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Abstract. Gastric cancer (GC) is among the most common
cancer types worldwide with high mortality. Recent studies
have shown that exosomes play a crucial role in the tumori-
genesis of GC. The present study aimed to investigate the
circular RNA (circRNA) profile in plasma exosomes from
patients with gastric cancer (GC). Peripheral blood samples
were collected from 5 patients with GC and 5 healthy
donors, and exosomes were isolated from plasma. The
high-throughput RNA sequencing (RNA-seq) method was
applied to detect the differently expressed circRNAs (DE
circRNAs). Subsequently, sequencing results were confirmed
by reverse transcription quantitative (RT-q) PCR. The poten-
tial roles of DE circRNAs in GC were identified using Gene
ontology (GO) and Kyoto Encyclopedia of Gene and Genome
(KEGG) analysis. Furthermore, MiRanda software was used
to predict circRNA-micro-RNA (miRNA) interactions. A
total of 67,880 circRNAs were identified in all samples and
1,060 significantly DE circRNAs were screened, including
620 upregulated and 440 downregulated ones. These results
were further confirmed by RT-qPCR. GO and KEGG analyses
revealed that these circRNAs were significantly associated
with ‘cell cycle’, ‘cytoskeleton organization’, ‘cellular
response to DNA damage’, ‘regulation of GTPase activity’,
‘phosphatidylinositol signaling pathway’, ‘M APK signaling
pathway’, ‘thyroid hormone signaling pathway’, ‘chemokine
signaling pathway’ and “Wnt signaling pathway’. In addition, a
circRNA-miRNA-mRNA interaction network was established.
Taken together, these findings may help better understanding
the underlying mechanisms of GC and identifying new
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molecular alterations in GC, and allow the enrichment of the
circRNA profiling in human GC.

Introduction

Gastric cancer (GC) is one of the most common types of
cancer and is responsible for an estimated 783,000 deaths and
over 1,000,000 new cases in 2018 worldwide, making it the
fifth most frequently diagnosed cancer and the third leading
cause of cancer-associated mortality (1). Surgical resection
remains the most promising intervention towards localized
GC tumors; however, many patients with advanced-stage
GC present with inoperable disease at diagnosis or develop
recurrent disease following resection (2). Patients with GC
exhibit extremely poor quality of life and poor prognosis
with a five-year survival rate <15% (3). The development
of sensitive and specific biomarkers is therefore crucial and
may improve current management of GC, including early
diagnosis, prognosis, recurrence monitoring and treatment
response evaluation.

Recent studies have focused on the function of exosomes
in local and systemic cell-to-cell communication in cancer
progression and on their applications in cancer screening and
diagnosis (3,4). Exosomes are lipid bilayer vesicles of endocytic
origin with a typical size of 30-100 nm, which are detected
in most body fluids, including serum, urine and saliva (5).
Exosomes are produced from various cell types, and tumor
cells secrete excessive amounts of these vesicles compared
with non-tumor normal cells (6). Furthermore, exosomes
serve a pivotal role in mediating signaling transduction
between neighboring or distant cells via delivering proteins,
RNAs and DNAs (4). Comparing the contents of exosomes
derived from GC patients with the content of exosomes from
healthy individuals may provide a better understanding of the
molecular mechanisms of GC tumorigenesis and progression
and may help the identification of novel biomarkers for cancer
development, metastasis and prognosis.

Circular RNAs (circRNAs) are a type of non-coding RNA
(ncRNA) with a closed annular structure (7,8). As an abundant
cargo of exosomes, circRNAs can serve as biomarkers due to
the following advantages: i) circRNAs are not easily degraded
by RNase R due to their circular structure and may exist
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stably in exosomes; ii) circRNAs are highly conserved and
tissue-, developmental stage- and tumor type-specific; and iii)
some circRNAs are involved in tumorigenesis and associated
with treatment response or patients' survival (9). A study of
circRNAs expression in GC and paracancerous tissues identi-
fied 467 significantly differentially expressed circRNAs (DE
circRNAs), including 214 upregulated and 253 downregulated
ones (10). However, the expression profile of circRNAs in circu-
lating exosomes from patients with GC remains unknown. In
the present study, the RNA sequencing (RNA-seq) technique
was used to detect exosomal circRNAs in the plasma from
patients with GC and healthy donors and screen DE circRNAs.
The potential roles of these DE circRNAs and their target
miRNAs were predicted using bioinformatics methods.

