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ARTICLE INFO ABSTRACT
Keywords: Background: Hsa_circ_0072309 has been identified as a tumor suppressor in several carcinomas.
Gastric cancer However, its precise role in gastric cancer (GC) remains largely unknown. This study was aimed
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to explore the precise role of Hsa_circ_0072309 in GC.

Methods: The transcriptional and clinical data of stomach adenocarcinoma were downloaded
using the University of California SantaCruz (UCSC) Xena browser. The circular RNA (circRNA)
datasets were obtained from the Gene Expression Omnibus (GEO) database. The expression
profile and survival analysis of differentially expressed micro RNAs (DEMIs) and differentially
expressed messenger RNAs (DEMs) were performed. Correlations between the expression and
immune infiltration of the DEMS were studied. Additionally, the expression of hsa_circ_0072309
in GC tissues and cell lines were validated, and the relationship between its expression and
clinical features was investigated. Gain- and loss-of function experiments and molecular inter-
action experiments were also conducted.

Results: Overall, 7 differentially expressed circRNAs, 13 DEMIs, and 17 DEMs were screened. Two
DEMIs (hsa_miR-34a-3p and hsa_miR-326) and five DEMs (C7, MARCKSL1, UBE2T, OLR1, and
HOXC11) showed significant differences in the high- and low-risk groups. The most significantly
enriched Gene Ontology terms were the circadian regulation of gene expression and protein
binding. The most significantly enriched Kyoto Encyclopedia of Genes and Genomes pathways
were the PI3K-Akt and Ras signal pathways. Additionally, six genes were significantly correlated
with immune infiltration. The real-time quantitative PCR (RT-qPCR) results revealed a significant
downregulation of hsa_circ_0072309 in GC tissues related to tumor size, vascular invasion, and
lymph node metastasis. A hsa_circ 0072309 overexpression suppressed whereas a hsa -
circ_0072309 knockdown promoted GC cells proliferation and migration in vitro; in addition,
hsa_circ_0072309 could directly bind to has-miR-34a-3p and has-miR-330-5p.
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Conclusions: Hsa_circ_ 0072309 is a potential diagnostic biomarker for GC, and complement
component 7 may be a tumor suppressor. These may potentially predict the prognosis of patients
with GC and may become new therapeutic targets.

1. Introduction

Globally, gastric cancer (GC) remains a significant cause of cancer-related deaths among gastrointestinal malignancies. Although
its morbidity and mortality have declined in recent decades [1], GC has a high annual incidence of 1 million cases and nearly 800,000
deaths worldwide [2]. The atypical symptoms of early GC and the lack of specific diagnostic biomarkers explain why most GC patients
are diagnosed at an advanced stage [3]. Advanced GC has higher metastasis rates and a worse prognosis, with a five-year survival rate
lower than 20% [4]. Therefore, it is essential to study the molecular mechanisms of the occurrence and development of GC; it is also
necessary to find the molecular targets that can block tumor progression.

Circular RNAs (circRNAs) have been identified as new competing endogenous RNAs (ceRNAs), which can act as microRNA
(miRNA) sponges to competitively bind to miRNAs [5]. Recently, the epigenetic regulatory role of circRNAs in GC development has
been increasingly recognized. The ceRNA axis is the most studied mechanism of GC genesis and progression [6]. Peng et al. [7] found
that circCUL2 might inhibit cancer progression and regulate cisplatin sensitivity through autophagy activation mediated by
has_miR-142-3p/rock2. Rong et al. [8] reported that circPSMC3 suppressed the proliferation and metastasis in GC via the ceRNA axis.
Similarly, hsa_circ_ 0066444 also promoted proliferation, invasion, and migration [9] via the ceRNA axis.

Our group’s previous study found that hsa_circ 0072309 was down-regulated in GC tissue by circRNA microarray analysis and that
it had a high diagnostic value in GC, especially in poorly differentiated adenocarcinoma [10]. Guo et al. [11] found that hsa_-
circ_0072309 could inhibit the growth of the GC cell line AGS by suppressing the PI3K-AKT signaling pathway through activation of
the PPARy-PTEN signaling pathway. However, the mechanism of how hsa_circ_0072309 interacts with the ceRNA axis in GC remains
unclear. Most studies on circRNAs in GC were based on bioinformatics analysis and lack in-depth experimental verification. Addi-
tionally, most studies were reported from a single center and have small sample sizes. Furthermore, few studies have focused on the
integrative analysis of one single circRNA in ceRNA, including the expression or prognosis analysis of its downstream miRNAs or
messenger RNAs (mRNAs) and the correlation among differentially expressed mRNAs (DEMs), clinical characteristics, and immune
infiltration.

In this paper, a comprehensive analysis of the mechanism of hsa_circ_ 0072309 as a ceRNA sponge in GC is provided. Additional
sequencing datasets from the GEO and Cancer Genome Atlas (TCGA) databases are downloaded and combined with this group’s
previous sequencing data to perform a joint analysis to expand the sample size. This study also constructs the ceRNA networks,
performs the functional analysis, and verifies the hsa_circ_0072309 expression in GC tissues and cell lines. This paper also investigates
the anti-cancer ability of hsa_circ_ 0072309 through gain- and loss-of-function experiments and identifies the binding site between
circRNA and miRNA in vitro. To further explore its clinical value, this study investigates the relationship between the expression of
hsa_circ_0072309 and the clinical characteristics of patients, including gender, age, tumor size, degree of differentiation, infiltration
depth, vascular invasion, and lymph node metastasis (LNM). Additionally, the expression pattern and survival prognosis of its
downstream targeted miRNAs and mRNAs in the TCGA database and the correlation between the DEMs and immune infiltration are
studied.

2. Materials and methods
2.1. Data preparing

The TCGA transcriptional data, survival data, miRNA expression profile data, and clinical data of GC (stomach adenocarcinoma
[STAD]) were downloaded with the UCSC Xena browser (http://xena.ucsc.edu/) [12]. The microarray data from two gene expression
profile datasets (GSE83521 and GSE100170) were downloaded from the GEO database; both of them were obtained from the
GPL19978 and GPL23259 platforms.

