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Circular RNA circPRKDC promotes tumorigenesis of gastric cancer via
modulating insulin receptor substrate 2 (IRS2) and mediating microRNA-493-5p
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ABSTRACT

CircPRKDC has been disclosed to participate in the tumorigenesis of serval tumors, but the
regulatory mechanisms of circPRKDC in GC are still unknown. CircPRKDC, miR-493-5p, and insulin
receptor substrate 2 (IRS2) levels were tested by RT-gPCR. The epithelial-mesenchymal transition
(EMT)-related protein levels were evaluated via western blot. The cell viability, migration and
invasion were evaluated through CCK-8 and Transwell assays. Luciferase reporter and RIP assays
were employed to confirm the binding ability between miR-493-5p and circPRKDC or IRS2.
CircPRKDC was upregulated in GC samples, and circPRKDC silencing restrained GC cell viability,
metastasis, and EMT and suppressed GC tumor growth. Besides, miR-493-5p was a target of
circPRKDC, and the repressive impact of circPRKDC knockdown on GC development was neutra-
lized by miR-493-5p inhibition. Moreover, miR-493-5p targeted IRS2 and IRS2 addition rescued the
effects of circPRKDC depletion on GC progression. Finally, circPRKDC knockdown could regulate
IRS2 expression by targeting miR-493-5p. These results elaborated that circPRKDC accelerated GC
development via sponging miR-493-5p and increasing IRS2, which might provide novel potential
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targets for GC treatment.

Introduction

Gastric cancer (GC) is a major cause of cancer-
related mortality around the world and the most
common digestive tract-derived malignancy in East
Asia, especially in China [1-3]. In recent years,
numerous improvements have been achieved in
therapeutic methods for GC patients; nevertheless,
there is still a high recurrence and metastasis rate in
GC patients [4,5]. Since there are few specific symp-
toms for GC, many patients were diagnosed with GC
at an advanced stage [6]. At present, there is still
a lack of clear understanding of the mechanism in
GC progression and metastasis, which greatly limits
the development of more effective diagnostic and
therapeutic methods [7]. Hence, it is urgent to find
novel biomarkers for GC therapy.

Circular RNAs (circRNAs) are a novel type of
RNAs characterized by a covalently closed-loop
structure [8]. Recently, there is a heated discussion
over the functions of circRNAs in different tumor
progression [9]. For instance, circRNA_0000392
regulated the miR-193a-5p/PIK3R3/AKT pathway

to accelerate colorectal cancer tumorigenesis [10].
Circ_POLA2 facilitated the malignant progression
of lung cancer via elevating GNBI by targeting
miR-326 [11]. CircNRIP1 interacted with miR-
149-5p to facilitate GC development by activating
the AKT1/mTOR pathway [12]. Previous studies
also implied that circPRKDC level was increased
in colorectal cancer and aggravated the develop-
ment and chemoresistance of colorectal cancer
[13,14]. Nevertheless, the regulatory mechanism
of circPRKDC in GC is unclear.

MicroRNAs (miRNAs) are small non-coding
RNAs of 18-22 nts in length [15], which serve as
an essential function in tumorigenesis [16,17].
miR-493-5p was demonstrated to exert an anti-
tumor effect in human cancers. For example,
miR-493-5p suppressed tumorigenicity through
downregulating FUT4 in breast cancer [18]. miR-
493-5p facilitated apoptosis and inhibited viability
in hepatocellular cancer cells via modulating
VAMP2 [19]. miR-493-5p inhibited colorectal
cancer cell migration by modulating the PI3K-
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Akt-FoxO3a pathway [20]. Nevertheless, its poten-
tial regulating mechanism in GC is still unclear.

The purpose of this research is to evaluate the
molecular mechanism of circPRKDC in GC, and
we hypothesized that circPRKDC was an onco-
genic factor in GC. Results from our study indi-
cated that circPRKDC facilitated cell viability,
metastasis, and EMT of GC through miR-493-5p/
IRS2 axis. This discovery may offer new sights in
GC treatment.

