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Purpose: Exosomes contain abundant circRNAs and are determined to be involved in the
pathogenesis of lung adenocarcinoma (LUAD). Thus, our study aimed to explore new
circRNAs in plasma exosomes that could be involved in such pathogenesis.

Patients and Methods: High-throughput sequencing was used in identifying the altera-
tions in exosomal circRNA expression. Gene ontology functional analysis (GO) and Kyoto
Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed to deter-
mine the significant functions and pathways associated with differentially expressed
circRNAs. TargetScan and miRanda were used to predict circRNA-targeted microRNAs
and mRNAs. CircRNA expression profiles were then validated by quantitative reverse-
transcription polymerase chain reaction (QRT-PCR). Wound healing and Transwell assays
were performed to determine the roles of has_circ_0102537 in LUAD progression.
Results: We identified six significantly upregulated and 214 significantly downregulated
circRNAs. GO and KEGG pathway analysis suggested that the differentially expressed
circRNAs are involved in the occurrence and development of LUAD. A circRNA-
miRNA-mRNA meshwork was established to predict the potential interactions among
these RNAs. The circRNA expression profile was then subjected to qRT-PCR for validation.
We identified hsa_circ_ 0102537 to be downregulated in both LUAD plasma exosomes and
tissues. GO, KEGG pathway analysis, cirtcRNA-miRNA-mRNA meshwork, and further
experiments suggest that hsa circ 0102537 could be involved in LUAD progression.
Conclusion: Our study explored a large number of circRNAs that may be involved in the
LUAD pathogenesis, thereby supporting the need for further research on both diagnosis
biomarkers and the potential intervention therapeutic targets.
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Introduction

Lung cancer has been identified as the leading cause of cancer incidence and
mortality, with 2.1 million new cases and 1.8 million deaths predicted worldwide
in 2018." Lung cancer is mainly divided into small cell lung cancer (approximately
15%) and non-small cell lung cancer (NSCLC, about 85%). The main histologic
subtypes of NSCLC include lung adenocarcinoma (LUAD) and lung squamous cell
carcinoma. The incidence of LUAD has been observed to be increasing, year

submit your manuscript

Dove n

http:

in 3

OncoTargets and Therapy 2020:13 12965-12977 12965
© 2020 Lin et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


mailto:yihuanfa@sina.com
mailto:yinghuig2016vip@163.com
http://www.dovepress.com
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress
http://www.dovepress.com/permissions.php
http://www.dovepress.com

Lin et al

Dove

after year, eventually becoming as the most common sub-
type of NSCLC.? Despite advances in early diagnosis and
multimodality therapy, most LUAD patients have locally
advanced or metastatic disease at the time of diagnosis,
and the 5-y survival rate of 15% has not been improved.’
Reducing the morbidity and mortality of LUAD is cur-
rently an essential topic in medicine and healthcare
research. Late diagnosis and delayed treatment have been
determined to be the major obstacles for improving low
survival rates and avoiding costly treatments; thus, it is
critical to identify rapid and accurate molecular markers
for early diagnosis. Moreover, additional research is
needed in order to determine the molecular mechanism
of LUAD and further explore novel therapeutic targets
for advanced-stage LUAD.

Exosomes have been identified as lipid bilayer-
enclosed vesicles, smaller than 200 nm in diameter, and
are secreted by all cell types. Exosomes exist in multi-
farious body fluids, including blood, urine, saliva, bronch-
oalveolar lavage fluid, follicle fluid, and amniotic fluid.*
Exosomes are composed of proteins, lipids, glycoconju-
gates, and nucleic acids. Exosomes contain a number of
soluble proteins in the lumen that are found to be asso-
ciated with the membranes, including integral membrane
proteins, lipid-anchored membrane proteins, and peripher-
ally associated membrane proteins.” In general, a broad
array of proteins can be used as exosomal positive mar-
kers, such as tetraspanin proteins (CD9, CD63, CD81, and
CD82), heat shock proteins (Hsp70 and Hsp90), exosomal
scaffolding proteins (alix and TSG101), membrane trans-
port and fusion proteins (GTPases, annexins, and flotillin),
and some negative proteins (GMI130 and GRP78).°
Exosomes have been determined to be abundant in non-
coding RNAs (ncRNAs), including microRNAs
(miRNAs), circRNAs, transfer RNAs, etc.”® Proteins and
nucleic acids in exosomes serve as cargo for signal trans-
duction and intercellular communication.” Recent studies
have intensively focused on the roles of exosomes in
tumorigenesis and tumor progression, such as in patients
with lung cancer. Exosomes contribute to multiple patho-
logical processes of lung cancer, including carcinogenesis,
angiogenesis, the epithelial-mesenchymal transition
(EMT), and metastasis.” Exosomes released from lung
cancer cells contain abundant TGF-B and IL-10, which
further induce cancer cell proliferation and invasion.'’
Snaill found in the exosomes derived from cancer-
associated fibroblasts promotes the EMT in lung cancer

cells."" Exosomal IncRNA H19 targets chemotherapy-

sensitive NSCLC cells and confers gefitinib resistance.'?
These results have led to the hypothesis that exosomes
may represent a novel diagnostic marker and therapeutic
target for LUAD.

