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Circ_0008315 promotes tumorigenesis
and cisplatin resistance and acts as
a hanotherapeutic target in gastric cancer
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Abstract

Introduction Cisplatin-based chemotherapy is one of the fundamental therapeutic modalities for gastric cancer
(GC). Chemoresistance to cisplatin is a great clinical challenge, and its underlying mechanisms remain poorly
understood. Circular RNAs (circRNAs) are involved in the pathophysiology of multiple human malignancies.

Methods High-throughput sequencing was performed to determine the differentially expressed profile of circRNA
in GC tissues and cisplatin-resistant GC cells. Quantitative real-time polymerase chain reaction and Fluorescence

in situ hybridization was utilized to confirm the dysregulation of circ_0008315 in GC tissues. To evaluate the
prognostic significance of circ_0008315 in GC, we used Kaplan-Meier plot. The self-renewal ability of drug-resistant
GC cell was verified through tumor sphere formation assay. GC organoids were constructed to simulate the tumor
microenvironment and verified the function of circ_0008315 in cisplatin resistance of gastric cancer. In vivo evaluation
was conducted using patient-derived xenograft models. Dual-luciferase reporter gene, RNA immunoprecipitation and
miRNA pull-down assays were employed to investigate the molecular mechanisms of circ_0008315 in GC.

Results We revealed that a novel circRNA hsa_circ_0008315 was upregulated in GC and cisplatin-resistant GC cells.
Elevated circ_0008315 was also observed in cisplatin-resistant GC organoid model. High circ_0008315 expression
predicted unfavorable survival outcome in GC patients. Downregulation of circ_0008315 expression inhibited
proliferation, mobility, and epithelial-mesenchymal transition of GC cells in vitro and in vivo. Reducing circ_0008315
expression in cisplatin-resistant GC organoid model reversed cisplatin resistance. Mechanistically, circ_0008315
modulated the stem cell properties of GC through the miR-3666/CPEB4 signaling pathway, thereby promoting
cisplatin resistance and GC malignant progression. Furthermore, we developed PLGA-PEG nanoparticles targeting
circ_0008315, and the nanoparticles could effectively inhibit GC proliferation and cisplatin resistance.

Conclusion Circ_0008315 exacerbates GC progression and cisplatin resistance, and can be used as a prognostic
predictor. Circ_0008315 may function as a promising nanotherapeutic target for GC treatment.

Yao Fei, Danping Cao and Yanna Li contributed equally to this work.

*Correspondence:

Juan Cai
caijuan1987@yeah.net
Xueliang Zuo
zuoxueliang0202@126.com

Full list of author information is available at the end of the article

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12951-024-02760-6&domain=pdf&date_stamp=2024-8-28

Fei et al. Journal of Nanobiotechnology (2024) 22:519 Page 2 of 21
s N
Graphical Abstract
PLGA-PEG PLGA-PEG(si-circ_0008315)
si-circ_0008315 . Cisplatin
\RAK Proliferation l Metastasisl Invasnonl Resistance
Lttt 1
& 7
L CSC EMT
PR \ Cytoplasm
Gastric Cancer Cell
Keywords Gastric cancer, Circ_0008315, Cisplatin resistance, CPEB4, Nanoparticles )
N

Introduction

Cancer is one of the most serious human health prob-
lems faced by modern society. As one of the most com-
mon tumors, gastric cancer (GC) has a critical impact on
human health [1]. Tumor metastasis and chemoresistance
are the central causes for GC relapse [2]. For advanced
GC, chemotherapy is one of the most commonly used
therapeutic methods. As one of the chemotherapy drugs,
cisplatin (CDDP) is extensively used to treat advanced
GC [3]. However, chemoresistance to CDDP remains a
great clinical challenge [4]. CDDP resistance is mediated
by aberrant drug transportation, enhanced detoxification,
dysregulated apoptosis, and defective DNA repair capa-
bility [5]. Exploring the molecular mechanisms of CDDP
resistance is of great significance for developing effective
GC treatment strategies.

CircRNAs, as a novel type of non-coding RNA, play
crucial roles in a variety of biological pathophysiologi-
cal processes [6, 7]. CircRNAs are involved in the com-
mands of tumorigenesis and cancer progression [8, 9].
It has been demonstrated that circRNAs could regulate
gene expression at both the transcriptional and post-
transcriptional levels simultaneously [10]. CircRNAs
can competitively bind microRNAs (miRNAs) and regu-
late the expression level of miRNA downstream target

genes, thus affecting GC progression. For instance, cir-
cRHOBTB3 functions as a competing endogenous RNA
(ceRNA) for miR-654-3p and inhibits GC growth by
activating the p21 signaling pathway [11]. CircAKT3
upregulates PIK3R1 to enhance CDDP resistance in GC
via miR-198, and inhibits the apoptosis of GC cells in
vivo and in vitro [12]. Hsa_circ_0008315 is located on
chromosome 5 and derived from RASGRF2. It has been
reported that circRASGRF2 expression is upregulated
in hepatocellular carcinoma, and high circRASGRF2
expression is associated with an unfavorable prognosis
[13]. However, the role of circ_0008315 in GC remains
unclear. Herein, we constructed GC organoids to simu-
late the tumor microenvironment in vivo to detect the
expression of circ_0008315 and its impact on cisplatin
resistance. We demonstrated that circ_0008315 could
sponge miR-3666 to affect the expression of CPEB4,
thereby promoting GC progression. GC patients with
high circ_0008315 expression suffered from poor survival
outcomes. Furthermore, circ_0008315 could regulate the
stem cell properties of GC cells through the miR-3666/
CPEB4 axis to promote CDDP resistance and GC malig-
nant progression, providing a nanotherapeutic candidate
for GC patients.
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Materials and methods

Specimen collection

The clinical specimens including GC tissue samples
(N=40) and the matched adjacent nontumorous tissues
samples (N=40) were collected from GC patients who
underwent radical gastrectomy at the First Affiliated
Hospital of Wannan Medical College. Patients receiving
preoperative radiotherapy or chemotherapy before col-
lection were excluded. All tissue specimens have obtained
written informed consent from the patients before sepa-
ration, and the samples are immediately stored in liquid
nitrogen for further analysis after surgery. This study was
approved by the Ethics Committee of the First Affiliated
Hospital of Wannan Medical College.

Cell culture and transfection

We mixed fetal bovine serum (FBS; Invitrogen, USA) at
a concentration of 10% into RPMI-1640 medium (Gibco,
USA), while adding 100U/ml penicillin and 100 pg/ml
streptomycin, used for cultivating human GC cell lines
(HGC-27, AGS, MKN-45, and MKN-28) and normal
gastric epithelial cell line GES-1. The MKN-45/CDDP
and HGC-27/CDDP cell lines were established as previ-
ously reported [14]. To put it simply, after the passage of
MKN-45 and HGC-27 cells was completed, CDDP was
added to the medium for 48 hours. The concentration of
CDDP started from 1 pM. when the cells grew stably, the
concentration of CDDP increased gradually, and the final
concentration was 10 pM. To maintain the drug-resistant
phenotype of the MKN-45/CDDP and HGC-27/CDDP
cells, 0.8 pg/ml of CDDP (Sigma-Aldrich, USA) was
added to the RPMI-1640 medium (Gibco, USA). All cells
reproduced in 37°C humid incubator containing 5% car-
bon dioxide. The transfection reagent was Lipofectami-
ne™3000 (Invitrogen). The siRNAs and overexpression
plasmid of circ_0008315 were designed and constructed
by GenePharm (China). The siRNA sequences are as fol-
lows: si-circ_0008315#1: 5’-GUCCACCAGCAGUCCUA
GATT-3; si-circ_0008315#2: 5'-CCACCAGCAGUCCU
AGAGUTT-3; si-KLF7#1: 5'-GUUGGCUAGUUAUAGU
AUATT-3; si-KLF7#2: 5-GGGUGCCGGAAAGUUUAU
ATT-3] si-KLF7#3: 5-GCUCUUCUCUAGACAGCUAT
T-3; si-KLF7#4: 5-CUCCACAUGAAGAGACAUATT-3!

