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1. Introduction
Gastric cancer (GC) is a significant focus of clinical 

and basic research, that is characterized by high aggres-
siveness, heterogeneity, and poor prognosis. According to 
estimates from the United States Cancer Statistics registry, 
worldwide, there were 1.08 million new cases of GC and 
0.77 million deaths related to GC [1]. Although conside-
rable progress has been made in the treatment of GC, the 
presence of high intratumor and intratumoral heterogenei-
ty, late diagnosis, and the development of chemotherapy 
resistance continue to hinder improvements in GC-related 
survival [2, 3].

Circular RNA (circRNA) is a class of single-stranded 
transcripts generated by the back-splicing process [4]. Due 
to its covalently closed loop structure, circRNA exhibits 
high stability and is significantly abundant in plasma, ma-
king it an efficient biomarker itself [5]. In recent years, 
there have been significant developments in transcripto-
mics, leading to the discovery of an increasing number of 
functional circRNAs. These circRNAs perform various 
biological functions, such as acting as transcriptional and 

splicing regulators [6], protein templates [7], and protein 
scaffolds [8]. What’s more, the role of circRNA as a "mi-
croRNA (miRNA) sponge" is widely reported in tumors. 
For example, in GC cells, circNRIP1 functions as a com-
petitive endogenous RNA for miRNA-149-5p to regulate 
the classical signaling pathway AKT/mTOR axis [9]. 
CircCUL2 competes with miR-142-3p for binding sites, 
thereby regulating autophagy activation and impacting 
cisplatin resistance in GC [10]. Circ_0005758 can target 
the miR-1229-3p/GCNT4 feedback loop, thereby impe-
ding the progression of GC [11]. Hsa_circ_0001322 is a 
novel circRNA, formed by reverse splicing of exon 3 to 8 
of the eukaryotic initiation factor 4E3 (eIF4E3) gene. Inte-
restingly, in our previous studies, circ_0001322 has been 
found to have potential as a marker for the diagnosis and 
metastasis of GC [12]. Low expression of circ_0001322 
was observed in GC tissues and exhibited a negative corre-
lation with lymph node metastasis (ROC: sensitivity: 90%, 
specificity: 75%). However, the function of circ_0001322 
in GC has not yet been studied.

The Hedgehog (Hh) signaling pathway, as a classical 
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developmental signaling pathway, plays a crucial role in 
gastrointestinal organogenesis, and mutations in its core li-
gand members can result in a spectrum of intestinal abnor-
malities, such as gut malrotation, annular pancreas, duode-
nal stenosis, and Hirschsprung's disease [13-15]. When 
the Hh signal is abnormally activated, it may play a role 
in the formation and growth of tumors through autocrine 
and paracrine effects. It is worth mentioning that chronic 
infection with H. pylori has become a significant initial 
event in the occurrence of GC [16, 17]. Infection-induced 
spasmolytic polypeptide-expressing metaplasia (SPEM), 
a type of atrophy in the acid gland, requires standardized 
Hh signaling [18]. In the case of bacterial infection, Hh 
signaling may be necessary to polarize a particular subset 
of myeloid cells and transition the gastric mucosa from a 
pro-inflammatory state to a pre-tumor state [19]. Targeting 
the Hh signaling pathway remains the primary focus for 
the treatment of human GC. Sulforaphane exerts its anti-
cancer effects by suppressing the Hh signaling pathway to 
GC stem cells [20]. miRNA-150/Sufu promotes cell proli-
feration, migration, and epithelial-mesenchymal transfor-
mation through dual activation of Hh and Wnt signaling 
[21]. Otherwise, preclinical data on certain small molecule 
inhibitors have provided evidence of the crosstalk between 
Hh signaling and cytokines during the precancerous stage, 
but, clinical trial results have been less than satisfactory. 
Therefore, accurate biomarkers are needed to identify sub-
populations that can benefit from Hh inhibition.

In this study, we hypothesized that circ_0001322 was 
involved in regulating the progression of GC and, there-
fore, aimed to investigate its exact function in GC.