Materials and methods

Patients and sample collection. In the present study, 5 patients
with GC were recruited from the First Hospital of Jilin
University between December 2018 and February 2019. All
patients were pathologically diagnosed with gastric adenocar-
cinoma and were free of any other types of cancer. Patients who
had received any type of anticancer treatment were excluded
from the present study. In addition, 5 healthy donors with no
history of cancer were enrolled as healthy controls (HC). The
clinicopathological characteristics of patients and volunteers
are presented in Table I. In total, 5 ml of peripheral blood
samples were collected intravenously from each individual in
BD Vacutainer® Venous Blood Collection Tubes containing
EDTA, and plasma was isolated and frozen immediately
at -80°C until use. This study was approved by the local inde-
pendent Ethics Committee and the Institutional Review Board
of the First Hospital of Jilin University (Changchun, China),
and informed consent was obtained from all patients and
volunteers. Blood collection and experiments were performed
in accordance with the Declaration of Helsinki and relevant
guidelines and regulations.

Exosome isolation and identification. Exosomes were
isolated from 1 ml of plasma samples pre-filtered by passing
through a 0.8 ym filter using an exoEasy Maxi kit (Qiagen,
Inc.) according to the manufacturers' instructions and frozen
immediately at -80°C until use.

Exosomes were visualized by transmission electron micro-
scope (TEM) as previously described (11). Briefly, following
loading onto carbon-coated formvar grids, and staining
with 2% uranyl acetate for 10 min at room temperature and
lead citrate for 5 min at room temperature, exosomes were
visualized using TEM (FEI TF20, Thermo Fisher Scientific,
Inc.) with a magnification of x75,000.

Western blotting was used to detect the typical exosomal
protein markers, CD9 and TSG101 (12). Exosomes were lysed
on ice in radioimmunoprecipitation assay buffer (Beyotime
Institute of Biotechnology,) supplemented with 1% protease
inhibitor cocktail (Cell Signaling Technology). Following
protein quantification using a BCA Protein Assay kit (Pierce;
Thermo Fisher Scientific, Inc.), 30 ug exosomal proteins were
separated by 12% SDS-PAGE and transferred onto a polyvi-
nylidene fluoride membrane. Membranes were blocked with
TBS-5% BSA atroom temperature for 2 h and incubated with the
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primary antibodies rabbit anti-CD9 (cat. no. D8O1A; 1:1,000;
Cell Signaling Technology, Inc.), rabbit anti-tumor suscepti-
bility gene 101 (TSG101; cat. no. ab125011; 1:1,000; Abcam)
and rabbit anti-calnexin (cat. no. C5C9; 1:1,000, Cell Signaling
Technology, Inc.) at 4°C overnight. HRP-Goat Anti-Rabbit IgG
(cat. no. 111-035-003; Jackson ImmunoResearch Laboratories,
Inc.) was used as the secondary antibody at 1:2,000 dilution
and incubated for 2 h at room temperature. A EasyBlot ECL
kit (cat. no. D601039-0050; Sangon Biotech Co., Ltd.) was
used to visualize the bands. CD9 and TSG101 are two of
the most frequently identified markers in exosomes, whereas
calnexin is an endoplasmic reticulum protein that is used as a
negative control.

RNA isolation and quality control. Total RNA was extracted
from exosomes using TRIzol reagent (Life Technologies;
Thermo Fisher Scientific, Inc.). The quality control and
quantification of the RNA samples were performed using
the NanoDrop ND 1000 spectrophotometer (Thermo Fisher
Scientific, Inc.). RNA integrity and DNA contamination were
assessed by electrophoresis on a 1% denaturing agarose gel.
Only DNA-free RNA samples with OD,,,/OD,, ratio between
1.8 and 2.1 and RNA integrity number (RIN) =7 were used for
further experiments.

