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Abstract
The prognosis after curative resection of gastric cancer (GC) remains unsatisfactory, and thus, the development of treatments
involving alternative molecular and genetic targets is critical. Circular RNAs (circRNAs), which are newly discovered
molecules with key roles in the non-coding RNA network, have been identified as critical regulators in various cancers.
Here, we aimed to determine the circRNA expression profile and to investigate the functional and prognostic significance of
circRNA in GC. Using next-generation sequencing profiling, we first characterized an abundant circRNA in GC,
hsa_circ_0008549, derived from the OSBPL10 gene and named it circOSBPL10. The expression of circOSBPL10 was
found to be upregulated in GC tissues by quantitative RT-PCR, and silencing of circOSBPL10 significantly inhibited GC
cell growth, migration, and invasion in multiple experiments. We further confirmed that miR-136-5p is a downstream target
of circOSBPL10 using RNA pull-down and luciferase reporter assays. Rescue experiments confirmed that circOSBPL10
regulates biological functions in GC cells via a circOSBPL10-miR-136-5p-WNT2 axis. In vivo experiments showed that
circOSBPL10 promotes tumor growth and metastasis in mice. Furthermore, the level of circOSBPL10 was observed to be a
prognostic marker of the overall survival and disease-free survival of patients with GC. Taken together, our findings reveal
that circOSBPL10 may serve as a new proliferation factor and prognostic marker in GC.

Introduction

Gastric cancer (GC) is one of the most common and
malignant tumors, with a high recurrence rate and a poor 5-
year survival rate [1]. It is the fourth most common cancer,

the third leading cause of cancer-related death worldwide
and ranked second in both most common cancers and
cancer mortalities in China [2–4]. Surgical treatment, such
as gastric resection and D2 lymph node dissection, is still
the most frequently recommended treatment for GC patients
[5]. However, the prognosis after surgery remains unsa-
tisfactory [6]. Therefore, exploration of the underlying
mechanisms, the development of treatments involving
alternative molecular and genetic targets and the pursuit of
prognostic markers are critical.

Circular RNA (circRNA), which is generated from back-
splicing of precursor mRNA, is a special form of RNA with
a circular instead of a linear structure that is found in
eukaryotes [7–9]. circRNAs feature a closed loop without a
free 3′ and 5′ end and, thus, are highly conserved and stable
[10, 11]. circRNAs were first discovered > 20 years ago but
were initially considered to be by-products of splicing errors
and genomic junk [11–14]. Little attention was paid to
circRNAs, but in recent years, the rapid development of
next-generation sequencing-based profiling of non-coding
RNAs in human cells and bioinformatics approaches has
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changed how researchers view circRNAs [9, 15, 16].
Emerging evidence indicates that circRNAs participate in
the progression of a variety of cancers, and several new
circRNA targets have been identified [17–24]. In addition,
circRNAs not only function in cancer but also in other
diseases, such as neurological and cardiovascular diseases
[9, 25–28].

In the current study, we adopted next-generation
sequencing with circRNA and found that hsa_-
circ_0008549 is upregulated in GC tissues. Herein, for the
first time, we report that circOSBPL10 can promote cell
proliferation and metastasis by sponging miR-136-5p,
which was confirmed by multiple functional assays. A
prognosis analysis indicated that circOSBPL10 could also
serve as a valuable prognostic factor and a potential ther-
apeutic target in future treatments.

Results

Profile of circRNAs in GC and normal tissues

Three GC tissue samples and their matched noncarcinoma
adjacent tissues were collected for next-generation sequencing
analysis. The flow chart is depicted in Fig. 1a. In total, 17,151
distinct circRNA candidates were identified, and 145 of these
circRNAs were differentially expressed in cancerous tissues
compared with matched noncancerous tissues. Among these
differentially expressed circRNAs, 67 were upregulated and
78 were downregulated in GC tissues compared with non-
cancerous tissues (Fig. 1b). The raw data were submitted to
the Gene Expression Omnibus database (GSE122796).

Characterization of circOSBPL10 in GC

Through next-generation sequencing (NGS) analysis, we
identified the most differentially expressed circRNA
(chr3:31917924-31921322, hsa_circ_0008549, termed cir-
cOSBPL10), which was derived from the OSBPL10 locus
(Fig. 1b). The genomic structure shows that the second exon
from the OSBPL10 gene is flanked by introns on each side,
and the head-to-tail structure of circOSBPL10 was con-
firmed by Sanger sequencing using the BGC-823 cell line
(Fig. 1c). Quantitative real-time RT-PCR (qRT-PCR)
results confirmed that BGC-823 cells had the highest cir-
cOSBPL10 expression, followed by SGC-7901 cells (Fig.
1d). Therefore, we selected the BGC-823 and SGC-7901
cell lines for subsequent experiments throughout our study.
RNase R exonuclease was added to the total RNA before
reverse transcription. In both cell lines, the expression of
mRNAs was decreased owing to digestion by RNase R
(BGC-823, P < 0.001; SGC-7901, P < 0.001), whereas cir-
cular RNA levels did not decrease, indicating that they were

not affected by RNase R treatment (BGC-823: P= 0.1811;
SGC-7901: P= 0.0805) (Fig. 1e). We conducted PCR
using cDNA and gDNA (genomic DNA) treated with or
without the RNase R in advance to detect the stability of
circOSBPL10 (Fig. 1f). Under RNase R treatment, cir-
cOSBPL10 could resist digestion, whereas convergent pri-
mers could not amplify cDNA that was reverse-transcribed
from mRNA. The results of PCR without RNase R treat-
ment showed both amplification products that were reverse-
transcribed using convergent and divergent primers from
total RNA. No circRNA amplification products were
observed using gDNA compared with cDNA. Next, we
applied the transcription inhibitor actinomycin D in our
experiments (Fig. 1g). Total RNA was extracted at the
indicated time points (0, 4, 8, 12, and 24 h) followed by
qRT-PCR. The results revealed that the transcript half-life
of circOSBPL10 exceeded 24 h in both cell lines, whereas
the linear transcript of OSBPL10 mRNA demonstrated a
comparatively short half-time of < 4 h. Regarding localiza-
tion, qRT-PCR analysis of nuclear and cytoplasmic RNA
was performed after they were physically separated and
fluorescence in situ hybridization (FISH) also showed that
circOSBPL10 was preferentially localized within the cyto-
plasm (Fig. 1h, i). Taken together, our results demonstrate
that circOSBPL10 is a stable cytoplasmic circRNA.