2. Materials and Methods
2.1. Tissue samples

The study was approved by the Ethics Committee of 
the First Affiliated Hospital of Wenzhou Medical Univer-
sity. A total of 29 patients with GC who were diagnosed 
for the first time in our hospital and did not receive radio-
therapy/chemotherapy before surgery were enrolled. All 
patients, who were notified before, signed written infor-
med consent. GC tissue and paracancerous tissue (nor-
mal) specimens were collected under HIPAA protocol and 
stored in liquid nitrogen.

2.2. Cell lines
The human GC cell lines, including HGC-27 (TCHu22), 

MKN-45, NCl-N87 (TCHu130), AGS (TCHu232), and 
SUN-1 (TCHu230), were obtained from the Cell Bank 
of the Chinese Academy of Sciences. The GES-1 human 
normal gastric mucosal epithelial cell line served as the 
control group. All cells were cultured in RPMI 1640 me-
dium (11875093, GIBCO), containing 10% fetal bovine 
serum (FBS, C04001-500, Viva Cell, Shanghai, China) 
and 1% penicillin-streptomycin (15140148, Gibco, USA), 
and maintained at 37°C with 5% CO2.

2.3. RT-qPCR
Total RNA, extracted from tissues and cells by TRIzol 

reagent was used as a template to synthesize cDNA. The 
amplification reaction was performed on a Roche Light-
Cycler® 480II RT-qPCR instrument (Roche Molecular 
Biochemicals, Mannheim, Germany) using the TB Green 
Premix EX Taq. Relative expression of circ-0001322 and 
miR-1264 were quantified by the 2−ΔΔCt method.

2.4. Bioinformatics prediction
Circbank and Circinteratome websites were uti-

lized to predict the potential downstream miRNAs of 
circ_0001322. Similarly, miWalk, microT-CDS, Tar-
getScan, and Survival websites were employed to identify 
the targets of miRNAs. 

2.5. Lentivirus RNAi construction and infection 
According to the basic information of circ-0001322, 

overexpression and interference sequences (CCACAGTT-
TGGAAAGAGTTGCTGTT) were designed, and were 
synthesized from Shanghai GenePharma (China), where 
the overexpression sequence was constructed into the len-
tiviral vector JS043 at the XhoI cloning site using enzyma-
tic ligation (15224041, Corning, NY, USA), yielding the 
overexpression recombinant plasmid (pc-circ1322); simi-
larly, the interference sequence was constructed into the 
lentiviral vector JS039 at the EcoRI and BamHI cloning 
sites using the same method, resulting in the interference 
recombinant plasmid (sh-circ1322). The negative controls 
set were pc-DNA and sh-NC, respectively. Plasmid ampli-
fication was performed using an E. coli cell receptive state, 
followed by an extraction kit.

The log-growing 293T cells were seeded into 6-well 
plates and cultured in DMEM medium (C3113-0500, Viva 
Cell) supplement with 10% FBS, F-12 (HAM) Nutrient 
Mixture (01-095-1A, Viva Cell) and 1% penicillin-strep-
tomycin for 20 hours. Target plasmids pc-circ_0001322, 
pc-DNA, sh-circ0001322, and sh-NC were individually 
transfected into 293T cells using Lipofectamine 3000, fol-
lowed by a 6-hour incubation in serum-free medium and 
subsequent replacement with complete medium for an 
additional 48-hour culture. The collected lentiviruses were 
then obtained through ultracentrifugation. 

MKN-45 and AGS cells were seeded separately into 
petri dishes, and the corresponding viruses were added 
to infect the cells. After 72 hours, the cells were screened 
using puromycin (Sigma, Germany) to observe the infec-
tion efficiency by RT-qPCR.

2.6. Cell transfection
GP-transfect-Mate (G04008, GenePharma, Shanghai, 

China) and miR-1264 mimics (CAAGUCUUAUUUGA-
GCACCUGUU) or miR-1264 inhibitor (CAGGUGCU-
CAAAUAAGACUUGUG) were mixed and incubated in 
serum-free conditions for 20 minutes to form transfection 
complexes; subsequently, the complexes were added to 
pre-seeded cells in a 6-well plate and incubated for 4 hours 
followed by replacement with complete medium for a fur-
ther 48-hour culture.