RNase R digestion and actinomycin D assays

Total RNA was collected from GC tissues and cells by
TRIzol reagent (Invitrogen). The extracted total RNA
of GC cell lines was mixed with 3 U/mg of RNase R for
15 min at 37 °C. The stability of circ_0008315 and RAS-
GRF2 were detected by agarose gel electrophoresis.
MKN-45 cells were treated with actinomycin D for 0 h,
4 h, 8 h, 12 h and 24 h, respectively, before RNA extrac-
tion. Detecting the expression of circ_0008315 and RAS-
GRF2 through RT-qPCR to assess its stability.
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FISH and IF assays

Cy3-labeled circ_0008315 and FAM-labeled miR-3666
probes were designed and synthesized by GenePharm.
Therefore, we chose a Fluorescent In Situ Hybridization
Kit from GenePharm to measure the fluorescent signals
of the probe. The acquisition of fluorescence images was
completed by the Zeiss confocal laser scanning micro-
scope. The probe sequence of hsa_circ_0008315 is 5'-GA
CTGCTGGTGGACTCCCATGTCCCTCTAGGACTGC
TGGTGGACTCCCATGCAGACTCTAGGACTGCTG
GTGGA-3 The probe sequence of hsa_miR_3666 is 5'-T
CGGCATCTACACTTGCACTG-3!

For IF assays, we placed the cells in 4% paraformalde-
hyde for 30 min to fix their components, and used PBS
containing 0.5% Triton X-100 to penetrate the cell mem-
branes and nuclear membranes, then sealed with 3%
bovine serum albumin, and incubated with E-cadherin
(#3195, Cell Signaling Technology, USA), N-cadherin
(#5741, Cell Signaling Technology), Ki-67 (#34330, Cell
Signaling Technology), TUNEL (#25879, Cell Signaling
Technology) primary antibodies overnight at 4C. After
that, the cells were incubated with HRP fluorescent sec-
ondary antibodies at room temperature for 2 h to give the
immune complex fluorescent signals. Photographs were
taken under fluorescence microscope (Nikon, Japan).

Total RNA extraction, nucleocytoplasmic separation, and
RT-qPCR assays

Total RNA was extracted from tissues and cultured
cells. For the detection of circ_0008315 expression lev-
els, cDNA was synthesized with TransScript RT Enzyme
(GeneSeed, China). RT-qPCR was performed with SYBR
Green Master Mix (GeneSeed) according to the manu-
facturer’s guide. For miRNA, ¢cDNA was synthesized
using a MiRcute Enhanced miRNA cDNA First-Strand
Synthesis Kit (Tiangen, China). Subsequently, the real-
time PCR of cDNA was executed on a QuantStudio Dx
system (Applied Biosystems, Singapore). Standardization
was achieved through 2724 method compared the target
mRNA with the mRNA of an internal controls (GAPDH
or U6). The PARIS™ Kit (Invitrogen) was applied to pick
up nuclear and cytoplasmic RNA in cells according to
the manufacturer’s protocols. The relative expression of
circ_0008315 in the nuclear and cytoplasmic fractions
was gauged by RT-qPCR. RT-qPCR amplification was
carried on using the following primers: circ_0008315:
forward: 5’-GGACAATGCCCACTGCTCTG-3’; reverse:
5-TGCAGACTCTAGGACTGCTGGT-3’; CPEB4: for-
ward: 5-GTTCACAGCCACTTGACCCA-3’; reverse:
5-ATCAATCCCAGCGTAGCACA-3; GAPDH: for-
ward: 5-GAACGGGAAGCTCACTGG-3’; reverse: 5-G
CCTGCTTCACCACCTTCT-3. The RT-qPCR primers
for miR-3666 and U6 were designed and synthesized by
RiboBio (China).
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Cell proliferation assay

Cell counting kit-8 (CCK-8, Bestibo, China) was used to
measure the proliferative capacity of GC cell lines. Trans-
fected GC cells were seeded into a 96-well plate with
2000 cells per well and cultured at the indicated time
(24 h, 48 h, 72 h and 96 h). Seeded cells were incubated
for 2 h with the CCK-8 reagent before the detection of
absorbance at 450 nm by use of a microplate reader.

5-Ethynyl-2’-deoxyuridine (EdU) incorporation assay

A Cell-light EQU DNA Cell Proliferation Kit (Guang-
zhou, China) was used for EdU analysis, which indicated
GC cell proliferation. After incubation with 50 mM EdU
for 2 h, GC cells were fixed in 4% paraformaldehyde and
stained with Apollo staining solution. Subsequently,
the nucleus was stained with Hoechst33342 for half an
hour. Proliferative positive cells were photographed and
counted under a microscope (Nikon, Japan).

Cell apoptosis assay

For apoptosis analysis, the GC cells were harvested and
assesses for apoptosis using Annexin V-FITC/PI double
staining Apoptosis Detection Kit (Bestbio, China). The
proportion of apoptotic GC cells was detected and ana-
lyzed by a flow cytometer (Beckman, USA).

Cell cycle assay

The transfected cells were harvested and resuspended
into cell suspension after cultured for 48 h. The cells were
washed with cold phosphate-buffered saline (PBS) twice
and fixed with cold 75% ethanol for 2 h at 4°C. After that,
the cells were stained with PI containing RNAase for
30 min and washed with PBS for three times. Finally, the
cell cycle was measured by flow cytometry (Beckman,
USA), and the data analysis was conducted by Modifit
software.

Transwell assay

Transwell assays were used for invasion capability detec-
tion. Specifically, the small chambers were first coated
with 100 uL of Matrigel (Invitrogen) for a 30 min incuba-
tion, 4x 105 transfected GC cells were suspended in 200
pL Serum-free medium and placed to upper chamber of
24-well transwell plates (8 um-poresize, Corning, USA),
and 600 pL of complete medium containing 15% FBS was
added to the bottom chambers. After 24 h co-culture in
the incubator, the cells on the lower surface of membrane
were fixed in 4% paraformaldehyde, stained by 0.1% crys-
tal violet. The stained cells were then counted under
Nikon light microscope (Nikon, Japan).

Wound healing assay
GC cells were seeded and transfected in 6-well plates
and cultured until they reached complete confluency as a
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monolayer. Use a 20 pL pipette tip to slowly cut a straight
line in the well. The wells were then washed three times
with PBS and replaced with serum-free medium for 24 h.
The images were recorded under an electron microscope,
and the percentage of wound healing was calculated by
Image].

Sphere formation assay

The self-renewal ability of drug-resistant GC cell was
verified through tumor sphere formation assay. Digested
cells were seeded in ultra-low-attachment 6-well plates
(Corning, USA) at an appropriate density with the stem
cell medium. Each well was checked every 3 days by light
microscopy. The quantity of tumor spheres of 100 um or
more was counted 7 days later. Images of tumor spheres
were taken by microscope, and tumor size was measured
using Image] software.

Western blotting assay

We extracted total proteins from GC cells and tissues
using lysis buffer containing protease inhibitors. The
extracted protein was transferred to the PVDF mem-
brane through SDS-PAGE electrophoresis. After block-
ing in TBST buffer with QuickBlock Western (Beyotime,
China), the membranes were incubated with the pri-
mary antibodies at 4 C overnight to form an antigen
antibody complex of the target protein. Subsequently,
membranes was cultured with the secondary antibodies
at room temperature for 2 h, allowing the target protein
to be detected. After each antibody binding, the mem-
branes should be cleaned three times with TBST. The
marks were visualized with an enhanced chemilumines-
cence detection system with Chemiluminescence HRP
Substrate (Millipore, USA). The primary antibodies con-
taining the following: CPEB4 (#25342-1-AP, Proteintech,
China), E-cadherin (#3195, Cell Signaling Technology),
N-cadherin (#5741, Cell Signaling Technology), Vimen-
tin (#4267, Cell Signaling Technology), CD44(#A21919,
ABclonal), CD133(#A12711, ABclonal, China), GAPDH
(# AB181602, Abcam, USA).

Dual-luciferase reporter gene assay

GC cells were seeded into 24-well plates for dual-lucifer-
ase reporter gene assays. Using the Lipofectamine™ 3000
as a transfection reagent, cells at a confluence from 60 to
70% were cotransfected with wild-type or mutant hsa_
circ_0008315 3’'UTR or CPEB4 3’'UTR reporter plasmids
as well as miR-3666 mimics or negative controls. After
24 h of incubation, the activity of firefly and renilla lucif-
erase was detected using the Dual-Luciferase Reporter
Assay System. The ratio of the two was the relative activ-
ity of luciferase.
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Lentivirus transfection and stable cell line construction
Lentiviruses overexpressing circ_0008315 and lenti-
viral-based small hairpin RNAs (shRNAs) targeting
circ_0008315 and were designed and established by
GenePharma. The shRNA sequences are as follows: sh-
circ_0008315: 5-GTCCACCAGCAGTCCUAGATT-3!
MiR-3666 mimics and inhibitors were purchased from
RiboBio.

