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Abstract: Purpose: Circular RNAs (circRNAs) have been reported to act as important regulators in pancreatic cancer. 
Abnormal expression of circRNAs in pancreatic cancer cells (PCCs) can promote the development of pancreatic can-
cer; however, the role of circRNAs in cancer-associated pancreatic stellate cells (CaPSCs) remains unclear. Patients 
and Methods: In this study, we isolated CaPSCs from pancreatic cancer tissues from 5 pancreatic cancer patients 
and NaPSCs from normal pancreatic tissue from 5 patients with benign pancreatic disease. After the PSCs were 
co-cultured with the pancreatic cancer cell line PANC-1, a CCK-8 assay was used to detect PANC-1 proliferation 
ability, and CaPSCs1, which had the strongest promoting effect on PANC-1 proliferation, and NaPSCs1, which had 
the weakest effect, were screened. Then, the circRNA, microRNA (miRNA) and mRNA profiles between CaPSCs1 
and NaPSCs1 were compared by RNA-seq. The candidate circRNA/miRNA/target protein axis was selected using 
bioinformatics analysis. circRNAs were silenced and miRNAs were overexpressed in CaPSCs1, and the expression 
of circRNAs, miRNAs and target proteins were detected by qRT-PCR and Western blot, respectively. At the same 
time, CCK8, wound healing, and Transwell assays were used to detect the proliferation, migration and invasion 
of PANC-1 cells in the different co-culture groups. Moreover, a tumour xenograft model was used to observe the 
tumorigenic ability of PANC-1 cells in different co-culture groups. Finally, immunohistochemistry was used to detect 
the expression of target proteins in PDAC tissues, and the clinicopathological features and prognosis were analysed. 
Results: The expression of the differentially expressed RNAs identified by RNA-seq was verified by qRT-PCR, and 
the chr7:154954255-154998784+/miR-4459/KIAA0513 axis was selected from the candidate targets. Functional 
studies of PANC-1 cells after co-culture with chr7:154954255-154998784+-silenced CaPSCs1 showed that the 
proliferation, invasion and metastasis of PANC-1 cells decreased. Moreover, after chr7:154954255-154998784+ 
was silenced, the expression of miR-4459 in CaPSCs1 increased, and the expression of KIAA0513 decreased. 
When PANC-1 cells were co-cultured with CaPSCs1 with miR-4459 overexpression, they showed an increased abil-
ity to proliferate, invade and metastasize. Additionally, when miR-4459 was overexpressed in CaPSCs1, the ex-
pression of chr7:154954255-154998784+ and KIAA0513 decreased. Animal experiments revealed that silencing 
chr7:154954255-154998784+ in CaPSCs1 inhibited tumour growth in nude mice inoculated with CaPSCs1+PANC-1 
cells. Finally, we performed immunohistochemistry and a prognostic analysis of KIAA0513 expression in paraffin tis-
sue samples from patients with pancreatic cancer and found that high expression of KIAA0513 was associated with 
more aggressive clinicopathological factors. Furthermore, patients with high expression of KIAA0513 had worse 
disease-free survival (DFS) and overall survival (OS). Conclusion: Chr7:154954255-154998784+ may promote 
the development of pancreatic cancer through the miR-4459/KIAA0513 axis in CaPSCs and may be an important 
therapeutic target for patients with pancreatic cancer in the future.

Keywords: Cancer-associated pancreatic stellate cells, circular RNAs, pancreatic cancer, prognosis

Introduction

Pancreatic ductal adenocarcinoma (PDAC) is a 
digestive tract tumour with a high degree of 

malignancy, poor prognosis, and difficult diag-
nosis and treatment. Its morbidity and morta- 
lity are increasing every year [1-4]. At present, 
early diagnosis and radical surgery are the only 
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options for the long-term cure of pancreatic 
cancer patients. Unfortunately, most patients 
have severe tumour infiltration or distant me- 
tastasis upon diagnosis, thus missing the opti-
mal window for radical surgery. Only chemo-
therapy or radiotherapy are available, although 
neither of these two adjuvant therapies can 
achieve ideal therapeutic effects.