circOSBPL10 was significantly upregulated in GC
tissues

The NGS profile revealed that circOSBPL10 is upregulated
in GC tissues. qRT-PCR was performed in 70 paired pri-
mary cancer tissues and adjacent noncancerous tissues for
validation. The expression levels of circOSBP10 were sig-
nificantly higher in GC tissues than in noncancerous tissues
(P= 0.0118, Fig. 2a). Among these paired samples, 63%
(n= 44) exhibited higher expression in cancer tissues than
in matched noncancerous tissues (Fig. 2b, c). The clinical
pathological parameters of these patients are listed in
Table 1. The expression in tumor tissues at T2–T4 was
significantly higher than that at Tis-T1 (P= 0.0111) and in
normal tissues (P= 0.0016), whereas expression in tumors
at Tis-T1 did not differ from that in matched noncancerous
tissues according to their T stage (P= 0.1830) (Fig. 2d).
We then divided the tissues into I–II and III–IV stage tis-
sues for further analysis and found that the expression of
circOSBP10 in III–IV stage tissues was significantly higher
than that in I–II stage tissues (P= 0.0011) and in non-
cancerous tissues (P= 0.0002). We also conducted an
analysis of other clinical parameters, including gender, age,
lymph node status, and location. The results revealed that
the expression of circOSBPL10 was significantly higher in
tumors located in the cardia than in non-cardia tumors
(Supplementary Fig. S1a). No significant difference was
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found for other parameters including age, gender, and
lymph nodes status (Supplementary Fig. S1b–d). These
results indicated that circOSBPL10 expression was

markedly upregulated in GC tissues compared with mat-
ched noncancerous tissues and positively related to T and
the tumor, node, metastasis (TNM) stage.
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Silencing and overexpression of circOSBPL10
inhibits and promotes GC cell proliferation,
invasion, and migration, respectively

To investigate the biological function of circOSBPL10, two
siRNAs were designed to target the junction site (Supple-
mentary Fig. S2a). A nonspecific siRNA sequence was used
as the control. After cell transfection with siRNAs, the
knockdown efficiencies of two siRNAs were confirmed by
qRT-PCR (Supplementary Fig. S2b). As expected, the
siRNAs directly suppressed the expression level of cir-
cOSBPL10 but did not affect the transcripts of linear
OSBPL10 mRNA.

Next, we performed a 5-ethynyl-2′-deoxyuridine (EdU)
incorporation assay to detect BGC-823 and SGC-7901 cell
proliferation. After knockdown of circOSBPL10, the num-
ber of EdU+ cells was significantly decreased compared
with that in control cells (Fig. 3a). Both siRNAs also
exerted significant antiproliferative effects compared with
the control according to a CCK-8 proliferation assay
(Supplementary Fig. S3a). Colony formation was also
impaired after knockdown of circOSBPL10 in BGC-823
and SGC-7901 cells (Fig. 3b). Moreover, migration and
invasion were significantly suppressed by the silencing of
circOSBPL10 in both BGC-823 and SGC-7901 cell lines
based on Transwell and impedance-based xCELLigence
Real-Time Cell Analysis Detection Platform assays (Fig. 3,
Supplementary Fig. S3b). We established a 3D GC orga-
noid model to examine the proliferation competence of the
tumor cells. The diameter of organoids transfected with the
two siRNAs was dramatically decreased compared with the

diameter of control organoids (Fig. 3d). In addition, we also
transfected overexpression vectors into both cell lines, and
the efficiency was verified by qRT-PCR (Supplementary
Fig. S2c). The results revealed that overexpression of
circOSBPL10 significantly promoted the proliferation,
migration and invasion of tumor cells (Supplementary Fig.
S3c–f). Collectively, these findings suggest that cir-
cOSBPL10 is a key factor that affects the proliferation,
migration, and invasion of GC cells.

