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CircGSK3B promotes RORA expression 
and suppresses gastric cancer progression 
through the prevention of EZH2 trans-inhibition
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Abstract 

Background:  Circular RNAs (circRNAs) are a class of non-coding RNA that play critical roles in the development and 
pathogenesis of various cancers. The circRNA circGSK3B (hsa_circ_0003763) has been shown to enhance cell prolifera-
tion, migration, and invasion in hepatocellular carcinoma. However, the specific functions and underlying mechanistic 
involvement of circGSK3B in gastric cancer (GC) have not yet been explored. Our study aimed to investigate the effect 
of circGSK3B on the progression of GC and to identify any potential mechanisms underlying this process.

Methods:  CircRNA datasets associated with GC were obtained from the PubMed, GEO, and ArrayExpress databases, 
and circRNAs were validated via RT-qPCR and Sanger sequencing. Biotin-labeled RNA pull-down, mass spectrometry, 
RNA immunoprecipitation, and in vitro binding assays were employed to determine proteins demonstrating interac-
tions with circGSK3B. Gene expression regulation was assessed through RT-qPCR, chromatin immunoprecipitation, 
and western blot assays. Gain- and loss-of-function assays were used to analyze any effects of circGSK3B and its 
partner regulatory molecule (EZH2) on the proliferation, invasion, and migration abilities of GC cells both in vitro and 
in vivo.

Results:  CircGSK3B was mainly identified in the nucleus. This circRNA was present at a reduced concentration in GC 
tissues and cell lines. Overexpression of circGSK3B was shown to inhibit the growth, invasion, and metastasis of GC 
cells both in vitro and in vivo. Mechanistically, circGSK3B directly interacted with EZH2, acting to suppress the binding 
of EZH2 and H3K27me3 to the RORA promoter, and leading to an elevation in RORA expression and ultimately the 
suppression of GC progression.

Conclusions:  CircGSK3B acts as a tumor suppressor, reducing EZH2 trans-inhibition and GC progression. This demon-
strates the potential use of this RNA as a therapeutic target for GC.
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Background
Gastric cancer (GC) is the fifth most frequently occur-
ring cancer and is one of the major causes of cancer-asso-
ciated death worldwide [1]. GC is the result of complex 
interactions among host genetic, environmental, and 
microbial factors [2]. Currently, surgical resection is a 
radical cure for GC patients, and the survival rate of 
advanced and metastatic GC remains poor [3]. Therefore, 
exploration of the molecular mechanisms underlying GC 
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development and metastasis is urgently needed, as such 
studies might unveil new therapeutic targets.

Circular RNAs (circRNAs) are a class of regulatory 
RNA that form a covalently closed single-stranded loops, 
generated by precursor mRNA exon back-splicing [4–6]. 
Accumulating evidence has indicated that circRNAs 
play a critical regulatory role in the modulation of gene 
expression [7]. Recent studies have shown that circR-
NAs are involved in the development and pathogenesis 
of various cancers. For example, Yang et al. showed that 
hypoxia induces exosomal circRNA-promoted metastasis 
of colorectal cancer by targeting the GEF-H1/RhoA axis 
[8]. Furthermore, Xing et al. demonstrated that circIFI30 
promotes the progression of triple-negative breast can-
cer, finding a correlation between this circRNA and prog-
nosis [9]. Various studies have revealed that circRNAs are 
closely involved in the development of GC. For example, 
Xie et al. suggested that exosomal circSHKBP1 promotes 
GC progression through regulation of the miR-582-3p/
HUR/VEGF axis and inhibition of HSP90 degradation 
[10]. Xin et al. demonstrated that circRNA_100782 pro-
motes the proliferation and metastasis of GC cells by 
downregulating the tumor suppressor gene Rb, which 
occurs through the adsorption of miR-574-3p in a sponge 
form [11]. Peng et al. identified that circCUL2 regulates 
GC malignant transformation and cisplatin resistance 
via the modulation of autophagy activation mediated 
by miR-142-3p/ROCK2 [12]. A recent study reported 
that circRNA-circGSK3B (hsa_circ_0003763) promotes 
cell proliferation, migration, and invasion via miR-1265 
sponging and the regulation of CAB39 expression in 
hepatocellular carcinoma [13]. Comparatively, the effects 
of circRNA_0003763 on GC progression and the mecha-
nisms underlying this process have not yet been explored.

In our study, we searched circRNA expression profiles 
and discovered that circ_0003763 was downregulated in 
GC tissues and that this circRNA promoted GC progres-
sion. Mechanistically, circGSK3B directly interacted with 
EZH2, blocking the binding of EZH2 to the RORA pro-
moter. This led to an elevation in RORA expression and 
the suppression of tumor progression, revealing the criti-
cal roles of circGSK3B and EZH2 in GC progression.

Methods
Patients and tissue specimens
Human tumor and adjacent non-tumor tissues (n = 56) 
were collected from GC patients who underwent gas-
trectomy at the Department of Gastrointestinal Surgery, 
Union Hospital of Huazhong University of Science and 
Technology (HUST) (Wuhan, China). All procedures 
were approved by the Ethics Committee of Union Hospi-
tal, HUST, and conducted according to the Declaration of 

Helsinki Principles. Prior written and informed consent 
was obtained from each patient.