A prominent characteristic of pancreatic cancer 
is interstitial fibrosis. Increasing clinical evi-
dence indicates that interstitial fibrosis plays a 
key role in the malignant progression of pancre-
atic cancer and that pancreatic stellate cells 
(PSCs) play an important role in the fibrosis of 
pancreatic cancer [5, 6]. PSCs are the main 
components that contribute to interstitial fibro-
sis around pancreatic cancer cells (PCCs) and 
are an important part of the pancreatic cancer 
tumour microenvironment. They provide tumour 
cells with a drug-resistant microenvironment, 
prevent chemotherapy drugs from reaching the 
pancreas and inhibit the killing effect of chemo-
therapy drugs on PCCs [7, 8]. Circular RNA (cir-
cRNA) are a novel non-coding RNA that differs 
from linear RNA, widely exists in various biologi-
cal cells, functions to regulate gene expression, 
and is characterized by its structural stability 
and tissue-specific expression. These proper-
ties have resulted in circRNAs becoming the 
latest research hotspot in the RNA field in 
recent years [9-11]. Unlike linear RNA, circRNA 
forms a unique covalently closed loop struc-
ture, which is characterized by its high GC con-
tent, stability, diversity and conservatism, and 
plays an essential role in the RNA interaction 
network. There is literature [12-14] on the inter-
action between PSCs and PCCs, but studies on 
whether PSCs are targeted to regulate pancre-
atic cancer tumour progression through cir-
cRNA-microRNA (miRNA) interaction networks 
have not been reported.

In this study, PSCs were isolated from 5 pancre-
atic cancer tissues and 5 normal pancreatic tis-
sues from humans and were co-cultured with 
the pancreatic cancer cell line PANC-1 to detect 
the proliferative ability of PANC-1 cells. Cancer-
associated PSCs (CaPSCs1) with the greatest 
effect on the proliferation of PANC-1 cells and 
normal-associated PSCs (NaPSCs1) with the 
least effect were selected. Sequencing analy- 
sis was performed with RNA-seq technology  
to screen for differentially expressed RNAs. By 

overlapping the predicted results of the bio- 
informatics analysis and the results of the 
miRNA and mRNA sequencing data, we iden- 
tified circRNAs that may target miRNAs and 
downstream target genes. Then, we explored 
the proliferation, invasion and metastasis of 
PANC-1 cells that were co-cultured with Ca- 
PSCs1 by silencing and overexpressing the tar-
get circRNA and miRNA and performed in vivo 
animal experiments to verify the in vitro re- 
sults. Finally, we also detected downstream  
target gene expression levels in 165 matched 
pairs of pancreatic cancer and normal tissues 
by immunohistochemistry and analysed the 
relationship between the staining levels and 
the clinicopathological features and prognosis 
of pancreatic cancer patients.

Materials and methods

Cell lines

The human pancreatic cancer cell line PANC-1 
was obtained from Shanghai Cell Bank and  
cultured in DMEM (HyClone Laboratories Inc) 
supplemented with 10% foetal bovine serum 
(Biological Industries). We collected PDAC tis-
sues from 5 patients with pancreatic head can-
cer and normal pancreatic tissues from 5 
patients with benign duodenal space from 
January 2018 to December 2018 at the First 
Affiliated Hospital of University of Science and 
Technology of China, Anhui Provincial Hospital. 
All patients included in the study provided 
informed consent. We isolated CaPSCs and 
NaPSCs by tissue explant culture and modified 
enzymatic perfusion with digestion-density gra-
dient centrifugation [15-17], all of which were 
performed in DMEM supplemented with 10% 
foetal bovine serum (FBS), 100 U/mL penicillin 
and 100 μg/mL streptomycin.

Cell culture

Cell co-culture: In a Transwell co-culture system 
(Corning), the upper chamber was seeded with 
3 × 105 PANC-1 cells, and the lower chamber 
was seeded with 3 × 105 human PSCs from dif-
ferent sources at 37°C in a 5% CO2 incubator. 
The cells were co-cultured for 24 hours.

PANC-1 CCK-8 assay: PANC-1 cells from each 
PSC co-culture system were digested and seed-
ed into 96-well plates at 3000 cells per well. 
The proliferation of PCCs was detected by the 
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CCK-8 method, and PANC-1 cells not undergo-
ing co-culture were used as the control. The 
assay was performed as follows: cells in the 
logarithmic growth phase were trypsinized to 
prepare a cell suspension at a density of 1 × 
105 cells/mL; these cells were seeded in 
96-well plates at 3000 cells/well (100 μL per 
well), with each group of samples set at five  
replicates in a CO2 (5%) incubator at 37°C. Ten 
microliters of CCK-8 solution was added to 
each well before the assay, and the plate was 
incubated for 1-4 hours in an incubator. The 
absorbance at 450 nm was measured by a 
microplate reader, the cells treated with solvent 
alone were used as a control group, and medi-
um without cells was used as a blank group. 
The proliferation rate of the cells was calculat-
ed according to the following formula: cell pro- 
liferation rate % = (experimental group - blank 
group)/(control group - blank group) × 100%.