RNA library construction and circRNA sequencing.
High-throughput RNA-seq was performed by Cloud-Seq
Biotech, Inc. Briefly, the NEBNext® rRNA Depletion Kit
(New England BioLabs, Inc.) was used to remove ribosomal
RNAs (rRNAs) from total exosomal RNAs according to the
manufacturers' instructions. Subsequently, RNA libraries
were constructed from rRNA-depleted RNAs using the
NEB Next®Ultra™ II Directional RNA Library Prep Kit
(New England BioLabs, Inc.) according to the manufacturers'
protocol. The quality and quantity of the RNA libraries
were evaluated using the BioAnalyzer 2100 system (Agilent
Technologies, Inc.). These libraries were then sequenced on
an [llumina HiSeq 4000 sequencer (Illumina, Inc.) and 150 bp
paired-end reads were generated. Quality score of 30 (Q30) was
used to determine sequencing quality. Furthermore, cutadapt
software (v1.9.2) (13) was used to trim 3' adaptor sequences
and to remove low-quality reads to acquire clean reads, which
were then aligned to the reference genome/transcriptome via
the Bowtie2 software (v2.2.4) (14). In addition, circRNAs were
identified with the find_circ software (v1.2) (15). Finally, raw
junction reads for each sample were normalized to the number
of total reads and the expression levels of circRNAs were
transformed into logCPM values (log2 counts per million;
normalized for library sizes).

Identification of DE circRNAs. Differential expression of
circRNAs was calculated using the edgeR package of the
R software (v3.3.2). DE circRNAs were identified through
fold-change (FC =2.0; i.e. llog,FCI >1) between GC cases and
controls, and t-tests (P<0.05). DE circRNAs with log,FC <0
and log,FC >0 were considered as down- and upregulated
genes, respectively. Volcano plot visualization based on false
discovery rate (FDR)-adjusted P-values was performed using
ggplot2 in R software (v3.5.1). Subsequently, a hierarchical
heatmap was constructed to reveal circRNAs expression
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Table I. Clinicopathological characteristics of patients with GC and healthy volunteers.
Sample ID Age, years Sex Histological type Histological grade TNM stage
GC
GC190121 71 Male Adenocarcinoma Poorly T4aN3aMO I1IB
GC190122 58 Male Adenocarcinoma Poorly T2N1IMO ITA
GC190124 63 Male Adenocarcinoma Poorly T3N2MO IITA
GC190125-2 64 Male Adenocarcinoma Poorly T4aN3aMO IIIB
GC190128-2 65 Male Adenocarcinoma Poorly T3N3aMO IIIB
HC
HC190128-1 33 Male
HC190128-2 43 Male
HC190128-3 29 Male
HC190128-4 26 Male
HC190128-5 37 Male

HC, healthy control; GC, gastric cancer; TNM, Tumor-Node-Metastasis.

pattern among samples via the heatmap.2 function of the
gplots package in R software (v3.5.1).

Gene ontology (GO) and Kyoto Encyclopedia of Gene
and Genome (KEGG) pathway enrichment analyses. DE
circRNAs were submitted to The Database for Annotation,
Visualization and Integrated Discovery (DAVID: http://david.
abcc.nciferf.gov) to unveil their potential roles (16) via GO (17)
and KEGG (18) enrichment analysis. The P-value (-log,,)
scores indicated the significance of GO terms and KEGG
pathway correlations. The top 10 enriched GO terms,
including molecular function (MF), cellular component (CC)
and biological process (BP), and the top 10 KEGG pathways of
upregulated and downregulated circRNAs were presented via
enrichment scores. Finally, the pathway relation network was
established using the Cytoscape software (v3.6.1) based on the
significantly enriched KEGG pathways.