Integrated analysis of circRNA expression datasets
We performed a thorough search for available datasets 
in the electronic databases of PubMed, Gene Expres-
sion Omnibus (GEO) (Accession numbers: GSE78092, 
GSE83521, GSE89143, GSE93541, GSE100170, 
GSE121445, GSE122796, GSE141977, and GSE152309), 
and ArrayExpress (where no record was found) up to 
May 2021, using the following search terms: “(circRNA* 
OR circular) AND (gastric OR stomach)”. The workflow 
for proper microarray meta-analyses followed the rec-
ommendations of Ramasamy [14]. Only initial experi-
mental studies that screened for different circRNAs 
from GC and adjacent/normal tissue samples in humans 
were included. Additional criteria for selection dictated 
that the included datasets should contain at least three 
samples of both GC and normal cells. Exclusion crite-
ria included the following: (1) repeated records by the 
same institute; (2) non-microarray gene chips (for elimi-
nation of heterogeneity between throughput sequenc-
ing and microarray); (3) a non-whole-genome chip. 
After removing duplicated information, the combined 
datasets (GSE78092, GSE83521, GSE89143, GSE93541, 
GSE100170, and GSE141977, which contain six, 12, 
six, six, 10, and six samples, respectively) containing 23 
GC and 23 normal GC tissue samples were generated 
(Additional file 1: Supplementary Table S1). The ‘limma’ 
R package was applied to preprocess the raw datasets 
[15] and all circRNA names were standardized accord-
ing to circBase. Duplicate gene expression values were 
averaged.

The MetaDE package was used to identify differentially 
expressed circRNAs (DECs) between GC and normal tis-
sues [16]. For integrated analysis, the mean and standard 
deviation (SD) filter thresholds were specified as 10%. 
Considering the different stringencies of the methods, 
Fisher’s method was performed for statistical analysis of 
significance; a modified t-test and permutation method 
were used to extrapolate the P-values [17]. One-sided 
tests were applied to classify the upregulated or down-
regulated DECs. P < 0.05 was considered statistically sig-
nificant for these DECs.

Cell culture
GC cell lines (SGC7901, BGC823, BGC803, AGS, and 
MKN45) and normal human gastric mucosal cells (GES-
1) were purchased from the American Type Culture Col-
lection (ATCC, https://​www.​atcc.​org/). All cells were 
cultured in RPMI-1640 supplemented with 10% fetal 
bovine serum (FBS), 100 U/mL streptomycin, and 100 μg/
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mL penicillin (Invitrogen, Carlsbad, CA, USA) under 
standard conditions (5% CO2 at 37 °C).

Gene overexpression and knockdown
Linear circGSK3B (286 bp) was synthesized by 
TSINGKE (Wuhan, China) and inserted into pLCDH-
ciR (Geenseed Biotech Co., Guangzhou, China). Human 
EZH2 cDNA (2256 bp) was subcloned into CV186 
(Genechem Co., Ltd., Shanghai, China), whereas its 
truncation variants were obtained by PCR amplification 
(Additional file 2: Supplementary Table S2) and inserted 
into pCMV-3Tag-1A or pGEX-6P-1 (Addgene, Cam-
bridge, MA, USA), respectively. Oligonucleotides encod-
ing short hairpin RNA (shRNA) against circRNAs and 
RORA (Additional file 2: Supplementary Table S3) were 
inserted into GV298 (GeneChem Co., Ltd). Lentiviral 
vectors were co-transfected with the packaging plasmids 
psPAX2 and pMD2G into HE K293T cells. Infectious 
lentiviruses were harvested at 36 and 60 h after trans-
fection, followed with concentration by ultracentrifuga-
tion (2 h at 120,000×g). Stable cell lines were obtained by 
selection with puromycin. The EZH2 inhibitor (GSK126; 
MCE, HY-13470) was obtained from MedChemExpress 
company (New Jersey, USA).

RNA extraction and quantitative real‑time polymerase 
chain reaction (RT‑qPCR)
Total RNA was extracted from the cells and tissues by 
applying the TRIzol reagent (Invitrogen, MA, USA) 
according to the manufacturer’s protocol. The isolated 
RNA was then reverse transcribed into cDNA with the 
PrimeScript RT enzyme Mix (TaKaRa Bio, Otsu, Japan). 
RT-qPCR was performed using SYBR Green PCR Mas-
ter Mix (Vazyme) with an ABI Prism 7900 Sequence 
detection system (Applied Biosystems, Canada). GAPDH 
and U6 were used as internal controls, and each experi-
ment was repeated in triplicate. Relative expression lev-
els of circRNA and mRNA were normalized to those of 
the internal control and assessed employing the 2−ΔΔCT 
method. The primers used in our study are listed in Addi-
tional file 2 (Supplementary Table S4).

