using an Olympus IX71 Imaging System (Olympus 
Corporation) at 0 and 12 hours respectively. The experiments were 
carried out three times.

2.12 | Cell migration and tube formation assays

Cell migration and tube formation assays were performed in vitro 
according to standard protocols, as described previously.22 All ex-
periments were performed in triplicate.
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2.13 | In vitro detection of X26nt transfer

To further observe the transfer of X26nt, exosomes derived from 
BGCs transfected with Cy3- labelled X26nt or without transfec-
tion were added to HUVECs culture medium. After 24 hours, the 
HUVECs were fixed with 4% paraformaldehyde for 30 min, treated 
with 0.1% Triton X- 100 for 10 min, and blocked with 1% BSA for 
1 hour at room temperature. F- actin was stained with Alexa 488 
phalloidin (1:1000, Life Technologies) according to the manufactur-
er's guidelines. Cells were mounted with ProLong® Gold antifade 
Reagent with DAPI (Life Technologies). Images were captured using 
Leica SP5 Laser scanning confocal microscope.

2.14 | Immunofluorescence

The immunofluorescence was performed by staining with a rab-
bit polyclonal antibody against human/mouse VE- Cadherin (1:200; 
ab33168, Abcam) and a Goat Anti- Rabbit IgG H&L (Alexa Fluor 488) 
(1:200; ab150077, Abcam) as previously described.27 Then cells 
were mounted with ProLong® Gold antifade Reagent with DAPI 
(Life Technologies). Images were captured using Leica SP5 Laser 
scanning confocal microscope.

2.15 | Transendothelial migration assay

The transendothelial migration was performed as previously de-
scribed.28 All experiments were performed in triplicate.

2.16 | Luciferase reporter assay

Wild- type and mutated VE- cadherin 3′UTRs were synthesized and 
cloned into pmirGLO vector (luciferase report vector, Promega). 
HEK293 cells were seeded at 1 × 105 cells per well in 24- well plates 
the day prior to transfection. Cells were transfected with pmirGLO 
luciferase expression construct containing the 3′UTR of target gene, 
pRL- TK Renilla luciferase vector (Promega), and mimics or negative 
control RNA (Ambion). After 48 hours transfection, luciferase ac-
tivities were measured using the Dual- Luciferase Reporter Assay 
System (Promega) and normalized to Renilla luciferase activity. All 
experiments were performed in duplicate with data pooled from 
three independent experiments.

2.17 | Immunohistochemistry

Immunohistochemical assay was performed as described previ-
ously.29 The tumor tissues were fixed in 4% paraformaldehyde, 
embedded in paraffin, sectioned, and then stained with anti- CD31 
(ab28364; Abcam) antibody. Images were captured under a light 
microscope.

2.18 | In vivo tumor xenografts

In vivo studies, 4- 6- week- old male BALB/c nude mice were pur-
chased from Shanghai Laboratory Animal Center of China. Briefly, 
BGCs transfected with X26nt OE lentivirus and control lentivirus 
were subcutaneously injected into nude mice. Another group re-
ceived subcutaneous injections of BGCs, and we injected 15 μg of 
pCMV- X26nt asRNA and empty pCMV vector control to the tumors 
every other day when visible tumors appeared. The mice were ex-
amined at regular times until they were sacrificed. The tumor size 
was measured using digital caliper, and the tumor volume was cal-
culated with the following formula: volume = 0.5 × width2 × length. 
All animal procedures were carried out with the approval of the 
Institutional Committee of Shanghai Jiao Tong University School of 
Medicine for Animal Research.

2.19 | Statistical analysis

Statistical significance was assessed using unpaired sample t tests 
for comparison between two groups and one- way ANOVA for com-
parison among multiple groups. P < .05 was considered significant. 
Statistical analysis was performed using GraphPad Prism Version 8.0 
(GraphPad Software, Inc).

3  | RESULTS

3.1 | X26nt is obviously upregulated in GC

XBP1 splicing has been associated with the initiation and progres-
sion of tumors. XBP1 splicing product X26nt was first examined in 
tumor serum from hepatoma cancer, colon cancer, breast cancer, 
and GC patients. We found that the levels of X26nt were remark-
ably higher in GC serum than others (Figure 1A). Then, we checked 
the X26nt level of GC and normal serum exosomes and found that 
the X26nt levels of GC serum exosomes were higher than those of 
normal serum exomes (Figure 1B). Besides, the expression level of 
X26nt was significantly higher in GC tissues than in adjacent tissues 
(Figure 1C,D). These results indicated that the level of X26nt was 
upregulated in GC.