RNA-seq: Transcriptome high-throughput se- 
quencing and subsequent bioinformatics an- 
alysis were performed by Genergy Biotech 
(Shanghai, China). RNA sequencing data have 
been uploaded to the website of the National 
Center for Biotechnology Information (NCBI) 
Gene Expression Omnibus (GEO). Scatter plots 
and cluster heatmaps were used visualize the 
variations in circRNA expression. The differen-
tial expression of circRNAs between CaPSCs1 
and NaPSCs1 was analysed in R by the deseq- 
2 package. Differentially expressed circRNAs 
with statistical significance (fold change ≥ 1.5 
and P < 0.05) between the groups were identi-
fied using the fold change cut-off and volcano 
map filtering, respectively. The “ClusterProfiler” 
package in R software was used for functional 
enrichment analysis, and significantly enriched 
GO biological processes and KEGG pathways 
(q-value < 0.01) were employed to predict cir-
cRNA-miRNA interactions in Arraystar home-
made miRNA target prediction software based 
on the overlap between the TargetScan and 
miRanda prediction results. The circRNA-miR-
NA network was constructed and displayed 
using Cytoscape v3.5.1. Target genes of miR-
NAs were predicted using TargetScan, miRanda 
and miRDB.

Silencing of chr7:1154954255-154998784+ 
and overexpression of miRNA4459: CaPSCs1 
were grown in six-well plates. siRNA targeting 
chr7:1154954255-154998784+ and RNA mi- 
mics for miR-4459 and NC were designed and 

purchased from Gene Chem (Shanghai, China) 
and transfected into CaPSCs1 using Lipofecta- 
mine RNAiMAX Transfection Reagent (Invitro- 
gen) for 48 h. The final concentrations of the 
mimics and NC were 50 nM.

Wound healing assay: After 24 hours of co- 
culture with CaPSCs1 and NaPSCs1, PANC-1 
cells were trypsinized and seeded into a 6- 
well plate (approximately 5 × 105 PANC-1 cells 
per well) in 2 mL of serum-free medium. The 
cells were wounded using a standard 10 μL 
pipette tip and a ruler. The cells were cultured 
in a cell culture incubator and imaged under an 
inverted microscope at 0 and 24 hours to cal-
culate the relative migration distance of the 
cells, which was calculated as follows: Relative 
migration distance of cells = scratch distance 
(24 hours) - scratch distance (0 hours).

Transwell assay: The migration and invasion 
experiments were conducted using uncoated 
and Matrigel-coated 24-well chambers, res- 
pectively, with 8.0-μm PET membrane pores 
(Corning Incorporated). CaPSCs1 and NaPSCs1 
were seeded on 24-well plates at a density of  
5 × 104 cells/well. At 24 hours after seeding, 
the medium was replaced with 750 μL of 10% 
FBS DMEM. The Transwell chambers were pla- 
ced in a 24-well culture plate, and then 1 × 105 
PANC-1 cells suspended in 250 µl of DMEM 
were seeded into the upper chamber of the 
inserts. In the control experiment, 750 µL of 
DMEM supplemented with 10% FBS was add- 
ed to the 24-well plate, and 1 × 105 PANC-1 
cells resuspended in 250 µl of DMEM were 
added to the Transwell chamber. Migration and 
invasion were evaluated by counting the num-
ber of cells that had moved to the membrane 
facing the lower chamber after 48 hours of  
culture in a CO2 (5%) incubator at 37°C. Then, 
the chambers were removed and washed with 
PBS. The cells in the upper chamber were re- 
moved with a cotton swab, and the invaded or 
migrated cells that had passed through the 
membrane to the lower chamber were stained 
with crystal violet for 10 min. After residual 
crystal violet solution on the surface was wa- 
shed away, the cells were imaged under an in- 
verted microscope and counted. The invasion 
rate was calculated as follows: Invasion rate  
(%) = number of invading cells in the experi- 
mental group/the number of invading cells in 
the control group (CaPSCs1+PANC-1) × 100%.