A total of 34 patients with GC receiving radical gastrectomy at Zhejiang Provincial People’s Hospital between October 2017 to
December 2018 were enrolled in this study; they had never received radiotherapy, chemotherapy, or targeted therapy before surgery.
All the postoperative specimens were diagnosed as GC by pathologists. This study obtained approval from the Research Ethics
Committee of Zhejiang Provincial People’s Hospital, Hangzhou Medical College (ethics no. 2020QT084).

Human gastric epithelium cells (GES1) and human GC cells (MNK-45 and HGC-27) were procured from the Shanghai Cell Bank of
Chinese Academy of Sciences (Cell Bank of the Chinese Academy of Sciences, Shanghai, China), and human gastric adenocarcinoma
(AGS) cells were obtained from the American Tissue Culture Collection (Rockville, MD, USA). Both GES1 and HGC-27 were cultured in
dulbecco’s modified eagle medium (DMEM), AGS was cultured in F-12K, and MKN-45 was cultured in RPMI-1640. The culture me-
dium was supplemented with 1% penicillin/streptomycin (Sigma, St. Louis, MO, USA) and 10% fetal bovine serum (FBS) (Hyclone,
Logan, UT, USA). All cells were incubated at 37 °C in a humidified 5% CO5 atmosphere.
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2.2. Differentially expressed circRNAs in GC

The limma [13] package was used to read the original data of the two chips and to annotate their corresponding data to the
platform information. The differentially expressed circRNAs (DECs) from the three datasets were screened using the limma linear
model fitting and empirical Bayesian methods; P < 0.05 and 1ogFC >1 were the thresholds for the up-regulated circRNA (UR-circRNA),
and P < 0.05 and log FC < —1 were the thresholds for the down-regulated circRNA (DR-circRNA). After this was determined, the
common DECs of the three datasets were screened as a collection of DECs.

2.3. The expression pattern of hsa_circ.0072309

The circRNA expression profile data of STAD in this study’s spectrum chips were sorted out to explore the differential expression
pattern of hsa_circ_0072309 in cancer (cancer group) and paracancerous tissues (normal group), and the structural position of the
DECs was studied.

2.4. Prediction of the miRNAs regulated by DECs

A prediction of the miRNAs came from four authoritative databases: the cancer specific circRNA database (CSCD) (http://gb.whu.
edu.cn/CSCD/) [14], the circbank (http://www.circbank.cn/) [15] database, the TargetScan [16] database, and the CircFunBase
(http://bis.zju.edu.cn/CircFunBaseBlast/) [17] database. The DEC and differentially expressed miRNA (DEMI) pairs were visualized
by Cytoscape software [18].

2.5. Expression profile analysis of target miRNAs

The miRNA expression profile of GC, downloaded from the TCGA database, was preprocessed before undergoing quantitative
analysis. Fragments per kilobase of exon models per million mapped fragments (FPKM) was converted to trans per kilobase of exon
models per million mapped reads (TPM), in which the TPM value was calculated as the transcript read per thousand base transcripts
per million mappings. The TPM value was used to measure the expression of miRNAs more accurately. Then, the data was standardized
by log2 transformation to make the data conform to the requirements of normal distribution. Next, the expression value of the miRNAs
regulated by hsa_circ_0072309 was extracted to analyze the expression pattern of the miRNA in the cancer and normal groups.

2.6. Survival analysis of high- and low-risk target miRNAs in STAD

The median value of the TCGA TPM expression data of the STAD miRNAs in the tissues was used as the threshold to distinguish
between the high-risk (HR) and low-risk (LR) groups. The target miRNAs above the median were sorted into the HR group, and the rest
were sorted into the LR group. Moreover, the Kaplan-Meier (KM) survival curve was generated by the R language survival rates,
survminer package, and survfit function. In the logrank test, P < 0.05 was considered significant in the survival rate differences be-
tween the HR and LR groups.

2.7. Prediction of the downstream target genes of the miRNAs regulated by hsa_circ.0072309

The mRNA genes were predicted from four authoritative databases: TargetScan (http://www.targetscan.org/vert_72/), miRTar-
Base (https://mirtarbase.cuhk.edu.cn/miRTarBase/miRTarBase_2019/php/index.php) [19], miRBase (http://www.mirbase.org/)
[20], and miRanda (http://cbio.mskcc.org/miRNA2003/miranda.html) [21]. Only the mRNAs that existed in at least two of the
databases were screened out to build the miRNA-mRNA networks visualized with Cytoscape [18] software.
2.8. Differentially expressed genes and receiver operating characteristic analysis

Among the target genes obtained above, the limma package was used to screen out the DEMs with a threshold of an adjusted P <
0.05 and |logFC| > 2 (cancer group and normal group). For the survival analysis, the median expression value of the DEMs was taken as
the cut-off value, and a KM curve followed by a logrank test was plotted. The statistical significance level was set at P < 0.05.
2.9. Gene ontology and Kyoto encyclopedia of genes and genomes enrichment analysis

The DAVID (https://david.nciferf.gov/) [22], an online website enrichment tool, was used to perform the Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis with the statistical significance set as an adjusted P < 0.05. The
enrichment results were visualized by the R language ggplot2 package, while the enrichment results of the KEGG analysis were
visualized with the Cytoscape ClueGO [23] plug-in.

2.10. Correlation analysis of immune cell infiltration

CIBERSORT (https://cibersort.stanford.edu/) [24] is a deconvolution algorithm of transcriptome expression matrix based on the
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principle of linear support vector regression to estimate the composition and abundance of immune cells in mixed cells. Timer [25] is a
database that integrates a variety of immune cell infiltration algorithms.

To study the correlation between the genes of interest and immune cells, a scatter diagram was generated to demonstrate the
correlation using the Timer database and CIBERSORT algorithm. The Spelman method was used for calculating the correlation co-
efficient between immune cell infiltration and gene expression and its statistical test P value. A significant correlation between gene
expression and immune cells was established when P < 0.05.

2.11. Real-time quantitative polymerase chain reaction

The total RNA of the tissues and cells was extracted with TRIzol Reagent (Invitrogen, USA) and quantified using the NanoDrop
ND2000 (Thermo Fisher Scientific, USA). The complementary DNA (cDNA) was synthesized with the iScript cDNA synthesis kit (Bio-
Rad, Hercules, CA, USA). The expression level of the circRNA was analyzed by real-time quantitative polymerase chain reaction (RT-
gPCR) using SYBR Green Premix Ex TaqTM (Takara, Japan). The primers for used for the circRNA and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) are shown in Table 1. The RT-qPCR data were analyzed by the ACt and 2724Ct methods, whose values
represented the sample’s expression and the relative expression, respectively [26]. The experimental results were presented as the
mean + standard deviation. Each assay was performed in triplicate.