3.2 | Exosomes derived from GC cells can be 
ingested by HUVECs

To confirm whether GC cell– derived exosomes play a pivotal 
role in the progress of GC, we isolated exosomes from the condi-
tioned medium of BGCs and observed them with TEM (Figure 2A). 
Nanovesicles with a diameter of 30- 150 nm were found in ex-
osomes purified from BGCs (Figure 2B). Meanwhile, exosomal 
markers including CD63, Hsp70, CD9, CD81, and TSG101 were 
observed using Western blot (Figure 2C). Furthermore, to verify 



     |  1843CHEN Et al.

whether BGC- secreted exosomes can be taken up by HUVECs, 
HUVECs were cocultured with BGC exosomes stained with 
PKH67. Confocal microscopy was used to detect uptaken PKH67- 
labeled exosomes in HUVECs (Figure 2D).

3.3 | Effects of exosomes on angiogenesis in vitro

To demonstrate the role of GC exosomes in angiogenesis, we exam-
ined the proliferation of HUVECs by EdU assay, detected the migra-
tion of HUVECs by wound healing assay and transwell assay, and 
conducted a tube formation assay of HUVECs. We knocked down 
exosomal X26nt via transfecting BGCs with X26nt inhibitors which 
are X26nt antisense RNA (X26nt asRNA) plasmid to delete X26nt 
from the exosomes (exo- X26nt- del; Figure S1). We found that 
BGC exosomes obviously promoted the proliferation of HUVECs, 
while this effect was not obvious when HUVECs were cocultured 
with exosomes from whichX26nt was deleted (Figure 3A,B). As 
expected, coculturing with BGC exosomes significantly increased 
the migration of HUVECs. However, after X26nt was deleted, 

BGC exosomes showed no marked effect (Figure 3C- F). To further 
investigate the effects of BGC exosomes on EC tube formation, 
HUVECs were treated with BGC exosomes or exo- X26nt- del. The 
branch points of the tube- like structure in the HUVECs cocultured 
with BGC exosomes were significantly increased, while exo- X26nt- 
del attenuated this promotion (Figure 3G,H). A similar phenomenon 
was observed in MGC- 803 cells (Figure S2). In a word, our find-
ings indicated that exosomes from BGCs had a positive effect on 
angiogenesis.

3.4 | X26nt was validated to promote 
angiogenesis directly

To further verify the role of X26nt in angiogenesis, we investigated 
the proliferation, migration, and tube formation of HUVECs trans-
fected with X26nt mimics (M.X26nt) or inhibitors (X26nt asRNA). 
The results showed that M.X26nt remarkably promoted, while 
X26nt asRNA suppressed the proliferation of HUVECs (Figure 4A,B). 
We also found that overexpressing X26nt prominently elevated 

F I G U R E  1   X26nt is highly expressed in gastric cancer (GC). A, qRT- PCR analysis of X26nt expression in normal, hepatoma cancer, colon 
cancer, breast cancer, and GC serum (n = 20), **P < .01. B, qRT- PCR analysis of X26nt expression in GC and normal serum exosomes (n = 16), 
**P < .01. C, Expression of X26nt in paracancerous and GC tissue chip (n = 16), **P < .01, D, FISH of X26nt and spliced XBP1 (XBP1s) in 
paracancerous and GC tissues (n = 16)
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cell migration, while inhibition of the X26nt attenuated this effect 
(Figure 4C- F). Consistently, the branch points of the tube- like struc-
ture in the HUVECs were also promoted by M.X26nt, while it was 
restrained by X26nt asRNA (Figure 4G,H). Collectively, these results 
further demonstrated that the X26nt derived from BGC exosomes 
promoted angiogenesis.

3.5 | Exosomal X26nt is delivered to ECs and 
inhibits the expression of VE- cadherin

Recent studies showed that exosomes had an ability to transfer 
functional miRNAs and proteins to adjacent ECs and mediated the 
regulation of vascular integrity.30 Due to the similar length, we sus-
pect that X26nt may play a similar role to miRNAs. GES- 1 cells are 
normal gastric epithelial cells, and we measured the level of X26nt 
in exosomes that were purified from GES- 1 cells and GC cell lines 
MKN- 45, MGC- 803, and BGCs. The results revealed that the level 
of X26nt in GC cell exosomes was significantly higher than that in 
GES- 1 cell exosomes (Figure 5A), which indicated that exosomes are 

potential carriers of X26nt in GC. Then, HUVECs were incubated 
with exosomes from BGCs by different treatments. As a result, the 
X26nt level was markedly decreased in HUVECs cocultured with 
BGC exo- X26nt- del (Figure 5B).