Circular RNAs (circRNAs) are endogenous noncoding
RNAs that form covalently-closed molecules with contin-
uous loops without the 5’ caps or 3’ poly (A) tails that
protect them from degradation by RNase R.'> Most
circRNAs are comprised of exons, though others are com-
prised of either introns only or exons and introns.'* Widely
expressed CircRNAs are highly conserved and diverse'
and are expressed in a tissue-specific and spatiotemporally
specific manner.'®

Originally, circRNAs were regarded as nonfunctional
“junk” RNAs; however, they were recently demonstrated
to possess Moreover,
circRNAs
microRNAs (miRNAs), interact with proteins, and serve

multiple biological functions.
modulate transcription, splicing, sponge
as templates for polypeptide synthesis.'” A significant
characteristic of circRNAs is their ability to adsorb
miRNAs and block their binding to noncoding regions of
mRNAs to subsequently reverse their inhibitory actions on
target-gene transcription.'*

Recent studies show that circRNAs are abundant in exo-
somes, indicating their potential use for diagnosis and mon-
itoring of pathologies such as polycystic ovary syndrome,'®
cardiovascular disease,'” traumatic brain injury,”® and
cancers.”! For example, in patients with osimertinib-
resistant NSCLC, the level of circ_0002130 in serum exo-
somes is upregulated. Further, circ 0002130 regulates the
osimertinib resistance of NSCLC cells through targeting
miR-498.** In LUAD cancer cells, circRNA 0002178
enhances PD-L1 expression by sponging miR-34. Further,
circRNA 0002178 can be delivered via exosomes into
T-cells to induce cell exhaustion by upregulating PD-1
expression.”> Moreover, circSATB2 is highly expressed in
tissues and serum exosomes from patients with lung cancer
and is transferred by exosomes to promote the proliferation
and invasion of NSCLC cells.>* Therefore, we hypothesized
that exosomal circRNAs may play a key role in regulating
signaling pathways and gene expression in LUAD, ulti-
mately affecting pathogenesis.

Therefore, we explored novel circRNAs by examining
circRNA expression in serumal exosomes isolated from
advanced-stage LUAD patients by using high-throughput
whole transcriptome sequencing. Additionally, functions
of differentially expressed circRNAs were predicted by
gene ontology (GO) and Kyoto Encyclopedia of Genes
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and Genomes (KEGG) pathway analyses. We then dis-
sected the characteristics of key differential circRNAs
and explored interactions among the different types of
RNAs by constructing a circRNA-miRNA-mRNA net-
work. Five randomly selected circRNAs were used to
confirm the reliability of RNA sequencing results through
quantitative reverse-transcription polymerase chain reac-
tion (QRT-PCR). We profiled tissue circRNAs in LUAD
tissues and paracancerous normal tissues using the Gene
Expression Omnibus (GEO) database and found hsa_ -
circ_ 0102537 was downregulated in our RNA-seq and
GSE101586. We found that circ 0102537 inhibited the
migration and invasion of H1299 cells in vitro.
Collectively, our study revealed that the differentially
expressed exosomal circRNAs might contribute to the
initiation and progression of LUAD. Our study also under-
scored the potential importance of hsa circ 0102537,
which may serve as a biomarker for LUAD diagnosis.

Patients and Methods

Patients

For this study, 13 advanced-stage LUAD patients were
recruited from The First Hospital of Jilin University
(Changchun, China), whereas 12 healthy people were
included as study controls (Table 1). Key exclusion criteria
were as follows: having other malignant tumors, severe liver
and kidney disease, hypertension, ischemic heart disease,
and diabetes or other systemic diseases and being pregnant.
In total, 13 plasma samples were collected from advanced-
stage LUAD patients who did not receive surgical resection,
chemotherapy, or radiotherapy. For circRNA sequencing

Table | Clinical Characteristics of the Patients

Age Gender TNM Stage Sample Use
Case | 64 male T4N2Mx RNA-seq and qRT-PCR
Case 2 70 female T4N2MI RNA-seq and qRT-PCR
Case 3 48 female T4N3MI RNA-seq and qRT-PCR
Case 4 67 male T4N2MI RNA-seq and qRT-PCR
Case 5 55 female T4N2MI RNA-seq and qRT-PCR
Case 6 75 female T3N3MI qRT-PCR
Case 7 69 male T4AN3MI qRT-PCR
Case 8 60 male T3N3MI qRT-PCR
Case 9 59 male T2N2Mx qRT-PCR
Case 10 70 female T3N3MI qRT-PCR
Case |1 70 male T4N3Mx qRT-PCR
Case 12 79 female T2N3MI qRT-PCR
Case 13 70 female T4N3MI qRT-PCR

Abbreviation: qRT-PCR, quantitative reverse-transcription polymerase chain
reaction.

analysis, plasma samples from five LUAD and five healthy
subjects were selected. These samples were also used in
verifying the accuracy of the sequencing results. All plasma
samples from 13 LUAD and 12 healthy control subjects
were used for further qRT-PCR validation experiments.
This study was approved by the Ethics Committee of The
First Hospital of Jilin University (clinical trial registration
number was 2019-264) and adhered to the Declaration of
Helsinki. Written informed consent was obtained from each
participant.