2.12. Small interfering RNA transfection

Small interfering RNAs (siRNAs) targeting hsa_circ_0072309 (Guangzhou RiboBio Co., Ltd.) (sequences are shown in Table 1) were
used to knockdown the expression of hsa_circ_0072309. Control: normal culture of AGS or MKN-45 cells; SiRNA scrambled: AGS or
MKN-45 cells transfected with siRNA scrambled; SiRNA-circ0072309: AGS or MKN-45 cells transfected with siRNA-circ0072309;
Lipofectamine® RNAIMAX (13778030) (Thermo Fisher Scientific, Pittsburgh, PA, USA) was used for the transfection, as per the
manufacturer’s protocol.

2.13. Overexpression of plasmids and stable cells transfection

The plasmid vector was constructed by GenePharma (Shanghai, GenePharma, Co., Ltd.) and packed with lentivirus by BIORN
(BIORN lifescience Co., Ltd.) for the overexpression study. Control: HGC-27 or MKN-45 cells were cultured normally. Oe vector: HGC-
27 or MKN-45 cells transfected with oe-vector lentivirus plasmid. Oe-circ0072309: HGC-27 or MKN-45 cells transfected with oe-
circ0072309 lentivirus plasmid.the stable cells were selected with 200 pg/mL of Puromycin.

2.14. Cell viability assay

Cell Counting Kit-8 (CCK-8) (Beyotime, Shanghai, China) assays were performed to measure the proliferation of the GC cells
transfected with oe-vector or oe-circ_0072309/siRNA-scrambled or siRNA-circ0072309. The cells were collected by centrifugation and
inoculated into a 96-well plate at the density of 1 x 10*/well. There were three multiple holes for each experimental group. Ten pm of
CCK-8 agent was added to each well at 24 h. After incubation for 2 h at 37 °C, the optical density of each well was measured at 450 nm.
All experiments were repeated three times and were performed in triplicate.

Table 1
Primers sequences used in RT-qPCR/qPCR and plasmids sequences of siRNAs/negative control
(siRNA-scrambled) and miRNA mimics/mimics NC.

Sequence (5'-3')

hsa_circ_0072309-Forward
hsa_circ_0072309-Reverse
GAPDH-Forward

GAPDH- Reverse hsa-miR-34a-3p-Forward
hsa-miR-34a-3p-Reverse
hsa-miR-330-5p-Forward
hsa-miR-330-5p-Reverse
SiRNA-scrambled
siRNA-circ0072309#1
siRNA-circ0072309#2
siRNA-circ0072309#3
mimics NC
hsa-miR-34a-3p mimics
hsa-miR-330-5p mimics
hsa-miR-148a-3p mimics
hsa-miR-331-5p mimics

CTCAACCTCTACATTATACCTAA
CCTAGGGACCCTGGTATGGATC
GCACCGTCAAGGCTGAGAAC
TGGTGAAGACGCCAGTGGA
GGCGGCAATCAGCAAGTATAC
CAGTGCAGGGTCCGAGGTAT
TCTCTGGGCCTGTGTCTTAGGC
CTAAGACACAGCCCAGAGATT
TTCTCCGAACGTGTCACGT
GCCCTGAGCAGAAACATAA
GAGCAGAAACATAAGCTGT
GCAGAAACATAAGCTGTGG
UUUGUACUACACAAAAGUACUG
CAAUCAGCAAGUAUACUGCCCU
UCUCUGGGCCUGUGUCUUAGGC
UCAGUGCACUACAGAACUUUGU
CUAGGUAUGGUCCCAGGGAUCC
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2.15. Colony formation assay

The GC cells were inoculated into a 6-well plate at the density of 1 x 10%/well. After incubation for 1 week, the cells were fixed with
4% paraformaldehyde for 30 min and stained with 1% crystal violet (KeyGEN Biotech, NanJing, China) for 15-20 min. The colonies
were imaged and counted for statistical analysis. Each assay was performed in triplicate.

2.16. Scratch wound assay

The cells were treated with mitomycin (5 pg/ml) for 1 h when they reached the confluence of 80%-90% in the 6-well plates; then,
they were scratched with a 10-pym micropipette tip. Images were taken at the start and at 24 h and were analyzed by Image-J software.
Each group was repeated in triplicate independently. Each assay was performed in triplicate.

2.17. Transwell invasion and migration assay

A cell (2.5 x 10°/ml) suspension (100 pm of serum-free medium) was added into the upper chamber of a 24-well transwell with
Matrigel (BD Bioscience, USA) for the invasion assay or without Matrigel for the migration assay. Then, 600 pm of medium (with 10%
FBS) was added to the lower chamber. After incubation for 24 (migration) or 48 (invasion) h, the transwell assay was fixed and stained
with 4% formaldehyde and 1% crystal violet, respectively. Finally, the upper chamber was placed upward onto slides to count the cells
passing through the chamber with a microscope. The counting field was randomly selected. Each assay was performed in triplicate.

2.18. Dual-luciferase reporter assay

Empty plasmid hsa_circ_0072309-WT, hsa_circ_0072309-MUT#1, or hsa_circ_0072309-MUT#2, or hsa-miRNA mimics (hsa-miR-
330-5p and hsa-miR-34a-3p) or hsa-miRNA mimics-NC (hsa-miR-330-5p and hsa-miR-34a-3p), were constructed by BIORN (BIORN
lifescience Co., Ltd.) and transfected into the AGS cells. Circ0072309-WT + mimics NC group: AGS cells transfected with circ0072309-
WT luciferase reporter gene plasmid and mimics NC plasmid.Circ0072309-WT + hsa-miR-34a-3p mimics group: AGS cells transfected
with ¢irc0072309-WT luciferase reporter gene plasmid and-+hsa-miR-34a-3p mimics plasmid.Circ0072309-MUT # 1-+mimics NC
group: AGS cells transfected with circ0072309-MUT # 1 (the binding site mutation of circ0072309 and hsa-miR-34a-3p) luciferase
reporter gene plasmid and mimics NC plasmid.Circ0072309-MUT # 1-+hsa-miR-34a-3p mimics group: AGS cells transfected with
¢circ0072309-MUT # 1 (circ0072309 and hsa-miR-34a-3p binding site mutation) luciferase reporter gene plasmid and hsa-miR-34a-3p
mimics plasmid.Circ0072309-WT + hsa-miR-330-5p mimics group: AGS cells transfected with circ0072309-WT luciferase reporter
gene plasmid and hsa-miR-330-5p mimics plasmid.Circ0072309-MUT # 2+mimics NC group: AGS cells transfected with circ0072309-
MUT # 2 (circ0072309 and hsa-miR-330-5p binding site mutation) luciferase reporter gene plasmid and mimics NC plasmid.
Circ0072309-MUT # 2-+hsa-miR-330-5p mimics group: AGS cells transfected with circ0072309-MUT # 2 (mutation of the binding
site of circ0072309 and hsa-miR-330-5p) luciferase reporter gene plasmid and hsa-miR-330-5p mimics plasmid.The sequences for the
miRNAs are shown in Table 2. A dual-luciferase reporter assay kit (Beyotime, Shanghai, China) was used to measure the luciferase
activity, as per the manufacturer’s protocol. Each assay was performed in triplicate.