circOSBPL10 serves as a miRNA sponge for
miR-136-5P

We next explored the ability of circOSBPL10 to bind miR-
NAs. The online databases starbase, circNet, and RNA22
were used to predict potential target miRNAs of cir-
cOSBPL10. Among the predicted targets identified using
these databases, we found 11 common miRNAs (miR-138-
5p, miR-500b-3p, miR-151a-5p, miR-6879-3p, miR-1271a-
5p, miR-449a, miR-125b-2-3p, miR-151b, miR-96-5p, mR-
34a-5p, miR-136-5p) that could potentially be binding targets
of circOSBPL10 (Fig. 4a). A biotin-labeled circOSBPL10
probe was designed and constructed to pull-down cir-
cOSBPL10 in two GC cell lines. The efficiency of the assay
was first examined after pull-down, and the expression of
circOSBPL10 was significantly enhanced in the cir-
cOSBPL10 transfectants, confirming that circOSBPL10 was
successfully pulled down (Fig. 4b). We then detected the
expression of candidate miRNAs using qRT-PCR after pull-
down. In the BGC-823 group, significant increases in the
expression of miR-500b-3p and miR-136-5p were observed
among all 11 miRNA candidates, whereas in the SGC-7901
group, miR-6879-3p, miR-1271a-5p, miR-96a-5p, and miR-
136-5p showed remarkably higher expression than other tar-
gets (Fig. 4c). Combining these two results, six miRNAs that
could be potential targets in both GC cell lines emerged. Next,
we constructed a circOSBPL10 luciferase reporter gene by
inserting the circOSBPL10 fragments downstream of the
luciferase reporter gene (LUC+ circOSBPL10). HEK-293
cells were cotransfected with the luciferase reporters along
with different RNA mimics. The luciferase activity assay
indicated that among these targets, only miR-136-5p showed
significantly decreased luciferase activity in HEK-293T cells
(Fig. 4d). We then mutated the miRNA target site within the
circOSBPL10 sequence in the 3′-UTR (Fig. 4e). No sig-
nificant decrease was observed in the luciferase activity in the
mutated miR-136-5p group (Fig. 4f). These results confirmed
that miR-136-5p, but not other miRNA targets, could directly
bind to circOSBPL10. In addition, we conducted a FISH
assay to detect colocalization of circOSBPL10 (Cy3) and
miR-136-5p (Fam) and found that they were mainly coloca-
lized in the cytoplasm, further suggesting their interaction
(Fig. 4g). Collectively, these results confirmed that

Fig. 1 Identification of circular RNAs by RNA-seq analyses in gastric
cancer. a RNA-seq analysis of circular RNAs in three paired human
gastric cancer tissues and matched noncancerous tissues. b Clustered
heatmap of the differentially expressed circRNAs in three paired
human gastric cancer tissues and matched noncancerous tissues. Rows
represent circRNAs, whereas columns represent tissues. The circRNAs
were classified according to the Pearson correlation. Red: upregulated,
Green: downregulated. c Sanger sequencing-validated circular struc-
ture. Arrows indicate divergent primers that bind to genomic regions
of circOSBPL10. d Expression levels of circOSBPL10 and OSBPL10
RNA validated by qRT-PCR were higher in BGC-823 and SGC-7901
cells among the five gastric cancer cell lines. e qRT-PCR analysis of
circOSBPL10 and linear OSBPL10 abundance in BGC-823 and SGC-
7901 gastric cell lines after RNase R treatment. f Linear and back-
splicing products were amplified with convergent and divergent pri-
mers with and without treatment of RNase R and subjected to poly-
merase chain reaction. g qRT-PCR analysis of circOSBPL10 and
OSBPL10 after treatment with actinomycin D at the indicated time
points. h qRT-PCR analysis confirmed that circOSBPL10 and
OSBPL10 are mainly located in the cytoplasm in BGC-823 and SGC-
7901 cell lines. i RNA fluorescence in situ hybridization for cir-
cOSBPL10. Nuclei were stained with 4,6-diamidino-2-phenylindole
(DAPI). Scale bar, 10 μm. The data represent the mean ± s.e.m. *P <
0.05, **P < 0.01, ***P < 0.001
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Fig. 2 circOSBPL10 is
upregulated in gastric cancer and
associated with clinical
parameters. a qRT-PCR analysis
in 70 paired gastric cancerous
and noncancerous sample
revealed that circOSBPL10 is
upregulated in cancerous
samples. b Percentage of
upregulation and
downregulation in paired tissue
samples. c The fold changes
(log10) of circOSBPL10 in each
paired sample are arranged from
high to low. d The association of
circOSBPL10 expression and T
stage through qRT-PCR. e The
association of circOSBPL10
expression and TNM stage. The
data represent the mean ± s.e.m.
*P < 0.05, **P < 0.01, ***P <
0.001

Table 1 Clinical parameters of
70 samples for circOSBPL10
and miR-136-5p

circOSBPL10

Parameters Group Cases Expression of circOSBPL10 P value

Gender Male 53 2.071 ± 0.2206 N= 53 P= 0.9782

Female 17 2.083 ± 0.2896 N= 17

Age ≥ 60 48 1.922 ± 0.1984 N= 48 P= 0.2139

< 60 22 2.407 ± 0.3740 N= 22

T stage Tis-T1 11 1.024 ± 0.1866 N= 11 P= 0.0111

T2–T4 59 2.257 ± 0.1984 N= 59

Lymph code status Negative 26 2.046 ± 0.3212 N= 26 P= 0.8777

Positive 44 2.105 ± 0.2232 N= 44

TNM stage I–II 27 1.350 ± 0.1599 N= 27 P= 0.0011

III–IV 43 2.529 ± 0.2534 N= 43

Location Cardia 18 2.993 ± 0.5072 N= 18 P= 0.0021

Non-cardia 52 1.756 ± 0.1476 N= 52

Total 70
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circOSBPL10 binds to miR-136-5p in the cytoplasm and
serves as a miRNA sponge for miR-136-5p.