Reverse transcription quantitative PCR (RT-gPCR). RT-qPCR
was performed to verify the expression levels of the selected
DE circRNAs in plasma exosomes derived from patients with
GC and healthy controls. Total RNA was reverse transcribed
to cDNA using SuperScriptTM III Reverse Transcriptase
(Invitrogen; Thermo Fisher Scientific, Inc.) according to the
manufacturers' protocol. Subsequently, the cDNA library
of each sample was subjected to RT-qPCR reactions on a
QuantStudio 5 Real-Time PCR System (Thermo Fisher
Scientific, Inc.) using a qPCR SYBR Green master mix
(CloudSeq Biotech, Inc.). Primer sequences of the randomly
selected circRNAs and GAPDH (internal control) are listed
in Table IT (Invitrogen; Thermo Fisher Scientific, Inc.). The
circRNA expression levels were normalized using GAPDH
as the reference gene and calculated by applying the 2444
method (19). Each circRNA sample was analyzed in triplicate.

Prediction of circRNA-miRNA-mRNA interaction.
CircRNA-miRNA interaction was predicted using the
MiRanda software (August 2010 release) (20). Subsequently,

top 5 putative target miRNAs and their binding sites on
DE circRNAs were identified. In addition, the downstream
target mRNAs of miRNAs were predicted using TargetScan
(http://www.targetscan.org) (21). Finally, the potential
functional DE circRNA-miRNA-mRNA network was
visualized with Cytoscape software (v3.6.1) (22).

Statistical analysis. Statistical analysis was performed using
SPSS 22.0 software (IBM Corp.). Student's t-test was used
to evaluate the differences in circRNAs expression levels
between patients with GC and healthy controls. RT-qPCR data
were expressed as the means + standard deviation of the mean.
P<0.05 was considered to indicate a statistically significant
difference.

Results

Identification of isolated exosomes. Exosomes were isolated
from the plasma of patients with GC and healthy donors. The
morphology and size of the obtained exosomes were identified
using TEM. Exosomes ranged from 30 to 100 nm in size and
exhibited a cup-shaped morphology with a clearly defined and
relatively intact membrane (Fig. 1A). The exosomal proteins
CD9 and the endosomal sorting complexes required for
transport TSG101 were detected in all samples by western
blotting. These results confirmed the exosomal characteristics
of these extravesicles. In addition, the endoplasmic reticulum
marker calnexin was undetectable in these exosomes,
confirming the purity of the isolation (Fig. 1B).

DE circRNAs in plasma exosomes from patients with GC.
The profiling of circRNAs expression in the circulating
exosomes derived from patients with GC and healthy controls
was performed using high-throughput RNA-seq. A total of
732,993,440 raw and 699,178,882 clean reads were obtained,
and 67,880 circRNAs were identified in all samples. The
number of detected reads and circRNAs in each sample is
listed in Table III. The predicted length of circRNAs ranged


https://www.spandidos-publications.com/10.3892/ol.2020.11800
https://www.spandidos-publications.com/10.3892/ol.2020.11800
https://www.spandidos-publications.com/10.3892/ol.2020.11800

2202 RAO et al: CIRCULAR RNA PROFILING IN PLASMA EXOSOMES FROM PATIENTS WITH GASTRIC CANCER

Table II. Randomly selected circRNAs for RT-qPCR and primer sequences.

No. CircRNA ID Primer name Primer sequence

1 chr2:61468695-61484485- 2-Forward GCATGGAACCAGAGGAAGAA
2-Reverse CAGAGGCTGCTTATCCATGG

2 chr4:39915231-39927553- 10-Forward GCAATGATGGAGAAGAGCGA
10-Reverse TGCAATCTTCCAATTCAAAGCAG

3 chr17:35797839-35800763+ 7-Forward TGCTGAACCTGAAACAAGCA
7-Reverse CCAAAGCCACAGTCCATCAC

Internal standard GAPDH IS-Forward GGCCTCCAAGGAGTAAGACC
IS-Reverse AGGGGAGATTCAGTGTGGTG

Table III. Number of detected reads and circRNAs in each sample.