Western blot analysis
The total protein from cancer tissues and cells was iso-
lated using radioimmunoprecipitation assay buffer, 
followed by concentration measurements using a bicin-
choninic acid assay kit in accordance with the manu-
facturer’s instructions. Then, the protein samples were 
separated via sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis and transferred to PVDF membranes 
(Millipore, USA). The membranes were blocked using 5% 
fat-free milk in TBST buffer for 1 h followed by incuba-
tion with primary antibodies (EZH2, #5246, CST; EED, 

#85322, CST; SUZ12, #3737, CST; H3K27me3, #9733, 
CST; β-catenin, ab32572, abcam; FLAG, ab1162, abcam; 
GST, sc-138, Santa Cruz; P-β-catenin, sc-57,535, Santa 
Cruz; RORA, sc-518,081, Santa Cruz; CCND1, ab134175, 
abcam; PCNA, ab29, abcam; Ki-67, ab16667, abcam; 
CD31, ab9498, abcam; GAPDH, ab8245, abcam) at 4 °C 
overnight. The next day, the membranes were washed 
three times with TBST and then incubated with a sec-
ondary antibody for 1 h. Finally, the proteins were visu-
alized using the enhanced chemiluminescence system 
(Millipore). Each experiment was repeated in triplicate.

Transwell assay
Transwell assays were employed to assess the migration 
and invasion capacity of GC cells. Briefly, the cells were 
placed in the upper chamber with serum-free medium 
while the bottom compartment was filled with culture 
medium containing 30% FBS. After incubation for 48 h, 
the GC cells that had invaded the lower chamber were 
fixed in 75% ethyl alcohol and then stained with 0.1% 
crystal violet. Finally, the invasive cells were counted 
manually via light microscopy.

MTT assay
The proliferative capacity of GC cells was assessed using 
MTT assays in accordance with the manufacturer’s 
instructions. The target cells were added to a 96-well 
plate with 2 × 103 cells per well and incubated for 1, 2, 
3, 4, and 5 days at 37 °C. This was followed by the addi-
tion of 25 μL of MTT solution (5 mg/mL) to each well and 
incubation at 37 °C for 4 h. Then, 150 μL DMSO was used 
to dissolve the precipitates. Finally, the absorbance values 
were measured at 570 nm by utilizing a Multiskan™ GO 
microplate spectrophotometer (Thermo Fisher Scientific, 
Gillingham, UK).

Flow cytometry
Flow cytometry was adopted to assess apoptotic cells and 
cell cycle distribution. Apoptosis assays (BD Pharmingen) 
were carried out in accordance with the manufacturer’s 
protocol. Briefly, after transfection for 48 h, the GC cells 
were digested and suspended in 1× binding buffer at a 
density of 1–5 × 106 cells/mL. Subsequently, cells were 
harvested and dyed using annexin V-fluorescein isothio-
cyanate and propidium iodide in 6-well plates in the dark 
at 4 °C for 15 min. The samples were assessed using a BD 
flow cytometer (Franklin Lakes, NJ, USA). All experi-
ments were performed in triplicate.

RNA immunoprecipitation (RIP)
RIP assays were conducted with an RNA-binding protein 
immunoprecipitation kit (Millipore, Bedford, MA, USA) 
in accordance with the manufacturer’s instructions, with 
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antibodies for EZH2 (1:100, #5246, CST), EED (1:100, 
#85322, CST), and SUZ12 (1:100, #3737, CST). Co-pre-
cipitated RNA was assessed by RT-qPCR assays using 
specific primers.

Biotin‑labeled RNA pull‑down and mass spectrometry
RNA pull-down assays were conducted with the Pierce™ 
RNA 3′ end Desthiobiotinylation Kits (Thermo Scientific, 
USA) and Pierce™ magnetic RNA-protein pull-down kits 
(Thermo Scientific, USA) in accordance with the manu-
facturer’s instructions. The RNA-bound protein com-
plex was eluted and evaluated through western blotting 
assays. Finally, mass spectrometry (MS) assays were car-
ried out by SpecAlly Life Technology Co., Ltd. (Wuhan, 
China).

RNA‑fluorescence in situ hybridization (FISH)
RNA-FISH was performed using the Fluorescent In Situ 
Hybridization Kit (C10910, RiboBio) according to the 
manufacturer’s instructions. Biotin-labeled probes tar-
geting circGSK3B (Additional file  2: Supplementary 
Table  S3) were synthesized by RiboBio Technology Co. 
Ltd. Fluorescence excitation was recorded with a Zeiss 
confocal laser scanning microscope (LSM 880 with Airy-
scan, Carl Zeiss).

RNA sequencing assay
Total RNA was extracted using TRIzol reagent (Inv-
itrogen, MA, USA). Transcriptome sequencing on an 
Illumina Novaseq 6000 platform was carried out at 
Novogene Bioinformatics Technology Co., Ltd.

Animal experimentation
In vivo experiments were conducted using BALB/c nude 
mice (male, 6-weeks-old). The mice were separated into 
three groups at random, with the investigator blinded 
to group allocation. To develop subcutaneous xenograft 
models, 2 × 106 control, circGSK3B-downregulated, or 
circGSK3B-overexpressing MKN45 cells were resus-
pended in PBS and then subcutaneously injected into 
mice. One month later, mice were sacrificed and tumor 
weights were measured. All animal experiments were 
performed in compliance with the guidelines approved 
by the Institutional Animal Care Use Committee of 
Huazhong University of Science and Technology.