The downstream circOSBPL10 target miR-136-5p
promotes malignant biological functions by directly
targeting WNT2 in vitro

After finding that miR-136-5p could be sponged by cir-
cOSBPL10, we investigated the downstream target of miR-

136-5p to explore the pathogenic mechanisms of cir-
cOSBPL10. We first detected the expression of miR-136-5p
in the same 70 paired tissues using qRT-PCR, and the
clinical parameters are listed in Table 1. The expression
level of miR-136-5p was significantly lower in cancerous
samples than in paired noncancerous tissues (P= 0.0107).
The associations between miR-136-5p expression and
clinical parameters, including age, gender, lymph node
status, location, and T stage, were also evaluated, but no

Fig. 3 Silencing of circOSBPL10 inhibits the proliferation of gastric
cancer cells and suppresses gastric cancer cell migration and invasion.
a Assessment of DNA synthesis using an EdU (5-ethynyl-2′-deox-
yuridine) assay in BGC-823 and SGC-7901 cells transfected with
control or circOSBPL10 siRNAs. Micrographs represent at least three
experiments. Scale bar, 100 μm. b Colony formation assay of BGC-

823 and SGC-7901 cells transfected with control or
circOSBPL10 siRNAs. c Transfection of circOSBPL10 siRNAs sup-
pressed the migration and invasion of BGC-823 and SGC-7901 cells.
Scale bar, 100 μm. d Transfection of circOSBPL10 siRNAs sup-
pressed gastric cancer organoid culture. The data represent the mean ±
s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001. Scale bar, 25 μm
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significant differences were found (Supplementary Fig. S4).
In addition, the expression of miR-136-5p was remarkably
higher in the normal gastric epithelium cell line GES-1 than
in the BGC-823 and SGC-7901 cell lines (Fig. 5b). These

results suggested that miR-136-5p is a tumor suppressor
gene in GC, but how it exerts its function remains unknown.

The online database TargetScan was then used to predict
the potential binding target of miR-136-5p. Among the

Circular RNA profile identifies circOSBPL10 as an oncogenic factor and prognostic marker in gastric. . . 6991



potential targets, WNT2 was found to be a high-score target
(Fig. 5c). In addition, a previous study confirmed that miR-
136-5p could negatively regulate the expression of WNT2
[29]. Several studies have reported that WNT2 participates
in the progression of gastrointestinal cancers [30–36].
Therefore, we hypothesized that WNT2 may be involved in
the carcinogenesis process of the circOSBPL10-miR-136-
5p axis and contribute to malignant behaviors. A luciferase
reporter assay confirmed that Vector-WNT2-3′UTR com-
bined with a miR-136-5p mimic significantly reduced
luciferase activity (P= 0.0076), whereas co-transfection of
cells with Vector-WNT2-3′UTR mut and the miR-136-5p
mimic did not have a significant effect on luciferase activ-
ity. In both cell lines, the mRNA level of WNT2 decreased
significantly after treatment of cells with the miR-136-5p
mimic and increased after treatment with a miR-136-5p
inhibitor, suggesting that WNT2 is negatively regulated by
miR-136-5p at the transcriptional level (Fig. 5e). Cell
migration and invasion ability determined by Transwell
assays were both significantly inhibited after transfection of
BGC-823 and SGC-7901 cells with miR-136-5p mimic
(Fig. 5f). A colony formation assay revealed that the colony
formation capability was also remarkably reduced in the
miR-136-5p-treated group compared with the mimic NC
group in both cell lines (Fig. 5g). The results above con-
firmed that miR-136-5p can negatively regulate malignant
biological functions in GC cells, and thus, miR-136-5p
emerged as a tumor suppressor gene.

Overexpression of circOSBPL10 rescued WNT2
expression and the enhanced proliferation,
migration, and invasion induced by miR-136-5p

Next, we performed rescue experiments to determine whe-
ther circOSBPL10 promoted malignant biological functions

in GC cell lines through the circOSBPL10-miR-136-5p-
WNT2 axis. First, immunohistochemistry (IHC) confirmed
that WNT2 is overexpressed in human GC tissue compared
with paired noncancerous tissue, which was consistent with
the previous experiments (Fig. 6a). qRT-PCR was also
performed on 70 paired tissues to detect the mRNA
expression of WNT2. We found that the expression of
WNT2 was higher in tumor tissues than in paired non-
cancerous tissues (Supplementary Fig. S5a). Linear corre-
lation analyses between circOSBPL10 and either miR-136-
5p or WNT2 were performed separately. It turned out that
circOSBPL10 was negatively correlated with miR-136-5p
(P= 0.0391, R2= 0.06110, Supplementary Fig. S5b) and
positively correlated with WNT2 (P= 0.0003, R2= 0.1746,
Supplementary Fig. S5c), which strongly suggests invol-
vement of the circOSBPL10-miR-136-5p-WNT2 axis.
Unfortunately, the linear correlation analysis of miR-136-5p
andWNT2 did not reach statistical significance (P= 0.1921,
R2= 0.02527, Supplementary Fig. S5d). However, we
believe that statistical significance would be reached if the
sample size were increased. Next, to further elucidate this
axis, BGC-823 and SGC-7901 cell lines were co-transfected
with the miR-136-5p mimic and circOSBPL10 over-
expression vector, and the protein expression of WNT2 was
detected. Western blot confirmed that after treatment with
miR-136-5p mimic, the protein expression levels of WNT2,
phosphor β-catenin, and one of the classical downstream
targets, matrix metalloproteinase-9 (MMP9), were sig-
nificantly downregulated compared with the levels in con-
trols. This protein expression could be rescued by
overexpression of circOSBPL10, indicating that the Wnt/
β-catenin pathway was activated by overexpression of cir-
cOSBPL10. The inhibitory effect on E-Cadherin expression
was decreased by overexpression of miR-136-5p and res-
cued by ectopic expression of circOSBPL10, whereas, in
contrast, Vimentin was inhibited by miR-136-5p (Fig. 6b).
This finding confirmed that the Wnt/β-catenin pathway was
activated and regulated by the circOSBPL10-miR-136-5p
axis.