To further verify whether the elevated X26nt level in HUVECs 
was directly derived from GC cell exosomes instead of the ECs 
themselves, BGCs were transfected with either Cy3- labeled X26nt 
or negative control. After 24 hours, we isolated exosomes from 
conditioned media collected from the above BGCs and added them 
to HUVECs culture medium. Cy3 labeled signal was shown in the 
HUVECs incubated with exosomes from BGCs transfected with 
Cy3- labeled X26nt (Figure 5C). Furthermore, we found that BGC 
exosomes decreased the expression of VE- cadherin in HUVECs, 
while BGC exo- X26nt- del eliminated the inhibition (Figure 5D,E). 
Consistently, exosome treatment remarkably increased the permea-
bility of the HUVECs monolayer, and BGC exo- X26nt- del abrogated 
the effect in the transwell FITC- dextran assay (Figure 5F). Similarly, 
the exosomes of BGCs increased the transendothelial migration 
of cancer cells, while BGC exo- X26nt- del weakened the increase 
(Figure 5G,H). In addition, we also observed that BGC exosomes 

F I G U R E  2   Exosomes derived from gastric cancer (GC) cells can be internalized by human umbilical vein endothelial cells (HUVECs). A, 
Representative transmission electron microscopy image of exosomes derived from BGC- 823 cells (BGCs) (scale bar, 100 nm). B, Particle 
diameter (nm) of the purified exosomes. C, Western blot of exosome markers of BGC cellular protein and corresponding exosomes. D, 
Exosomes from BGCs can fuse with HUVECs. DAPI and PKH67 were used to stain HUVECs and exosomes, respectively, and PKH67- labelled 
exosomes were shown to enter HUVECs at 12 h. Arrows refer to PKH67- labelled exosomes (scale bar, 50 μm; n = 3)
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inhibited the expression of β- catenin which was connected to the 
cytoplasmic tail of VE- cadherin, while no effect was shown on P120 
(Figure S3A,B). These data revealed that BGC- secreted exosomes 

containing X26nt were internalized by vascular ECs and inhib-
ited the expression of VE- cadherin, resulting in elevating vascular 
permeability.

F I G U R E  3   The role of exosomes in angiogenesis. Human umbilical vein endothelial cells (HUVECs) were incubated with exosomes isolated 
from BGC- 823 cells (BGCs), and the proliferation, migration, and tube formation were examined after 24 h. To downregulate the level of exosomal 
(X26nt), we isolated exosomes from BGCs transfected with X26nt inhibitors (X26nt asRNA) for 24 h (exo X26nt del), and the scrambled X26nt 
inhibitors were transfected as control (exo I.NC). A, Proliferation of HUVECs measured by EdU assay (n = 3). B, Quantitative analysis EdU/DAPI 
rate of (A) (n = 3), *P < .05; **P < .01. C, Migration of HUVECs measured by wound healing assay at 0 and 12 h (n = 3). D, Quantitative analysis 
wound closure rate of (C). Wound closure rate was defined as the percentage of the area occupied by the migrated cells to that of the empty area 
created by the scratching (n = 3), **P < .01. E, Migration of HUVECs measured by transwell assay (n = 3). F, Quantitative analysis of migrated cells 
per area of (E) (n = 3), **P < .01. G, Tube formation of HUVECs (n = 3). H, Quantitative analysis of branches per area of (G) (n = 3), **P < .01
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F I G U R E  4   The role of X26nt in angiogenesis. Human umbilical vein endothelial cells (HUVECs) were transfected directly with X26nt 
mimics (M.X26nt) or inhibitors (X26nt asRNA), and the corresponding scrambled mimics and inhibitors were used as controls (NC). 
Subsequently, the proliferation, migration, and tube formation of HUVECs were examined at 24 h. A, Proliferation of HUVECs measured by 
EdU assay (n = 3). B, Quantitative analysis of (A) (n = 3), *P < .05; **P < .01. C, Migration of HUVECs measured by wound healing assay at 0 
and 12 h (n = 3). D, Quantitative analysis of (C) (n = 3), **P < .01. E, Migration of HUVECs measured by transwell assay (n = 3). F, Quantitative 
analysis of (E) (n = 3), *P < .05; **P < .01. G, Tube formation of HUVECs (n = 3). H, Quantitative analysis of (G) (n = 3), **P < .01