Immunofluorescence
Immunofluorescence assays were conducted to assess 
the expression levels of circGSK3B and EZH2. GC cells 
were plated in six-well plates and incubated for 24 h 
after transfection. The cells were then washed three 
times using PBS and fixed with 4% paraformaldehyde 
at room temperature for 15 min. Then, these cells were 

permeabilized with 0.5% triton-X100-PBS for 15 min and 
incubated with primary antibodies (EZH2, 1:200, #5246, 
CST) overnight at 4 °C. The next day, the samples were 
treated with a secondary antibody for 1 h. Subsequently, 
cell nuclei were stained with 4′,6-diamidino-2-phenylin-
dole (DAPI) for 10 min. Finally, cells were visualized with 
a fluorescence microscope.

Chromatin Immunoprecipitation (ChIP) assay
ChIP analysis was performed with the Magna ChIP™ G 
Assay Kit in accordance with the manufacturer’s instruc-
tions. Briefly, the target GC cells were cross-linked using 
37% formaldehyde for 10 min at room temperature; the 
chromatin was then sheared via sonication. The chroma-
tin–protein complexes were immunoprecipitated using 
an anti-ChIP assay antibody (EZH2, 1:100, #5246, CST; 
H3K27me3, 1:50, #9733, CST) or an IgG control. The 
resulting DNA fragments were then employed as tem-
plates for RT-qPCR based on specific primers (Additional 
file 2: Supplementary Table S4).

Statistical analysis
Data are presented as the mean ± SD, and statistical anal-
yses were conducted with GraphPad Prism 5. The results 
were compared by a Student’s t-test or one-way analysis 
of variance. A value of P < 0.05 was considered statisti-
cally significant.

Results
CircGSK3B is downregulated in GC cells and tissues
In total, 23 GC and 23 normal samples were obtained 
from six datasets via the GEO and ArrayExpress data-
bases. The flow chart of the circRNA screening process 
is shown in Fig. 1a. The number of DECs and the asso-
ciated combing results are presented in Fig.  1b, along-
side the relevant P-value for each dataset [18]. After 
merging the expression data of the six datasets, 14 total 
DECs, between GC and normal samples, were deter-
mined and a heatmap was generated (Fig.  1c). Among 
these, only seven circRNAs were validated by PCR 
amplification using divergent primers from cDNA of 
GC cell lines (Additional  file  3: Figure S1a). We per-
formed Sanger sequencing using the PCR products of 
these seven circRNAs, and the results identified three 
circRNAs that were consistent with the sequence infor-
mation in the NCBI database (Fig. 1d; Additional file 3: 
Figure S1b & c). The expression levels of these three cir-
cRNAs were assessed using RT-qPCR assays based on 
the five GC cell lines, the GES-1 cell line, GC tissue sam-
ples, and normal tissue samples. The results indicated 
that only circRNA_0003763 was consistently down-
regulated in GC tissues and GC cell lines. Therefore, 
this circRNA was selected for further analysis (Fig. 1e & 
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Fig. 1  CircGSK3B is downregulated in GC cells and tissues. a Flow chart of circRNA selection. b The number of DECs against the P-value in the 
assessment of the 6 datasets. c Heatmap based on 14 DECs between GC and normal samples in the 6 datasets. d The genomic locus of circGSK3B. 
The expression level of circGSK3B was assessed via RT-PCR assay and Sanger sequencing. Arrows represent divergent primers targeting circGSK3B’s 
genome region (Left); RT-qPCR products using divergent primers indicating circularization of circGSK3B. cDNA represents complementary DNA. 
gDNA represents genomic DNA (Right). e A RT-qPCR assay was used to assess the expression of the three DECs in GES-1, SGC7901, MKN45, BGC823, 
AGS and MGC803 cells. f RT-qPCR analysis of circGSK3B in 56 GC and NC samples. g RT–qPCR analysis for the expression of circGSK3B and GSK3B 
mRNAs after treatment with Actinomycin D at the indicated time points in AGS cells. h RT–qPCR assays were used to assess the expression of 
circGSK3B and GSK3B mRNA in AGS cells after treatment using RNase R. Data represented as mean ± SD. Each experiment was performed five 
times; dot plot data points represent each independent experiment. The P-value was calculated using a two-tailed unpaired Student’s t-test. (i) The 
RNA-FISH assay revealed the nuclear localization of circGSK3B in MKN45 and AGS cells by an antisense probe (green). Nuclei were stained with DAPI
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f ). CircRNA_0003763 was named circGSK3B, and the 
results showed that it was most significantly downregu-
lated in MKN45 and AGS cell lines. Therefore, these two 
GC cell lines were selected for subsequent investigation. 
After treatment with actinomycin D, an inhibitor of tran-
scription, RT-qPCR analysis showed that the half-life of 
circGSK3B exceeded 24 h, whereas that of the associ-
ated linear transcript was approximately 8 h (Fig. 1g). The 
resistance to digestion via RNase R exonuclease indicated 
that circGSK3B had a circular RNA structure (Fig. 1h). In 
addition, FISH assay analysis (Fig.  1i) suggested endog-
enous nuclear enrichment of circGSK3B in GC.