Isolation and Characterization of

Exosomes

Venous blood samples were collected in EDTA tubes. The
plasma was immediately isolated using a horizontal rotor
centrifugation (3000 x g, 15 min) at 4 °C and then filtered
(Sartorius Minisart NML). Exosomes were isolated using an
exoEasy Maxi Kit (Qiagen), following the manufacturer’s
procedure. Exosomes were identified using the transmission
electron microscopy (TEM) and Western blot analysis.
Exosomes were then fixed in 2% osmic acid solution, dehy-
drated, embedded, and stained with uranium acetate and lead
acetate. TEM (Hitachi, HT7700) was then utilized in obser-
ving and taking photographs of the exosomes. Equal
amounts of plasma exosome proteins were subjected to
SDS-PAGE. A human anti-CD63 (Abcam, 1:1000 dilution)
antibody was used to detect exosomes.

RNA lIsolation, Library Preparation, and
circRNA Sequencing

Total RNA was extracted using TRIzol reagent (Invitrogen
Life Technologies) following the manufacturer’s procedure.
The quality and quantity of RNA were assessed using the
NanoDrop®™ ND-1000 system. RNA integrity should be
maintained, without degradation. Total RNA was then trea-
ted with a Ribo-Zero rRNA Removal Kit (Illumina, USA) to
remove ribosomal RNA (rRNA). RNA libraries were con-
structed with a TruSeq Stranded Total RNA Library Prep Kit
(Illumina, USA) based on the manufacturer’s instructions.
RNA libraries were controlled for quality and quantity using
a Agilent 2100 Analyzer (Agilent, USA). In total, 150 base
pair end reads were constructed for library sequencing using
an Illumina HiSeq instrument.

CircRNA Sequencing Analysis
High-throughput whole transcriptome sequencing was then
performed, followed by bioinformatic analysis. Low-quality
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reads and 3’ adaptor-trimmings were filtered using the
Cutadapt software (v1.9.3).°> The remaining high-quality
reads were mapped to the genome/transcriptome using the
STAR software.?® CircRNAs were then identified using DCC
software.?’
database (http://www.circbase.org) and Circ2Traits (http://
gyanxet-beta.com/circdb/). edgeR software (v3.16.5)*® was
then used to normalize data and analyze differences in

circRNAs were annotated using the circBase

expression of circRNAs. Significant differential expressions
of circRNAs between groups were identified using t-tests and
fold changes. P-values < 0.05, with fold changes >2.0, were
considered statistically significant. The RefSeq database
(https://www.biostars.org) was used in finding mRNA coor-

dinates (circRNA-associated genes) based on back-splicing
site coordinates of circRNAs as previously reported.”
Cluster analysis of different circRNA-associated genes was
achieved with GO (http://www.geneontology.org) and

KEGG databases (https://www.genome.jp/kegg). The poten-

tial target miRNAs of circRNAs were predicted using the
TargetScan (http://www.targetscan.org) and miRanda (http://
miranda.org.uk) on the basis of conserved seed-matching

sequences.

Target miRNAs were selected for each circRNA in
accordance with gene predictions. Target mRNAs for
each miRNA were combined with circRNAs for ceRNA
analysis. A circRNA-miRNA-mRNA meshwork was then
drawn using Cytoscape (3.7.0).

Microarray Data Resource and

Preprocessing

We have searched circRNA expression profiles of LUAD
tissues using GEO database and selected GSE101586.
Normalized microarray data were then re-analyzed using
paired t-tests in order to identify differentially expressed
circRNA between LUAD and paired nontumor tissues. p <
0.05 were used as the cutoff criterion.

Cell Culture and Transfection

The human LUAD cell lines A549, H1975, and H1299
were purchased from ATCC and cultured in RPMI 1640
medium supplemented with 10% fetal bovine serum
(HyClone). Cells were incubated at 37°C in an atmosphere
containing 5% CO,. Cells were transfected with a negative
control siRNA (si-NC) or si-circ_0102537 (Ribobio,
China) in the presence of INTERFERin siRNA/miRNA
transfection reagent (Polyplus) according to the manufac-
turer’s instructions.

CCK-8

The viability of H1299 cells was tested using a Cell Counting
Kit-8 (Dojindo, Japan). These cells (1 x 10%) were added to the
wells of a 96-well plate and cultured for 24, 48, 72, or
96 h. CCK-8 solution was added to each well. After
2 h incubation, the optical density at 450 nm was determined
using an automatic microplate reader (BioTek, USA).