The role of circRNA of cancer-associated PSCs in PDAC

5051 Am J Transl Res 2020;12(9):5048-5063

Western blotting: PSCs from each group were 
fully lysed with RIPA lysis buffer, and total pro-
tein was extracted. The protein concentration 
was measured, and then protein samples were 
mixed with loading buffer at a ratio of 4:1  
and denatured in a 100°C water bath. Equal 
amounts of protein were loaded onto gels and 
subjected to SDS-PAGE, after which they were 
transferred to a PVDF membrane by the wet 
transfer method. After they were fully blocked 
with a blocking solution, the membranes were 
incubated at 4°C overnight with primary anti-
body diluted at the appropriate ratio. They  
were then washed before they were incubated 
for 2 hours at room temperature with second-
ary antibody diluted at the appropriate ratio, 
washed again and subjected to chemilumine- 
scence.

Quantitative reverse transcription-polymerase 
chain reaction validation assay: RNA was ex- 
tracted according to previous protocols and 
reverse transcribed into cDNA. The RNA level 
was determined by SYBR Green-based RT- 
PCR performed on a PikoReal RT-PCR system 
(Thermo Fisher Scientific, Waltham, MA, USA) 
under the following conditions: an initial dena-
turation step for 10 min at 95°C and 40 ampli-
fication cycles comprising a denaturation step 
for 15 seconds at 95°C, an annealing step for 
30 seconds at 60°C, and finally an elongation 
step for 30 seconds at 72°C. We performed 
melting-curve analysis to monitor PCR product 
purity, and the relative gene expression data 
were analysed using the 2-ΔΔCt method. The 
sequences of the divergent primers used for 
the detection of the 3 circular RNAs and KIAA- 

aesthesia. At the end of the animal experi-
ments, the mice were killed by cervical dis- 
location after anaesthesia induction. For the 
tumour xenograft model, cells from different 
groups were digested, collected by centrifuga-
tion, and resuspended in serum-free medium. 
They were then mixed well at a ratio of 3:1 (3  
× 106 PANC-1:1 × 106 PSCs per mouse). The 
ether, gauze, and syringe were prepared, and 
the collected cells were placed in an ice box. 
After the mice were anaesthetized with ether, 
their armpits were exposed, and the cells were 
subcutaneously injected into the right axilla (6 
mice per group). The mental state and tumour 
formation were observed regularly, and after 
28 days, all the mice were killed by cervical  
dislocation before the subcutaneous tumours 
were exposed, completely removed, weighed 
and measured.

Immunohistochemistry: Paraffin sections from 
165 PDAC patients who had a confirmed diag-
nosis via pathology from January 2012 to 
January 2017 at the First Affiliated Hospital of 
University of Science and Technology of China 
were collected. The immunohistochemical SP 
method was used, and PBS was used in place 
of primary antibody as the negative control. 
Briefly, the sections were paraffin embedded, 
sliced into 4 μm sections and placed on glass 
slides. The sections were heated in an oven  
at 60°C for 20 min, dewaxed by xylene dehy-
dration, rehydrated in an ethanol gradient at 
100%, 95% and 75%, and rinsed with PBS. 
Then, the sections were placed in a container 
filled with citrate buffer (pH 6.0), which was 
then set into a pressure cooker to boil until air 

Table 1. Primer sequence
Gene name Primer sequences, 5’-3’
chr10:76909966-77019099+ F: TGCGGAACTCACCCAACACC

R: GACATGGCCACTCAGGACGG
chr7:154954255-154998784+ F: CCATCGCCTCAGCAGCATCA

R: TTCCAGGTGGCCAGCAGTTG
chr10:12081472-12120267+ F: GCCCCATAGAGGGAGGCTGA

R: ACAGGACGTCTCCAGTGGCT
miR-4459 F: ATTATCCAGGAGGCGGAGG

R: TCGTATCCAGTGCAGGGTC
KIAA0513 F: CGTGGGCTCGCTAATCGAC

R: TTCTCACTGTCCGCAGACTCA
GAPDH F: GGCCTCCAAGGAGTAAGACC

R: AGGGGAGATTCAGTGTGGTG

0513 by quantitative reverse transcri- 
ption-polymerase chain reaction (qRT-
PCR) are shown in Table 1. The RNA 
levels were normalized to those of hu- 
man GAPDH.