The PCR product of QKI was cloned into the linear 
plasmid JS036 at the EcoRI and HindIII restriction sites, 
resulting in the recombinant plasmid JS036-QKI; similar-
ly, QKI overexpression plasmid was transfected into cells 
using GP-Transfect-Mate transfection reagent.

2.7. Dual-luciferase reporter assay
To verify the combination between circ_0001322 (or 

QKI) and miR-1264, the wild-type or mutant sequences 
(QKI 3’UTR) containing the binding sites were construc-
ted into psiCHECK-2 plasmid at the XhoI cloning site. 
Subsequently, reporter plasmids plus miR-1264 mimics 
were co-transfected in cells using Lipofectamine 3000 
reagent for 24 hours. Plasmids plus miR-NC was used as 
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bated for 15 minutes, followed by analysis using FACS-
Canto Ⅱ flow cytometry (BD, USA).

2.13. Radioimmunoprecipitation (RIP)
The RIP assay was carried out to verify the direct com-

bination of circ-0001322 and miR-1264, miR-1264, and 
QKI. The transfected MKN-45 and AGS cells (300,000) 
were resuspended in RIP lysate (LOT3159044, Merk, Ger-
many) containing RNAse inhibitor and PI and left to break 
for 8 minutes. After being centrifuged, the supernatant 
was separated into three categories: input, IgG, and Ago2 
groups. Individual Ago2 (2897S, CST, Danvers, MA, 
USA) and IgG (3900S, CST) antibodies were added to 
the corresponding group. Following the attachment of the 
antibodies to the beads, the antigen was introduced. Even-
tually, the RNA was gathered for subsequent RT-qPCR.

2.14. Western blot
Western blot was conducted to evaluate the level of 

the Hh pathway signaling pathway. The specific protein 
antibodies information used were anti-QKI (DF12715, 
Affinity, USA), anti-PTCH1 (CY1243, Abways, Shan-
ghai, China), anti-SMO (66851-1-Ig, Proteintech, USA), 
anti-GLI1 (DF7523, Affinity) and anti-GAPDH (AB0037, 
Abways). As previously described, the transfected cells 
were cleaved in a RIRA lysate (P0013, Beyotime) contai-
ning PMSF (G2008-1ML, Servicebio, Wuhan, China) 
and PI, followed by concentration determination (P0010, 
Beyotime). The protein samples denatured at 95°C were 
electrophoretically separated on a pre-configured SDS-
PAGE gel, and subsequently electrically transferred to a 
PVDF membrane. To block the membranes, a solution of 
5% skim milk was employed and left at room temperature 
for an hour. The primary antibody was incubated at 4°C 
overnight, and the corresponding second antibody was 
replaced the next day, and incubated at room temperature 
for 1 hour. Finally, an enhanced chemiluminescence sys-
tem (G2014-50ML, Servicebio) was used to detect protein 
expression.

2.15. Statistical methods
The experiments were conducted independently, with a 

minimum of three repetitions. The data were presented as 
mean ± standard deviation and analyzed using SPSS 19.0 
software. The comparison between the two groups was 
carried out using a two-tailed paired Student's t-test, and 
the comparison of differences among multiple groups was 
conducted using a one-way ANOVA, followed by Tukey's 
post hoc test applied afterward. Pearson's correlation ana-
lysis based on cancer tissue was applied for the correlation 
analysis between hsa_circ_0001322 and miR-1264. Any 
value of P < 0.05 was considered statistically significant.

3. Results
3.1. Circ_0001322 expressions are decreased in gastric 
cancer tissues and cell lines

The database shows that circ1322 is formed by the cir-
cularization of exons 2-5 of the EIF4E3 gene, the spliced 
length of which is 609bp (Fig. 1A). To demonstrate the 
circular nature of circ1322 instead of it being linear, we 
developed divergent and convergent primers for circ1322 
and its corresponding linear mRNA. Subsequently, both 
cDNA and gDNA were subjected to nucleic acid electro-
phoresis, which revealed that circ1322 displays a circu-

a negative control. The calculation of relative luciferase 
activity involved comparing the activities of both Renilla 
and firefly luciferase (Promega).