CircGSK3B suppresses GC cell proliferation, invasion, 
and migration in vitro and in vivo
To assess the effect of circGSK3B on the two selected 
human GC cell lines, it was transfected into MKN45 
and AGS cells. The results of RT-qPCR assays showed 
that circGSK3B was significantly overexpressed by the 
circGSK3B plasmid, and its expression was downregu-
lated by the associated shRNA in MKN45 and AGS cells 
(Fig.  2a; Additional file  3: Figure S2a). Following circG-
SK3B knockdown, the proliferation, invasion, and migra-
tion abilities of GC cells were significantly increased. 
Comparatively, circGSK3B overexpression produced the 
reverse effect in MKN45 and AGS cells (Fig. 2b–e). Sta-
ble transfection with circGSK3B resulted in a significant 
decrease in the growth and weights of xenograft tumors 
formed by the subcutaneous injection of MKN45 cells 
into athymic nude mice (Fig.  3a). Furthermore, immu-
nohistochemistry assays demonstrated that circGSK3B 
overexpression could cause a decrease in Ki-67 and CD31 
expression (Fig. 3b), suggesting reduced cell proliferation. 
Taken together, these results show that circGSK3B can 
attenuate GC cell proliferation, migration, and invasion. 
However, high circGSK3B expression significantly sup-
pressed GC cell cycle progression and enhanced apop-
tosis, whereas circGSK3B knockdown had the reverse 
effect (Fig. 3c & d).

CircGSK3B interacts with EZH2 in GC cells
To explore the potential mechanism underlying the 
biological effects of circGSK3B, RIP assays and biotin-
labeled RNA pull-down were employed to investigate the 
biological partners of circGSK3B. MS results indicated 
1555 proteins with differential expression between the 
antisense and sense probe pull-down groups, which were 
used to investigate the intersection with developed RNA 
binding proteins (RBPs), as well as transcription factors 
(TFs). As a result, nine underlying circGSK3B-interact-
ing molecules were identified (Fig.  4a; Additional file  2: 
Supplementary Table  S5). RIP assays also indicated the 
binding of circGSK3B to EZH2, EED, and SUZ12, rather 

than DNMT1, HEMX1, KHDRBS1, KHSRP, SRSF1, or 
UPF2. (Fig. 4b; Additional file 3: Figure S2c & d). Moreo-
ver, transfection with circGSK3B, but not linear GSK3B, 
led to increased enrichment in RNA co-precipitated 
by EZH2, EED, or SUZ12 antibodies in MKN45 cells 
(Fig.  4c). The EZH2 peptides determined by MS assays 
are shown in Fig.  4d. The outcome of dual RNA-FISH 
and immunofluorescence assays verified the nuclear co-
localization of circGSK3B and EZH2 in MKN45 and AGS 
cells (Fig. 4e), suggesting that they might play a role at the 
transcriptional level. Additionally, in vitro binding assays 
indicated that the D2 domain [200–350 amino acids] of 
the FLAG-tagged or GST-tagged EZH2 protein was cru-
cial for its interaction with circGSK3B (Fig. 4f & g).

CircGSK3B targets RORA expression 
through EZH2‑mediated epigenetic regulation in GC cells
To find the downstream target of circGSK3B, we first 
explored the potential cis-regulation of this circRNA, 
that is, whether circGSK3B could regulate its maternal 
gene GSK3B. RT-qPCR analysis was performed to assess 
the expression of GSK3B in AGS and MKN45 cells stably 
transfected with a mock circGSK3B (sh-circGSK3B). The 
result showed no significant change in GSK3B expression 
with circGSK3B overexpression or knockdown (Fig. 5a), 
indicating that circGSK3B did not have a cis-regulatory 
effect on the maternal GSK3B gene. We then used a high-
throughput approach to find the targets of circGSK3B 
from the perspective of trans-regulation. This approach 
led to the identification of circGSK3B-induced differen-
tially expressed genes (DEGs) by RNA-seq in MKN45 
cells. We found 1004 DEGs (fold-change > 2, P < 0.05) 
upon circGSK3B overexpression, including 143 upregu-
lated and 861 downregulated genes. Overlapping analy-
sis of DEGs with EZH2-binding protein information 
from the BioGRID database [19] or predicted EZH2 tar-
gets from the tftargets package [20] identified 10 poten-
tial circGSK3B targets, specifically GNG13, MTHFD2, 
FHOD3, CDKN1A, CDKN2B, FBXO32, TWIST1, RORA, 
PHGDH, and PTPN12 (Fig.  5b & c; Additional file  2: 
Supplementary Table  S6). RT-qPCR analysis was per-
formed to assess the expression level of these genes, 
and the results indicated that overexpression or knock-
down of circGSK3B increased or reduced the expres-
sion of RORA, respectively, in MKN45 cells, whereas 
the other nine genes were unaffected (Fig. 5d). Notably, 
circGSK3B overexpression significantly increased the 
expression of RORA, which was reversed by EZH2 over-
expression (Fig. 5e; Additional file 3: Figure S3a). Previ-
ous studies have shown that EZH2 functions as a gene 
silencer, mainly through the trimethylation of histone 
H3 lysine 27 (H3K27me3) [21] and that RORA attenu-
ates β-catenin signaling through PKC-alpha-dependent 
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phosphorylation [22]. To understand the molecular 
mechanisms regulating RORA expression, the effects of 
circGSK3B and EZH2 on RORA, H3K27me3, β-catenin, 
P-β-catenin, and cyclin D1 (CCND1, the canonical target 
gene of β-catenin) were analyzed by western blot assays. 
As indicated in Fig.  5f, EZH2 overexpression could sig-
nificantly increase the expression level of H3K27me3, 
β-catenin, and CCND1 and decrease the expression 