Tumour xenograft study: Six-week-old 
female nude mice (15-25 g) used in  
the experiment were purchased and 
housed at the animal centre of Anhui 
Provincial Hospital under SPF condi-
tions with access to sterilized feed and 
water. All animal experiments were 
approved by the Experimental Animal 
Ethics Committee of Anhui Provincial 
Hospital. During surgery, ether or iso-
flurane was used for inhalational an- 
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injection for 5 min. Endogenous peroxidase 
activity was blocked with 3% H2O2 for 10 min, 
and the sections were washed with PBS 3 
times for 3 min each time. Anti-KIAA0513 rab-
bit polyclonal antibody diluted at 1:100 was 
added and incubated with the sections over-
night at 4°C; the slides were washed with PBS 
3 times, 3 min each time; and DAB colour eval-
uation was performed under a microscope. 
Finally, haematoxylin was used for stain the 
sections, which were then subject to gradient 
ethanol dehydration, xylene transparency, gum 
sealing, microscopic examination and imaging. 
In addition, for the negative control group, PBS 
was used instead of primary antibody. The 
KIAA0513 protein was mainly localized to the 
cytoplasm, with diffuse brown-yellow or yellow 
staining in tumour stromal cells and relatively 
less staining in tumour cells. The results were 
scored using a semi-quantitative method bas- 
ed on the area (0 points, no staining; 1 point, 
10% staining; 2 points, 10%-30% staining; 3 
points, > 30% staining) and intensity (0 points, 
none; 1 point, light yellow; 2 points, yellow; 3 
points, brownish yellow). The total score was 
the product of the area and intensity scores.  
A total score ≤ 3 was defined as low express- 
ion, and a total score > 3 was defined as high 
expression. All immunohistochemical sections 
were independently scored by two experien- 
ced pathologists, and discrepancies were re- 
solved by joint evaluation [18].

Statistical analysis: Categorical patient char- 
acteristics were compared using the χ2 test. 
Kaplan-Meier survival curves were used to 
analyse overall survival (OS) and disease-free 
survival (DFS) of PDAC patients. Differences 
were assessed by a log-rank test. Cox propor-

tional hazard regression models were used to 
obtain unadjusted and adjusted hazard ratios 
(HRs) and 95% confidence intervals (CIs) for 
survival in univariate and multivariate analy-
ses. A 2-sided P < 0.05 was considered statisti-
cally significant. SPSS 21.0 software (SPSS, 
Inc., Chicago, IL, USA) and R3.2.3 (http://
www.R-project.org) were used for the statisti- 
cal analysis.

Results

CCK-8 assay

To identify the PSCs that had the greatest in- 
fluence on the proliferative ability of PANC-1 
cells, we selected 5 primary pancreatic stellate 
CaPSCs (CaPSCs1-5) derived from pancreatic 
cancer tissues of pancreatic cancer patients 
and 5 primary pancreatic stellate NaPSCs 
(NaPSCs1-5) derived from normal pancreatic  
tissue of patients with duodenal adenoma. 
After CaPSCs and NaPSCs were co-cultured 
with PANC-1 cells, the CCK-8 assay was per-
formed on PANC-1 cells. The results showed 
that CaPSCs1 had the strongest effect on the 
proliferation of PANC-1 cells (Figure 1A), where-
as NaPSCs1 had the weakest effect (Figure  
1B). In addition, the CaPSC group promoted  
the proliferation of PANC-1 cells more strongly 
than did the NaPSC group (Figure 1C), and the 
difference was statistically significant.

Bioinformatics analysis

To identify CaPSC1- and NaPSC1-related cir-
cRNAs, we used transcriptome high-through- 
put sequencing to analyse and compare the 
expression of circRNAs in CaPSCs1 and Na- 
PSCs1. Total RNA was isolated from CaPSCs1 
and NaPSCs1 and analysed by RNA sequen- 