Xenograft animal assay and lung metastasis model
Subcutaneously inoculated 5x10° GC cells into the lat-
eral abdomen of each nude mouse (4 weeks of age, male,
BALB/c). Every three days, we measured the length and
width of subcutaneous tumors and calculated their vol-
ume using the formula: tumor volume = (length x width?)
/ 2. The maximum allowed tumor diameter of 20 mm
in any extent was never exceeded. After one month of
feeding, the subcutaneous tumor was removed and cal-
culated. For metastasis model, 2x10° GC cells were
inoculated into nude mice via tail vein. After 8 weeks,
the mice were monitored by bioluminescence imaging
using the Aniview Imaging System (Biolight Biotechnol-
ogy, China). The lungs were harvested and fixed in 4%
paraformaldehyde for further analysis. Sections were
subjected to histopathological analysis. For mice that
required CDDP treatment, we injected CDDP into their
tail vein every two days at a concentration of 2.5 mg/
kg. All animal experiments were approved by the Eth-
ics Committee of the First Affiliated Hospital of Wannan
Medical College.

PDX mouse model

We constructed PDX models of GC using NOD/SCID
and BALB/c mice. Briefly, primary tumor tissues from
GC patients undergoing gastrectomy were preserved
in 100 pl of 50% Matrigel (BD Biosciences, USA) in
100 pl of ice-cold culture media supplemented with 1%
penicillin/streptomycin. After that, NOD/SCID mice
received subcutaneous implants of the tissue samples.
Engrafted tumors were removed after they reached a
size of 1-2 cm?® and were then spliced for further injec-
tions into BALB/c nude mice. When the engrafted tumor
volume reached around 200 mm?, the Saline, Free si-
circ_0008315#1, PLGA-PEG(si-circ_0008315#1)NPs,
and PLGA-PEG(si-NC)NPs were injected twice a week
at a dose of 200 mg/kg via tail vein. Tumor volume and
weight were measured, and the tumors were processed
for further experiments.

Cell viability assay

The cell viability was assessed by CCK-8 assays at various
time points in 96-well dishes to measure the cytotoxic-
ity of CDDP. Briefly, GC sensitive cells and GC CDDP-
resistant cells were seeded in 96-well plates at 4x 103
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cells/well for 24 h. All of them were treated with differ-
ent concentrations of CDDP (0, 0.5, 1, 2,4,8, 16 pM) in
the following. Briefly, the 10 uL CCK-8 solution (Best-
Bio, China) was added into each well and cultured at the
condition of 5% CO2 and 37°C for 2 h. The half maximal
inhibitory concentration (IC50) and cell viability ware
determined and analyzed at the absorbance of 450 nm by
applying a microplate reader (Thermo scientific, United
States).

Colony formation assay

About 1000 cells were seed in 6-well dishes and treated
with CDDP at the indicated concentrations for 48 h. All
of them were cultured in 1640 medium at the condition
of 5% CO2 and 37°C for 2 weeks. All the cells were har-
vested after PBS buffer washed, fixed with 4% parafor-
maldehyde for 30 min, and dyed with 1% crystal violet
dye solution. The number of colonies was photographed
and calculated.

IHC assay

Tumor specimens were fixed with 4% paraformaldehyde,
paraffin embedding, sectioning, dewaxing, and staining
according to instructions. Ki-67 (#34330, Cell Signaling
Technology), E-cadherin (#3195, Cell Signaling Tech-
nology), N-cadherin (#5741, Cell Signaling Technology),
and CPEB4 (#25342-1-AP, Proteintech) antibodies were
dropped onto tissue slices and incubated overnight, fol-
lowed by the addition of secondary antibodies for incuba-
tion to bind to the primary antibodies. The conditions of
the stained sections were observed and recorded under a
microscope.

Human organoid culture

Human GC tissues were obtained from patients under-
going surgery at The First Affiliated Hospital, Yijishan
Hospital of Wannan Medical College. The patients did
not undergo any other anti-tumor treatment before the
surgery. The patients had already signed an informed
consent form before surgery. We referred to previous
methods for cultivating GC organoids [15]. Organoids
were passaged once every 15 days at a ratio of 1:2/1:3.
72 h after passaging, we used CDDP to treat the corre-
sponding groups of organoids.

RIP assay

The RIP assay was performed in MKN-45 and HGC-27
cells using the Magna RIP RNA-Binding Protein Immu-
noprecipitation Kit (Millipore) in accordance with the
manufacturer’s protocol. First, around 1x10” cells were
lysate with RIP lysate containing protease and RNase
inhibitor (Millipore) and incubated overnight with anti-
AGO2 antibody (Abcam, # AB186733) or non-specific
IgG antibody (Abcam) at 4°C. The appropriate amount
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of protease K was added to the sample and incubated
at 55°C for 30 min. After elution, immunoprecipitated
RNAs were obtained and analyzed by RT-qPCR.

Biotin-labeled miRNA pull-down assay

The final concentration of 3’ end biotinylated miR-3666
mimic or control biotin-RNA (RiboBio) was adjusted to
20nmol/L. And then the experimental group and the con-
trol group were transfected into cells for 1 day, respec-
tively. The biotin-coupled RNA complex was isolated by
incubating the cell lysate containing streptavidin-coated
magnetic beads (Ambion, USA). The abundance of
circ_0008315 in bound fractions was evaluated by RT-
qPCR analysis.

Preparation of PLGA-PEG(si-circ_0008315#1)NPs
PLGA-PEG(si-circ_0008315#1)NPs were prepared by the
double emulsion solvent diffusion method. Circ_0008315
was dissolved in DEPC water and then mixed with sper-
midine (Sigma-Aldrich) in an 8:1 N/P ratio (the ratio
of polyamine groups to siRNA phosphate groups). The
resulting mixture was cultivated at room temperature for
15 min to attain si-circ_0008315#1/arginine compound.
PLGA-PEG-COOH (10 mg; DaiGang Biology, China)
was dissolved in 500 pL methylene chloride (Aladdin,
China). The dichloromethane solution was added to si-
circ_0008315#1/arginine complex by drops in an ice bath
and mixed and emulsified with ultrasonic probe appara-
tus. The obtained primary emulsion was further dripped
into 4 ml water containing 2.5% polyvinyl alcohol (Alad-
din) and emulsified with a probe for 1 min. We stirred
the obtained emulsion at room temperature for 4 h to
remove the organic solvent as much as possible. The
blend was centrifuged for 15 min to collect NPs, and then
DEPC washed NPs 2 times. We used Zetaview nanopar-
ticle tracking analysis (NTA) to investigate the particle
size, zeta potential, and PDI of NPs. The samples were
then dropped into the copper mesh and dried at room
temperature to obtain TEM NPs images.

In vivo antitumor efficacy and toxicity evaluation of NPs

To investigate the inhibitory effect of PLGA-PEG(si-
circ_0008315#1)NPs on growth in vivo, a PDX
tumor model was established as described above.
When the tumor grew to 200 mm? saline, free si-
circ_0008315#1, PLGA-PEG(si-NC)NPs, and PLGA-
PEG(si-circ_0008315#1)NPs were injected into the
mice twice a week at a dose of 200 mg/kg via the caudal
vein. For further investigation of the suppressive effect
of PLGA-PEG(si-circ_0008315#1)NPs on GC CDDP
resistance in vivo, CDDP-resistant xenograft models
were established by injecting of MKN-45/CDDP cells
into the flanks of nude mice. When the tumor volume
reached about 200 mm?, saline, free si-circ_0008315#1,
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PLGA-PEG(si-circ_0008315#1)NPs and PLGA-PEG(si-
NC)NPs were injected into mice via tail vein. The mice
were executed five weeks later, and tumor weight and
volume were recorded. At the same time, the heart, liver,
kidney, spleen, and lung were seperated and fixed with
4% paraformaldehyde, followed by H&E staining. More-
over, the levels of mice blood ALT, AST, Cr, and BUN
were analyzed to examine the hepatic and renal toxicity
of PLGA-PEG(si-circ_0008315#1)NPs.

Statistical analysis

The experimental results were further analyzed using
graphpad prism 7, and the obtained data were expressed
in mean®SD. Student’s ¢ test and one-way analysis of
variance were used for significance analysis. The survival
data of GC patients were analyzed by log-rank test, and
the survival curve was produced by Kaplan-Meier plot.
Spearman correlation coefficient analysis was utilized to
estimate the correlation among circ_0008315, miR-3666,
and CPEB4 levels in GC tissues. It is considered as statis-
tically significant when p<0.05.