2.19. Argonaute2-ribonucleoprotein immunoprecipitation assay

An Argonaute2-ribonucleoprotein immunoprecipitation (AGO2-RIP) assay was performed on the AGS cells using an RIP kit (RIP-

Table 2

Relationship between the expression of hsa_circ_0072309 in gastric cancer and clinical features.
Clinical features n (%) ACt value t P
Gender
Male 26 (76.5) 24.95 + 1.44 0.7727 0.4455
Female 8(23.5) 24.49 £ 1.55
Age, years
<60 10 (29.4) 24.21 £1.20 1.670 0.1046
>60 24 (70.6) 25.10 £+ 1.49
Tumor (cm)
<5 cm 20 (58.8) 24.19 +£1.28 3.704 0.0008***
>5cm 14 (41.2) 25.78 £1.17
Invasion depth
Ta-T2 14 (41.2) 24.36 +£1.33 1.648 0.1092
T3-T4 20 (58.8) 25.18 £1.48
vascular invasion
NO 13 (38.2) 23.579 + 2.768 3.129 0.0037**
Yes 21 (61.8) 25.210 £ 2.005
Lymph node metastasis
NO 13 (38.2) 24.10 £1.12 2.535 0.0163*
N1-N3 21 (61.8) 25.30 £+ 1.47
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GSE83521 GSE100170

' Gastric cancer
T Normal mucosa tissue

The different expression of hsa_circ_0072309

Fig. 1. Expression pattern of differentially expressed circular RNAs (DECs). (A) Heatmap of DECs in the GSE83521 dataset. (B) Heatmap of DECs the
in GSE100170 dataset. (C) Volcano plot of DECs in the GSE83521 dataset. (D) Volcano plot of DECs in the GSE100170 dataset. (E) Differential
expression pattern of hsa_circ_0072309 in this research group’s sequencing chip. (F) The structural diagram of hsa_circ_0003526. (G) The structural
diagram of hsa_circ_0006039. (H) The structural diagram of hsa_circ_0039353. The red, blue, and green regions inside the circular RNA molecular
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structure represent a microRNA response element), a RNA binding protein, and an open reading frame, respectively. Networks of 7 common DECs
interacting with miRNAs in the four databases (the cancer specific circRNA database, TargetScan, cirbank, and cirFunBase): (I) hsa_circ_0030117,
(J) hsa_circ_0064336, (K) hsa_circ_0072309, (L) hsa_circ_0039353, (M) hsa_circ_0006039, (N) hsa_circ_0001362, and (O) hsa_circ_0003526.

12RXN) (Sigma, St. Louis, MO, USA). The lysed AGS cells were incubated with magnetic beads coated with AGO2 antibodies (Cell
Signaling Technology, Boston, USA) or immunoglobulin G, per the manufacturer’s instruction. The abundance of hsa_circ_0072309,
hsa-miR-34a-3p, and hsa-miR-330-5p in the precipitates were determined by RT-qPCR and gel electrophoresis. The primers used are
shown in Table 1. Each assay was performed in triplicate.

2.20. Statistical analysis
All data analyses in this paper were performed using R software (version 3.6.2) and graphpad software (version 8.3). All the in vitro

data were presented as the mean =+ standard deviation, and the statistical differences between the experimental group and the control
group were calculated by a one-way analysis of variance and Tukey’s test (P < 0.05 was considered statistically significant).
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Fig. 2. Expression pattern and prognosis of 13 differentially expressed micro RNAs (DEMIs) in cancerous and paracancerous tissues. (A) Expression
pattern of 13 DEMIs in gastric cancer and normal tissues (control group). (B) Survival curves of two screened DEMIs whose P values were less than
0.05 by a logrank test.
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3. Results
3.1. Identification of DECs

The differential expression analysis of the three databases (GSE100170, GSE83521, and TCGA) was performed by the limma
package. The results revealed 124 circRNA (103 DR-circRNA and 21 UR-circRNA) were differentially expressed in the GSE100170
database (Fig. 1A and B), 149 circRNA (70 DR-circRNA and 79 UR-circRNA) were differentially expressed in the GSE83521 database
(Fig. 1C and D), and 248 circRNA (114 DR-circRNA and 134 UR-circRNA) were differentially expressed in the TCGA database. Using
the selection criteria of P < 0.05 and |logFC| > 1, a total of seven DECs were screened: hsa_circ 0030117, hsa_circ_ 0006039, hsa_-
circ_0064336, hsa_circ_0039353, hsa_circ_0003526, hsa_circ_0001362, and hsa_circ_0072309. Furthermore, significantly different
expression patterns of DECs were observed between the cancer and the normal group (P < 0.05).
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Fig. 3. Expression pattern and prognosis of 17 differentially expressed messenger RNAs (DEMs) in cancerous and normal tissues (control group). (A)

Expression pattern of 17 DEMs in gastric cancer and normal tissues (control group). (B) Survival curves of five screened DEMs whose P values were
less than 0.05 by a logrank test.
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Fig. 4. Competing endogenous RNA (ceRNA) network and enrichment analysis of target genes. (A) CeRNA network of has_circ_0072309. (B)
Histogram of the Gene Ontology enrichment analysis. (C) Bubble plots of the Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment
analysis. (D) Histogram of molecular functions (MF), cellular components (CC), (biological procese) BP, and KEGG pathway enrichment analyses.
(E) Enrichment results of the KEGG pathway. (F) The GO enrichment analysis results, where the enriched GO terms are on the left; the red con-
centration represents the significant degree of enrichment, and the gray column on the right represents the number of genes enriched by the GO
term. (G) Heat map of the GO enrichment results of the seven genes of interest. (H) The GO enrichment results and chord plot of the seven genes
of interest.