Apoptosis Assay

Cells were collected, washed with PBS after centrifugation
at 1000 rpm for 5 min, and incubated with 5 pL of
Annexin V-fluorescein isothiocyanate (FITC) and propi-
dium iodide (BD, Biosciences) to label the apoptotic cells.
A flow cytometer (BD FACSAria II, USA) was used to
determine the apoptosis rate.

Wound-Healing Assay

Cells were added to the wells of a 6-well plate and trans-
fected. We introduced scratch wounds with a constant
width at the middle of each well using a 200-uL pipette
tip. We photographed the wells (0 h) immediately and then
after 24-h using a light-microscope (Olympus, Japan).

Transwell Assay

We placed Transwell assays inserts (Corning, USA) into
the wells of a 6-well plate. The membrane in the apical
Transwell chamber was coated with Matrigel (BD
Biosciences). We added 1 mL of RPMI 1640 containing
10% FBS to the bottom chamber and then seeded 4 x 10°
cells in 500 pL. of RPMI 1640 in the upper chamber 24-h
after transfection. The cells were fixed in 4% paraformal-
dehyde and stained with Giemsa solution 48-h later.

Quantitative Real-Time Polymerase Chain

Reaction Analysis

cDNA synthesis was performed using a PrimeScript RT
Reagent Kit (Perfect Real Time; TaKara, Osaka, Japan).
Resultant cDNA was used as a template for subsequent real-
time PCR amplification. Internal parameters and circRNA
candidates of each sample were then subjected to real-time
PCR using an Applied Biosystems QuantStudio 3 Real-Time
PCR System (Thermo Fisher Scientific), in conjunction with
the qPCR SYBR Green master mix (ROX; TaKara). Relative
circRNA expression was calculated using the 2744¢T
method. Primers for internal parameters of GAPDH, six
circRNAs and four mRNAs are provided in Table 2.
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Immunofluorescence Analysis

Cells were washed twice with PBS, fixed with 4% parafor-
maldehyde, and permeabilized with 0.2% Triton X-100 48-h
after transfection. After blocking with 5% BSA for 30 min, the
cells were incubated with an anti-E-cadherin (Proteintech,
diluted 1:100) antibody or an anti-vimentin (Proteintech,
diluted 1:100) antibody at 4 °C overnight. The secondary
antibody, Alexa Fluor 594-conjugated goat anti-rabbit IgG
(Invitrogen, diluted 1:1000), was then added. DAPI
(Meilunbio, China) was used to visualize nuclei. The cells
were observed using a confocal microscope (Olympus, Japan).

Colony-Formation Assay

H1299 cells (5 x 10%) were transfected with si-NC or si-
circ_0102537 and then added to the wells of 6-well plates.
After 2 weeks, the colonies were fixed with 4% parafor-
maldehyde and stained using Giemsa solution. Then the
colonies were counted.

Table 2 Primers and DNA Sequences Used in This Study

CircRNA Primer Primer Sequence (5'-3")
Type
has_circ_0000972 | Forward TCTTTGACTATGGACAATATTCTGC
Reverse TGAATGTAGATAAGTTCGAAACCA
has_circ_0001769 | Forward TGCCAGATGGAAGAACCATT
Reverse CAGTAACAAAAAGCGCAGAGC
has_circ_0001578 | Forward TAGCATCAGGCAAAGGAAGC
Reverse CATCGACCACTTCTCCTGGT
has_circ_0001070 | Forward TCATTCCACCTGGTCAACAA
Reverse TTGGCCACTGACTAGGCTCT
has_circ_0000647 | Forward CCGAGGCCTCTATAAACAAGG
Reverse GCCGATGAGACAATCATTCC
has_circ_0102537 | Forward GCCCATGCCAAATAGTTACC
Reverse TGCTTTTGAGTGCAACTTCAG
E-cadherin Forward CGGGAATGCAGTTGAGGATC
Reverse AGGATGGTGTAAGCGATGGC
N-cadherin Forward AGCCTGGAACATATGTGATGA
Reverse CCATAAAACGTCATGGCAGTAA
Snail Forward GAAAGGCCTTCAACTGCAAA
Reverse TGACATCTGAGTGGGTCTGG
Vimentin Forward GACAATGCGTCTCTGGCACGTCTT
Reverse TCCTCCGCCTCCTGCAGGTTCTT
GAPDH Forward GGCCTCCAAGGAGTAAGACC
Reverse AGGGGAGATTCAGTGTGGTG

Statistical Analysis

Data are expressed as mean + SD. Between-group differences
were analyzed using Student’s #-test. All statistical analyses
were performed using SPSS software, ver. 21.0. A two-sided
p-value < 0.05 was considered statistically significant.

Results

Detection of Exosomes

TEM and Western blot analysis were used in identifying
the exosomes. Under TEM, exosomes were observed as
irregular spheres between 30 and 100 nm in diameter, with
a clear and intact membrane (Supplemental Fig. S1A).