Results

Identification of a novel circRNA hsa_circ_0008315 in
CDDP-resistant GC cells

To investigate the molecular mechanism underlying
metastasis and CDDP resistance in GC, we analyzed the
differentially expressed circRNAs in 3 paired GC tis-
sues and adjacent tissues by high-throughput RNA-seq
(Fig. 1A). Moreover, we conducted RNA-seq analysis
of CDDP-resistant cells and the corresponding paren-
tal CDDP-sensitive cells (Fig. 1B, Additional file 1: Fig.
S1A and B). We took the intersection of these RNA-seq
results and determined the overlapped genes. We found
a novel circRNA hsa_circ_0008315 that was located
on chromosome 5. RNA-seq analysis showed that
circ_0008315 was significantly upregulated in GC tissues
and CDDP-resistant cells. RNA isolation and quantita-
tive real-time polymerase chain reaction (RT-qPCR) was
employed to determine the expression of circ_0008315
using 40 pairs of matched GC and adjacent tissue sam-
ples. As shown in Fig. 1C, the expression of circ_0008315
in GC tissues was significantly upregulated than that in
normal tissues. In CDDP-resistant cells, Circ_0008315
expression level increased more obviously (Fig. 1D).
Compared with normal gastric epithelial cell GES-1,
circ_0008315 increased in all 4 GC cell lines, consistently
(Fig. 1E). Based on annotation from circBase, we found
that circ_0008315 was generated from exons 16—17 of the
RASGRF2 gene with a length of 216 bp (Fig. 1F). Sanger
sequencing results confirmed the head-to-tail splicing
of circ_0008315 (Fig. 1G). Agarose gel electrophoresis
assays showed that the divergent primers could amplify
circ_0008315 in c¢DNA, while no amplification was
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(See figure on previous page.)

Fig. 1 Circ_0008315 is upregulated in GC tissues and CDDP-resistant GC cells. A Differential expression heatmap of circRNAs between GC tissues and cor-
responding normal tissues. B Differential expression heatmap of circRNA between CDDP-resistant and non-resistant GC cells. C Detection of circ_0008315
expression in GC tissues and normal gastric epithelial tissues using RT-gPCR. D The circ_0008315 expression levels were examined by RT-qPCR in CDDP-
resistant cells (MKN-45/CDDP, HGC-27/CDDP) and parental CDDP-sensitive cells (MKN-45 and HGC-27). E The circ_0008315 expression levels in GES-1
and GC cells. F, G The circ_0008315 was back-spliced by exon 16 and 17 of RASGRF2 and verified by Sanger sequencing. H Agarose gel electrophoresis
showed that only divergent primers amplified circ_0008315 in cDNA. GAPDH served as a negative control. I RT-gPCR for the abundance of circ_0008315
and RASGRF2 mRNA in HGC-27 and MKN-45 cells treated with Actinomycin D at the indicated time points. J FISH results showing the localization of
circ_0008315 in GC cells. Nuclei were stained with DAPI. K FISH experiment indicated that the expression level of circ_0008315 in GC tissues was signifi-
cantly upregulated compared to normal tissues. L The expression level of circ_0008315 in stage IlIl-IV patients was higher than that in stage |-l patients
(left panel). Expression levels of circ_0008315 were compared between patients with and without lymph node metastasis (right panel). M, O Kaplan-
Meier curves showed the correlation between the expression of circ_0008315 and overall survival disease-free survival. N Multivariate analyses of the
independent risk factors for overall survival. The relevant 95% confidence intervals (Cl) and hazard ratios (HR) are shown. P Multivariate analyses of the

independent risk factors for disease-free survival. The relevant 95% Cl and HRs are shown. *p < 0.05; **p < 0.01; ***p < 0.001

detected in genomic DNA, suggests that circ_0008315
was indeed a circRNA (Fig. 1H). After treatment with
actinomycin D, the half-life of circ_0008315 was much
longer than that of the linear RASGRF2, indicating that
circ_0008315 was highly stable (Fig. 1I). Agarose gel elec-
trophoresis experiment showed that circ_0008315 was
more resistant to RNase R-mediated digestion than linear
RASGRF2 (Additional file 1: Fig. S1C). Expression levels
of circ_0008315 from the nuclear and cytoplasmic frac-
tions of HGC-27 and MKN-45 cells were evaluated using
RT-qPCR, and the results showed that circ_0008315 was
predominantly located in cytoplasm (Additional file 1:
Fig. S1D and E). RNA fluorescence in situ hybridization
(FISH) confirmed that circ_0008315 was mainly localized
in the cytoplasm (Fig. 1]). These results demonstrated
that circ_0008315 harbored a loop structure and was
upregulated in GC tissues and CDDP-resistant GC cells.

Circ_0008315 was upregulated in GC tissues and predicted
poor survival

Results of the FISH assays confirmed the upregulation
of circ_0008315 (Fig. 1K). RT-qPCR was used to analyze
the expression levels of circ_0008315 in GC, and a total
of 40 GC patients were divided into circ_0008315"°" and
circ_0008315"8" groups according to the median expres-
sion level. High circ_0008315 expression level was cor-
related with poor tumor differentiation, advanced tumor
stage, microvascular invasion, and lymph node metas-
tasis (Additional file 2: Table S1). Expression level of
circ_0008315 was markedly upregulated in GC patients
at TNM stages III-IV and GC patients with lymph node
metastasis (Fig. 1L). Kaplan-Meier survival plots showed
that GC patients with high circ_0008315 expression level
had a short overall survival (OS) and disease-free survival
(DES) than GC patients with low circ_0008315 expres-
sion (Fig. IM and O). Lymph node metastasis, tumor
TNM stage, and circ_0008315 expression level were
found to be independent risk factors for OS and DFS in
GC patients (Fig. 1N and P, Additional file 2: Table S2 and
Table S3). These data demonstrated that circ_0008315
was upregulated in GC tissues and high circ_0008315
expression predicted unfavorable survival outcomes.

Circ_0008315 enhanced proliferation and repressed
apoptosis of GC cells

To explore the biological functions of circ_0008315
in GC, we performed loss- and gain-of-function
experiments. Two siRNAs (si-circ_0008315#1 and si-
circ_0008315#2) were designed to knock down the
expression of circ_0008315 in HGC-27 and MKN-45
cells. RT-qPCR showed that si-circ_0008315#1 and
si-circ_0008315#2 significantly inhibited the expres-
sion of circ_0008315, and the RASGRF2 mRNA expres-
sion remained unchanged (Fig. 2A). The cell viability
was reduced by depletion of circ_0008315 in MKN-
45 and HGC-27 cell lines according to CCK-8 assays
(Fig. 2B). Similarly, the results of EdU assay revealed
that circ_0008315 knockdown apparently decreased the
proliferation of MKN-45 and HGC-27 cells (Fig. 2C).
Moreover, the knockdown of circ 0008315 can lead
to increased apoptosis of MKN-45 and HGC-27 cells
(Fig. 2D). Compared to si-NC group, the contents of
MKN-45 and HGC-27 cells that stagnated in G1 phase
were higher in circ_0008315 knockdown group (Fig. 2E).
These findings indicated that circ_0008315 could
increase proliferation and attenuate apoptosis of GC
cells. In contrast, overexpression of circ_0008315 signifi-
cantly enhanced the proliferative capabilities of AGS and
MKN-28 cells (Additional file 1: Fig. S2A-D).