EdU and colony formation assays revealed that miR-
136-5p mimic alone could significantly decrease cell
growth. This effect could be rescued by cot-ransfection
with miR-136-5p mimic and circOSBPL10 over-
expression vector in both GC cell lines, confirming that
the proliferation ability was regulated by the
circOSBPL10-miR-136-5p axis (Fig. 6c, d). In addition,
CCK-8 assays were conducted, and the results were
consistent with the outcomes described above (Fig. 6e).
Migration and invasion were examined using Transwell
assays, which showed a significant reduction in miR-136-
5p mimic-treated cells compared with control cells,
whereas co-transfection with miR-136-5p mimic and cir-
cOSBPL10 overexpression vector increased the migration

Fig. 4 circOSBPL10 serves as a sponge of miR-136-5p. a Venn dia-
gram showing the overlap of target miRNAs of circOSBPL10 pre-
dicted by sttaBase, CircNet, and RNA22. b Lysates prepared from
BGC-823 and SGC-7901 cells transfected with circOSBPL10 or
vector were subject to RNA pull-down, and the efficiency was con-
firmed by qRT-PCR in BGC-823 and SGC-7901 cells. c Five target
miRNAs in two cell lines were pulled down and confirmed by qRT-
PCR. d A luciferase reporter assay was used to detect the luciferase
activity of LUC-circOSBPL10 in HEK-293T cells transfected with
mimics of the above miRNAs. The luciferase activity of miR-136-5p
significantly decreased. e A schematic drawing shows the putative
binding sites of miR-136-5p with circOSBPL10. f The luciferase
activity of the LUC-circOSBPL10 or the LUC-circOSBPL10-mutant
in both cells co-transfected with miRNA mimics was detected. g FISH
revealed that circOSBPL10 and miR-136-5p were colocalized in the
cytoplasm in BGC-823 cells. The circOSBPL10 probes were labeled
with Cy3, and the miR-136-5p probes were labeled with Fam. The
data represent the mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001.
Scale bar, 10 μm
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Fig. 5 miR-136-5p could serve as a tumor suppressor in gastric cancer.
a qRT-PCR analysis in 70 paired cancerous and noncancerous tissues;
miR-136-5p was significantly downregulated in gastric cancer tissue
samples. b qRT-PCR analysis in cell lines confirmed that miR-136-5p
was downregulated in BGC-823 and SGC-7901 cells compared with
GES-1 cells. c The putative-binding site of miR-136-5p with WNT2
and Mut sequence of WNT2 predicted by TargetScan. d A luciferase
reporter assay was used to detect the binding of miR-136-5p with

WNT2-3′UTR and Mut-WNT2-3′UTR. e qRT-PCR analysis on WNT2
treated with miR-136-5p mimics or miR-136-5p inhibitor in both
BGC-823 and SGC-7901 cells. f Transwell assays indicated that miR-
136-5p mimics suppressed migration and invasion of BGC-823 and
SGC-7901 cells. Scale bar, 100 μm. g Colony formation assay on
BGC-823 and SGC-7901 cells transfected with miR-136-5p mimics or
inhibitor. The data represent the mean ± s.e.m. *P < 0.05, **P < 0.01,
***P < 0.001
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and invasion ability compared with miR-136-5p mimic-
treated cells (Fig. 6f). Collectively, these results suggested
that overexpression of circOSBPL10 promoted prolifera-
tion, migration, and invasion through sponging of miR-
136-5p and subsequently increasing the expression of
WNT2, thereby leading to GC progression.

Overexpression and inhibition of circOSBPL10 in GC
cell lines influences tumor growth and metastasis
in vivo

We further evaluated the effects of overexpression and
inhibition of circOSBPL10 in mouse models. Thirty-six

Fig. 6 Overexpression of circOSBPL10 reversed WNT2 expression,
proliferation, migration, and invasion, which were inhibited by miR-
136-5p. a Immunohistochemistry (IHC) analysis of WNT2 in gastric
cancer tumor tissues and paired noncancerous tissues. b Western blot
analysis of WNT2, total and phosphor β-catenin, Vimentin, E-Cad-
herin, and MMP9 with proteins treated with miR-136-5p mimics and
circOSBPL10 overexpression plasmids in both cell lines. c EdU assay
in BGC-823 and SGC-7901 cells transfected with control vector, miR-
136-5p mimics, or circOSBPL10 overexpression plasmids. Scale bar,

100 μm. d Colony formation assay of BGC-823 and SGC-7901
transfected with control vector, miR-136-5p mimics or circOSBPL10
overexpression plasmids. e Assessment of proliferation of BGC-823
and SGC-7901 cells transfected with control vector, miR-136-5p
mimics, or circOSBPL10 overexpression plasmids by CCK-8. f
Transwell assays of BGC-823 and SGC-7901 cells transfected with
control vector, miR-136-5p mimics or circOSBPL10 overexpression
plasmids. The data represent the mean ± s.e.m. *P < 0.05, **P < 0.01,
***P < 0.001. Scale bar, 100 μm
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mice were assigned randomly to three groups to construct
xenograft tumor models. After 4 weeks, all the mice in the
three groups were sacrificed for examination. Tumors were

measured throughout the experiment and weighed sepa-
rately (Fig. 7a). Significantly decreased tumor volume was
observed in the si-circOSBPL10 group for both cell lines
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(Fig. 7b). A significant increase in tumor volume was also
demonstrated in the lenti-circOSBPL10-overexpression
group (circOSBPL10 group) in BGC-823 cells, whereas
no significant difference in tumor volume emerged between
the vector group and the circOSBPL10 group in SGC-7901
cells. Significantly reduced tumor weights in mice of the si-
circOSBPL10 group were observed for both cell lines.
Injection of lenti-circOSBPL10-overexpressing BGC-823
cells into mice resulted in significantly increased tumor
weights, whereas no significant difference was found in
mice injected with SGC-7901 cells (Fig. 7c). Significantly
less-secreted WNT2 was observed via immunofluorescence
(IF) and IHC in tumor sections from si-circOSBPL10 mice
than in the tumors derived from injected cells with trans-
fected with the vector (Fig. 7d, e). Overexpression of cir-
cOSBPL10 promoted WNT2 protein expression in the
BGC-823 cell line according to IF and IHC. However, no
significant difference in WNT2 expression was observed
between the control and circOSBPL10 groups for the SGC-
7901 cell line, which was consistent with previous results.
Western blot was performed on the tumor tissues obtained
from mice. Knockdown of circOSBPL10 inhibited the
expression of phosphor β-catenin, Vimentin, MMP9, and
increased the expression of E-Cadherin in tumors, whereas
in the contrast, overexpression of circOSBPL10 increased
phosphor beta-catenin, Vimentin, MMP9, and decreased E-
Cadherin, respectively (Supplementary Fig. S6a).