Western blotting demonstrated that the exosomes were
CD63
(Supplemental Fig. S1B). These analyses indicate that

enriched with typical exosomal marker,

the plasma-derived particles isolated from study subjects
are exosomes.

Differentially Expressed circRNAs

Plasma circRNAs from five advanced-stage LUAD
patients and five healthy subjects were sequenced. In
total, circRNAs identified.
These circRNAs were further sorted into five categories
based on relationships with coding genes: 58.15%
(12,745/21,917) were exonic circRNAs, 18.88% (4137/
21,917) intronic circRNAs, 11.11% (2436/21,917) were
sense-overlapping circRNAs, 8.4% (1842/21,917) were
antisense circRNAs, and 3.45% (757/21,917) intergenic
circRNAs (Supplemental Fig. S2A). In total, 10,051
circRNAs were identified as novel circRNAs, whereas
the other 11,866 circRNAs are circBase circRNAs (n =
11,685) and literature circRNAs (n = 181)
(Supplemental Fig. S2B). The distribution of circRNA
in  human

21,917 exosomal were

chromosomes has been illustrated in
Supplemental Fig. S2C. Most are located on Chr 1,
Chr 2, and Chr 3, but seldom from Chr 21 and Chr

22. A hierarchical clustering map, volcano plot, and

scatter plot have shown that the circRNA expression
levels are distinguished and clustered in patients with
advanced-stage LUAD and control participants, respec-
tively (Figure 1A—C). Thus, 220 circRNAs were differ-
entially regulated by fold change >2.0 and p < 0.05. In
total, 214 circRNAs were downregulated and 6 were
upregulated. Ten circRNAs are reported for the first
210 are previously identified molecules.
207 were identified to be
circRNAs, 6 were intronic circRNAs, 5 were sense-

time;

Meanwhile, exonic
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Figure | Differential expression of circRNAs in plasma exosomes from patients with LUAD. (A) Heat map with each column representing a blood sample and each row
representing a differentially expressed circRNA. Red color represents the upregulated circRNAs, whereas green represents downregulated circRNAs. (B) Volcano plots of
differential expression of circRNAs between LUAD and normal control plasma samples. The red squares show the differentially expressed circRNAs identified by circRNA
sequencing. The vertical line marks the twofold (log2 scaled) up or down changes. The horizontal line marks the p-value of 0.05 (—logl0 scaled). (C) Scatter plots of the

distribution of circRNAs.

overlapping circRNAs, and 2 were antisense circRNAs.
Table 3 lists six upregulated circRNAs and the top 10
downregulated circRNAs. All of these circRNAs met
the above criteria for significance.

GO and KEGG Pathway Analyses

To better understand the functions of the differentially
expressed circRNAs, we mapped all of them using GO
and KEGG enrichment analyses. GO analysis has been
identified to consist three ontologies, namely, molecular
functions, cellular components, and biological processes
(Figure 2). GO analysis indicated that BP of differentially
expressed circRNAs was mainly involved in the regulation
of centrosome duplication, centrosome cycle, and protein
expert from the nucleus in the upregulated circRNA group.
In downregulated groups, differentially expressed
circRNAs were found to be primarily related to small
GTPase-mediated signal transduction, GTP catabolic pro-
cess, and guanosine-containing compound catabolic pro-
cess. GO analysis of molecular functions suggested that
the upregulated differentially expressed circRNAs were
correlated with nucleocytoplasmic transporter activity,
Ran GTPase binding, and protein transporter activity.
Binding, nucleotide-binding, and nucleoside phosphate-

binding have been determined to share a significant

amount of differentially expressed circRNAs with “mole-
cular function” GO term in downregulated groups. Within
cellular components, these upregulated circRNAs were
mainly enriched in the autophagic vacuole membrane, pre-
autophagosomal structure, and endoplasmic reticulum
Golgi intermediate compartment membrane. In downregu-
lated groups, intracellular part, intracellular, and cytosol
were primary enriched categories. Furthermore, KEGG
enrichment analysis has revealed the roles of the predicted
circRNA-target mRNAs and further predicted that the
changes in circRNAs affected the signaling pathways. As
illustrated in Figure 3, the upregulated circRNAs were
mainly concentrated in RNA transport, ribosome biogen-
esis in eukaryotes, and influenza A. Intriguingly, VEGF
signaling pathway, vascular smooth muscle contraction,
and RAS signaling pathway were determined to be the
three significantly enriched terms in KEGG pathways
among the downregulated circRNAs, indicating that these
predicted target genes were related to tumor signaling
pathways.