2.8. CCK-8 assay
After being transfected, the GC cells were re-sus-

pended and subsequently seeded into 96-well plates, with 
each well containing 2,000 cells. A CCK-8 kit was used 
to assess the proliferative capacity of cells. A 10 μL dose 
of CCK-8 reagents was added to the cells at the specified 
time points (0, 24, 48, 72, and 96 hours), and continually 
incubated for 2 hours. The optical density (OD) value was 
determined by utilizing the Bio Tek Synergy instrument 
(Winooski, Vermont, USA) at a wavelength of 450 nm.

2.9. Cell migration and invasion assays
Transwell was performed to assess the impacts of 

circ_0001322 expressions on migration and invasion. A 
total of 50,000 stable transfected cells were introduced 
into the upper chambers, which were filled with serum-
free medium, and the lower chambers were filled with 
medium containing 10% FBS, which served as a chemoat-
tractant. Different from migration assays, the upper cham-
bers for invasion assays need to be coated with Matrigel 
in advance at 4 °C overnight. After incubation for 24 to 
48 hours, the cells were fixed with 4% paraformaldehyde 
(PFA) and subsequently stained with 0.1% crystal vio-
let (C02121, Beyotime). Afterward, the fields were pho-
tographed, and the number of cells was counted using a 
microscope.

2.10. Animal-Xenograft tumor models
Nude mice are the classic materials for xenograft tumor 

experiments. We purchased 48 male nude mice (4 weeks 
old) with a BALB/c background from the Animal Experi-
mental Center of Hubei Province (Wuhan, China) for the 
experiment. After 1 week of adaptive culture, the mice 
were randomly divided into two groups: the MKN-45 
group (consisting of pc-DNA, pc-circ_0001322, sh-NC, si-
circ_0001322, with 6 mice per group) and the AGS group 
(also consisting of pc-DNA, pc-circ_0001322, sh-NC, si-
circ_0001322, with 6 mice per group). Briefly, each group 
of mice was, respectively, injected into the underarms 
with MKN-45/AGS cell suspension (5,000,000). Tumor 
volume, which was monitored every five days using a ca-
liper, was calculated using the following formula: tumor 
volume = (length × width2)/2. After thirty days, the mice 
were euthanized with 120 mg/kg Nembutal, and the xeno-
graft tumors were collected for subsequent weighing.

2.11. Colony formation assay
Stable transfected MKN-45 and AGS cells were re-sus-

pended, and then uniformly seeded onto 6-well plates at 
a density of 3,00 cells/well, respectively. The cells were 
continuously cultured for one week until the cell number 
reached greater than 50 in a single clone, with medium 
change and observation of cell status every three days. Af-
ter cloning, all aforementioned cells were fixed and stained 
in preparation for subsequent photography and counting.

2.12. Apoptosis
The transfected MKN-45 and AGS cells (300,000) 

were resuspended with 5 μL of Annexin V-FITC and 10 μL 
of PI (40310ES50, YEASEN, Shanghai, China) and incu-
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lar form rather than a linear one, as depicted in Fig. 1B. 
The RT-qPCR results revealed a noteworthy decline in the 
expression of circ1322 in GC tumor tissues as opposed to 
adjacent tissues (Fig. 1C). We then proceeded to confirm 
the reduced levels of circ1322 in kinds of GC cell lines, 
namely HGC-27, MKN-45, NCI-N87, AGS, and SUN-
1, in comparison to GES-1 cells. Out of all the cell lines, 
MKN-45 cells demonstrated the highest level of circ1322 
expression, whereas AGS cells displayed the least amount 
(Fig. 1D). Consequently, we opted to focus on MKN-45 
and AGS GC cells for exploring the function of circ1322.