Sample Raw reads Q30*(%) Clean reads Clean ratio (%) CircRNA number
GC190121 79,522,714 85.51 78,394,480 98.58 8,585
GC190122 70,645,332 83.05 69,090,516 97.80 6,210
GC190124 81,482,080 80.57 71,190 454 87.37 7,893
GC190125-2 74,364,070 82.04 72,423,264 97.39 8,994
GC190128-2 74,726,070 82.57 70,623,532 94.51 1,690
HC190128-1 76,588,480 82.48 73,503,134 95.97 50,075,766
HC190128-2 72,454,750 81.14 69,163,734 95.46 46,694,522
HC190128-3 75,169,572 83.23 73,402,884 97.65 51,661,182
HC190128-4 70,163,844 86.56 61,296,786 87.36 38,213,918
HC190128-5 70,567,646 82.58 68,197,198 96.64 47,517,420

Q30 refers to the percentage of nucleotides with Phred quality score >30. GC, gastric cancer; HC, healthy control.

B
CDg

T8G101

Calnexin

Figure 1. Identification of exosomes. (A) Representative TEM images of
exosomes isolated from. Scale bar, 200 nm. (B) Western blotting analysis of
exosomes. CD9 and TSG101 were detected in exosome samples and calnexin
was used as negative control. TEM, transmission electron microscopy; CD9,
cluster of differentiation 9; TSG101, tumor susceptibility gene 101.

between 53 and 99,588 nt with an average size of 4,176 nt. The
length distribution of the circRNAs is presented in Fig. 2A.
According to their association with protein-coding genes,
circRNAs were classified into the following five categories:
22,656 circRNAs were exonic; 3,728 circRNAs were intronic;
306 circRNAs were intergenic; 1,406 circRNAs were anti-
sense; and 4,997 were sense overlapping (Fig. 2B). The raw
read counts were normalized and DE circRNAs were filtered
using edgeR. Subsrequently, 1,060 significantly DE circRNAs
with FC=2.0 and P<0.05 were identified (Fig. 2C), including
620 upregulated (Table SI) and 440 downregulated ones

(Table SII). The top 5 up- and downregulated circRNAs in
patients with are listed in Table I'V. Eventually, the heatmap of
circRNA expression profiles in all samples revealed a remark-
ably distinguishable exosomal circRNAs expression pattern in
GC cases compared with HC (Fig. 2D).

Validation of DE circRNAs expression by RT-qPCR.
RT-qPCR was performed to verify the differential expres-
sion of circRNAs. Among the high-throughput RNA-seq
results, two upregulated (chr2: 61468695-61484485- and chr4:
39915231-39927553-) and one unaffected circRNA (chrl7:
35797839-35800763+) were randomly selected for valida-
tion. The circRNA expression levels were normalized using
GAPDH as the internal control. The results demonstrated that
the expression levels of chr2: 61468695-61484485- and chr4:
39915231-39927553- were significantly upregulated in samples
from patients with GC compared with HC. In addition, the
expression of chrl7: 35797839-35800763+ was comparable
between the two groups (Fig. 3), suggesting that the observed
circRNA expression profiles were reliable.

GO and KEGG enrichment analyses of DE circRNAs. To reveal
the biological properties and functions of DE circRNAs, GO
and KEGG analyses were carried out. Furthermore, DAVID
website was used to visualize the DE circRNAs enrichment
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Figure 2. Expression patterns circRNAs in plasma exosome from patients with GC and HC identified by high throughput RNA sequencing. (A) Length
distribution of detected circRNAs. (B) Categories of circRNAs. (C) Volcano plot showing DE circRNAs between GC cases and HCs. Red dots [Ilog2FCl
>1, -logl0 (P-values) >1.3] represent significantly upregulated (log2FC >1) and downregulated (1og2FC <-1) circRNAs. (D) Hierarchical cluster analysis and
heatmap of DE circRNAs with a P-value<0.05 (n=5). Each row represents the expression level of a circRNA and each column represents an exosome sample.
Pseudo-colors indicate expression levels from low to high (green to red). circRNA, circular RNA; FC, fold change; GC, gastric cancer; HC, healthy control;