Identification of the circRNA-miRNA-
MRNA Network

One important function of circRNAs is to sponge miRNA,
which has been determined to subsequently modulate the
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Table 3 The 6 Upregulated and the Top 10 Downregulated Exosomal circRNAs

CircRNA ID Log FC P CircBase ID Gene Name Catalog
chr6:86,235,844-86,251,76 - 7.561059471 0.038637734 hsa_circ_0001616 SNX14 exonic
chr17:57,808,782-57,851,246+ 7.377508588 0.035715912 hsa_circ_0005077 VMP| exonic
chrY:13,464,932-13,479,648- 7.297925452 0.037091459 G090815 intronic
chr1:22,816,373-22,818,026+ 5.611143385 0.015931314 hsa_circ_0007418 ZBTB40 exonic
chr6:86,227,474-86,239,993- 4.954648405 0.036548837 hsa_circ_0008093 SNX14 exonic
chr2:61,722,590-61,726,048- 4.913980046 0.046170865 hsa_circ_0054886 XPOI exonic
chr3:50,145,503-50, 145,737+ —10.095272994 0.000484406 hsa_circ_0001305 RBM5 exonic
chr1:9,991,949-9,994,9 18- —10.025287824 0.000501802 hsa_circ_0000014 Lzic exonic
chr17:26,490,569-26,499,644+ —9.981447398 0.000484323 hsa_circ_0003638 NLK exonic
chrl:33,760,538-33,760,906+ —9.556098469 0.001619763 hsa_circ_0009027 ZNF362 exonic
chr19:57,967,021-57,967,550- —9.478648941 | 0.001634728 hsa_circ_0000963 AC004076.9 exonic
chr3:143,513,843—143,515,745- —9.4004065635 0.002159249 hsa_circ_0067678 SLC9A9 exonic
chr7:134,642,820-134,643,041 + —9.2955750926 0.002489644 CALDI exonic
chr3:196,118,684—196,120,490- —9.2487518653 0.002348181 | hsa_circ_000505 UBXN7 exonic
chr16:24,043,457-24,046,868+ —9.24294194001 0.0025234182 hsa_circ_0000682 PRKCB exonic
chr17:35,800,606-35,800,763+ —9.09187322767 0.0029134626 hsa_circ_0006220 TADA2A exonic

expression of target mRNA. Hence, we selected 14 down-
regulated circRNAs in predicting possible interactions
between circRNAs, miRNAs, and mRNA based on fold
change, p-value, and known function of the circRNAs.
The circRNA-miRNA-mRNA
(Supplemental Fig. S3) is complicated and further shows
that miR-7161-3p and miR-103a-2-5p are regulated by
more circRNAs than other miRNAs.

obtained network

Cellular component

CircRNA Validation by qRT-PCR

To confirm the authenticity of the globally downregulated
circRNAs, we randomly selected five differentially expressed
circRNAs (has_circ_ 0000972, hsa circ 0001769, hsa -
circ 0001578, hsa circ 0001070, and hsa circ_0000647),
which were subjected to qRT-PCR in five pairs of sequenced
LUAD and healthy samples. All circRNAs were significantly
downregulated in plasma exosomes of LUAD patients

Molecular function Biological process
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Molecular function

Figure 2 Gene ontology enrichment analysis. The horizontal axis represents the enrichment score. The vertical axis represents GO terms. (A) GO analysis of the

upregulated circRNAs. (B) GO analysis of the downregulated circRNAs.
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Figure 3 KEGG pathway analysis. The spot size represents the number of genes associated with the listed pathway, while the color refers to the p-value. (A) KEGG
pathways analysis of significantly upregulated circRNAs. (B) KEGG pathway analysis of significantly downregulated circRNAs.

compared with those of healthy controls, confirming the
reliability of the circRNA-seq data (Figure 4).

|dentification of Differentially Expressed
circRNAs Both in LUAD Plasma Exosome

and Tissues

Microarray datasets GSE101516 were included in this study
to identify differentially expressed circRNAs in LUAD tis-
sues. We examined the intersections of differentially
expressed circRNAs and GSE101516. The circRNA, hsa_-
circ 0102537, was found to be downregulated in both
(Figure 5A).
A ceRNA network was constructed to predict its function
(Figure 5B), and GO and KEGG analyses (Figure 5C) were

LUAD plasma exosomes and tissues
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Figure 4 Validation of the differentially expressed circRNAs by qRT-PCR. Five
downregulated circRNAs were selected. Bars represent the mean + SEM (n = 5).
*p < 0.05, ¥p < 0.01.

then performed. Based on the Circlnteractome prediction,
targeted miRNA of hsa circ 0102537 were identified. We
then predicted the mRNA targeted by these miRNAs using
the TargetScan. The credibility of the network was improved
by only retaining circRNA-miRNA-mRNA gene sets in
which circRNA and mRNA are positively correlated.
GO analysis of hsa_circ 0102537 was mainly enriched in
intracellular and organelle processes, especially membrane-
bounded organelles. KEGG analysis retrieved two cancer-
related pathways, namely, fluid shear stress and PI3K-Akt
signaling pathway. Both of these pathways are deemed to be
worthy of special attention as they provide more credibility
on the assumption that hsa_circ 0102537 may play a crucial
role in LUAD initiation and progression. Considering the
important value of hsa circ 0102537, its expression was
validated in all 13 LUAD and 12 healthy plasma samples.
The qRT-PCR results have shown the significant downregu-
lation of hsa circ 0102537 in LUAD plasma exosomes
(Figure 5D).