3.2. Circ1322 hinders the progression of gastric cancer 
To study the function of circ1322 in GC, the expression 

of circ1322 was overexpressed and downregulated respec-
tively in the MKN-45 and AGS cell lines, through trans-
fected with circ1322 overexpression plasmids or lentivi-
ral plasmids. The efficiency of circ1322 overexpression 
and silencing was confirmed in MKN-45 and AGS cells 
through RT-qPCR analysis (Fig. 2A). Cell viability was 
assessed in MKN-45 and AGS cells using CCK-8 assays. 
The overexpression of circ1322 led to a reduction in cell 
viability in both MKN-45 and AGS cells. In contrast, an 
increase in cell viability was observed when the expres-
sion of circ1322 was reduced (Fig. 2B-C). The results 
from subsequent colony formation assays further valida-
ted that the overexpression of circ1322 suppressed cell 
proliferation in both MKN-45 and AGS cells, while the 
downregulation of circ1322 enhanced cell proliferation 
(Fig. 2D). Additionally, the apoptosis assays indicated that 
the upregulation of circ1322 facilitated apoptosis, whe-
reas the downregulation of circ1322 inhibited apoptosis in 
GC cells (Fig. 3A). The metastatic and invasive capacities 
of GC cells were assessed through transwell assays. The 
increased expression of circ1322 hindered the metastatic 
and invasive potential of both MKN-45 and AGS cells, 
whereas the decreased expression of circ1322 enhanced 
their metastatic and invasive capabilities (Fig. 3B-C). 
To further confirm the in vivo role of circ1322, MKN-
45 or AGS cells that stably expressed pc-circ1322 or sh-

circ1322 were introduced into the backs of nude mice. The 
xenograft tumor models have shown that the tumors de-
rived from cells having overexpression of circ1322 were 
of reduced size and had a lower weight in comparison to 
the tumors obtained from the control cells. Conversely, 
the tumors obtained from cells with circ1322 knockdown 
were characterized by larger size and heavier weight in 
comparison to the control cells (Fig. 4). The above results 
proved that circ1322 restrained gastric tumor growth.

3.3. Circ1322 serves as a miRNA sponge of hsa-
miR-1264

Numerous researchers have confirmed that circRNA 
functions as a “miRNA sponge”, controlling tumor deve-Fig. 1. Circ1322 expression was down-regulated in gastric cancer 

tissues and cells. (A) The exonic structure of circ1322 is visualized 
as depicted in the information. (B) RT-qPCR products produced using 
divergent primers demonstrate the formation of circ1322. cDNA, re-
ferring to complementary DNA. gDNA, referring to genomic DNA. 
(C) The levels of circ1322 expression in both gastric cancer tissues 
and adjacent tissues were evaluated using RT-qPCR. (D) The expres-
sion levels of circ1322 in GES-1, MKN-45, SUN-1, NCI-N87, HGC-
27, and AGS cell lines were determined by RT-qPCR.

Fig. 2. Circ1322 repressed cell proliferation of GC cells. (A) The 
efficiency of circ1322 overexpression and circ1322 silencing in 
MKN-45 and AGS cells was verified by RT-qPCR. (B-C) Cell viabi-
lity was evaluated in MKN-45 and AGS cells by CCK-8 assays. (D-E) 
Cell proliferation in MKN-45 and AGS cells was evaluated by colony 
formation assays.

Fig. 3. Circ1322 elevated apoptosis and suppressed migration and 
invasion of GC cells. (A) The apoptosis rate was evaluated by em-
ploying flow cytometry. (B) Overexpression of circ1322 inhibited the 
migration and invasion of MKN-45 and AGS cells. (C) Silencing of 
circ1322 promoted the migration and invasion of MKN-45 and AGS 
cells. 
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lopment regulation. Moreover, circRNA can control gene 
expression downstream as well. To identify the target miR-
NAs of circ1322, a comprehensive analysis was conduc-
ted across the prediction databases of circBANK and Cir-
cular RNA Interactome to screen miRNAs by considering 
their RNA binding scores. It was revealed that circ1322 
had the potential to act as a sponge for hsa-miR-1264, 
hsa-miR-1322, hsa-miR-512-5p, hsa-miR-513a-5p, and 
hsa-miR-520h (Fig. 5A). Afterward, in MKN-45 and AGS 
cells expressing pc-circ1322 or sh-circ1322, only hsa-
miR-1264 exhibited a significant change in expression 
levels (Fig. 5B-C). It was suggested that circ1322 might 
potentially serve as a sponge for miR-1264. To confirm 
the absorption of miR-1264 and circ1322, a dual-lucife-
rase reporter assay was carried out to ascertain the direct 
binding between circ1322 and miR-1264, relying on their 
complementary sequences (Fig. 5D). Plasmids containing 
the wild-type sequence (circ1322-WT) and the mutant bin-
ding site sequence (circ1322-MUT) were created. These 
plasmids were subsequently co-transfected, along with ei-
ther the miR-1264 mimic or miR-NC, into MKN-45 cells.