3.2. The expression pattern of DECs

The differential expression of hsa_circ_ 0072309 in the cancer and the normal tissues in this study’s microarray are presented in
Fig. 1E. Existing DECs were selected from the CSCD database, searched in the “cirBase,” and the location information of three down-
regulated DECs (hsa_circ_0003526, hsa_circ_0006039, and hsa_circ_0039353) were discovered. The structural patterns of these three
DECs are shown in Fig. 1F-H.

3.3. Prediction of the miRNAs targeted by the DECs

The target miRNAs of the seven DECs were predicted with CSCD, TargetScan, cirbank, and cirFunBase. The circRNA and miRNA
regulatory networks are shown in Fig. 11-O; hsa_circ_0072309 is visible in Fig. 1K.

3.4. Expression pattern analysis of the target miRNAs

According to method above, the miRNAs predicted by hsa_circ_0072309 were extracted and 13 DEMIs were obtained. Ten of these
miRNAs exhibited differential expression patterns in cancer and the normal tissues (Fig. 2A). Among these DEMIs, hsa_miR-34a-3p,
hsa_miR-127-5p, hsa_miR-132-3p, hsa_miR-148b-3p, hsa_miR212-3p, hsa_miR-330-5p, hsa_miR-331-5p, hsa_miR-452-3p, and
hsa_miR-409-3p were up-regulated (P =5.0 x 1077, 6.2 x 107>, 4.7 x 1077,3.8 x 1077, 6.7 x 1072, 0.00015, 1.7 x 10~8, 0.0034 and
4.2 x 10’11, respectively), while hsa_miR-326 was down-regulated (P = 0.025).

3.5. Survival analysis of the high- and low-risk target miRNAs in STAD

To explore the prognostic efficacy of these 13 DEMIs, the clinical data of GC from the TCGA database was downloaded. A logrank
test was performed, after which the miRNAs with P-value of <0.05 were selected to plot a KM survival curve (Fig. 2B, supplementary
file: Fig. 1). A high expression of hsa_miR-34a-3p showed better survival outcomes (P = 0.034).

3.6. Prediction of downstream mRNAs of miRNAs targeted by hsa_circ.0072309

The prediction of the downstream target mRNAs came from four authoritative databases: TargetScan, miRanda, miRTarBase, and
miRBase. Only the mRNAs in at least two databases were screened, and 69,695 miRNAs-mRNAs pairs were identified. By taking the
intersection of these mRNAs and the TCGA data, a total of 1460 mRNAs were screened (supplementary file: Fig. 2).

3.7. DEGs and ROC analysis

The limma package was used to screen the 1460 DEMs with an false discovery rate (FDR) < 0.05 and a |logFC| > 2 as the threshold,
and 17 DEMs were finally obtained. Combining the expression of the genes and the survival data in the TCGA database, the expression
patterns and prognostic efficacy of those 17 DEMs were analyzed. The survival analysis was measured by a logrank test, and P < 0.05
was set as statistically significant. As is shown in Fig. 3A, all the DEMs were up-regulated except for three genes: complement
component 7 (C7) (P=1.4 x 10’7), CNN1 (P=7.1 x 10—7), and SOX21 (P = 1.7 x 10~°). The survival analysis revealed that only 5 of
the 17 genes, C7 (P = 0.032), MARCKSL1 (P = 0.048), UBE2T (P = 0.016), OLR1 (P = 0.034), and HOXC11 (P = 0.017), showed
significant differences in the high- and low-risk groups (Fig. 3B).

3.8. GO and KEGG enrichment analyses

The ceRNA network diagram is shown in Fig. 4A. The GO and KEGG enrichment analyses were performed on all 17 DEMs; the
results were organized into functional pathways using the DAVID web tools and visualized with R package ggplot2 software. The GO
annotation revealed that related biological processes included the following: positive regulation of transcription from RNA polyll
promoter, response to glucose, and anterior/posterior pattern specification. Interestingly, the circadian regulation of gene expression
was also among the listed enriched terms, and the related cellular components included the nucleus, cytoplasm, and nucleoplasm. The
enriched molecular functions were protein binding, actin filament binding, and transcription factor binding. The PI3K-Akt and Ras
signal pathways were the most significantly enriched pathways (Fig. 4B-F; supplementary file: Tables 1 and 2). In addition, seven GO
enrichment results of interest were selected to generate a heat map and chord plot (Fig. 4G and H). The enriched terms mentioned
above had a substantial impact on transcription and cell division; the pathways related to PI3K-Akt, Ras, and MAPK suggest the critical
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roles of these DEMs in GC tumorigenesis.