Circ_0008315 promoted migration and invasion of GC cells
Subsequently, the effect of circ_ 0008315 in regulating
the biological function of GC cells was detected. From
transwell assays, it could be seen that invasion of HGC-
27 and MKN-45 cells was alleviated in si-circ_0008315#1
and si-circ_0008315#2 groups (Fig. 2F). Besides, wound
healing assays showed that circ 0008315 knockdown
remarkably inhibited wound proportion in MKN-45 and
HGC-27 cells (Fig. 2G). Additionally, ectopic expression
of circ_0008315 in GC cells significantly facilitated cell
invasion and migration (Additional file 1: Fig. S3A and
B). These data indicated that circ_0008315 contributed to
GC cell migration and invasion.
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Fig. 2 Knockdown of circ_0008315 inhibits the proliferation and migration of GC cells. A RT-gPCR analysis of circ_0008315 and linear RASGRF2 expres-
sion levels after transfected with si-NC, si-circ_0008315#1 and si-circ_0008315#2 plasmids. B, C CCK-8 assay and EdU staining were performed to assess
proliferation ability of cells transfected with si-NC, si-circ_0008315#1 and si-circ_0008315#2 plasmids. Scale bars, 50 mm. D Flow cytometry was used
to analyze the effect of circ_0008315 knockdown on GC cell apoptosis. E Cell cycle assay results showed that circ_0008315 knockdown could induce
G1 phase arrest of MKN-45 and HGC-27 cells. F, G The migration and invasion ability of MKN-45 and HGC-27 cells after circ_0008315 knockdown was
detected by transwell and wound healing assays. Scale bars, 100 um. We had repeated all the experiments at least three times and expressed the final
results as mean = SD. *p < 0.05; **p < 0.01; ***p < 0.001; ns indicates not significant
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Circ_0008315 promoted epithelial-mesenchymal transition
(EMT) of GC cells

Accumulating evidence has demonstrated that EMT
endows epithelial cells with their migratory and inva-
sive abilities, notably in cancer metastasis processes. To
investigate the association between circ_0008315 and
EMT, we performed multiple experiments to analyze the
effects of circ_0008315 on EMT markers. As shown in
Fig. 3A, circ_0008315 knockdown resulted in the trans-
formation of MKN-45 cells to epithelial phenotype. In
contrast, overexpression of circ_0008315 led to the gen-
eration of fusiform mesenchymal cells in MKN-28 cells
compared to the control cells with an epithelioid phe-
notype. According to the results of western blotting, it
can be seen that the content of mesenchymal markers

si-NC si-circ_0008315#1
A o OR 2 1
0 e < =
hi N B & 8
4 Ui
X ¥y < &
= & g 0,
‘0 &
control circ_0008315
2 < g8y )
3 % ] 5
-4
X
= o
F-actin DAPI Merge
n
2 ¥
2 E
3] 5 E
| B
= @
-]
[=3
(=3
o[
2
K
®
e
g
gl 3
3 Z
E 0 X
= ® =
0
[=3
(=4
o
EI
'S

si-NC

si-circ_0008315#1

control

0008315

Circ,

Page 10 of 21

N-cadherin and Vimentin decreased in the circ_0008315
knockdown group compared with the si-NC group, while
the content of epithelial marker E-cadherin was higher.
Whereas, circ_0008315 overexpression in GC cells exhib-
ited the opposite effects (Fig. 3B). Compared to control
cells, immunofluorescence (IF) showed that knockdown
of circ_0008315 in MKN-45 cells resulted in a cobble-
stone cellular morphology and shrinkable F-actin fiber.
In contrast, MKN-28 cells with circ_0008315 overex-
pression had an elongated appearance and morphology
of F-actin fibers (Fig. 3C). Additionally, IF staining con-
firmed that circ_0008315 knockdown in MKN-45 cells
elevated E-cadherin expression and decreased N-cad-
herin expression, whereas circ_0008315 overexpres-
sion reduced E-cadherin level and increased N-cadherin

A
o
N
0“‘2’5 %’5"6
Q o QQ
N e & S
e o O
E-cadherin E’ E-cadherin El
N-cadherin EI N-cadherin E
Vimentin E' Vimentin EI
E-Cadherin N-Cadherin DAPI Merge

E-Cadherin N-Cadherin DAPI Merge

Fig. 3 Circ_0008315 promotes EMT in GC cells. A Morphological changes in MKN-45 cells with circ_0008315 knockdown and circ_0008315 overex-
pressed MKN-28 cells. B Western blotting assay was conducted to evaluate the effect of circ_0008315 knockdown or overexpression on the levels of
E-cadherin, N-cadherin, Vimentin and Snail. C IF assay showing the cell morphology and f-actin apparatus of circ_0008315 knockdown or overexpressed
GC cells. D The effect of knockdown or overexpression circ_0008315 on E-cadherin and N-cadherin in MKN-45 and MKN-28 cell lines detected by IF assay
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expression in MKN-28 cells (Fig. 3D). Together,
circ_0008315 was demonstrated to induce EMT in GC.

Circ_0008315 sponged miR-3666 in GC cells

Given that circ_0008315 was mainly located in the cyto-
plasm, we attempted to explore whether circ_0008315
could bind to miRNAs. As is shown in Fig. 4A, we ana-
lyzed the sequence of circ_0008315 using TargetScan,
miRCode, miRDB, and starBase. We identified four can-
didate miRNAs by overlapping the prediction results,
including miR-17-5p, miR-20b-5p, miR-3666, and miR-
301b-3p. Next, we conducted RNA immunoprecipita-
tion (RIP) with an antibody against AGO2 in MKN-45
and AGS cells. RIP results showed that circ_0008315
was significantly enriched by AGO2 antibody (Fig. 4B),
suggesting that circ_0008315 may act as a binding plat-
form for AGO2 and miRNAs. Notably, probes against
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circ_0008315 were utilized to analyze the four candidate
miRNAs. We found a significant enrichment of miR-3666
compared to the controls, while the other miRNAs had
no significant enrichment (Fig. 4C). We then generated
a mutant sequence of circ_0008315 that could not bind
miR-3666 (Fig. 4D). The luciferase experiment demon-
strated that miR-3666 mimics could significantly dimin-
ished the luciferase activity of GC cells that transfected
with wild-type circ_0008315 sequence, but not trans-
fected with mutant circ_0008315 (Fig. 4E). FISH assays
revealed the colocalization of circ_0008315 and miR-
3666 in the cytoplasm of GC cells (Fig. 4F). Moreover, the
expression of miR-3666 was decreased in GC cells and
tissues (Fig. 4G and H). Furthermore, a reverse correla-
tion was identified between circ_0008315 and miR-3666
expression levels (Fig. 4I). These findings indicated that
circ_0008315 could sponge miR-3666 in GC.
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Fig. 4 Circ_0008315 could sponge miR-3666 in GC cells. A Venn diagram showing the prediction of circ_0008315 binding mRNAs from 4 databases.
B Endogenous circ_0008315 was efficiently pulled down by anti-AGO2. C Biotin-labeled miRNA pull-down assay showed that circ_0008315 was only
efficiently enriched by miR-3666. D Binding sequence between miR-3666 and circ_0008315. E Luciferase reporter assay was used to detect luciferase
activity after co-transfecting with miR-3666 mimics and circ_0008315-WT or circ_0008315-MUT reporter plasmids. F FISH assay showing circ_0008315
and miR-3666 were co-localized in GC cells. G, H The expression level of miR-3666 was decreased in both GC cell lines and GC tissues. I Circ_0008315 was
negatively correlated with the expression level of miR-3666 in GC tissues. **p < 0.01; ***p < 0.001
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It has been previously documented that miR-3666
inhibits EMT in lung cancer cells [16]. However, it has
not been proved whether miR-3666 can exert a similar
effect in GC. We added miR-3666 mimics to MKN-45
cells and then detected alterations in EMT-related mark-
ers. Western blotting and immunofluorescence showed
that miR-3666 mimics incorporation resulted in an
increase in E-cadherin and a decrease in N-cadherin and
vimentin (Additional file 1: Fig. S4). The results showed
that changes in miR-3666 could lead to varieties in EMT
markers.

MiR-3666 targeted CPEB4 in GC

To validate whether circ_0008315 could sponge miR-
3666 and liberate the expression of its downstream tar-
gets, we identified five target genes of miR-3666 by
overlapping the prediction results of the four algorithms
(starBase, PicTar, miRDB, and RNA22). We found that
miR-3666 could target the 3’ untranslated regions (UTRs)
of KLF7, PHF20, AGFG1, PRKAA1, CPEB4, CNOT6L,
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SNX27, ANKIB1, and PPP6R2 (Fig. 5A). We searched
for the downstream target genes of circ_0008315 by
gauging the mRNA levels of nine candidate genes after
circ_0008315 knockdown. We found that the expression
levels of KLF7 and CPEB4 were significantly downregu-
lated (Fig. 5B). However, overexpression of circ_0008315
in HGC-27 cells led to a higher level of CPEB4 expres-
sion than other genes (Fig. 5C). Therefore, we cloned
the CPEB4 sequence of wild-type or mutant 3’'UTR into
luciferase reporter vector to prove whether the 3'UTR
of CPEB4 mRNA was the downstream of miR-3666 by
luciferase reporter assay. After adding miR-3666 mim-
ics, the luciferase activity of GC cells transfected with
CPEB4 wild-type 3'UTR sequence was significantly
reduced, while the luciferase activity of GC cells trans-
fected with mutant sequence was unchanged (Fig. 5D
and E). These results suggested that miR-3666 bound to
the 3’'UTR of CPEB4 and directly downregulated CPEB4
expression. After transfection with miR-3666 mimics, the
expression level of CPEB4 in HGC-27 and MKN-45 was
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Fig.5 MiR-3666 targets CPEB4 in GC cells. A Venn diagram shows the prediction of miR-3666 binding mRNAs from Starbase, PicTar, miRDB and RNA22. B,
C RT-gPCR was used to detect the expression levels of downstream genes of knockdown and overexpression of circ_0008315, with the most significant
changes in CPEB4; D predicted binding sequence of miR-3666 and CPEB. E Luciferase reporter gene assay was used to detect luciferase activity after co-
transfecting with miR-3666 mimics and CPEB4-WT or CPEB4-MUT reporter plasmids. F CPEB4 expression levels were detected by RT-gPCR in MKN-45 and
HGC-27 cells after transfecting with miR-3666 mimics. G RT-qgPCR was used to detect the CPEB4 expression in GC tissues. H Western blotting assay was
conducted to detect the CPEB4 expression level in MKN-45 and HGC-27 cells with or without circ_0008315 knockdown. I Circ_0008315 was positively
correlated with the expression level of CPEB4 in GC tissues. *p < 0.05; **p < 0.01; ***p < 0.001
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(See figure on previous page.)