The results suggest a significant decrease in luciferase 
activity of the circ1322-WT when miR-1264 mimics were 
introduced. However, the luciferase activity of the empty 
vector or the circ1322-MUT vector remained unaffected 
(Fig. 5E), validating the direct interaction of miR-1264 
with circ1322. Furthermore, we analyzed to examine the 
relationship between circ1322 and miR-1264 in GC tis-
sues, where we observed a negative correlation between 
their expressions (Fig. 5F).

  To ascertain the effect of circ1322 on gastric cancer by 
interacting with miR-1264, gain-of-function experiments 
were performed. The formation of four groups, namely 
control + miR-NC, circ1322 + miR-NC, control + miR-

1264 mimic, and circ1322 + miR-1264, was achieved by 
transfecting MKN-45 and AGS cells with either circ1322 
or miR-1264 mimic. After transfection, the expression of 
circ1322 and miR-1264 was verified using RT-qPCR (Fig. 
6A). 

The cells that were transfected were placed in an incu-
bator for 96 hours, after which their viability was assessed 
using CCK-8 assays. The results indicated that the cell 
viability of MKN-45 and AGS cells was decreased when 
circ1322 was overexpressed and enhanced when miR-

Fig. 4. Overexpression of circ1322 restrained GC growth in mice. 
(A) MKN-45 and AGS cells with stable expression of pc-circ1322 or 
sh-circ1322 were injected into the backs of nude mice. The xenograft 
tumor models demonstrated that the tumors derived from cells ove-
rexpressing circ1322 were smaller compared to those from the control 
cells. Conversely, the tumors obtained from cells with suppressed 
circ1322 expression were larger compared to the control cells. (B) 
Tumor volumes were detected on a weekly basis. (C) The weight of 
the tumors was measured at the time of the mice's sacrifice.

Fig. 5. Circ1322 functions as a sponge of miR-1264 in gastric can-
cer. (A) Bioinformatics analysis using the Circular RNA Interactome 
and circBANK databases along with online analysis software was 
employed to screen miRNAs based on their RNA binding scores. (B) 
The expression level of miR-1264 was assessed in MKN-45 and AGS 
cells that were transfected with either pcDNA or pc-circ1322. (C) 
MKN-45 and AGS cells were transfected with sh-NC or sh-circ1322, 
and the expression level of miR-1264 was measured. (D-E) The luci-
ferase activities in MKN-45 cells were measured after transfection 
with luciferase reporter vectors containing either circ1322-WT or 
circ1322-MUT along with miR-1264 mimics or control. (F) A nega-
tive correlation was observed between the expression of miR-1264 
and circ1322 in gastric cancer patients.

Fig. 6. Circ1322 regulates proliferation and apoptosis of the 
GC cells by targeting miR-1264. (A) The expression of circ1322 
and miR-1264 in MKN-45 and AGS cells transfected with control 
+ miR-NC, circ1322 + miR-NC, control+miR-1264 mimic, or 
circ1322+miR-1264 mimic was verified by RT-qPCR. (B) Cell 
viability was evaluated by a CCK-8 assay. (C) MKN-45 and AGS 
cells transfected with control + miR-NC, circ1322 + miR-NC, 
control+miR-1264 mimic, or circ1322+miR-1264 mimic, and cell 
proliferation was evaluated by a colony formation assay. (D) The 
apoptosis rates were analyzed via flow cytometry.
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1264 was overexpressed, as opposed to the control group. 
On the other hand, when cells were overexpressing miR-
1264, the up-regulation of circ1322 was able to counteract 
the detrimental effect on cell viability caused by miR-1264 
(Fig. 6B). The results were further strengthened by sub-
sequent colony formation assays and apoptosis assays, ve-
rifying the contradictory roles of miR-1264 and circ1322, 
as illustrated in Fig. 6C-D, respectively.