level of RORA and P-β-catenin, which could be reversed 
by circGSK3B overexpression. Similarly, the effects of 
EZH2 knockdown on RORA and β-catenin mediated by 
GSK-126 could be rescued by circGSK3B knockdown 
(Additional file 3: Figure S3b). Consistently, ChIP-qPCR 
analysis showed that in both MKN45 and AGS cells 
with circGSK3B and EZH2 overexpression, the binding 
of EZH2 or H3K27me3 to the promoter of RORA was 

Fig. 2  CircGSK3B suppresses GC cell proliferation, invasion and migration in vitro. a RT-qPCR assays for investigation of circGSK3B expression levels 
with circGSK3B vectors in MKN45 and AGS cells. b, c Cell proliferation was detected via cell viability and colony formation with variable circGSK3B 
expression in MKN45 and AGS cells. d, e Transwell assays were adopted to assess GC cell invasive and migratory capabilities with circGSK3B 
overexpression or knockdown in MKN45 and AGS cells
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Fig. 3  Effects of circGSK3B in vivo and on cell cycle and apoptosis. a Representative images (Top left and middle), in vivo growth curve (Bottom 
left), and weight at the end points (Top right) of xenografts formed by subcutaneous injection of MKN45 cells stably transfected with mock, 
circGSK3B, sh-Scb, or sh-circGSK3B #2 into the dorsal flanks of nude mice (n = 5 for each group). b Representative images (left panel) and 
quantification (right panel) of immunohistochemical staining showing the expression of Ki-67 and CD31 within xenograft tumors formed by 
hypodermic injection of MKN45 cells stably transfected with circ-Mock or circGSK3B (n = 5 for each group). c Flow cytometry was adopted to assess 
the impact of circGSK3B on the cell cycle of GC cells. d Flow cytometry was used to assess the effect of circGSK3B on apoptosis in GC cells
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markedly reduced (P < 0.05; Fig. 5g & h; Additional file 3: 
Figure S3c & d). This occurred despite the overall binding 
between RORA and EZH2 or H3K27me3 being relatively 
low, as indicated by the percentage of input. These data 
suggest that circGSK3B could compete with histones to 
bind EZH2, participating in the EZH2-mediated epige-
netic repression of RORA in malignant GC cells.

Effect of circGSK3B, EZH2, and RORA on growth 
and aggressiveness of GC cells
We next conducted rescue studies to further confirm 
the effects circGSK3B, EZH2, and RORA on the growth 
and aggressiveness of GC cells. The results showed that 
circGSK3B knockdown significantly promoted prolifera-
tion, invasion, migration, and cell cycle progression but 
blocked MKN45 cell apoptosis. This could be rescued by 
EZH2 knockdown, and this effect was further reversed 
by RORA downregulation (Fig. 6a, c–g; Additional file 3: 
Figure S2b). Additionally, circGSK3B overexpression sig-
nificantly suppressed proliferation, invasion, migration, 
and cell cycle progression, while enhancing AGS cell 
apoptosis. This could be rescued by high EZH2 expres-
sion, and the impact could be further reversed by RORA 
upregulation (Fig.  6b, c–h; Additional file  3: Figure S4). 
Collectively, these findings indicated that circGSK3B 
inhibited proliferation, invasion, migration, and cell cycle 
progression, while enhancing GC cell apoptosis, via the 
downregulation of EZH2 through the trans-inhibition 
and upregulation of RORA expression.

Clinical relevance of the circGSK3B/EZH2/RORA axis in GC
Next, 56 GC tissues were collected to explore the correla-
tions between the expression levels of circGSK3B, EZH2, 
and RORA and clinical parameters. RT-qPCR results 
revealed that low circGSK3B and high EZH2 expression 
were associated with tumor size (P = 0.018 and P = 0.018, 
respectively; Additional file 2: Supplementary Table S7), 
lymph node metastasis (P = 0.029, P = 0.006) and TNM 
stage (P = 0.031, P = 0.007). Moreover, high EZH2 
expression was also correlated with blood vessel inva-
sion (P = 0.042) and predicted poor prognosis (Fig.  7a, 
P = 0.028). Meanwhile, low RORA expression was related 

to TNM stage (P = 0.031) and poor prognosis, albeit 
without statistical significance (Fig.  7b, P = 0.18). Nota-
bly, the expression levels of circGSK3B (Fig. 7c, R = 0.33, 
P = 0.013) or RORA (Fig.  7d, R = 0.35, P = 0.008) were 
negatively correlated with those of EZH2 in GC speci-
mens, whereas the expression of circGSK3B was posi-
tively correlated with that of RORA (Fig.  7e, R = 0.46, 
P < 0.001).