Fig. 6 Circ_0008315 facilitates GC growth and metastasis in vivo. A Xenograft tumors in nude mice from the four treatment groups (sh-NC, sh-
circ_0008315, control, circ_0008315). B, C The volume and weight of subcutaneous xenograft tumors isolated from nude mice. D IHC analysis was
performed to examine the expression levels of Ki-67, E-cadherin, N-cadherin and CPEB4 in xenograft tumors isolated from nude mice. E Ki-67 and TUNEL
staining was used to detect the proliferation and apoptosis of xenograft tumors from nude mice. F FISH showing the colocalization and expression levels
of circ_0008315 and miR-3666 in xenograft tumors isolated from nude mice. G Representative images of pulmonary metastatic foci in mice inoculated
with MKN-45 cells with or without circ_0008315 knockdown via tail vein. H Specimen plots and HE staining of pulmonary metastatic foci in mice in-
oculated with MKN-45 cells with or without circ_0008315 knockdown. I The number of pulmonary metastatic foci was counted in mice inoculated with
MKN-45 cells with or without circ_0008315 knockdown. J Representative images of lung metastasis in mice inoculated with MKN-28 cells with or without
circ_0008315 overexpression via tail vein. K Specimen plots and HE staining of pulmonary metastatic foci in mice inoculated with MKN-28 cells with or
without circ_0008315 overexpression. L The number of pulmonary metastatic foci was counted in mice inoculated with MKN-28 cells with or without

circ_0008315 overexpression. *p < 0.05; **p < 0.01;, **p < 0.001; n =3

decreased (Fig. 5F). We utilized RT-qPCR and validated
that CPEB4 expression level was significantly upregu-
lated in GC tissues (Fig. 5G). Western blotting results
showed that circ_0008315 knockdown downregulated
CPEB4 in MKN-45 and HGC-27 cells (Fig. 5H). In addi-
tion, the level of circ_0008315 was positively correlated
with CPEB4 expression (Fig. 5I). These data showed that
circ_0008315 promoted CPEB4 expression by interacting
with miR-3666 in GC cells.

Inhibition of miR-3666 reversed the effects of circ_ 0008315
knockdown on GC proliferation, migration and invasion

To validate whether circ_0008315 could regulate the
malignant phenotypes of GC cells by sponging miR-
3666, we performed the rescue experiments using miR-
3666 inhibitor. We found that knockdown of miR-3666
increased the cell viability and proliferation ability of
MKN-45 and HGC-27, which were attenuated by down-
regulation of circ_0008315 (Additional file 1: Fig. S5A
and B). Meanwhile, silencing miR-3666 could also res-
cue the effect of circ_0008315 inhibition on EdU-positive
cells (Additional file 1: Fig. S5C and D). Downregulation
of miR-3666 abolished circ_0003221 knockdown-medi-
ated effects on cell cycle and cell apoptosis (Additional
file 1: Fig. S5E and 6A). MiR-3666 downregulation abated
the anti-migration effects caused by circ_0008315 knock-
down (Additional file 1: Fig. S6B and C). These results
suggested that circ_0008315 exerted its role by targeting
miR-3666.

Knockdown of CPEB4 inhibited the effects of circ_0008315
overexpression on proliferation, migration and invasion in
GC

We then explored whether the circ_0008315/miR-3666/
CPEB4 axis could regulate GC malignant progression.
CCK-8 results showed that CPEB4 knockdown could
inhibit the effect of circ_0008315 overexpression on AGS
and MKN-28 cell proliferation (Additional file 1: Fig. S7A
and B). CPEB4 deletion could reduce the proportion of
EdU-positive cells caused by circ_0008315 overexpres-
sion (Additional file 1: Fig. S7C and D). CPEB4 silenc-
ing downregulated the proportion of G1 phase cells with
circ_0008315 overexpression (Additional file 1: Fig. S7E).

Transwell assay confirmed that CPEB4 knockdown could
hinder the invasion ability augmented by circ_0008315
overexpression (Additional file 1: Fig. S8A). CPEB4
deletion reduced the migratory ability increased by
circ_0008315 overexpression (Additional file 1: Fig. S8B).
In summary, the promoting effects of circ_0008315 on
GC proliferation, migration, and invasion could be res-
cued by CPEB4 inhibition.

circ_0008315 facilitated GC growth and metastasis in vivo

To investigate the role of circ_0008315 in vivo, we trans-
fected MKN-45 cells with circ_0008315 knockdown or
MKN-28 cells with circ_0008315 overexpression lentivi-
ruses and subcutaneously injected them into the ingui-
nal region of BALB/c nude mice. The results showed
that tumor growth was significantly inhibited in the
sh-circ_0008315 group, and the tumors were larger and
heavier after circ_0008315 overexpression (Fig. 6A-C).
The expression levels of Ki-67, E-cadherin, N-cadherin,
and CPEB4 were detected using immunohistochemical
(IHC). The results of IHC revealed that xenograft tumors
derived from MKN-28 cells with circ_0008315 over-
expression had higher levels of Ki-67, N-cadherin, and
CPEB4, than those in the control group. But the expres-
sion level of E-cadherin changes in the opposite direc-
tion. After the downregulation of circ_0008315, IHC in
xenografts obtained the contrary results to overexpres-
sion (Fig. 6D). Similarly, fluorescence staining also con-
firmed that Ki-67 was significantly reduced and TUNEL
was increased in xenografts with circ_0008315 knock-
down, while circ_0008315 overexpression was the oppo-
site (Fig. 6E). FISH results showed that circ_0008315
knockdown significantly elevated miR-3666 expression
in tumor tissues, while circ_0008315 overexpression sig-
nificantly reduced miR-3666 expression when compared
with the control group (Fig. 6F).

To further confirm the invasion effects of circ_0008315
in vivo, a lung metastasis model was established by inoc-
ulating MKN-45 cells with circ_0008315 knockdown or
MKN-28 cells with circ_0008315 overexpression into the
tail veins of nude mice. We observed the lung metasta-
sis of tumors by detecting luciferase signals. Obviously,
the luciferase signal after knockdown of circ_0008315
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Fig.7 Circ_0008315 enhances CDDP resistance of GC cells. A Drug resistance curve of organoids. B HE staining of GC tissues and organoids. C Organoids
morphology after CDDP stimulation. D The expression levels of circ_0008315 in organoid #1 and organoid #2. E The expression levels of miR-3666 in
organoid #1 and organoid #2. F Detection of CPEB4 expression between organoid #1 and organoid #2 by WB. G Knockdown of circ_0008315 in organoid
#2 and observed the organoid morphology in the presence of CDDP. H In the presence of CDDP, the number of colonies of CDDP-resistant and CDDP-
sensitive GC cells was detected. | Knockdown of circ_0008315 in CDDP-resistant cells and detection of the number of surviving cell colonies in the pres-
ence of CDDP. J Tumor sphere-forming assay showing smaller sphere-forming volume of drug-resistant cells after circ_0008315 knockdown. K Western
blotting results demonstrated that CD133 and CD44 expression was decreased in MKN-45/CDDP cells after knockdown of circ_0008315. L-N In vivo drug
resistance models also showed that knockdown of circ_0008315 inhibited the volume and weight of xenograft tumors. O Immunohistochemical detec-
tion of CD44 and CD133 expression levels in mouse xenograft tumors. *p < 0.05; **p < 0.01; ***p < 0.001; n =3

was lower than the control group, indicating that lung
metastasis was significantly restrained (Fig. 6G). More-
over, circ_0008315 knockdown inhibited the occurrence
of metastatic colonization and the number of pulmonary
metastatic foci (Fig. 6H and I). In contrast, circ_0008315
overexpression significantly promoted lung metastasis
compared to the control group (Fig. 6J-L). Therefore, we
concluded that circ_0008315 could facilitated the growth
and metastasis of GC in vivo.