3.4. The circ1322-miR-1264/QKI axis is accountable 
for the modified metabolism in GC cells through the 
hedgehog pathway

The miR-1264-associated genes, LART and QKI, were 
pinpointed by employing miWalk, microT-CDS, Tar-
getScan, and the GPIA2 database (Fig. 7A). To ascertain 
the binding potential of their mRNA with miR-1264, an 
RIP assay was performed in MKN-45 cells for evaluation 
purposes. There was a considerable increase in the mRNA 
level of QKI in the Ago2 antibody group when compared 
to the IgG control group (Fig. 7B). The MKN-45 and AGS 
cells were transfected with either the miR-1264 mimic or 
the miR-1264 inhibitor. Changes in the levels of QKI pro-
tein expression were assessed using Western blotting. It 
was discovered that the excessive expression of miR-1264 
led to a decrease in QKI protein expression, whereas the 
reduction of miR-1264 increased QKI protein expression 
(Fig. 7C). Then, plasmids were created that contained the 
normal sequence (QKI-WT) or the altered binding site 
sequence (QKI-MUT) (Fig. 7D). The plasmids were later 
combined with either the miR-1264 mimic or miR-NC 
and transfected together into MKN-45 cells, facilitating 
the conduct of a dual luciferase reporter assay. The results 
indicate that the high expression of miR-1264 significant-
ly reduced the luciferase activity of the vector containing 

QKI-WT. Nevertheless, no decline was detected in the 
luciferase activity of either the empty vector or the vec-
tor incorporating QKI-MUT (Fig. 7E). This solidifies the 
connection between miR-1264 and QKI, confirming that 
miR-1264 directly regulates the functioning of QKI. The 
mRNA and protein expression levels of QKI were exami-
ned in MKN-45 and AGS cells that were transfected with 
either pc-circ1322 or sh-circ1322 vectors. Overexpression 
of circ1322 resulted in increased QKI expression levels in 
both MKN-45 and AGS cells, whereas downregulation of 
circ1322 led to a decrease in QKI expression levels (Fig. 
7F-G).

Next, we proceeded to examine the protein expression 
levels of QKI, PTCH1, SMO, and GLI1 in MKN-45 and 
AGS cells that were transfected with different treatments: 
control + miR-NC, control + miR-1264 mimic, QKI +miR-
NC, or QKI +miR-1264 mimic. The results showed that 
transfection of miR-1264 mimic increased the expression 
levels of PTCH1, SMO, and GLI1, which were reduced 
by overexpression of circ1322 (Fig. 8A). Cell viabilities 
of MKN-45 and AGS cells transfected with miR-1264 mi-
mic were elevated, which were inhibited when QKI was 
overexpressed (Fig. 8B). Colony formation and apoptosis 
assays further conformed to the role of the hedgehog pa-
thway and QKI in the GC cells (Fig. 8C-D). These results 
indicated that MiR-1264 promoted gastric cancer and acti-
vated the hedgehog pathway by targeting QKI.

4. Discussion
In our previous study, we discovered that circ1322 

exhibited relatively low expression levels in gastric can-
cer tissues. Moreover, we observed a significant correla-
tion between changes in circ1322 expression and lymph 
node metastasis [12]. In this current study, we aimed to 
delve deeper into the specific mechanism of circ1322 in 
gastric cancer. Initially, we utilized bioinformatics predic-

Fig. 7. QKI was identified as the direct gene affected by miR-1264. 
(A) Through the use of miWalk, microT-CDS, TargetScan, and the 
GPIA2 database, two potential genes associated with miR-1264 were 
discovered. (B) MKN-45 cells were subjected to RIP experiments to 
evaluate the binding of miRNA to mRNA, followed by RT-qPCR ana-
lysis. (C) The mRNA and protein expression levels of QKI in MKN-
45 and AGS cells that were transfected with miR-1264 mimics were 
assessed. (D-E) After transfection with luciferase reporter vectors 
containing QKI-WT or QKI-MUT and either miR-1264 mimics or 
control, the relative activities of luciferase were measured in MKN-45 
cells. (F-G). The expression of QKI mRNA and protein in MKN-45 
and AGS cells was detected after transfection with either pc-circ1322 
or sh-circ1322 vectors