DE, differentially expressed.

for the associated GO terms and KEGG pathways. Regarding
the MF, upregulated DE circRNAs were associated with
‘purine nucleotide binding’, especially with ‘adenyl nucleotide
binding’, ‘ATP binding’, ‘protein binding’, ‘drug binding’,
‘transferase activity, transferring phosphorus-containing

groups’ and ‘protein kinase activity’, while the downregu-
lated ones were associated with ‘enzyme binding’, especially
‘GTPase binding’, ‘protein binding’, ‘ATP binding’ and
‘GTPase regulator activity’. For GO CC, upregulated DE
circRNAs were significantly enriched in ‘intracellular part’,
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Table IV. The top 5 up- and downregulated circRNAs in patients with gastric cancer.

Length

Catalog®

pt  Gene name

Best_transcri

P-value circBaselD Source

logCPM

logFC

Regulation

CircRNAID
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467
232
289
375
567

Exonic

ANKRD26
PRPF40A
TBCE
SMC5

NM_014915
NM_017892

circBase
Novel®

8.3486443  8.161152 5.099E-06  hsa_circ_0093425

8.2675039
8.2199474

8.0946435

Up
Up

¢chr10:27356086-27368090-
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NM._003193
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8.684E-06

8.0871901
8.043562

chr2:153535866-153537850-

_ Exonic
NM_015110

circBase
Novel®

hsa_circ_0007247

Up

chr1:235582788-235594119+
chr9:72895675-72901187+

Exonic

NM_ 004685

1.425E-05

7.9307965
7.5242861

Up

Exonic
Sense

g MTMR6
ATG5

NM_004849

circBase
Novel®

hsa_circ_0029780

7.897E-05

7.6344005
-7.232753

Up

chr13:25839957-25848325-

15630

0.0004927

7.1855505

Down

chr6:106649847-106665476-

overlapping

Exonic

374
250
410

REPS2
SPG20
EYA3

NM_004726

circBase
circBase
circBase
circBase

hsa_circ_0139983

6.9710703  0.0011441

6.9556143

-6.970749
-6.952648
-6.934458
-6.923018

Down

chrX:17040246-17047746+

NM_ 015087

hsa_circ_0001989

Exonic

0.0011978

Down

chr13:36886282-36886614-

NM._ 001990

hsa_circ_0011115

Exonic

0.0012714
0.001315

6.9415945
6.932443

Down

chr1:28337458-28343750-

NM_012215

hsa_circ_0019618

Exonic 172

MGEA5S

Down

chr10:103567487-103567658-

2According to their association with protein-coding genes, the circRNAs were classified into five categories: Exonic, intronic, intergenic, antisense, and sense overlapping. ®"Novel, the circRNA has not

been included in any circRNA database like circBase. FC, fold change; CPM, count per million.

159 B3 chr2:61468695-61484485-
EE3 chr4:39915231-39927553-
E3 chr17:35797839-35800763+

dedkdk

Relative expression level

GC HC

GC HC GC HC

Figure 3. RT-qPCR validation of the expression levels of randomly selected
DE circRNAs (listed in Table I) in exosomes from patients with GC and HC.
GAPDH was used as internal standard. Expression level of each circRNA in
sample HC190128-1 was set as 1. Data were expressed as the means + stan-
dard deviation of the mean (n=5). “P<0.01 and ““P<0.001 vs. respective HC.
RT-qPCR, reverse transcription quantitative PCR; DE circRNAs, differently
expressed circular RNAs; GC, gastric cancer; HC, healthy control.