Figure 1. A. CCK-8 assay showing the effect of co-culturing CaPSCs1-5 on PANC-1 cells. B. CCK-8 assay showing the 
effect of co-culturing NaPSCs1-5 on PANC-1 cells. C. CCK-8 assay showing the effect of co-cultured CaPSCs and NaP-
SCs on PANC-1 cells. *P < 0.05, **P < 0.01, ***P < 0.001.
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cing. Differential gene expression analysis be- 
tween CaPSCs1 and NaPSCs1 revealed 841 cir-
cRNAs that showed significantly differential 
expression between the two cell lines (fold ch- 
ange ≥ 2.0, P ≤ 0.05). A total of 388 circRNAs 
were upregulated, and 453 were downregulat-
ed (Figure 2A, 2B). In addition, we found that 
73 differentially expressed miRNAs were up- 
regulated and 16 were downregulated in Ca- 
PSCs1 compared to NaPSCs1 (Figure 2C, 2D). 
We also found that 8155 differentially expre- 
ssed mRNAs were upregulated and 4226 we- 
re downregulated in CaPSCs1 compared to 
NaPSCs1 (Figure 2E, 2F).

Quantitative PCR validation in CaPSCs1 and 
NaPSCs1

To verify the sequencing results, the express- 
ion of top 3 most differentially expressed cir-
cRNAs in CaPSCs1 and NaPSCs1-chr7:1549- 
54255-154998784+, chr10:12081472-1212- 
0267+ and chr10:76909966-77019099+ (Ta- 
ble 1)-was further confirmed by qRT-PCR. The 
qRT-PCR data showed that although the ex- 
pression pattern trends of these 3 circRNAs 
were consistent with the sequencing results, 
chr7:154954255-154998784+ was the most 
significantly upregulated in CaPSCs1 (Figure 
3F).

Network of circRNAs and the predicted binding 
miRNAs

To better explore and identify the upstream and 
downstream miRNAs associated with circRNA 
chr7:154954255-154998784+, we analysed 
the potential binding miRNAs for this circRNA 
by sequence analysis using TargetScan. A tree 
diagram of circRNA chr7:154954255-15499- 
8784+ and its potential binding miRNAs is 
shown in Figure 3A-D. Based on the circRNA/
miRNA interaction network, chr7:154954255-
154998784+ was predicted to bind to a num-
ber of miRNAs with known functions, suggest-
ing its potential roles in promoting the pro- 
gression of PDAC. We selected a target miRNA 
from the tree diagram (Figure 3E)-miR-4459, 
which may bind chr7:154954255-1549987- 
84+-and compared their expression between 
CaPSCs1 and NaPSCs1.

Silencing circRNAs in CaPSCs1 enhances the 
proliferation and invasion of PANC-1 cells

To confirm whether chr7:154954255-15499- 
8784+ can regulate the ability of CaPSCs1 to 

affect the biological function of PANC-1 cells, 
we used siRNA to silence chr7:154954255-
154998784+ in CaPSCs1 and verified the kno- 
ckdown efficiency by RT-qPCR, which show- 
ed that chr7:154954255-154998784+ was 
downregulated in CaPSCs1 (Figure 4A). Furth- 
ermore, we used RT-qPCR to detect the ex- 
pression of miR-4459 and KIAA0513 mRNA 
(Figure 4B-D). The results showed that after 
silencing chr7:154954255-154998784+ in 
CaPSCs1, the expression of miR-4459 was 
upregulated, and the expression of KIAA0513 
mRNA was downregulated. Next, different gr- 
oups of CaPSCs1 were co-cultured with PANC- 
1 cells before the proliferation, migration and 
invasion of the latter were detected using  
CCK-8, wound healing and Transwell migration 
and invasion assays. The results of the CCK-8 
assay showed that CaPSCs1 with knockdown  
of chr7:154954255-154998784+ promoted 
the proliferation of PANC-1 cells (Figure 5A). 
The wound healing assay showed that the 
migratory ability of PANC-1 cells co-cultured 
with CaPSCs1 with chr7:154954255-154998- 
784+ knockdown was decreased (Figure 5B). 
Finally, the Transwell assays showed that the 
migration and invasion of PANC-1 cells co-cul-
tured with CaPSCs1 with chr7:154954255-15- 
4998784+ knockdown were reduced to 57% 
and 43%, respectively, compared to the res- 
pective controls (Figure 5C). These results in- 
dicate that silencing chr7:154954255-15499- 
8784 can reduce the cancer-promoting ability 
of CaPSCs1 and mitigate the proliferation, mi- 
gration and invasion of PANC-1 cells.