Fig. 8. MiR-1264 promoted gastric cancer and activated the 
hedgehog pathway by targeting QKI. (A) The protein levels of 
QKI, PTCH1, SMO, and GLI1 in MKN-45 and AGS cells transfected 
with control + miR-NC, control + miR-1264 mimic, QKI+miR-NC, 
or QKI+miR-1264 mimic were measured by Western blotting. (B) 
Cell viability was assessed using a CCK-8 assay. (C) Cell prolife-
ration was evaluated by a colony formation assay. (D) The rate of 
apoptosis was examined using flow cytometry.
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tion and RNA immunoprecipitation techniques to ascer-
tain whether miR-1264 functions as a binding miRNA for 
circ1322. Subsequently, we confirmed their complemen-
tary binding through the dual luciferase assay. It has been 
reported that miR-1264 regulates the expression of QKI, 
which affects the progression of triple-negative breast can-
cer [22]. QKI, an RNA-binding protein, has been exten-
sively linked with the development of various types of 
cancer [23, 24]. In addition, some studies have observed a 
substantial decrease in the expression of QKI within gas-
tric cancer tissues, and the expression of QKI has been 
identified as an independent prognostic factor that impacts 
patient survival [25]. The impairment of QKI activates the 
hedgehog signaling pathway, resulting in a unique mecha-
nism through which glioblastoma stem cells maintain 
their stemness [26]. Thus, we aimed to comprehend the 
intricate tumor promotion mechanism that lies beneath the 
circ1322/miR-1264/QKI axis via the hedgehog pathway.

Based on our experiments and analysis, we have obser-
ved that the overexpression of circ1322 effectively bloc-
ked the proliferation, migration, invasion, and miR-1264 
expression in gastric cancer cells, while also promoting 
apoptosis. Additionally, circ1322 overexpression suc-
cessfully suppressed tumor growth in the PDX model. 
On the other hand, miR-1264 restrained the expression 
of circ1322 in gastric cancer cells, and its overexpression 
hindered the favorable behavior of circ1322. Moreover, 
we have shown that QKI overexpression counteracted the 
impacts of miR-1264 and inhibited the hedgehog pathway.

CircRNAs are produced by reverse splicing, which 
links specific sites together to form a closed loop. They 
serve as regulators of gene expression at multiple levels 
and are implicated in various disease processes including 
alternative splicing, miRNA regulation, transcription re-
gulation, protein sequestration, and even protein-coding 
[27]. This indicates that circRNAs can function as both 
tumor suppressor genes and oncogenes in the context of 
tumor development. Several studies have shown that cer-
tain circRNAs can regulate the expression of tumor sup-
pressor or initiator genes through their miRNA sponge 
function, thereby affecting biological processes [28-30]. 
Furthermore, circRNAs can modulate gene expression by 
forming RNA-protein complexes through their interaction 
with RNA-binding proteins [31]. In our study, we showed 
that circ1322 acts as a sponge absorbing miR-1264 to mo-
dulate QKI expression in GC. 

CircRNAs possess exceptional stability and display 
resistance to degradation, making them ideal biomarkers 
for diagnostic use. They can be easily detected in bodily 
fluids such as plasma and gastric juice, offering a minimal-
ly invasive method for diagnosing gastric cancer. Analysis 
of circRNA expression in patients with gastric cancer has 
revealed distinct circRNAs like circSFMBT2, circHIPK3, 
and circNRIP1, which exhibit substantial upregulation 
in gastric cancer [27]. Consequently, these circRNAs 
hold promise as potential biomarkers for identifying the 
disease. By understanding the function of circRNAs as 
miRNA sponges, we can better understand the regulatory 
mechanisms during tumor development and discover new 
therapeutic targets and treatment strategies. However, the 
current understanding of this mechanism is still relatively 
limited, and further studies are needed to reveal its mecha-
nism of action and reliability, as well as the potential appli-
cation prospects in tumor therapy.

5. Conclusion
In summary, our study presents evidence indicating that 

hsa_circ_0001322 exhibits low expression levels in gas-
tric cancer tissues. In addition, it serves as a regulator in 
the processes of cell proliferation, migration, invasion, and 
apoptosis. In terms of its mechanism, hsa_circ_0001322 
acts as a competitive ceRNA for miR-1264, controlling the 
expression of QKI and simultaneously triggering the acti-
vation of the hedgehog signaling pathway. Consequently, 
Hsa_circ_0001322 holds the potential to serve as a bio-
marker for predicting GC prognosis.
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