including ‘organelle’, ‘cytoplasm’ and ‘nucleus part’, whereas
downregulated ones were also enriched in ‘intracellular part’,
including ‘organelle’, ‘cytoplasm’ and ‘protein-containing
complex’. For BP, upregulated DE circRNAs were particularly
involved in ‘cellular component organization or biogenesis’,
‘cell cycle’, ‘cytoskeleton organization’, ‘cellular macromol-
ecule catabolic process’ and ‘cell morphogenesis’. Finally,
downregulated DE circRNAs participated in ‘cellular
component organization’, ‘cellular component organization or
biogenesis’, ‘cellular component assembly’, ‘regulation of cell
cycle’, ‘cellular response to DNA damage and regulation of
GTPase activity’ (Fig. 4).

KEGG analysis displayed the involvement of these DE
circRNAs in different biological pathways. Top 10 signifi-
cantly enriched pathways for upregulated and downregulated
circRNAs are presented in Fig. 5A and B, respectively. For
upregulated circRNAs, the top 10 significantly enriched
pathways were ‘phosphatidylinositol signaling system’,
‘oxytocin signaling system’, ‘cGMP/PKG signaling system’
‘MAPK signaling pathway’, ‘bacterial invasion of epithe-
lial cells’, ‘shigellosis’, ‘ubiquitin mediated proteolysis’,
‘vascular smooth muscle contraction’, ‘proteoglycans in
cancer’ and ‘salmonella infection’ (Fig. 5A). Finally, for the
downregulated circRNAs, the top 10 pathways were ‘thyroid
hormone signaling system’, ‘chemokine signaling system’,
‘Wnt signaling system’, ‘sphingolipid signaling pathway’,
‘endocytosis’, ‘long-term potentiation’, ‘endocrine and other
factor-regulated calcium reabsorption’, ‘Fc gamma R-mediated
phagocytosis’, ‘hepatitis B’ and ‘amoebiasis’ (Fig. 5B).

Construction of circRNA-miRNA-mRNA network. CircRNAs
affect tumorigenesis by regulating gene expression via
interaction with miRNAs and acting as an efficient miRNA
sponge (23). In addition, miRNAs are involved in post-
transcriptional gene silencing by base pairing with mRNAs to
mediate their degradation and/or translational repression (24).
Therefore, the target miRNAs and their binding sites on DE
circRNAs were predicted using MiRanda software. The first
5 predicted miRNA targets of each DE circRNA are presented
in Table SIII. Furthermore, the top 5 up- and downregulated
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circRNAs as listed in Table IV and were used to construct the
circRNA-miRNA network (Fig. 6).

Discussion

GC remains one of the most common and lethal types of cancer
worldwide. Despite the declining incidence rate and advances

in diagnosis, GC causes >700,000 deaths annually (1).
Clarifying the underlying mechanisms of GC pathogenesis
and developing sensitive and specific biomarkers are therefore
required to improve GC management.

Exosomes represent an important group of extracellular
vesicles, which have crucial roles in the initiation, progression
and metastasis of several types of cancer, including GC (3).
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Figure 6. CircRNA-miRNA-mRNA network containing high-score interactions. CircRNA, miRNA and mRNA are represented by yellow circles, green
triangles and blue squares, respectively. CircRNA, circular RNA; miRNA, micro-RNA; mRNA, messenger RNA.

In addition, exosomes are commonly found in various body
fluids and may also exhibit a potential role in early diagnosis
and evaluation of therapeutic effects of drugs in patients with
GC (25). As a key class of exosomal cargos, circRNAs mediate
tumor and stromal communication and are considered as
emerging biomarkers for cancer diagnosis (5). In the present
study, the expression profiles of exosomal circRNAs were
compared between GC patients and HC using high-throughput
RNA-seq. The findings from the present study may contribute

to the identification of novel biomarkers for GC and
may provide insights for future studies to investigate the
mechanisms of GC pathogenesis.

A total of 1,060 DE circRNAs between GC patients
and HC were identified, including 620 upregulated and 440
downregulated ones. The selected circRNAs were further
evaluated using RT-qPCR and the results confirmed the
reliability of the RNA-seq analysis. Furthermore, GO and
KEGG enrichment analyses were performed to gain insights
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into the potential functions of theses DE circRNAs in GC
oncogenesis.