Twelve mice were randomly divided into three groups
for in vivo imaging to detect metastases using the BGC-
823 cell line. Nine out of twelve mice survived after
4 weeks of observation. Knockdown of circOSBPL10 was
found to significantly inhibit metastasis to the lung com-
pared with the control, while overexpression of cir-
cOSBPL10 led to an increased number of lung metastases
relative to the control. This result indicates that cir-
cOSBPL10 is a potential factor that promotes migration,
which was consistent with the invasion and migration
outcomes in GC cell lines (Fig. 7f). Hemotoxylin and
eosin staining was performed to confirm the formation of
lung metastases (Supplementary Fig. S6).

The prognostic value of circOSBPL10 in GC

To further investigate the prognostic value of circOSBPL10
in GC patients, overall survival (OS), and disease-free
survival (DFS) curves were plotted using the Kaplan–Meier
method. A total of 70 GC patients were followed up, and
the patients were divided into two groups. The patients with
a circOSBPL10 expression level in tumor that was higher
than the mean of all patients were allocated to the cir-
cOSBPL10 (high) group (n= 28), whereas those with a
circOSBPL10 expression level lower than the mean were
allocated to the circOSBPL10 (low) group (n= 42). The
results demonstrated that patients with a higher expression
level of circOSBPL10 had significantly worse OS (P=
0.0042, Fig. 8a) and DFS (P= 0.0013, Fig. 8b) than those
with the low levels of circOSBPL10. Moreover, to inves-
tigate the prognostic value of WNT2 in GC, Kaplan–Meier
plots were constructed through the kmplot website (http://
kmplot.com/analysis/index.php?p= service), which is
based on The Cancer Genome Atlas (TCGA) database. In
both OS and DFS plots, patients with a lower WNT2
expression level had significantly better survival than those
with a higher WNT2 expression level (n= 876, P= 0.0078,
Fig. 8c; n= 641, P= 0.0019, Fig. 8d). These results further
indicated that circOSBPL10 could serve as a prognostic
factor in GC and that WNT2 is also associated with poor
survival. We also performed a survival analysis for miR-
136-5p, but no significant difference was demonstrated,
indicating that this miRNA is not a good target for GC
prognosis (Supplementary Fig. S7)

Discussion

In this study, the circRNA profiles of GC and normal tissues
confirmed that most circRNAs are of low abundance
without statistical significance, possibly suggesting that
these circRNAs are “junk” mRNA derived from splicing
errors [9, 12, 37]. However, certain circRNAs are highly
abundant in GC tissues according to NGS profiling.
Therefore, we characterized for the first time one of the
most differentially expressed circRNAs, circOSBPL10, and
provide evidence that this circRNA may play a critical role
in GC. To the best of our knowledge, this is the first study to
report that the circular structure of OSBPL10 can promote
GC. According to previous reports, linear OSBPL10 is not
only linked with lipid metabolism but can also serve as an
oncogene or a mutation target in prostate cancer, breast
cancer, and lymphoma [38–43], possibly indicating that
general underlying connections might exist behind the two
forms. We confirmed the higher expression of cir-
cOSBPL10 in GC tissues and its positive correlation with T
stage and TNM stage. Interestingly, circOSBPL10 was also

Fig. 7 Overexpression and inhibition of gastric cancer cell lines
influence tumor growth and metastases in vivo. a Nude Balb/c mice
(n= 36) were subcutaneously injected with BGC-823 and SGC-7901
cells (5 × 106 per mouse) transfected with control vector, cholesterol-
modified siRNA or overexpression plasmids. b Tumor volumes were
measured weekly in all mice that received subcutaneous injections. c
After killing, tumors were extracted and weighed separately. d
Immunofluorescence staining of WNT2 in resected tumor tissue. Scale
bar: 20 μm. e Immunohistochemistry staining of WNT2 in resected
tumor tissue. Scale bar: 50 μm f BGC-823 (5 × 106 cells/mL) trans-
fected with control vector, cholesterol-modified siRNA or over-
expression plasmids were injected into mice via the tail vein. Lung
metastases were monitored and measured by luminescence. The data
represent the mean ± s.e.m. *P < 0.05, **P < 0.01, ***P < 0.001
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correlated with tumor location. It has been reported that the
pathological features of GC located at the cardia and other
gastric regions are different, and the screening ratio for early
GC is comparatively lower at the cardia. This observation
indicates that carcinogenesis at the cardia is unique and
could possibly be related to circOSBPL10, although further
confirmation is required.