3.9. Correlation analysis of immune cell infiltration

A correlation analysis was performed between the six genes of interest (AURKA, C7, CDH3, CNN1, HNF1B, and HOXC11) and the
immune infiltrates using the online tools CIBERSOFT (https://cibersort.stanford.edu/) and Timer (https://cistrome.shinyapps.io/
timer/). The results are displayed on scatter plots (Fig. 5). The correlation between the degree of immune infiltrates and gene ex-
pressions as well as the P value were calculated by the Spelman’s coefficient method. AURKA was negatively correlated with B cells,
CD8™" cells, CD4 ™" cells, macrophages, neutrophils, and dendritic cells (P = 1.28 x 107%,1.99 x 10_6, 3.69 x 1077, 4.02 x 10_15, 8.28
%x 107>, and 8.4 x 10~%); C7 was positively correlated with B cells, CD8" cells, CD4 " cells, macrophage, neutrophils, and dendritic cells
(P=1.89 x107%1.14 x 107°%,1.77 x 107%°,7.49 x 107%°, 3.14 x 107>, and 9.31 x 107 '®); CDH3 was negatively correlated with
CD8™" cells, CD4" cells, macrophages, and dendritic cells (P = 2.19 x 1073,3.62 x 1074, 4.12 x 107%, and 1.53 x 10~2); HNF4A and
HOXC11 were negatively correlated with CD8" cells, macrophages, neutrophils, and dendritic cells (P = 3.42 x 1077, 1.47 x 10’9,
497 x 1078, and 3.55 x 10™° and P = 3.54 x 1075, 1.17 x 1075, 2.57 x 107>, and 7.29 x 1078, respectively); and HNF1B was
negatively correlated with macrophages, neutrophils, and dendritic cells (P = 4.41 x 1072, 1.39 x 1072, and 3.35 x 1073),
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Fig. 5. Scatter plots of the relationship between the expression of the target genes AURKA, C7, CDH3, CNN1, HNF1B, and HOXC11 and the immune
infiltration.
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Fig. 6. Hsa_circ_0072309 was down-regulated in in vivo (A-C) and in vitro (D) assays and could bind to hsa-miR-34a-3p and hsa-miR-330-5p. (E)
Hsa-miR-34a-3p could bind to hsa_circ_0072309-WT at hsa_circ_0072309 (248-CTGATT-256). (F) Hsa-miR-330-5p could bind to hsa_circ_0072309-
WT at hsa_circ_0072309 (433-CCAGAG-440). (G-I) The argonaute2-ribonucleoprotein immunoprecipitation assay revealed that both hsa-miR-34a-
3p and hsa-miR-330-5p may bind to hsa_circ_ 0072309. All results are presented as the mean + standard deviation for three individual experiments.
*P < 0.05, **P < 0.01.

3.10. Hsa _circ.0072309 was downregulated in vivo and in vitro

Hsa_circ_0072309 expression was validated in 34 paired GC tissues and non-cancerous tissues (normol tissues) and GC cell lines by
RT-qPCR, and the results revealed a significant down-regulated hsa_circ_0072309 in GC tissues and cell lines (Fig. 6A-D). Furthermore,
in vitro experiments revealed that among the GC cells, the topmost expression level of hsa_circ_0072309 was in the AGS cells while the
lowest was in the HGC-27 cells.

3.11. Associations between hsa circ 0072309 expression level and clinical characteristics in GC

The relationship between the hsa_circ_0072309 expression level and the clinical features of patients with GC were further inves-
tigated. The hsa_circ_0072309 expression level was associated with tumor size (P = 0.0008), vascular invasion (P = 0.0037), and LNM
(P =0.0163) (Table 2). Interestingly, most of these GC patients were over 60 years old (70.6%), and most of them were male (76.5%).
However, no correlation was found between the hsa_circ_0072309 expression level and the patient’s gender, age, and tumor invasion
depth (P < 0.05). The ROC curve was plotted to further explore the clinical significance of LNM in GC. The area under the curve was
0.7656 (sensitivity was 61.9% and specificity was 92.31%), with a cut-off value of ACT at 25.34.

3.12. Hsa_circ_0072309 could bind to has-miR-34a-3p and has-miR-330-5p

According to the result of “Survival Analysis of the high- and low-risk target miRNAs in STAD”, hsa-miR-34a-3p was selected, and
three miRNAs (hsa-miR-330-5p, hsa-miR-148b-3p, and hsa-miR-331-5p) were randomly selected that were highly expressed in GC for
the interaction experiments. As is demonstrated in Fig. 6E and F, hsa-miR-34a-3p and hsa-miR-330-5p significantly reduced the
luciferase activity of the AGS cells transfected with hsa_circ_0072309-WT but not hsa_circ_0072309-MUT#1 (mutated sites at 248-
CTGATT-256) or hsa_circ_0072309-MUT#2 (mutated sites at 433-CCAGAG-440), revealing that hsa-miR-34a-3p and hsa-miR-330-
5p may directly bind to hsa_circ. 0072309 at the mutated sites. The AGO2-RIP assay showed that the abundances of hsa_-
circ_0072309, hsa-miR-34a-3p, and hsa-miR-330-5p in the precipitates were significantly increased, revealing that hsa-miR-34a-3p
and hsa-miR-330-5p may bind to hsa_circ_0072309 (Fig. 6G-I, supplementary file: Fig. 3).

3.13. Hsa circ_ 0072309 overexpression suppressed whereas hsa_circ. 0072309 knockdown promoted GC cells proliferation and migration
in vitro

The HGC-27 and MKN-45 cell lines were selected for overexpression experiments. The results indicated that, compared with the
cells transfected with oe-vector (control group), the cellular viability of the HGC-27 and MKN-45 cells transfected with oe-circ0072309
decreased significantly, as well as the invasion, migration, and colony formation abilities (Fig. 7).

The AGS and MKN-45 cell lines were selected for the knockdown experiments. Three siRNAs were designed to target hsa -
circ_0072309, and siRNA-circ0072309+#1 showed the best knockdown efficiency. As Fig. 8 demonstrates, the knockdown of hsa_-
circ_0072309 significantly increased the viability, invasion, migration, and colony formation abilities of the AGS and MKN-45 cells
(transfected with siRNA-circ0072309#1).