The results from GO analysis revealed that DE circRNAs
were mainly located in the intracellular cytoplasm and organ-
elle and were associated with several important biological
processes involved in tumorigenesis, including cell cycle, cyto-
skeleton organization, cellular response to DNA damage and
regulation of GTPase activity. The members of small GTPase
family, including RhoA and RhoC, have been associated
with the progression of GC via regulation of cell prolifera-
tion, invasion and metastasis of GC cells. They regulate the
proliferation, invasion and metastasis of GC and has potential
clinical significance (26-28).

The majority of signaling pathways enriched in KEGG
analysis, including phosphatidylinositol (29-31), MAPK (32),
thyroid hormone (33,34), chemokine (6,35,36) and Wnt (37,38)
signaling pathways, are also associated with GC progression
and chemotherapy resistance.

The phosphatase and tensin homolog (PTEN)/phosphati-
dylinositol 3-kinase (PI3K)/protein kinase B (Akt) signaling
pathway serves a critical role in several cellular processes,
including cell proliferation, apoptosis and invasion (29).
Furthermore, PTEN/PI3K/Akt is the second most commonly
altered pathway in human cancer following p53 pathway, with
a frequency of 30-60% among different tumor types (30). It
has been reported that GC harbors one of the highest rates
of oncogenic alterations in PI3K, which confers a therapeutic
potential to the PI3K pathway (31).

MAPK signaling pathway has been implicated in the inva-
sion and metastasis of GC cells (32), whereas Wnt signaling
pathway serves a key role in cell proliferation during both
normal and cancerous gut development (37,38). It has also
been reported that both pathways, as well as PI3K, are acti-
vated following Helicobacter pylori infection, resulting in
increased expression of inflammatory cytokines and changes
in apoptosis, proliferation and differentiation. These changes
ultimately lead to the transformation of normal epithelial cells
into oncogenic ones (39).

Thyroid hormone signaling has been characterized as
a major effector of growth and homeostasis of the digestive
system. Based on this finding, several studies have demon-
strated that the occurrence of GC is associated with alterations
in the protein levels of thyroid hormone receptor TRa., autoim-
mune thyroid disease and goiter, suggesting a potential role of
thyroid hormone signaling pathway in GC (33,34).

Several chemokines secreted by cancer cells and
tumor-associated stromal cells are involved in metastatic
tumor microenvironment (6). In addition, the chemokine
signaling pathway has been shown to be associated with the
survival, proliferation, angiogenesis and metastasis of tumor
cells. Therefore, therapeutic strategies blocking the chemokine
signaling pathway, including C-C chemokine ligand 5/C-C
chemokine receptor type 5 and C-X-C motif chemokine ligand
12/C-X-C chemokine receptor type 4 axes, have been consid-
ered as effective strategies in the treatment of GC (35,36).

CircRNAs may control GC progression by regulating
the expression of the key components of the aforementioned
signaling pathways. As suggested by a previous study that
screened GC tissues and adjacent tissues for differences in
mRNAs and circRNAs expression using Agilent microarray
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technology, DE circRNAs had corresponding miRNA binding
sites, and these circRNAs regulated the expression of target
genes through interactions with miRNAs (10). Therefore the
present study identified the putative miRNA targets of DE
circRNAs and constructed the circRNA-miRNA-mRNA
network to improve the general understanding on the role of
circRNAs in regulating the expression of specific genes.

In summary, the present study identified a series of DE
circRNAs in exosomes isolated from the plasma of patients
with GC and HC by using high-throughput RNA-seq analysis.
Furthermore, the potential functions of DE circRNAs were
predicted using bioinformatics analysis. The results of the
present study may contribute to uncover the underlying
mechanisms of GC oncogenesis and help the development of
targeted therapies and predictive biomarkers for GC diagnosis.
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