F I G U R E  5   X26nt derived from exosomes decreases the expression of vascular endothelial cadherin (VE- cadherin). A, Relative levels of 
X26nt in GES- 1 cell exosomes, MKN- 45 exosomes, MGC- 803 exosomes, and BGC- 823 exosomes by qRT- PCR (n = 3), *P < .05; **P < .01. 
B, The level of X26nt in human umbilical vein endothelial cells (HUVECs) cocultured with different exosomes were determined by qRT- PCR 
(n = 3), **P < .01. C, Exosomes derived from BGC- 823 cells (BGCs) transfected with Cy3- labelled X26nt or without transfection (control) 
were added to HUVECs culture medium. HUVECs were fixed and stained with DAPI and Alexa 488 phalloidin. The fluorescence signal in 
HUVECs was detected by SP5 confocal microscope. Arrows refer to Cy3- labelled X26nt exosomes (n = 3). D, Immunoblots of VE- cadherin 
in HUVECs cocultured with different exosomes. GAPDH was presented as the loading control. Densitometric analysis of VE- cadherin/
GAPDH (n = 3) is shown, **P < .01. E, Immunofluorescence of VE- cadherin in HUVECs cocultured with different exosomes (n = 3). F, 
Quantitative analysis of the FITC- dextran passage of HUVECs monolayer cocultured with different exosomes (n = 6), *P < .05. G, Green 
fluorescent protein- mouse forestomach carcinoma (GFP- MFC) cells were added to the top of HUVECs monolayer cocultured with different 
exosomes for 24 h that were grown on transwell inserts and incubated for another 12 h. The migratory GFP- MFC cells were captured using 
a fluorescent microscope (n = 3). H, Quantitative analysis of the migratory GFP- MFC cells of (G) (n = 3), **P < .01
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3.6 | X26nt directly targets and inhibits the 
expression of VE- cadherin

We further explored how secreted X26nt attenuated the expres-
sion of VE- cadherin and increased vascular permeability. Using 
bioinformatic tools, we predicted the binding site of X26nt on 
VE- cadherin mRNA 3′UTR (Figure 6A). Then a dual- luciferase re-
porter assay revealed that cotransfection of M.X26nt significantly 
inhibited the activity of firefly luciferase reporter of wild- type 
3′UTR of VE- cadherin mRNA, whereas this effect was abrogated 
when the predicted binding site in 3′UTR was mutated (Figure 6B). 
Furthermore, we detected the levels of VE- cadherin in the trans-
fected cells. As predicted, cells overexpressing X26nt showed a low 
level of VE- cadherin (Figure 6C). However, transfection of X26nt 

asRNA significantly attenuated the decrease of VE- cadherin in 
HUVECs (Figure 6D). Consistently, M.X26nt inhibited the expres-
sion of VE- cadherin in HUVECs monolayer, while treatment with 
X26nt asRNA significantly abolished the capacity of X26nt to de-
crease VE- cadherin (Figure 6E). These results suggested that GC 
cell– secreted exosomal X26nt may increase vascular permeability 
by directly targeting VE- cadherin.

3.7 | The role of X26nt in tumor growth and 
angiogenesis in vivo

To ascertain the role of X26nt in tumor growth and angiogenesis in 
vivo, we constructed a tumor- implanted model by subcutaneously 

F I G U R E  6   X26nt directly targets and inhibits vascular endothelial cadherin (VE- cadherin) expression. A, Schematic showing potential 
X26nt binding sites in the VE- cadherin mRNA 3′UTR. B, The luciferase assay of HEK293T cells cotransfected firefly luciferase reporter 
plasmid containing either wild- type (WT) or mutant VE- cadherin mRNA 3′UTR with M.X26nt (n = 3), **P < .01; n.s., nonsignificant. C, 
Western blot analysis of VE- cadherin expression in human umbilical vein endothelial cells (HUVECs) transfected with M.X26nt. GAPDH 
was presented as the loading control. Densitometric analysis of VE- cadherin/GAPDH (n = 3) is shown, *P < .05. D, Western blot analysis of 
VE- cadherin expression in HUVECs transfected with X26nt asRNA. GAPDH was presented as the loading control. Densitometric analysis of 
VE- cadherin/GAPDH (n = 3) is shown, *P < .05. E, Immunofluorescence staining of VE- cadherin in HUVECs transfected with M.X26nt and 
X26nt asRNA (n = 3)