Materials and methods
Clinical samples

A total of 36 pairs of GC and adjacent non-tumor
tissues and serum were gained from patients at
Weifang People’s Hospital (Weifang, China). In
addition, serum samples were collected from 36
healthy individuals as a healthy control group.
Written informed consent was gained and this
study was approved by the Ethics Committee of
Weifang People’s Hospital.

Cell culture

Human GC cell lines (HGC27, AGS, and NCI-
N87) and the normal gastric epithelial cell line
(GES-1) were gained from the American Type
Culture Collection (ATCC, USA) and certificated
by STR genotyping. Cells were cultured in RPMI-
1640 medium with 10% fetal bovine serum (FBS)
at 37°C with 5% CO,. HGC27 cells were derived
from the metastatic lymph nodes of GC. AGS cells
were derived from gastric adenocarcinoma. NCI-
N87 cells were derived from gastric tubular
adenocarcinoma.

Cell transfection

The shRNA targeting circPRKDC (shcircPRKDC)
was designed to knockdown circPRKDC, with
non-targeted shRNA (shNC) as the negative con-
trol. miR-493-5p mimics/inhibitor was synthesized
to upregulate or downregulate miR-493-5p expres-
sion, with NC mimics or NC inhibitor as the
negative control. The full-length sequence of
IRS2 was subcloned into pcDNA3.1 vectors to
overexpress IRS2, with pcDNA3.1 vector serving

as the control. All plasmids were bought from
Genepharma. The transfection process was per-
formed with Lipofectamine 2000 (Invitrogen).
After 48-h transfection, the cells were harvested
for subsequent experiments.

Reverse transcription-quantitative PCR (RT-qPCR)

Total RNA was isolated from GC tissues, adja-
cent non-tumor tissues, GC cell lines (HGC27,
AGS, and NCI-N87), and the normal gastric
epithelial cell line (GES-1) using TRIzol® reagent
(Invitrogen). The synthesization of cDNAs was
done through using the PrimeScript RT reagent
Kit (TaKaRa). Then, QPCR was conducted using
the SYBR-Green PCR Master Mix kit (Takara
Bio, Inc.) on the ABI Prism 7300 Sequence
Detection System (Applied Biosystems; Thermo
Fisher Scientific, Inc.). The PCR amplification
reaction was carried out with the following con-
ditions: 95°C for 10 min, 95°C for 15 sec, 62°C
for 30 sec, and 72°C for 30 sec. GAPDH and U6
were used as endogenous control. 274" method
was used for calculation of relative gene expres-
sion. The primers were as follows: circ-PRKDC
forward, 5-TAAAGATCGCCTGGCTCAGT-3’
and reverse, 5-GGTTGTAGCCTGGCCAAAT-
3'; miR-493-5p forward, 5-GGTCCAGAGG
GGAGAT-3" and reverse, 5-GAATACCTCGG
ACCCTGC-3'; 1IRS2 forward, 5-TCTCAGG
AAAAGCAGCGAGG-3' and reverse, 5'-TCACG
TCGATGGCGATGTAG-3'; GAPDH forward,
5-GAATGGGCAGCCGTTAGGAA-3" and rev
erse, 5-AAAAGCATCACCCGGAGGAG-3'; U6
forward, 5-AATTGGAACGATACAGAGAA
GATTAGC-3" and reverse, 5-TATGGAA
CGCTTCACGAATTTG-3'.

CCK-8 assay

Cell Counting Kit-8 (CCK-8; Beyotime) was used
to measure cell viability [21]. HGC27 and AGS
cells (1 x 10%) were seeded into 96-well plates
and cultured for 24, 48, and 72 h. Then, 10 pl
CCK-8 reagent was added to each well and cul-
tured for 2 h at 37°C. The absorption was recorded
at 450 nm by a microplate reader (Bio-Rad).



Colony formation assay

Transfected HGC27 and AGS cells (400 cells/well)
were seeded in 6-well plates. Following incubation
for 2 weeks, HGC27 and AGS cells were fixed and
stained with 0.5% crystal violet both at room tem-
perature for 10 min. Then, colony numbers were
counted using a light microscope [22].