Overexpression of miR-4459 in CaPSCs1 in-
hibits the proliferation and invasion of PANC-1 
cells

We first overexpressed miR-4459 in CaPSCs1 
and validated its overexpression by RT-qPCR 
(Figure 6A). Next, we used RT-qPCR to detect 
the expression of chr7:154954255-1549987- 
84+ and KIAA0513 mRNA and observed that 
after overexpression of miR-4459, the expres-
sion of chr7:154954255-154998784+ and 
KIAA0513 was downregulated (Figure 6B-E). 
Next, the different groups of CaPSCs1 were co-
cultured with PANC-1 cells, and the prolifera-
tion, migration and invasion of PANC-1 cells 
were detected using the CCK-8, wound healing 
and Transwell migration/invasion assays. The 
results of the CCK-8 assay showed that Ca- 
PSCs1 in the miR-4459 overexpression group 
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Figure 2. A. Clustered heatmap of the differentially expressed circRNAs in three paired samples of CaPSCs1 and NaPSCs1. B. Volcano plot showing the differential 
expression of circRNAs in three paired samples of CaPSCs1 and NaPSCs1. C. Clustered heatmap of the differentially expressed miRNAs in three paired samples of 
CaPSCs1 and NaPSCs1. D. Volcano plot showing the differential expression of miRNAs in three paired samples of CaPSCs1 and NaPSCs1. E. Clustered heatmap of 
the differentially expressed mRNA in three paired samples of CaPSCs1 and NaPSCs1. F. Volcano plot showing the differential expression of mRNAs in three paired 
samples of CaPSCs1 and NaPSCs1.
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Figure 3. GO enrichment and pathway analysis of dysregulated circRNA genes. A. Most significantly enriched GO terms of circRNA genes according to cellular compo-
nent. B. Most significantly enriched GO terms of circRNA genes according to biological process. C. Most significantly enriched GO terms of circRNA genes according 
to molecular function. D. Bar graph showing the top 10 enrichment scores of the significantly enriched pathways. E. Network of circRNAs and the predicted binding 
miRNAs and binding mRNAs. F. The top 3 most differentially expressed circRNAs in CaPSCs1 and NaPSCs1 were validated by qRT-PCR. The results are presented as 
the means ± SEM. **P < 0.01, ***P < 0.001.
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promoted the proliferation of PANC-1 cells 
(Figure 7A). The wound healing assay showed 
that the migration of PANC-1 cells co-cultured 
with CaPSCs1 overexpressing miR-4459 incre- 
ased (Figure 7B). Finally, Transwells were used 
to detect the migration and invasion of PANC-1 
cells co-cultured with CaPSCs1 overexpressing 
miR-4459, and the results showed that the 
migration and invasion of these PANC-1 cells 
were reduced to 63% and 35% of their respec-
tive controls (Figure 7C). These data indicate 
that overexpression of miR-4459 can reduce 
the cancer-promoting ability of CaPSCs1 and 
increase the proliferation, migration and inva-
sion of PANC-1 cells.

Silencing chr7:154954255-154998784+ in 
CaPSCs1 inhibits tumour growth in co-culture 
systems in vivo

To further evaluate the effect of chr7:15495- 
4255-154998784+ on tumour growth in vivo, 
we employed a tumour xenograft model in nu- 
de mice. CaPSCs1 were pre-treated with chr7: 
154954255-154998784+ siRNA or NC siRNA 
and co-cultured for 24 hours with PANC-1 cells; 
the co-cultures were injected into the right  

axilla of nude mice. As controls, untreated 
CaPSCs1 and NaPSCs1 were co-cultured with 
PANC-1 cells and injected in the same fash- 
ion. PANC-1 cells were also separately cultured 
and injected into the right axilla of mice as a 
blank control. The results showed that the  
PANC-1+CaPSC1-siRNA-chr7:154954255-1549- 
98784+ group had smaller tumours than the 
CaPSC1+PANC-1 group (Figure 8A). Compared 
with the tumour volume (2202±114.9 mm3) 
(Figure 8B) and weight (346.3±14.70 mg) 
(Figure 8C) in the CaPSC1+PANC-1 group, the 
CaPSC1-siRNA-chr7:154954255-154998784+ 
group had a smaller tumour volume (1168± 
88.24 mm3) (Figure 8B) and weight (230.3± 
8.01 mg) (Figure 8C).