Discussion
Numerous studies have revealed that circRNAs are 
closely involved in tumorigenesis. For example, Yao et al. 
found that hsa_circ_0058124 promotes papillary thy-
roid cancer tumorigenesis and invasiveness through the 
NOTCH3/GATAD2A axis [23]. Zhang et  al. suggested 
that circDLST promotes the tumorigenesis and metas-
tasis of GC by sponging miR-502-5p [24]. Cao et  al. 
demonstrated that circRNF20 promotes breast cancer 
tumorigenesis and the Warburg effect via miR-487a/
HIF-1alpha/HK2 [25]. Furthermore, multiple studies 
have indicated that circRNAs could serve as tumor driv-
ers or inhibitors [26–29]. However, the specific role of 
circGSK3B in GC and the potential mechanism had not 
yet been investigated. In our study, we found that circG-
SK3B levels were significantly decreased in GC sam-
ples through the examination of circRNA microarray 
data from GEO and ArrayExpress databases. We found 
nine available datasets for potential use in DEC screen-
ing. However, to eliminate heterogeneity and increase 
reliability, we limited our investigation to the six chip 
datasets, excluding the three sequencing datasets. We 
combined the P-values of these six datasets using the 
MetaDE package. Fourteen differential circRNAs were 
identified as exhibiting differential expression in most 
of these datasets. Further investigation and verification 
using cell and tissue samples provided evidence suggest-
ing that circGSK3B functions as a tumor driver in GC 
progression.

We first performed MTT and transwell assays to 
assess the effect circGSK3B on the two GC cell lines. 
These results showed that circGSK3B could suppress GC 
cell proliferation, invasion, and migration. In addition, 

(See figure on next page.)
Fig. 4  CircGSK3B interplayed with EZH2 protein in GC cells. a Coomassie bright blue staining (left panel), mass spectrometry analysis, as well as 
overlapping assays (Venn diagram, right panel) with developed RBP and TF databases suggesting proteins pulled down based on biotin-labeled 
antisense or sense forms of circGSK3B from the lysates of MKN45 cells. b RIP and real-time RT-qPCR assays were used to assess the relative interplay 
between circGSK3B and 9 proteins in MKN45 cells with circGSK3B or linear GSK3B, which were normalized to GC cells transfected using circ-Mock. 
c RIP assay with primer datasets revealing the interaction between circGSK3B and EZH2/EED/SUZ12 in MKN45 cells with circ-Mock, circGSK3B, or 
lin-GSK3B. d MS assay showing the EZH2 peptides pulled down by circGSK3B. e Dual RNA-FISH and immunofluorescence staining assays indicating 
the co-localization of circGSK3B (green) and EZH2 (red) in AGS and MKN-45 cells, with nuclei staining using DAPI (blue). f Schematic diagram 
indicating the domains of EZH2 truncations. g In vitro binding assay showing the enriched circGSK3B levels assessed based on RT-PCR (lower panel) 
after incubation using full-length or truncations versions of Flag-tagged or GST-tagged recombinant EZH2 protein validated by western blot (upper 
panel)
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Fig. 4  (See legend on previous page.)
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it is widely accepted that nuclear antigen Ki-67 func-
tions as a cell proliferation hallmark in both clinical 
carcinoma diagnosis and academic literature [30]. Zhu 
et al. demonstrated that CD31 and D2-40 contribute to 
peritoneal metastasis of colorectal cancer by promot-
ing epithelial–mesenchymal transitioning [31], which 
is consistent with our results presented in Fig.  2f. The 
outcome of immunohistochemical staining further veri-
fied that circGSK3B blocked the growth and invasion 
of GC cells. The direct binding relationship between 
circGSK3B and EZH2 was analyzed and verified based 
on biotin-labeled RNA pull-down, MS, and RIP assays. 
In addition, the co-localization of circGSK3B and EZH2 
in MKN45 and AGS cells was verified by dual RNA-
FISH and immunofluorescence assays. Studies have 
indicated that RORA targets β-catenin directly and 
modulates canonical Wnt pathway-target genes includ-
ing, c-Myc, c-Jun, and CCND1. A recent study suggested 
that miR-129-5p induces cell cycle arrest by modulating 
HOXC10/CCND1, in turn inhibiting GC progression. 
We speculated that circGSK3B could regulate the cell 
cycle of GC through cyclin D1 [32]. Additionally, a ChIP 
assay was adopted to explore the regulatory relationship 
between EZH2/H3K27me3 and RORA in GC cells. The 
results shown in Fig.  5g & h highlight that circGSK3B 
overexpression significantly increased the RORA expres-
sion level, which was rescued by EZH2 overexpression. 
Furthermore, the effect circGSK3B on EZH2, RORA, 
β-catenin, and canonical Wnt pathway-target genes was 
analyzed by western blot assays and confirmed by a res-
cue study (Fig. 6).