Transwell assay

Transwell assays were performed to evaluate the
migration and invasion abilities of HGC27 and
AGS cells [23]. Cell migration and invasion were
assessed using Transwell chambers (8.0-pum).
Briefly, 1 x 10> cells were plated in the upper
chamber in serum-free media (precoated with
Matrigel for invasion assay). 600 pl medium was
added into the lower chambers. 48 h later, the cells
on the lower surface were fixed using 4% parafor-
maldehyde solution and dyed with 0.1% crystal
violet. The migratory or invasive cells were
counted under a microscope (Nikon).

Western blot

Total protein was isolated via RIPA lysis buffer
(Beyotime, China) and quantified using the BCA
Protein Assay kit (Pierce; Thermo Fisher
Scientific, Inc.). Proteins (20 pg) were separated
using 10% SDS-PAGE, and then transferred to the
PVDF membrane (Millipore, USA). The mem-
branes were sealed with 5% skimmed milk for
2 h and probed with primary antibodies against
E-cadherin (Abcam), N-cadherin (Abcam), and f-
actin (Abcam) overnight at 4°C, followed by incu-
bation with secondary antibodies for 1 h at 37°C.
The bands were visualized by the ECL Kit.

Dual-luciferase reporter assay

Dual-luciferase ~ reporter =~ assay  (Promega
Corporation) was performed to investigate the inter-
action between miR-493-5p and circPRKDC or IRS2
[24]. Site-directed mutagenesis was used to create
the mutant 3'-untranslated region (UTR) sequence
of IRS2 and circPRKDC. Wild-type or mutant
circPRKDC or IRS2 sequences were cloned into
pmirGLO vectors (Promega). These constructed
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reporters were co-transfected with miR-493-5p
mimics or NC mimics into HGC27 and AGS cells.
The luciferase activities were detected through the
Dual-Luciferase Reporter Assay System (Promega).

RNA-binding protein immunoprecipitation (RIP)
assay

RIP assay was performed with a Magna RIP RNA-
binding  protein  immunoprecipitation kit
(Millipore) [25]. Briefly, HGC27 and AGS cells
were lysed with RNA lysis buffer (Beyotime) and
incubated with magnetic beads binding to anti-
Argonaute2 (Ago2; Abcam) or negative control
anti-IgG. After incubation, the enrichment of
miR-493-5p and circPRKDC and IRS2 were mea-
sured by RT-qPCR.

In vivo assay

The animal protocols were approved by the Ethics
Committee of Weifang People’s Hospital. HGC27
cells transfected with shNC or shcircPRKDC were
subcutaneously injected into male BALB/c nude
mice. The volume and weight of the tumors were
determined every 7 days. The tumors were dis-
sected and analyzed.

Immunohistochemistry staining (IHC) assay

Tumor tissues were fixed with 4% paraformalde-
hyde, embedded in paraffin. and cut into 4 um sec-
tions. Next, sections were incubated with Ki67
(Abcam), E-cadherin (Abcam), N-cadherin
(Abcam) and cleaved caspase-3 (Abcam) antibodies
at 4°C overnight. After incubation with secondary
antibody, the sections were were stained by hema-
toxylin and photographed under a microscope [26].

Statistical analysis

Data are displayed as the mean + SD using SPSS 19.0
software (SPSS, Inc.). The association between genes
was assessed using Pearson’s correlation analysis.
Student’s t-test or one-way ANOVA was used to
compare the significant difference between groups.
The diagnostic value was analyzed by the ROC curve.
p < 0.05 indicated statistical significance.
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Results

To explore the function and molecular mechanism
of circPRKDC in GG, a series of functional assays
were carried out, and the results determined that
circPRKDC could promote GC progression by
regulating the miR-493-5p/IRS2 axis.