Circ_0008315 promotes CDDP resistance of GC cells

We collected patient tissues to construct human GC
organoids, and studied the changes of circ_0008315-miR-
3666-CPEB4 axis in resistant and sensitive GC organoids.
We first determined whether organoids were resistant
to CDDP based on the results of drug sensitivity experi-
ments (Fig. 7A). Among the 12 organoids, most showed
sensitivity to CDDP and only organoid #2, organoid #6
and organoid #8 were CDDP-resistant. Organoid #1 and
organoid #2 were used for subsequent experiments. The
results of HE staining showed that organoids could sim-
ulate the tumor microenvironment in vivo to a certain
extent (Fig. 7B). Comparing organoid #1 and organoid #2,
we observed significant differences in the growth mor-
phology and number of the two organoids after CDDP
treatment (Fig. 7C). PCR and WB results showed that in
organoid #2, the expression of circ_0008315 and CPEB4
were higher than in organoid #1, while miR-3666 expres-
sion level was opposite (Fig. 7D-F). We knocked down
circ_0008315 in organoid #2 and then treated it with
CDDP, the therapeutic effect was significantly improved
(Fig. 7G).

GO enrichment analysis suggested that the top enrich-
ment CPEB4-associated biological processes were
EMT, G protein-coupled receptor signaling pathway
and response to drugs (Additional file 1: Fig. S9A). Sub-
sequently, drug sensitivity analysis of CPEB4 revealed
a higher IC50 value for CDDP in high CPEB4 expres-
sion group, suggesting that CPEB4 may promote CDDP
resistance (Additional file 1: Fig. S9B). Depletion of
circ_0008315 remarkably reduced the IC50 value of
CDDP after inhibiting MKN-45 cells and HGC-27 cells
when compared to CDDP-resistant cells. Similarly, col-
ony formation assays revealed that the quantity of sur-
viving cell colonies was larger in CDDP-resistant cells in

the presence of CDDP (Fig. 7H). In addition, cell viability
was markedly suppressed by silencing circ_0008315 in
CDDP-resistant cells in the presence of CDDP (Fig. 7I).
Tumor sphere-forming assay also showed that knock-
down of circ_0008315 resulted in smaller sphere-forming
volumes of drug-resistant cells (Fig. 7J). Western blotting
results showed that knockdown of circ_0008315 resulted
in reduced expression of CD133 and CD44 in MKN-45/
CDDP cells (Fig. 7K). In vivo experiments also confirmed
that circ_0008315 knockdown inhibited the volume and
weight of the xenograft tumors subcutaneously injected
by MKN-45/CDDP cells (Fig. 7L-N). IHC assay was used
to verify the expression levels of stemness markers in
xenograft tumors. Compared with the sh-NC group, the
expression levels of CD44 and CD133 were repressed
in the circ_0008315 knockdown group (Fig. 70). These
results suggested that circ_0008315 could promote
CDDP resistance by regulating the stem cell properties of
GC cells.

As shown in Fig. 5B and C, a change in circ_0008315
would cause a corresponding change in KLF7. To validate
the effect of KLF7 on CDDP resistance in GC cells, we
designed four siRNAs to knock down the expression of
KLF7, si-KLF7#1 and si-KLF7#2 were able to effectively
knock down KLF7 (Additional file 1: Fig. S10A). In the
presence of CDDP, knockdown of KLF7 in CDDP-resis-
tant cells did not significantly alter the number of surviv-
ing cells (Additional file 1: Fig. S10B-D).

Synthesis and characterization of PLGA-PEG(si-
circ_0008315#1)NPs in vitro

We sought to develop an efficient delivery vehicle of
siRNA targeting circ_0008315 as a potential therapy
for GC. Abovementioned results showed that siRNA
delivery could effectively knock down the expression
of circ_0008315 and inhibit its effects on cell prolifera-
tion, migration, and invasion ability in vitro. It is crucial
to develop approaches for siRNA delivery in vivo, since
it is challenging for naked siRNA to penetrate the cell
membranes [17, 18]. The double emulsion solvent diffu-
sion method was used to prepare the PEGylated PLGA
NPs loaded with si-circ_0008315#1 and spermidine,
named PLGA-PEG(si-circ_0008315#1)NPs. = PLGA-
PEG(si-circ_0008315#1)NPs were spherical in shape
and presented narrow size distributions according to
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transmission electron microscope (Fig. 8A). The obtained
PLGA-PEG(si-circ_0008315#1)NPs had a milky-white
appearance in solution (Additional file 1: Fig. S11A)
with a diameter of 115 nm and a negative zeta poten-
tial of -19.2 mV (Additional file 1: Fig. S11B and C). The
encapsulation efficiency (EE%) of si-circ_0008315#1
was 75.27% * 1.50%. The polydispersity index (PDI) of
PLGA-PEG(si-circ_0008315#1)NPs was around 0.25
(Additional file 1: Fig. S11D). To further investigate the
cellular uptake of siRNA in vitro, we incubated the cells
with Courmarin-6 labeled NPs. Fluorescence micros-
copy results revealed that Courmarin-6 NPs exhibited a
prominent fluorescent signal inside the cells compared
to the control group (Fig. 8B). We also used Lyso-
Tracker Red staining to observe whether PLGA-PEG(si-
circ_0008315#1)NPs can reduce drug metabolism by
lysosomes. Compared with the control group, the PLGA-
PEG(si-circ_0008315#1)NPs group apparently reduced
the degree of overlap between the drug and lysosomes
(Fig. 8C). These results suggesting that the vehicle we
developed could increase cellular drug uptake and reduce
the clearance effect of lysosomes on drugs.

The release of si-circ_0008315#1 from PLGA-PEG(si-
circ_0008315#1)NPs was also examined. The cumulative
release of siRNA from free si-circ_0008315#1 and PLGA-
PEG(si-circ_0008315#1)NPs was 83.3% and 44.7% after
24 h, respectively. However, at lower pH, the release of
siRNA would be faster (Additional file 1: Fig. S11E). A
sustained release could last for about a week. We also
confirmed the knockdown efficiency of circ_0008315 in
PLGA-PEG(si-circ_0008315#1)NPs in GC cells (Addi-
tional file 1: Fig. S11F). We found that the PLGA-PEG
signal was mainly accumulated in the liver by tail vein
injection of free DIR dye and PLGA-PEG-labelled DIR
dye. PLGA-PEG-labelled DIR dye was also accumulated
in mouse tumor sites, reflecting the targeting nature of
the nanomaterial PLGA-PEG (Fig. 8D-G).

Efficacy of PLGA-PEG(si-circ_0008315#1)NPs by systemic
injection in a patient-derived xenograft (PDX) model

GC PDX mouse models were utilized to investigate the
effects of PLGA-PEG(si-circ_0008315#1)NPs on GC
growth in vivo (Additional file 1: Fig. S12A). We treated
the PDX model by injecting PLGA-PEG(si-NC)NPs or
PLGA-PEG(si-circ_0008315#1)NPs via tail vein. Tumor
growth was significantly inhibited after treatment with
PLGA-PEG(si-circ_0008315#1)NPs than PLGA-PEG(si-
NC)NPs (Additional file 1: Fig. S12B). The volume and
weight of xenograft tumors in mice injected with PLGA-
PEG(si-circ_0008315#1)NPs were significantly reduced
(Additional file 1: Fig. S12C and D). Systemic toxicity was
assessed by H&E staining. The results showed that intra-
venous administration of PLGA-PEG(si-circ_0008315#1)
NPs exhibited no significant toxicity towards the liver,
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kidney, lung, spleen, and heart (Fig. 8H). The level of
alanine transaminase (ALT), aspartate transaminase
(AST), creatinine (Cr), and blood urea nitrogen (BUN)
results confirmed the absence of significant hepatotox-
icity and renotoxicity (Additional file 1: Fig. S12E-H).
RT-qPCR results verified the consistent knockdown of
circ_0008315 in xenografts derived from mice treated
with PLGA-PEG(si-circ_0008315#1)NPs (Fig. 8I).
Furthermore, we generated CDDP-resistant xeno-
graft models, gave the same CDDP treatment to
explore the effect of PLGA-PEG(si-circ_0008315#1)
NPs on GC CDDP-resistance in vivo. We found that
the tumors were significantly reduced in the PLGA-
PEG(si-circ_0008315#1)NPs group compared to the
PLGA-PEG(si-NC)NPs group (Fig. 8J-L). These results
demonstrated that PLGA-PEG(si-circ_0008315#1)NPs
could inhibit GC growth and reverse CDDP resistance.
A graphic illustration of the role of PLGA-PEG(si-
circ_0008315#1)NPs in GC is depicted in Fig. 8M.