F I G U R E  7   The role of X26nt in tumor growth and angiogenesis in vivo. A, Relative levels of X26nt in different tumor tissues by qRT- 
PCR (n = 6), **P < .01; *P < .05. B, The BGC- 823 cells (BGCs) were subcutaneously injected into the BALB/c nude mice to create a tumor- 
implanted model. When the tumor appeared, X26nt antisense RNA (X26nt asRNA) plasmid and mock control (NC) were injected to the 
tumor every other day before the mice were sacrificed. Analysis of tumor diameter and weight in each group (n = 6) is shown, **P < .01. C, 
The formed tumors from BGCs transfected with X26nt- overexpressing (X26nt OE) lentivirus and control lentivirus (control) were isolated 
and compared. Analysis of tumor diameter and weight in each group (n = 6) is shown, **P < .01. D, Immunofluorescence staining of vascular 
endothelial cadherin (VE- cadherin) in tumor treated with X26nt asRNA plasmid and NC (n = 6). E, Immunofluorescence staining of VE- 
cadherin in tumor of X26nt OE lentivirus and control (n = 6). F, Immunohistochemical staining of paraffin- embedded different tumor tissues 
with CD31 antibody (n = 6), **P < .01
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injecting BGCs into the back of the armpit of nude mice. The levels 
of X26nt in tumor tissues were measured by qRT- PCR. X26nt lev-
els were reduced in the X26nt knockdown group, while X26nt was 
increased in the X26nt OE group (Figure 7A). When visible tumor 
appeared, we injected X26nt asRNA plasmid and mock control 
(NC) to the formed tumor every other day to knock down X26nt 
until the mice were sacrificed. We found that knockdown X26nt 
inhibited the growth of tumor, and the diameter, weight, and vol-
ume were smaller than in the mock control (Figure 7B, Figure S4A). 
To overexpress X26nt, BGCs were transfected with X26nt OE 
lentivirus and control lentivirus (control). Then, transfected BGCs 
were subcutaneously injected into the mice. Twenty- four days 
after injection, we harvested the subcutaneous tumors and found 
that the diameter, weight, and volume of the X26nt OE group 
were distinctly larger than those of the control group (Figure 7C, 
Figure S4B). In addition, X26nt overexpressing in BGCs promoted 
the proliferation of themselves compared with the control in vitro 
(Figure S4C,D).

Furthermore, we observed that knockdown X26nt increased 
VE- cadherin, which was distributed at the tumor edge, while over-
expressing X26nt decreased VE- cadherin (Figure 7D,E). Finally, 
we found that suppression of X26nt significantly inhibited tubular 
formation, while the overexpression of X26nt induced tubular for-
mation compared with the control group (Figure 7F). From these 
results, we concluded that GC- derived X26nt accelerates tumor 
growth and angiogenesis in vivo. Collectively, these results indicated 
that GC exosomal X26nt promotes HUVECs proliferation, migration, 
and tube formation via decreasing VE- cadherin, which facilitates an-
giogenesis (Figure 8).

4  | DISCUSSION

Emerging evidence indicated that exosomes were critically involved 
in GC progression including tumorigenesis, metastasis, angiogenesis, 
immune evasion, and drug resistance.31 In the current study, we first 
found that the X26nt of the shear product of XBP1u was highly ex-
pressed in GC serum exosomes. We further confirmed that X26nt de-
rived from GC cell exosomes promoted the proliferation, migration, 
and tube formation of HUVECs. Exosomal X26nt can decrease VE- 
cadherin through binding to the 3′UTR of VE- cadherin mRNA, result-
ing in increasing vascular permeability. In vivo, we verified that X26nt 
accelerates the tumor growth and angiogenesis. Taken together, GC 
cell– derived exosomal X26nt facilitates the proliferation, migration, 
and tube formation of HUVECs and promotes tumor angiogenesis.

Hypoxia in the solid tumors induces splicing of XBP1u, then 
XBP1s translocates into the nucleus, binds to the specific sites in 
the promoters of target genes, and regulates tumor cells survival, 
immunoregulation, metastasis, and drug resistance.32 Our previous 
studies indicated that the XBP1s increased smooth muscle cell mi-
gration via PI3K/Akt activation and proliferation via downregulating 
calponin h1.33 Although the current research focused on XBP1s, we 
found that X26nt was obviously upregulated in GC, suggesting that 
X26nt is possibly relevant in tumor growth and microenvironment 
formation. X26nt is likely to be degraded in normal tissue and low 
level of X26nt was found in normal serum in our study. So X26nt has 
been considered as an useless product of XBP1 splicing all along. For 
it is likely to be degraded in normal tissue and we also found low level 
of X26nt in normal serum. Our study may provide potential targets 
for GC therapy.