CircPRKDC level is enhanced in GC

Firstly, we measured the circPRKDC levels in GC
tissues and RT-qPCR displayed that circPRKDC was
overexpressed in GC tissues (Figure 1a). Moreover, it
was found that circPRKDC expression was higher in
the III/IV stage than that in I/II stage (Figure 1b).
The ROC curve results indicated that the area under
the curve (AUC) of circPRKDC was 0.8572
(Figure Ic), suggesting that circPRKDC could be
used as an indicator for diagnosing GC. Moreover,
RT-qPCR elaborated that circPRKDC level was
increased in GC cells (HGC27, AGS, and NCI-
N87) (Figure 1d). As circPRKDC was most highly
expressed in HGC27 and AGS cells, the two cell lines
were adopted for the following assays.

Silence of circPRKDC restrains the viability,
migration, and invasion of GC cells

To verify the wunderlying mechanism of
circPRKDC in GC, we interfered with
circPRKDC by transfection with shcircPRKDC in
HGC27 and AGS cells (Figure 2a). Then, CCK-8
and colony formation assays found that the viabi-
lity of HGC27 and AGS cells was repressed by
circPRKDC  depletion  (Figure 2b and «¢).

Moreover, transwell assay results demonstrated
that circPRKDC silence restrained GC cell
migrated and invaded capacity (Figure 2d and e).
Next, EMT markers were analyzed via western
blot. The E-cadherin level was raised, and
N-cadherin  level was  constrained after
circPRKDC deletion (figure 2f and g). These find-
ings implied that circPRKDC deletion may sup-
press GC progression in vitro.

CircPRKDC knockdown suppresses tumor
growth in vivo

To verify the function of circPRKDC in GC tumor-
igenesis in vivo, HGC27 cells with stable transfection
of shcircPRKDC or shNC were inoculated into nude
mice via subcutaneous injection. As depicted in
Figure 3a-C, the volume and weight tumors from
the mice were hampered in shcircPRKDC group.
Moreover, IHC showed that the levels of Ki-67 and
N-cadherin were decreased, while the levels
E-cadherin and cleaved caspase 3 were increased in
shcircPRKDC group compared with shNC group
(Figure 3d). Besides, RT-qPCR indicated that
circPRKDC  expression was downregulated in
shcircPRKDC group (Figure 3e). These findings
determined that circPRKDC silence impeded GC
tumor growth in vivo.

CircPRKDC sponges miR-493-5p in GC

Subsequently, the downstream regulatory mechan-
ism of circPRKDC was probed. It was predicted by
StarBase that miR-493-5p could bind to circPRKDC
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Figure 1. CircPRKDC level is enhanced in GC. (a) RT-qPCR showed the relative expression of circPRKDC in GC tissues (n = 36) and
adjacent normal tissues (n = 36). (b) RT-qPCR showed the relative expression of circPRKDC in patients with GC in stage I/l (n = 19)
and lII/IV (n = 17).(c) The ROC curve of serum circPRKDC for diagnosing GC. (d) RT-qPCR showed the relative expression of circPRKDC
in GC cell lines (HGC27, AGS, and NCI-N87) and normal gastric epithelial cell line (GES-1). **p < 0.01.
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Figure3. circPRKDC knockdown suppresses tumor growth in vivo. (a) The tumors excised from mice in shcircPRKDC group and
shNC group. (b and ¢) The tumor volume and weight were confirmed in shcircPRKDC group and shNC group. (d) IHC staining
showed the levels of Ki-67, E-cadherin, N-cadherin, and cleaved caspase 3 in shcircPRKDC group and shNC group. (e) RT-qPCR was
used to measure the levels of circPRKDC in shcircPRKDC group and shNC group. *p < 0.05, **p < 0.01.

(Figure 4a). Then, the overexpression efficiency of
miR-493-5p was confirmed via RT-qPCR
(Figure 4b). Moreover, it was demonstrated that
the luciferase activity in circPRKDC-WT was
reduced after co-transfecting with miR-493-5p
mimics, However, no evident changes were observed
in  circPRKDC-MUT  group  (Figure 4c).
Furthermore, RIP assay elucidated that miR-493-5p
and circPRKDC were significantly enriched in the
compound precipitated by anti-Ago2 (Figure 4d).
Subsequently, RT-qPCR results determined that
miR-493-5p level was constrained in GC tissues
and cells (Figure 4e and f). CircPRKDC knockdown
markedly augmented miR-493-5p level (Figure 4g),
and a distinct negative association between
circPRKDC and miR-493-5p was displayed in
Figure 4h. These findings uncovered that
circPRKDC sponged miR-493-5p in GC.