Discussion

CircRNAs are widely distributed in eukaryotic tissues,
exosomes, and body fluids, and can be used as biomark-
ers for early diagnosis and prognostic prediction due to
its high abundance and stability [19]. CircRNAs con-
tain miRNA response elements (MREs)and can act as
ceRNA to sponge miRNAs [20]. In this study, we filtered
the differentially expressed circRNAs between CDDP-
resistant GC cells and the parental CDDP-sensitive cells
by RNA-seq. We found that circ_0008315 was highly
expressed in GC tissues and CDDP-resistant GC cells.
Moreover, survival analysis indicated that patients with
high circ_0008315 expression had unfavorable survival
outcomes.

To delineate the role of circ_0008315 in GC, we
first determined the effects of circ_ 0008315 on
tumor cell growth and metastasis in vitro. Our find-
ings demonstrated that circ_0008315 overexpression
promoted GC cell proliferation, migration, and inva-
sion. Tumorigenic assays in nude mice confirmed that
circ_0008315 promoted tumor cell growth and metas-
tasis in vivo. Circ_0008315 was mainly located in the
cytoplasm according to the nucleoplasmic separa-
tion experiments and FISH results. Thus, we explored
whether circ_0008315 could target specific miRNAs and
act as a miRNA sponge. Bioinformatics analysis revealed
that circ_0008315 and CPEB4 both harbored miR-3666
MREs, indicating the presence of the circ_0008315/miR-
3666/CPEB4 axis.

MiR-3666 has been recognized as a tumor suppressor
in various cancers, including breast cancer [21], thyroid
carcinoma [22], and colorectal cancer [23]. Reportedly,
miR-3666 is downregulated in ovarian carcinoma cells,
and miR-3666 overexpression could inhibit cell migration
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and invasion and induce cell apoptosis [24]. In bladder
cancer, miR-3666 targets SMADS5 to suppress cell pro-
liferation and migration [25]. Here, we found that miR-
3666 was downregulated in GC tissues and could inhibit
tumor metastasis. Knockdown of circ_0008315 promoted
the expression level of miR-3666, inhibiting EMT and
invasion of GC cells. Moreover, miR-3666 inhibitor could
reverse the suppressive effect of circ_0008315 knock-
down on CDDP resistance in GC. Furthermore, lucif-
erase reporter, RIP, and miRNA pull-down assays were
performed to confirm the direct interaction between
circ_0008315 and miR-3666.

Through bioinformatics analysis and expression veri-
fication, we screened CPEB4 from many downstream
targets of miR-3666 for subsequent research. CPEB4
is highly correlated with tumor cell proliferation and
drug resistance. CPEB4 has been found to be promi-
nently upregulated in colorectal cancer [26], gastric can-
cer [27], lung cancer [28], breast cancer [29] and plays a
role as a oncogene. Liu et al. reported that CPEB4 pro-
motes CDDP resistance in esophageal cancer cells by
upregulating the expression of anti-apoptotic protein
Mcl-1 [30]. CPEB4 induces CSAG2 expression through
translational regulation, and leads to paclitaxel resis-
tance in ovarian cancer cells [31]. CPEB4, upregulated
by IncRNA FOXD2-AS1, could promote cell prolifera-
tion, temozolomide resistance and suppress apoptosis of
glioma cells [32]. In consistence with previous studies,
our data showed that CPEB4 was upregulated in GC cells
and tissues. Silencing of CPEB4 repressed the malignant
behaviors of GC cells. The effects on GC cell biological
function mediated by circ_0008315 overexpression could
be reversed by CPEB4 downregulation.

CDDP resistance remains a great clinical challenge
worldwide [33]. However, the mechanisms of CDDP
chemoresistance remain unclear. Previous study dem-
onstrated that circ_0017274 could facilitate CDDP
resistance via regulating the miR-637/CDX2 axis in GC
[34]. In this study, we demonstrated that the expression
of circ_0008315 was significantly increased in CDDP-
resistant GC cells. Bioinformatics results suggested that
CPEB4 was associated with CDDP resistance in GC.
We observed that knockdown of circ_0008315 reduced
CDDP resistance in GC cells and enhanced the expres-
sion of stem cell markers CD133 and CD44. Tumor
sphere formation in a suspension culture system can
mimic the three-dimensional spatial conformation
microenvironment of solid tumors when growing in vivo
[35]. We explored performed tumor cell sphere-forming
assays so as to simulate the three-dimensional environ-
ment of tumor cell in vivo. Compared to GC cells sen-
sitive to CDDP, drug-resistant cells tended to form
spheres according to tumor cell sphere-forming assays.
In the GC organoids we constructed, the expression of
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circ_0008315 and CPEB4 increased in CDDP-resistant
organoids, while the expression of miR-3666 decreased.
Knockdown of circ_0008315 could partly reduce the
resistance of GC organoids to CDDP. Collectively,
circ_0008315 expression was upregulated and positively
correlated with tumor progression and CDDP resistance.
Circ_0008315 may serve as a promising predictive bio-
marker in GC progression and CDDP resistance.

Targeted delivery of siRNA using NPs has been con-
sidered practical and promising for cancer therapy. Lipo-
somal and viral vectors are potential siRNA delivery
vehicles, but they could cause toxicity and fail to main-
tain sustained siRNA release [36]. Approved by the FDA,
PLGAs are biodegradable and non-toxic, with high sta-
bility, extended circulation time, and controlled release
properties [37]. PEG protected NPs from plasma protein
binding and reduced the amount of NPs recognized by
immune. Therefore, PEGylated increases the retention
time of NPs in vivo, enabled more NPs to be absorbed by
tumors, and improves the bioavailability [38]. Among the
various polymers developed for construction of nano-
platforms, PLGA has gained significant attention and has
been applied for siRNA delivery [39, 40]. PLGA is charac-
terized by biodegradability, non-toxicity and high stabil-
ity, and PLGA-based NPs incorporating siRNA may serve
as a promising nanotherapeutic strategy for the treat-
ment of cancers.

In this study, we developed a PEGylated PLGA nano-
platform targeting circ_ 0008315 in GC treatment.
This PLGA-based NP system is characterized with the
controlled release of si-circ_0008315 and could pre-
vent si-circ_0008315 from premature degradation. The
PLGA-PEG-siRNA complex allowed the entry of si-
circ_0008315 into cells without additional chemical
modifications. Biocompatible PEGs can increase siRNA
stability in serum and enhance cellular uptake of siRNA
and tumor accumulation. Based on the results of cellu-
lar uptake assays, PLGA-PEG(si-circ_0008315#1)NPs
showed enhanced uptake in tumor cells, which may pro-
mote the accumulation of PLGA-PEG(si-circ_0008315#1)
NPs in tumors. PLGA-PEG(si-circ_0008315#1)NPs effec-
tively inhibited circ_0008315 expression in GC cells and
showed significant antitumor effects in animal models.
Furthermore, the results of histopathological analysis
and blood biochemical examination confirmed that the
PLGA-PEG(si-circ_0008315#1)NPs had no significant
toxic side effects.

Conclusions

We showed that circ_0008315 was an oncogenic cir-
cRNA and could serve as a prognostic biomarker for GC.
Circ_0008315 sponged miR-3666 and modulated CPEB4
to promote GC progression and metastasis. Furthermore,
circ_0008315 exerted a critical role in regulating the stem
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cell properties of GC cells through the miR-3666/CPEB4
axis to induce chemoresistance to CDDP. We designed a
novel nano platform encapsulating si-circ_0008315 for
GC treatment. Our findings revealed that PLGA-PEG(si-
circ_0008315#1)NPs were tumor-targeting with satisfac-
tory antitumor efficacy. Our data may provide insights
into the role of circular RNAs in cancer nanotherapeutic
strategies.
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