F I G U R E  8   Schematic illustration of 
the mechanisms of gastric cancer (GC) cell 
exosomal X26nt- induced angiogenesis. 
Upon GC cell proliferation, the by- product 
X26nt, which is formed by XBP1u splicing, 
is secreted out through GC cell– derived 
exosomes. Exosomal X26nt binds to 
vascular endothelial cadherin (VE- 
cadherin) mRNA 3′UTR, which reduces 
the expression of VE- cadherin and 
promotes endothelial cell proliferation, 
migration, and tube formation, thereby 
promoting tumor angiogenesis



     |  1851CHEN Et al.

Exosomes are capable of mediating local and distant cell commu-
nication through transferring proteins, lipids, and nucleic acids during 
both physiological and pathological conditions.34,35 The ncRNAs in 
exosomes from GC cells were identified by deep sequencing. In re-
cent years, the functions of exosomal ncRNAs on tumor angiogenesis 
have been gradually discovered. For example, miR- 452 regulates cell 
proliferation, migration, and angiogenesis by suppressing vascular en-
dothelial growth factor expression in early colorectal cancer progres-
sion.36 In addition, secretory miRNAs are also involved in remodeling 
tumor microenvironment shaped and dominated by cancer cells.37,38 
MiR- 155 encapsulated by exosomes from GC can enhance the gener-
ation of new vessels for GC in vitro through inhibiting the expression 
of Forkhead box O3 protein.39 The current study is the first, to our 
knowledge, to provide evidence for the effect of X26nt on angiogene-
sis in GC, suggesting X26nt, similar to microRNAs in length, as a crucial 
regulator of tumor angiogenesis. We found that GC cell– secreted exo-
somal X26nt increased the proliferation, migration, and tube formation 
of HUVECs. The ability of exosomes to package and transport ncRNAs 
is another basis for their participation in communication between cells.

Vascular endothelial- cadherin is an EC- specific adhesion molecule 
which has been reported to play a central regulatory role in the control 
of angiogenesis and endothelial barrier formation.12 Growing evidence 
implicated that VE- cadherin participated in various aspects of vascular 
biology including EC migration,40 survival,41 contact- induced growth 
inhibition,42 vascular integrity,43- 45 and, most critically, ECs assembly 
into tubular structures.46 In this study, we have demonstrated that GC 
cell– secreted exosomes are delivered to ECs and inhibit the expres-
sion of VE- cadherin, while removing X26nt from exosomes eliminates 
the exosome- induced decrease of VE- cadherin expression. As a re-
sult, we have found that GC cell– secreted exosomal X26nt increases 
the permeability. Our study also verified that X26nt could directly 
inhibit the expression of VE- cadherin of HUVECs by combining the 
3′UTR of VE- cadherin mRNA, suggesting that GC cell– secreted exo-
somal X26nt increases the migration and tube formation of HUVECs 
and further promotes tumor angiogenesis by decreasing VE- cadherin. 
Consistently, previous study has shown that soluble E- cadherin– 
positive exosomes heterodimerize with VE- cadherin on ECs and 
promote angiogenesis in ovarian cancer.47 Solid tumor vasculature is 
exceptionally variable in size and shape, and is not organized similarly 
to normal tissue due to the abnormal properties of tumor ECs.48,49 
In tumor neovasculature, aberrant tumor vessels demonstrated that 
decreased levels of junctional VE- cadherin resulted in slack barrier 
connection and increased vascular permeability.50,51 Interestingly, in 
vivo study, VE- cadherin was found to be higher expressed inside of 
the tumor compared to that at the tumor edge in the X26nt OE group. 
Our study suggests that low expression of VE- cadherin facilitates ECs 
surrounding the tumor to migrate inside the tumor, form new blood 
vessels, and promote tumor growth. Further studies are needed to 
determine additional molecular mechanisms that might specifically 
facilitate X26nt- regulated angiogenesis in cancer.

In summary, we show that GC cell– secreted exosomal X26nt 
inhibits the expression of VE- cadherin in HUVECs and further pro-
motes angiogenesis in vitro and in vivo, possibly a compensatory 

mechanism to tumor angiogenesis. Our study also provides evidence 
that X26nt plays a key role in regulating angiogenesis in the tumor 
microenvironment. These results suggest novel mechanistic insights 
for understanding the role of X26nt in tumor angiogenesis.
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