It has been reported that circRNAs exert their function by
acting as miRNA sponges, RNA-binding proteins, or tran-
scription regulators. Moreover, few circRNAs can be
translated into functional proteins/peptides [16]. Our results
confirmed that circOSBPL10 could serve as a sponge of
miR-136-5p, therefore forming a circRNA-miRNA-mRNA
axis. In this case, circular RNA and mRNA may compete
for the miRNA-response element, forming a natural com-
petitive endogenous RNA network, according to Florian
Karreth et al. [44]. In fact, only a few circRNAs have
multiple binding sites, and only a few of these binding sites
function for a particular miRNA [3]. The current study
confirmed that only miR-136-5p, which was reported to be
downregulated in different types of cancer and to participate
as a tumor suppressor, could be functionally validated by
both RNA pull-down and luciferase reporter assays among
other potential targets [29, 45–48]. However, it is interest-
ing that the expression of potential miRNA targets was high
after pull-down but could not be validated by the luciferase
reporter assay, suggesting that more underlying mechan-
isms are yet to be discovered. The Wnt/β-catenin pathway
has been identified as a key pathway in carcinogenesis that
can induce uncontrolled proliferation and migration, which

are quite common events in cancer [36, 49, 50]. As an
essential member of the Wnt/β-catenin pathway, WNT2 is
reported to participate in several malignant tumors and is
overexpressed in lesions of digestive tract cancers, includ-
ing GC [32, 34–36, 49–53]. In our study, in vitro experi-
ments confirmed that WNT2 is the main conductor directly
regulating proliferation, migration and invasion. In vivo,
although overexpression of circOSBPL10 seemed to have
little effect on tumor weight, tumor volume, and IF signals
in mice injected with SGC-7901 cells, WNT2 had a critical
role in carcinogenesis in regulating tumor weight and size.
Moreover, owing to the enhanced migration and invasion
capability confirmed by cell experiments, in vivo imaging,
and western blot, the epithelial–mesenchymal transition
pathway might also be activated in addition to the Wnt/
β-catenin pathway through overexpression of cir-
cOSBPL10, although this idea needs to be further explored.
In addition, based on our results and previous outcomes,
circular RNAs could serve as valuable prognostic factors
owing to their stable expression and unique structure
[17, 20]. However, we only detected the expression of
circOSBPL10 in tumor tissues rather than in plasma sam-
ples from patients. Nonetheless, circulating circRNA may
serve as a better prognostic marker in different diseases, as
previously described [54, 55], although this point must be
further confirmed.

In conclusion, we adopted several models and conducted
functional experiments to confirm in vivo and in vitro that
circOSBPL10 is upregulated in GC and can promote GC
cell proliferation and migration by sponging miR-136-5p,

Fig. 8 circOSBPL10 is an
independent prognostic marker
of survival in patients with
gastric cancer. a and b
Kaplan–Meier analysis of the
correlation between
circOSBPL10 expression and
overall survival (OS, a) and
disease-free survival (DFS, b) in
70 patients with gastric cancer.
Log-rank tests were used to
determine statistical
significance. c and d
Kaplan–Meier analysis of the
correlation between WNT2
expression and overall survival
(OS, c) and progression-free
survival (PFS, d) in 876 and 641
patients, respectively, using the
kmplot website based on TCGA
database
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resulting in upregulated expression of WNT2. circOSBPL10
also serves as a valuable prognostic factor in GC. These
findings suggest that circOSBPL10 could be a potential
biomarker for diagnosis and a therapeutic target in GC.

Materials and methods

Patient samples

A total of 70 paired GC samples were collected from the
Department of Gastric Surgery, the First Affiliated Hospital
of Nanjing Medical University from 2012 to 2016. None of
patients received preoperative chemotherapy. All specimens
were snap-frozen in liquid nitrogen immediately after sur-
gical resection. Clinicopathological features, which inclu-
ded gender, age, T stage, lymph node status, TNM stage
(American Joint Committee on Cancer classification,
AJCC) and tumor location, are shown in Table 1. The
average follow-up time was 38.5 months (median
26.4 months; range 3-72 months). The follow-up interval
was from the date of surgery to the date of disease pro-
gression, death or the last clinical investigation. This study
was approved by The Clinical Research Ethics Committee
of the First Affiliated Hospital of Nanjing Medical Uni-
versity. Written informed consent was obtained from all
participants (approval no. IACUC-1711017).

RNA extraction

Total RNA samples from tumors and paired adjacent nor-
mal tissues were extracted separately using TRIzol reagent
(Invitrogen, Carlsbad, CA, USA) according to the manu-
facturer’s protocol. See Supplementary Methods.

Illumina-based RNA sequencing

Total RNA was first extracted with TRIzol reagent (Invitro-
gen, Carlsbad, CA, USA) and treated with DNase I to remove
DNA contamination. Ribosome-depleted RNA was frag-
mented for cDNA synthesis with random hexamer primers.
RNase H, dUTPs, buffer, and polymerase I were used for
second-strand cDNA synthesis. The ligated double-stranded
cDNA products were purified with magnetic beads and trea-
ted with uracil DNA glycosylase to remove the second-strand
cDNA. Purified cDNA was subjected to PCR amplification
for enrichment of the fragments, and strand-specific RNA-seq
libraries were prepared for the Illumina system 2500.

Identification and quantification of circRNAs

This procedure was performed as previously described [17].
See Supplementary Methods.

PCR

Reverse transcription for circRNAs was implemented using
Super-Script II (Takara, Dalian China) following the man-
ufacturer’s instructions. See Supplementary Methods.

Cell culture procedures

The human GC cell lines BGC-823 and SGC-7901 were
cultured in RPMI1640 supplemented with 10% fetal bovine
serum (FBS) and 1% penicillin-streptomycin. HEK-293T cells
were cultured in Dulbecco’s modified Eagle’s medium sup-
plemented with 10% FBS and 1% penicillin–streptomycin. All
cells were cultured in a humidified 5% CO2 incubator at 37 °C.

RNase R treatment

RNase R digestion was performed following previous pro-
tocols [19]. See Supplementary Methods.