CircPRKDC contributes to GC progression via
miR-493-5p

To further explore whether circPRKDC pro-
moted the tumorigenesis of GC through regulat-
ing miR-493-5p, functional assays were
conducted. Firstly, HGC27 and AGS cells were
transfected with shNC, shcircPRKDC, and
shcircPRKDC+miR-493 inhibitor. As shown in
Figure 5a, miR-493-5p suppression partially
abrogated the promoting impact of circPRKDC
knockdown on miR-493-5p expression. CCK-8
and  colony formation  discovered that
circPRKDC deficiency impeded cell viability in
GC cells, and the repression on cell viability was
eliminated by miR-493-5p silence (Figure 5b and
c). Besides, the downregulation of circPRKDC
restrained the migrative and invasive abilities of
GC cells, and such repression could be abolished
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CircPRKDC sponges miR-493-5p in GC. (a) The binding site between circPRKDC and miR-493-5p was predicted through

starBase website. (b) RT-gPCR showed the relative expression of miR-493-5p in HGC27 and AGS cells transfected with NC mimics and
miR-493-5p mimics. (c) Luciferase reporter assay showed luciferase activity of circPRKDC-WT or circPRKDC-MUT in GC cells
transfected with NC mimics or miR-493 mimics. (d) The RIP assay was performed by using Ago2 to study the relationship between
circPRKDC and miR-493-5p. (e and f) miR-493-5p expression was verified through RT-gPCR in GC tissues and cells. (g) RT-qPCR was
employed to assess miR-493-5p expression in HGC27 and AGS cells transfected with shNC and shcircPRKDC. (h) Pearson’s correlation
analysis showed the correlation between miR-493-5p and circPRKDC in GC tissues. *p < 0.05, **p < 0.01, ***p < 0.001.

after inhibition of miR-493-5p (Figure 5d and e).
Moreover, circPRKDC knockdown elevated
E-cadherin and decreased N-cadherin level,
while these impacts were partially reversed by
miR-494 inhibition (figure 5f). Taken together,
it was disclosed that circPRKDC promoted the
cell viability and metastasis of GC cells via miR-
493-5p.

IRS2 is a target of miR-493-5p

The downstream target of miR-493-5p was further
investigated. Venn diagram showed that 5 target
genes existed in microT, miRmap, and Diana data-
bases (Figure 6a). Then, the JPT1, LDLR, IRS2,
UBE2G1, and TNKS2 levels were detected after
miR-493-5p supplementation. The IRS2 expression

exhibited the most significant change by overexpres-
sing miR-493-5p (Figure 6b). In addition, IRS2 level
was notably raised in GC tissues and cells (Figure 6¢
and d). Findings from RIP and luciferase reporter
assays elaborated that miR-493-5p could bind with
IRS2 (Figure 6e and f). Next, IRS2 level was uncov-
ered to be negatively correlated with miR-493-5p,
and positively related to circPRKDC in GC tissues
(Figure 6g and h). In summary, miR-493-5p nega-
tively modulated IRS2 level via direct interaction.

CircPRKDC facilitates GC progression via the
miR-493-5p/IRS2 axis

Finally, rescue assays were conducted to verify
whether circPRKDC facilitated GC progression
through regulating IRS2. RT-qPCR indicated
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Figure 5. CircPRKDC contributes to GC progression via miR-493-5p. (a) RT-qPCR showed the relative expression of miR-493-5p in
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e) Transwell assay showed that the migration and invasion abilities of HGC27 and AGS cells transfected with shNC, shcircPRKDC,
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that circPRKDC deletion downregulated the
mRNA level of IRS2, but this effect could be
offset by upregulating IRS2 (Figure 7a). Then,
the addition of IRS2 reversed the circPRKDC
silence-induced inhibition of cell viability in
GC cells (Figure 7b and c¢). Moreover,
circPRKDC depletion repressed cell migration
and invasion, which was subsequently improved
by pcDNA3.1/IRS2 transfection (Figure 7d and
e). Besides, the enhanced E-cadherin and the
reduced N-cadherin caused by silencing
circPRKDC were reversed following overexpres-
sing IRS2 (figure 7f). The above results con-
firmed that circPRKDC contributed to GC
development via the miR-493-5p/IRS2 axis.