4. Discussion

Gastric cancer, responsible for 8.2% of all cancer-related deaths in 2018, is still one of the deadliest cancers among gastrointestinal
tumors, ranking third worldwide in terms of mortality [2]. Although significant progress has been made in the clinical diagnosis and
treatment of GC in recent years, due to its atypical clinical presentation and the lack of specific diagnostic markers for early GC, 90% of
diagnosed cases are at an advanced stage and tend to metastasize, leading to a poor five-year survival rate of less than 30% [27].
Therefore, it is vital to search for biomarkers related to the occurrence and prognosis of GC and develop new targets to improve the
prognosis of diagnosed patients. With the advent of high-throughput sequencing technology, multiple circRNAs have been found to be
dysregulated in GC, suggesting that they may contribute to its development and progression. Based on this research group’s previous
work on circRNAs and GC, additional chip data was downloaded from the GEO and TCGA databases and combined with this group’s
previous sequencing data. This study’s purpose was to analyze hsa_circ_0072309 and its functions using bioinformatics methods,
including differential expression analysis, GO and KEGG enrichment analyses, survival analysis on downstream miRNAs and mRNAs,
and correlation analysis between DEGs and immune infiltration. Furthermore, the expression of hsa_circ_.0072309 was validated in
vivo and in vitro, functional experiments were performed on GC cell lines, the binding sites between hsa_circ_0072309 and its
downstream miRNAs were identified, and the correlations between hsa_circ_0072309 expression and the clinical characteristics of
patients diagnosed with GC were analyzed.
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Fig. 7. Hsa_circ_0072309 overexpression suppressed the malignant phenotype of the HGC-27 (A-E) and MKN-45 (F-J) cell lines. Both cell lines
were transfected with oe-vector or oe-circ0072309. The polymerase chain reaction showed their overexpression efficiency in the HGC-27 cells (A)
and the MKN-45 cells (F). (B) The colony formation assay of hsa_circ_ 0072309 overexpression in the HGC-27 cells. (C) The cell viability of hsa_-
circ_0072309 overexpression in the HGC-27 cells was detected by Cell Counting Kit-8 (CCK-8). (D) The lateral migration ability of hsa_circ_0072309
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overexpression in the HGC-27 cells was measured by wound healing assays. (E) The migration and invasion ability of hsa_circ_ 0072309 over-
expression in the HGC-27 cells were analyzed by transwell assays. (G) The colony formation assay of hsa_circ_0072309 overexpression in the MKN-
45 cells. (H) The cell viability of hsa_circ_ 0072309 overexpression in the MKN-45 cells was detected by CCK-8. (I) The lateral migration ability of
hsa_circ_0072309 overexpression in the HGC-27 cells was measured by wound healing assays. (J) The migration and invasion abilities of hsa_-
circ_0072309 overexpression in the MKN-45 cells were analyzed by transwell assays. All results are presented as the mean + standard deviation for
tAhree individual experiments. *P < 0.05, **P < 0.01.

<

Hsa_circ_0072309 was significantly downregulated in databases, including the GEO and TCGA databases as well as this group’s
chip data. Hsa_circ_0072309 down-regulation has previously been documented in breast cancer [28], hepatocellular carcinoma [29],
and non-small cell lung cancer (NSCLC) [30]; these results were consistent with this study’s analysis. Moreover, hsa_circ_0072309 was
found to inhibit tumor progression by regulating targeted miRNA. It was suggested that hsa_circ_0072309 might have a similar
function in GC as in the cancers mentioned above. To further investigate the functional effect of hsa_circ_0072309, in vitro experiments
were performed; the results of which demonstrated that its overexpression suppressed GC cells, whereas its knockdown promoted the
proliferation and migration of GC cells. Accordingly, the clinical relevance of the hsa_circ_0072309 expression level was further
analyzed. The expression of hsa_circ_0072309 was associated with tumor size (P = 0.0008), vascular invasion (P = 0.0037), and LNM
(P = 0.00163), suggesting that larger tumors, more severe invasion, and metastasis were related to the downregulation of hsa_-
circ_0072309 in GC. Indeed, it is widely acknowledged that most patients with malignant tumors die of metastasis [31]. In GC, lymph
node metastasis is the most common way that the tumors spread [32] and is considered the most important factor in estimating the
prognosis of patients with advanced GC [33]. Furthermore, the prediction of LNM in GC is key to adequate strategy management in the
preoperative setting [34]. In this study, the ROC curve indicated that the expression value of hsa_circ_ 0072309 could be used to di-
agnose LNM in GC; therefore, hsa_circ_0072309 might be a potential biomarker for LNM detection in postoperative patients with GC.
Thus, it is hypothesized that hsa_circ_0072309 may have protective effects and may inhibit invasion and metastasis in GC; it may also
be a promising biomarker for the diagnosis and prediction of LNM in GC.

To further explore the functions of hsa_circ_0072309, GO and KEGG functional enrichment analyses were conducted on the DEGs.
GO terms were related to the transcription, cell division, and circadian regulation of gene expression. Moreover, the most significantly
enriched pathways were the PI3K-Akt, Ras, and MAPK pathways; these are classical pathways that have been documented to be
correlated with tumorigenesis and development [35]. Interestingly, disturbances of the circadian clock have been reported to be
involved in the development of various diseases, including cancer. In this regard, a large cohort study showed that an abnormal
circadian rhythm resulting from late food intake might be related to carcinogenesis at different locations [36]. Over the years,
epidemiological studies have shown that circadian rhythm disorders are associate with an increased risk of carcinomas, including
prostate [37,38], colon, liver, pancreatic, breast, ovarian, and lung cancer [39]. Studies also indicated that a series of circadian
clock-related genes, including CRY, PER, and BMALI1, could impact key pathways affecting the hallmarks of cancers, including
cell-cycle control, DNA damage repair, apoptosis, and apoptosis metabolic regulation, alternating the cancer phenotypes [39]. Sub-
stantial evidence has suggested that BMAL1 plays a vital role in limiting tumorigenesis. Inhibiting BMAL1 expression has been shown
to significantly increase prostate cancer, lung cancer, and glioma metastatic potential in vitro and in vivo, and the antitumor effect of
BMAL1 may be modulated via the PI3K-AKT signal axis [40]. Based on the notion of circadian clock perturbation of cancer pathways,
researchers put forward the concept of chronotherapy, which harnesses the natural rhythm and cycle of the body to treat diseases or
disorders [41]. For instance, male colorectal cancer patients who received chronomodulated chemotherapy with oxaliplatin, 5-fluo-
rouracil, and folinic acid experienced reduced toxicity and improved outcomes [42]. In a retrospective study, where 97 NSCLC pa-
tients underwent stereotactic radiosurgery for brain metastases, the morning group experienced significant improvements, including
3-month local control (97% versus 67%, P = 0.014), median overall survival (median survival of 9.5 months versus 5 months, P =
0.025), and less central nervous system (CNS) related deaths than the afternoon group (P = 0.026) [43]. Therefore, the role of
circadian genes in cancers should be further investigated to provide new insight for the design of future treatment.

In this study, the prognostic efficacy of DEMIs were also analyzed. As for downstream miRNAs of hsa_circ_0072309, this study’s
results revealed that hsa-miR-34a, which was identified to bind to hsa_circ_0072309 using AGO2-RIP and dual-luciferase reporter
assays, was up-regulated in GC. Moreover, the effects of different gene expression levels on the survival and prognosis of patients with
GC were statistically different. To the best of this research group’s knowledge, this is the first study reporting on the role of hsa-miR-
34ain cancer. Interestingly, this study’s findings showed that its overexpression in GC was related to a better prognosis, suggesting that
hsa-miR-34a might be a novel prognostic biomarker.