Numerous researchers have reported that EZH2 might 
serve as a tumor driver. For example, Chu et  al. found 
that the EZH2-PHACTR2-AS1-ribosome axis could 
induce genomic instability and promote growth and 
metastasis in breast cancer [33]. Huang et  al. revealed 
that the inhibition of EZH2 and activation of ERRgamma 
synergistically suppresses GC via inhibition of the 
FOXM1 signaling pathway [34]. Wu et al. suggested that 
EZH2 promoted the expression of LPA1 by mediating 
microRNA-139 promoter methylation to accelerate the 
development of ovarian cancer [35], which is consistent 
with the results of our study. We also verified that EZH2 

promoted proliferation, invasion, migration, and cell 
cycle progression, in addition to blocking apoptosis, in 
GC cells (Fig. 6). Huang et al. suggested that EZH2 serves 
as the catalytic subunit of PRC2 and that dysregulation 
of EZH2 results in a change in gene expression, thus 
enhancing cancer progression. The canonical function 
of EZH2 is gene silencing via the catalysis of H3K27me3 
trimethylation in a PRC2-dependent manner [36]. The 
results of our study suggest that circGSK3B functions as 
a tumor suppressor by inhibiting EZH2-induced histone 
trimethylation. Furthermore, we truncated EZH2 and 
explored the binding domain of EZH2 with respect to 
circGSK3B. This facilitated an exploration of the mecha-
nism in our study.

Various studies have indicated that RORA functions 
as a tumor suppressor. For example, Sun et al. demon-
strated that RORA overexpression could rescue the pro-
moting effect of miR-652 on endometrial cancer [37]. 
Jiang et al. discovered that RORA overexpression could 
inhibit the proliferation and tumorigenesis of glioma 
cell lines [38]. Zou et al. identified RORA as an inhibi-
tor and prognostic biomarker for patients with hepa-
tocellular cancer [39]. The findings of those studies are 
consistent with our results. Additionally, the results 
highlighted in Fig.  6 confirm that RORA suppressed 
the proliferation, invasion, migration, and cell cycle 
progression, while enhancing apoptosis, in GC cells. 
Collectively, circGSK3B directly interacts with EZH2 
to block the binding of EZH2 to the RORA promoter, 
leading to an increase in RORA expression and the 
suppression of tumor progression through Wnt signal-
ing pathway regulation. Notably, we also analyzed the 
relationship between these three molecules and clini-
cal indicators and found that they were indeed associ-
ated with some clinical progress indicators, such as 
tumor size and TNM stage. The prognostic significance 
of EZH2 and RORA, but not circGSK3B, has also been 
explored based on the GSE57303 dataset. Further large-
scale, well-designed, and multi-center prospective stud-
ies should be conducted to confirm our findings before 
determining whether they are independent prognostic 
factors or whether they could be combined to predict 
the prognosis of GC.

Fig. 5  circGSK3B targeted RORA expression through EZH2-mediated epigenetic regulation in GC cells. a RT-qPCR analysis for GSK3B mRNA in 
AGS, MKN45 cells stably transfected with mock, circGSK3B, and sh-circGSK3B. b Overlapping analysis of DEGs between circGSK3B-OE and control 
group with EZH2 targets from the tftargets R package or EZH2 binding targets from Biogrid. c Volcano plot of the selected 10 DEGs in the RNAseq 
dataset. d RT-qPCR analysis for 10 screened mRNAs in MKN45 cells stably transfected with mock, circGSK3B, and sh-circGSK3B. e RT-qPCR analysis 
for RORA mRNA in AGS, MKN45 cells stably transfected with mock, circGSK3B, and circGSK3B + EZH2. f The effect of circGSK3B and EZH2 on RORA, 
H3K27me3, β-catenin, P-β-catenin, and CCND1 (Canonical target gene of β-catenin) assessed by western blot assay. g, h ChIP assay showing the 
binding of EZH2 (g) and H3K27me3 (h) to the promoter of RORA assessed in MKN45 and AGS cells stably transfected with mock, circGSK3B, or 
circGSK3B + EZH2

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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Fig. 6  The effect of circGSK3B, EZH2 and RORA on growth and aggressiveness of GC cells. a, b, c The effect of circGSK3B, GSK126, and RORA on GC 
cell proliferative capacity assessed in accordance with cell viability and colony formation. d, e The impact of circGSK3B, GSK126, and RORA on GC 
cell invasion and migration capacity evaluated by transwell assay. f, g The influence of circGSK3B, GSK126, and RORA on GC cell cycle arrest and 
apoptosis. h The effect of circGSK3B, GSK126, and RORA on protein level of PCNA and CD31 in GC cells
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Fig. 7  Clinical relevance of the circGSK3B/EZH2/RORA axis in GC. a Log-rank test for survival comparison between EZH2 high (n = 35) and low 
group (n = 35) in GSE57303. b Log-rank test for survival comparison between RORA high (n = 35) and low group (n = 35) in GSE57303. c, d, e 
Spearman’s correlation test was performed to verify the association between EZH2, circGSK3B or RORA RNA expression. F Schematic diagram of the 
present study
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Conclusion
In conclusion, the results of our study suggest that circG-
SK3B acts as a tumor suppressor. circRNA achieves this 
effect by reducing EZH2 trans-inhibition, ultimately lead-
ing to an increase in RORA expression. RORA can then 
suppress tumor progression through regulation of the 
Wnt signaling pathway. These findings provide a poten-
tial basis for the future development of GC treatments.
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