Nuclear and cytoplasmic fractions

The nuclear and cytoplasmic fractions were extracted using
NE-PER Nuclear and Cytoplasmic Extraction Reagents
(Thermo Fisher Scientific, Waltham, MA, USA). Total
RNA from lysates or the nuclear and cytoplasmic fractions
were isolated using TRIzol (Invitrogen, Carlsbad,
CA, USA).

Actinomycin D assay

BGC-823 cells were seeded at 5 × 104 cells per well in a 24-
well plate overnight, and the total RNA was harvested at the
indicated time points (4 h, 8 h, 12 h, 24 h) after treatment
with 2 mg/L actinomycin D (Sigma-Aldrich, St. Louis, MO,
USA). Then, qRT-PCR was performed to analyze the sta-
bility of the circRNA.

RNA FISH

FISH was performed using specific probes targeting the
circOSBPL10 sequence. See Supplementary Methods.

Oligonucleotide transfection

siRNA, miRNA mimics and miRNA inhibitors were syn-
thesized by RiboBio (Guangzhou, China). The cells were
transfected using Lipofectamine 3000 (Thermo Fisher Sci-
entific, Waltham, MA, USA) at a final concentration of
50 nM. At 48 h post transfection, cells were harvested for the
assays described below. The detailed sequences are listed in
Supplementary Table 1.
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Cell proliferation, EdU, and colony formation assays

See Supplementary Methods.

Cell migration and invasion assay

A Transwell assay was performed to detect cell migration
and invasion. See Supplementary Methods.

Western blot

Western blot was performed using the standard protocol.
See Supplementary Methods.

xCELLigence real-time cell analysis of migration

Cell migration experiments were performed using an
xCELLigence system with modified 16-well plates (Roche,
Mannheim, Germany). According to the protocol, electrical
signals from the indicated cells were monitored by sensors
for over 24 h. The migratory activities of cells were eval-
uated by determining cell indexes.

Luciferase reporter assay

Luciferase assays were used to detect the binding of cir-
cRNA, miRNA, and mRNA. See Supplementary Methods.

miRNA prediction

miRNA target prediction was performed using the online
databases starBase v2.0 (http://starbase.sysu.edu.cn), Cir-
cNet (http://circnet.mbc.nctu.edu.tw) and RNA22 (https://
cm.jefferson.edu/rna22/).

circRNA overexpression construction and stable
transfection

According to a previous protocol [56], to construct stable
overexpression plasmids for circOSBPL10, cDNA was
first synthesized and cloned into a pcDNA3.1 vector
(Hanbio, Shanghai, China). A specially designed front
circular frame and a back circular frame were obtained
by PCR and then cloned into the pHB-CMV-MCS-EF1-
copGFP-T2A-Puro vector at the EcoRI and BamHI sites.
According to the manufacturer’s guidelines, Lipofecta-
mine 3000 (Life Technologies, Waltham, MA, USA) was
used to transfect GC cell lines with this vector, and
puromycin was used to filter cells with stable over-
expression of circOSBPL10. The sequence was con-
firmed by sequencing. The circOSBPL10 overexpression
plasmids were cloned into pHB-CMV-MCS-EF1-
copGFP-T2A-Puro for lentiviral production (Hanbio,

Shanghai, China). HEK-293T cells were used for the
production of lentiviruses as packaging cells. After
HEK-293T cells reached a confluency of 70–80%, the
circOSBPL10 overexpression plasmid combined with
pSPAX2 and pMD2G packaging plasmids were used to
transfect into the HEK-293T cells. After changing the
media, the lentiviruses were collected for transduction
into BGC-823 and MGC-803 cells for the in vivo
experiments.

RNA pull-down assay

A pull-down assay was performed as previously described
[19]. See Supplementary Methods.

Organoid culture

Organoid culture was performed as previously described
[57]. See Supplementary Methods.

In vivo xenograft tumor model

A total of 50 Balb/c nude mice were purchased from Vital
River (Beijing, China). Among them, 36 4-week-old mice
were randomly divided into three groups, with 12 mice in
each group. Either BGC-823 or SGC-7901 cells transfected
with lenti-circOSBPL10-overexpression vectors were
injected subcutaneously into the axilla of the forelimb (5 ×
106 cells per mouse) of six mice in the lenti-circOSBPL10-
overexpression (circOSBPL10) group. Ten days after sub-
cutaneous injection, animal-specific cholesterol-modified
siRNA obtained from RiboBio was injected twice a week
for 2 weeks in the si-circOSBPL10 group, as previously
reported [20, 58]. Negative control siRNA was injected
twice a week for 2 weeks in the vector group. Tumor
volumes were measured once a week. After 1 month, all
mice were killed, and tumor weights and volumes were
measured. The tumor volume was calculated as V=
length × width2 × 0.5. Immunofluorescence and immuno-
histochemistry were performed on tumor tissues, and
quantification was performed in five random fields of view
per section at × 600 magnification and × 400 magnification,
respectively.

In vivo bioluminescence imaging

In vivo bioluminescence imaging was performed as pre-
viously described [59–61]. See Supplementary Methods.

IHC and IF analysis

IHC and IF analyses were performed as previously descri-
bed [19, 21]. See Supplementary Methods.
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Hematoxylin and eosin staining

Paraffin-embedded lung sections containing metastases
were obtained from mice and stained with hematoxylin and
eosin. Sections were cut into 5-μm slices for pathological
evaluation and observation under a microscope (Olympus,
Tokyo, Japan).

Statistical analysis

All statistical analyses were performed using SPSS 20.0
(IBM, SPSS, Chicago, IL, USA) and GraphPad Prism version
6.0 software; P < 0.05 was considered statistically significant.
Student’s t test and one-way analysis of variance were applied
to compare continuous variables with a Gaussian distribution.
DFS and OS curves were calculated using the Kaplan–Meier
method and analyzed with the log-rank test.
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