Circ_0102537 Inhibits the Migration and

Invasion of LUAD Cells
The expression of circ 0102537 in LUAD cell lines
in vitro was measure using qRT-PCR. Circ 0102537 was
upregulated the most in H1299 cells (Figure 6A). We next
designed circ 0102537-specific siRNAs (Figure 6B).
Circ_0102537#1 was the most effective siRNA and was
selected for subsequent experiments.

The roles of circ_ 0102537 in the progression of LUAD
were determined using wound healing and Transwell
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Figure 5 Identification of differentially expressed circRNAs in LUAD plasma exosome and tissues. (A) Identification of overlapping differentially expressed circRNA in RNA-
seq and GSE101586. (B) GO and KEGG analysis of hsa_circ_0102537. (C) Construction of circRNA-miRNA-mRNA meshwork of hsa_circ_0102537. (D) Expression of

hsa_circ_102537 in plasma exosomes. *p < 0.05, **p < 0.01.

assays. We found that inhibiting the expression of
circ 0102537 promoted cell migration and invasion
(Figure 6C and D). Immunofluorescence and qRT-PCR
assays were used to detect markers of the epithelial-
mesenchymal transition expressed by HI1299 cells in
which circ 0102537 expression was inhibited. These ana-
lyses revealed that E-cadherin expression was decreased,
and vimentin was increased in these cells. Further, qRT-
PCR assays that the
N-cadherin and snail had increased (Figure 6E and F).

demonstrated expression of

However, circ 0102537 did not affect cell proliferation,
apoptosis, and colony formation (Supplemental Fig. S4).

Discussion

Lung adenocarcinoma has been identified as the most frequent
subtype of lung cancer, and its mortality in advanced stages
has been recorded to be high. Even with regular radiographic
screening, most cases of LUAD are diagnosed at advanced
stages. Thus, novel biomarkers are needed in optimizing future
treatment for this malignancy. Previous studies report that
circRNAs play an important role in the occurrence and devel-
opment of tumors. Tumor cells constantly reportedly release
exosomes during tumor development and progression. These
exosomes regulate cell proliferation, angiogenesis, thrombo-
sis, invasion, and immunosuppression.*’ CircRNAs are stably
present in exosomes; thus, they could serve as novel biomar-
kers that can be measured non-invasively. The circRNAs
present in the exosomes could act as messengers in cell-to-
cell communication to regulate functions in the target cells.*
However, studies focusing on extending the pattern and poten-
tial role of circRNAs in plasma exosome in LUAD patients

remain to be limited. The manuscript of Chen et al is the only
publication that provides an initial landscape for differential
expression of exosomal circRNA in plasma from early-stage
lung adenocarcinoma.’' However, most patients with LUAD
are diagnosed at advanced or metastatic stages, when treat-
ment options are limited and prognosis is poor. In our study,
the expression profiles of exosomal circRNAs between
advanced-stage LUAD patients and healthy individuals were
analyzed for the first time using high-throughput whole tran-
scriptome sequencing. Identifying differentially expressed
exosomal circRNAs has been determined to shed some light
on intermolecular interactions and signaling pathways
involved in advanced-stage LUAD. Western blot analysis
and TEM were also used to confirm exosomes isolated from
the peripheral blood. In this study, we found 220 putative
circRNA candidates derived from 21,917 genes.

Several studies have provided evidence that differen-
tially expressed circRNAs in tumor tissues or plasma exo-
somes of NSCLC patients are involved in cancer-related
signaling.*' > In total, 214 downregulated circRNAs were
identified, with only 6 upregulated circRNAs. Our result
was not consistent with exosomal circRNA differential
expression in early-stage lung adenocarcinoma that indi-
cates a relatively higher number of upregulated circRNAs
than downregulated circRNAs.>' Thus, circRNAs share
not only common expression patterns but also exhibit
distinct circRNA expression signatures between early and
advanced-stage LUAD.

Due to their circular structure, circRNAs are resistant to
RNase R and RNA exonuclease degradation. Further, com-

pared in cells, concentrations of circRNA in exosomes were
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Figure 6 Circ_0102537 inhibits the migration and invasion of HI1299 cells in vitro. (A) qRT-PCR was performed to verify the expression of circ_0102537 in the human
LUAD cell lines. (B) H1299 cells were transfected with si-NC, si-circ_0102537#1, si-circ_0102537#2 or si-circ_0102537#3. qRT-PCR assays confirmed that the transfection
was successful. Wound healing assay (C) to assess cell migration. Transwell assay (D) measured invasion of Matrigel by H1299 cells transfected with si-NC or si-circ
_0102537#1. H1299 transfected with si-NC or si-circ_0102537#| were subjected to qRT-PCR (E) and immunofluorescence (F) assays to measure the expression levels of