As for the downstream mRNAs of hsa_circ_0072309, C7 was down-regulated in GC, and its expression level was significantly related
to prognosis and immune infiltration. The mRNA C7 is a terminal ingredient of the complement cascade, and its insertion into the lipid
bilayer is a crucial limiting step for the formation of the membrane attack complex (MAC) [44], which can be triggered by the
complement system; it also exerts the effect of cytolysis, playing an essential role in immune surveillance and homeostasis [45,46].
Some studies have suggested that C7 may be a potential tumor suppressor. Oka et al. [47] found that C7 was prominently
low-expressed in esophageal cancer tissues. Ying et al. [48] found that the expression of C7 decreased gradually in normal, benign,
borderline, and malignant ovarian tissue; the down-regulation of C7 was associated with a low degree of differentiation in ovarian
cancer tissue. A similar expression pattern was observed in normal tissues, paracancerous tissues, and malignant tissues of patients
with NSCLC, and the low expression of C7 was related to an advanced clinical stage and a worse grade, indicating a poor outcome.
Additionally, a multivariate Cox regression analysis showed that C7 was an independent predictor of prognosis in patients with NSCLC,
and in vitro experiments indicated that a high expression of C7 inhibited the growth of NSCLC cells. The results of these studies were
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Fig. 8. Hsa_circ_ 0072309 knockdown promoted the malignant phenotype of the AGS (A-E) and MKN-45 (F-J) cell lines. Both cell lines were
transfected with siRNA-scrambled, siRNA-circ0072309+#1, siRNA-circ0072309#2, or siRNA-circ0072309#3. Polymerase chain reaction showed the
knockdown efficiency in the AGS cells (A) and the MKN-45 cells (F), and siRNA-circ0072309#1 showed the best knockdown efficiency. (B) The
colony formation assay of hsa_circ_0072309 knockdown in the AGS cells. (C) The cell viability of the hsa_circ_ 0072309 knockdown in the AGS cells
was detected by a Cell Counting Kit-8 (CCK-8). (D) The lateral migration ability of the hsa_circ_0072309 knockdown in the AGS cells was measured
by wound healing assays. (E) The migration and invasion abilities of the hsa_circ_ 0072309 knockdown in the AGS cells were analyzed by transwell
assays. (G) The colony formation assay of the hsa_circ_0072309 knockdown in the MKN-45 cells. (H) The cell viability of the hsa_circ_0072309
knockdown in the MKN-45 cells was detected by a CCK-8. (I) The lateral migration ability of the hsa_circ_0072309 knockdown in the MKN-45 cells
was measured by wound healing assays. (J) The migration and invasion abilities of the hsa_circ_ 0072309 knockdown in the MKN-45 cells were
Enalyzed by transwell assays. All results are presented as the mean =+ standard deviation for three individual experiments. *P < 0.05, **P < 0.01.

consistent with the conclusions of this study’s analysis. As the complement system is an integral part of the inflammatory response,
carcinogenic inflammation plays an essential role in tumor occurrence and development [49]. As was mentioned above, C7 is vital in
cytolysis as an essential ingredient in the formation of MAC. It has been reported that sublytic MAC may impact tumor cell (colon
carcinoma cell CT26 and melanoma cell B16) survival and proliferation and reshape the surrounding extracellular matrix [50]. In
addition, the complement cascade can directly lyse malignant cells and enhance the killing effect of antibody-dependent cell-mediated
cytotoxicity on tumor cells [46]. Complement activation, which simultaneously regulates an adaptive immune response, may regulate
the T cell response to tumors [51]. This finding was also validated in our study by assessing the correlation between C7 and immune
cell infiltration. This study’s findings indicated a significant positive correlation between C7 expression and CD8™ T cells, CD4 ™ T cells,
B cells, macrophages, neutrophils, and dendritic cells. In conclusion, C7 may act as a cancer suppressor in the process of tumorigenesis
and progression, and it has the potential to predict the prognosis for tumor patients, making it a new therapeutic target.

5. Conclusion

Several limitations in this study should be noted. First, although the bioinformatics analyses and functional experiments were
performed to identify the potential role of hsa_circ_. 0072309 in GC, additional in vivo experiments are required to validate the
interaction of DEGs and explain their functions, including expression verification of the target miRNAs of hsa_circ_ 0072309 and
molecules related to GO and KEGG functional analysis. Second, it is necessary to expand the sample size to further evaluate the effect of
hsa_circ_0072309 expression on the development of the preoperative strategy and postoperative LNM monitoring in GC. Third,
hsa_circ_0072309 expression was validated in GC tissues and cell lines; however, as an evaluation method, the implementation is
limited by complex sampling. Additional studies on the differences of hsa_circ_0072309 expression in the serum between patients with
GC and healthy subjects should be completed to determine whether the sensitivity is high enough in the serum to develop a non-
invasive detection method. CIBERSOFT and Timer are online tools that use public databases to deconvolve transcriptomic data,
thus, the correlation between immune infiltrates and gene expressions did not prove convincing since immune infiltrates might be
originally correlated with gene expressions. Because there is no corresponding prognosis data for circRNA sequencing samples, and the
follow-up period we collect patient information is relatively long, we cannot analyze the relationship between hsa_circ_0072309 and
disease prognosis in this study, which is also a shortage of this study and our regret.

In conclusion, DECs were screened using online databases and this group’s previous sequencing data, and the expression and
survival prognosis of the intersected target genes were analyzed. The function of these DEGs were analyzed, and their correlation with
immune infiltration was assessed. Concurrently, this study validated the expression of hsa_circ_0072309 both in vivo and in vitro and
investigated the correlation between the expression level and the clinical characteristics of patients. In addition, this study evaluated
the function of hsa_circ_0072309 and identified the binding sites between hsa_circ_0072309 and its downstream miRNAs. The results
of this study indicated that hsa_circ. 0072309 may be a promising biomarker for diagnosing and predicting LNM in GC, and its
downstream gene C7 may be a tumor suppressor, which can help predict the prognosis of diagnosed patients. To the knowledge of this
research group, this is the first study to make a detailed analysis of hsa_circ_0072309 to date, and its results will provide valuable
insights into the diagnosis and treatment of GC by circRNA. However, more in vitro studies and animal experiments are needed to
validate these conclusions.
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