Discussion

The effect of dysregulated circRNAs on numerous
cancers’ progression has received extensive atten-
tion, and several circRNAs have been uncovered as
oncogenes in GC [27]. For example, circNRIP1
facilitated viability and metastasis of GC cells via
the AKT1/mTOR pathway [28]. CircDONSON
promoted GC progression by activating SOX4 via
NURF complex [29]. CircCACTIN facilitated GC
tumorigenesis via targeting the miR-331-3p/
TGFBR1 regulatory axis [30]. CircPRKDC was
identified to be implicated in the development of
several cancers, including colorectal cancer [31],
breast cancer [32], and osteosarcoma [33]. In this
research, we found that circPRKDC was enhanced
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in GC tissues and cells. As indicated by functional
assays in vitro and in vivo, we further identified
the oncogenic role of circPRKDC in GC.

Increasing studies indicated that circRNAs
could regulate gene expression transcriptionally
as sponges for miRNAs in the competing endo-
genous RNA (ceRNA) network, thus affecting
biological processes involved in cancers [34].
For instance, circRNA_ 0058063 bound with
miR-486-3p to contribute to bladder cancer by
upregulating FOXP [35]. CircPDZD8 hampered
GC cell viability via the miR-197-5p/CHD9 axis
[36]. Herein, miR-493-5p was uncovered to be
a direct target of circPRKDC. Moreover, miR-
493-5p was identified to inhibit the tumorigen-
esis of various cancers, including bladder cancer
and hepatic cancer [37,38]. Our results implied
that miR-493-5p level was declined in GC tis-
sues, and was inversely correlated with
circPRKDC. Moreover, miR-493-5p suppression
recovered the repressive impact of circPRKDC
deficiency on GC progression. These data indi-
cated that circPRKDC promoted the tumorigen-
esis of GC by targeting miR-493-5p.

MiRNAs are transcribed by RNA polymerase
II, processed, and exported to the cytoplasm
where they bind to the 3° UTRs of target
mRNAs to inhibit translation, which can further
regulate the pathogenesis of various diseases
[39]. To determine the downstream regulator of
miR-493-5p, the target genes of miR-493-5p
were predicted. IRS2 is a signaling adapter pro-
tein belonging to the family of IRS [40].
Previous studies reported that IRS2 regulated
by miRNAs participates in the tumorigenesis of
numerous cancers. To cite an instance, miR-766
restrained cell viability and induced the apopto-
sis of papillary thyroid cancer vis modulating
IRS2 [41]. miR-146a repressed esophageal squa-
mous cell carcinoma progression by reducing
IRS2 level [42]. This research demonstrated
that miR-493-5p targeted IRS2 and overexpres-
sion of IRS2 rescued the repressive impact of
circPRKDC  silence on GC  progression.
Moreover, circPRKDC was uncovered to
increase IRS2 level by downregulating miR-493-
5p in GC. These results demonstrated that
circPRKDC contributed to GC progression and
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acted as a ceRNA to regulate IRS2 by sponging
miR-493-5p.

Conclusion

The present research was the first to explore the
function and mechanism of circPRKDC in GC.
The results demonstrated that circPRKDC pro-
moted cell viability, migration, and invasion via
targeting miR-493-5p to upregulate IRS2 in GC,
uncovering the oncogenic role of circPRKDC in
GC. The current study might provide a new
insight into the tumorigenesis of GC, and
circPRKDC might be a potential biomarker of
GC diagnosis and treatment.
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