EMT markers. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

determined to be greater.>* Exosomal circRNAs may prove
to be diagnostic biomarkers for lung cancer, because of their
abundance, stability, and specificity.’> For example, plasma
circ_0013958 distinguished LUAD patients from healthy
controls with an area under the receiver operating charac-
teristic (AUC) 0f 0.794 (95% CI=0.703-0.912; P < 0.001).
circ 0013958 in plasma could be an accessible non-
invasive biomarker for LUAD.>® Further, recent research
has demonstrated that exosomal circRNAs affect LUAD
development and progression by modulating the activation
of LUAD-associated molecules and pathways and may be
used as LUAD markers for treatment.”>>*

GO and KEGG pathway analyses were used to further
understand the potential role of the differentially expressed
circRNAs. These genes were assessed using GO function
analysis to annotate likely functions. This analysis indicated
an association with binding of specific molecules, such as
GTPase, and small molecules.

nucleotides, proteins,

Additionally, circRNAs were also found to be correlated
with nucleocytoplasmic/protein transporter activity. For cellu-
lar components, significant correlations were found with
autophagic vacuole and intracellular structures, such as autop-
hagosome, cytosol, and organelle. Key biological processes
include regulation of centrosome duplication and cycle and
GTP metabolism. These results are consistent with previous
studies, that
abnormalities,*® and DNA damage’ are involved in the patho-
physiology of LUAD.

KEGG pathway analysis indicated that differentially

demonstrating autophagy,”’  centrosome

expressed circRNAs correspond to tumor-related signaling
pathways. The strongest correlation was determined to be
with vascular endothelial growth factor (VEGF) signaling.
Angiogenesis is recognized as an important facilitator of
tumor growth, invasion, and metastases. VEGF is an important
mediator for stimulating tumor angiogenesis. Novel drugs that
target VEGF, including anti-VEGF antibodies, anti-VEGF
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receptor antibodies, and small-molecule tyrosine kinase inhi-
bitors, are already available and approved for the treatment of
various tumors, including lung cancer.*” Besides, a large num-
ber of downregulated differentially expressed circRNAs have
been associated with other tumor signaling pathways, such as
platelet activation,*' MAPK signaling,** and RAS signaling.**
KEGG analysis showed that upregulated and differentially
expressed circRNAs were mainly associated with RNA trans-
port and ribosome biogenesis with potential targets for cancer
treatment.**** In recent years, carcinogenic effect of viruses
has become a hot topic in the etiology of lung cancer.*® These
findings are found to be consistent with our results that influ-
enza A, HTLV-I, and Epstein-Barr virus infection may be
correlated with the development of lung cancer. We hypothe-
sized that differentially expressed circRNAs may modulate
activation of the tumor signaling pathways, which in turn
affect LUAD development and progression. Thus, circRNAs
in plasma exosomes might be used as LUAD markers for
diagnosis and treatment.

Recent functional studies have suggest that circRNAs
may function as miRNA sponges.”” miRNAs are highly
conserved, which negatively regulated target mRNAs. The
circRNA-miRNA-mRNA network was built based on our
RNA-seq data that predict how circRNAs affect LUAD
occurrence and progression. Some miRNA targets associated
with the circRNAs were reported for LUAD. For example,
miR-181a-5p inhibits A549 cell proliferation and invasion by
targeting Kras.*® MiR-544a promotes lung cancer cell migra-
tion by targeting cadherin 1.* Further, mir-450b-5p,*® mir-
330-3p,”" and mir-335-3p™ are determined to be prominent
in tumorigenesis and progression.

The use of microarray GSE101516 for four paired LUAD
and nontumor lung tissues further clarified the function of
circRNAs in the development of LUAD. A combination of
our RNA-seq and microarray analysis revealed that has_ -
circ_0102537 is significantly downregulated in both datasets.
We have also analyzed hsa circ 0102537 involvement in
two cancer-related signaling pathways, fluid shear stress,>
and PI3K-Akt signaling pathway.>* The PI3K/AKT pathway
is implicated in lung cancer initiation and progression. For
NSCLC, a few specific inhibitors of PI3K and Akt are
currently in various phases of preclinical investigation and
even in early phase clinical trials.’> Further experiments
showed that circ_0102537 functioned as a tumor suppressor
by inhibiting the migration and invasion of LUAD cells
in vitro, albeit through an unknown mechanism. Therefore,
we will focus on the interaction between circ_0102537-
miRNA and its mRNA targets in the future. Circ_ 0102537

may be a promising diagnostic biomarker. Circ 0102537
may be a therapeutic target for the metastasis of LUAD.

Conclusion

In summary, this present study extends current knowledge
as regards differentially expressed circRNAs in plasma
exosomes of advanced-stage LUAD. Our results suggest
promising avenues for further research into LUAD devel-
opment and biomarkers for diagnosis and prognosis.
Circ_0102537 may prove useful as a diagnostic biomarker
for advanced-stage LUAD.
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