Correlation between KIAA0513 expression and 
clinicopathological characteristics

As shown in Figure 9, the expression of 
KIAA0513 was mainly localized within the cy- 
toplasm of interstitial cells surrounding the 
tumour. The data presented in Table 2 demon-
strate that increased protein expression of 
KIAA0513 was significantly correlated with his-
tological grade (P=0.042), lymph status (P= 

Figure 4. A. qRT-PCR analysis of chr7:154954255-154998784+ expres-
sion levels after siRNA transfection. NC: negative control. B. Detection 
of miR-4459 expression in different groups by RT-qPCR. C. Detection of 
KIAA0513 mRNA expression in different groups by RT-qPCR. D, E. Detec-
tion of KIAA0513 protein expression in different groups by Western blot.
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0.030), serum CA19-9 (P < 0.042) and TNM 
stage (P=0.001). By contrast, associations be- 
tween KIAA0513 expression and other clinical 
parameters (age, sex, tumour location) were 
not significant.

Correlation between KIAA0513 expression and 
survival time

Kaplan-Meier curves showed that patients with 
high expression levels of KIAA0513 had worse 

Figure 5. A. Representative images showing wound healing in different groups of PANC-1 cells. B. CCK-8 assay show-
ing the effect of different groups of co-cultured PSCs on PANC-1 cell viability. C. Representative images of migrated 
PANC-1 cells.

Figure 6. A. qRT-PCR analysis of miRNA-4459 expression levels after trans-
fection with miRNA-4459 mimic. NC: negative control. B. Detection of 
chr7:154954255-154998784+ expression in different groups by RT-qPCR. 
C. Detection of KIAA0513 mRNA expression in different groups by RT-qPCR. 
D, E. Detection of KIAA0513 expression in different groups by Western blot.
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OS (median survival 13.5 months) and DFS 
(median survival 11.5 months) than those with 
low expression levels (median survival 23.5 
months and 18.5 months, respectively) (OS, P 
< 0.001; DFS, P < 0.001) (Figure 9E, 9F). In the 
multivariable Cox analysis, high expression of 
KIAA0513 had a significant protective effect  
on OS (HR=1.97, 95% CI=1.21-3.20, P=0.007) 
and DFS (HR=1.69, 95% CI=1.03-2.76, P=0.04) 
(Figure 9G-J). TNM stage and lymph status had 
a significantly protective effect on OS (TNM 
stage: HR=2.76, 95% CI=1.05-7.24, P=0.040; 
lymph status: HR=3.33, 95% CI=1.34-8.25, 
P=0.009) and DFS (TNM stage: HR=2.77, 95% 
CI=1.06-7.28, P=0.04; lymph status: HR=3.29, 
95% CI=1.32-8.17, P=0.01) (Figure 9G-J).

Discussion

PSCs are interstitial cells around the pancreas 
that are in a quiescent state in healthy pancre-
as. When subjected to pathological stimulation, 
PSCs are activated and convert to CaPSCs [16, 
17, 19, 20]. Many studies have shown that 
CaPSCs play an extremely important role in the 
growth, proliferation, invasion and metastasis 
of PCCs [12, 21-23]. For example, CaPSCs can 
produce miRNAs to increase chemokine gene 
expression, migration, and proliferation in PCCs 
[24]. In addition, proteins produced by CaPSCs 
can enhance the ability of PCCs to invade and 

metastasize [13]. CaPSCs can even produce a 
barrier composed of extracellular matrix (ECM) 
proteins that seriously impairs the delivery and 
penetration of drugs to the tumour site, en- 
hances the tolerance of PCCs to chemothe- 
rapy drugs, and significantly improves the via-
bility of PCCs [25]. What is surprising is that 
CaPSCs can rescue the proliferation of nutri-
ent-deprived MiaPaCa-2 and BxPC3 cells in a 
KRAS-independent manner by supplying these 
cells with metabolites [14]. Moreover, there is 
an interaction between PCCs and CaPSCs. At 
present, the focus of many studies has been 
mainly on the role of CaPSCs in the tumour 
microenvironment. For instance, PCCs can in- 
duce PSCs to express more fibrosis-related 
genes and a high quantity of α-SMA and type I 
procollagen C-peptides, which convert PSCs 
into CaPSCs. In addition, their interaction can 
also increase the activation of ERK and Akt as 
well as proliferation and migration in PSCs. 
Conversely, activated PSCs enhance the ability 
of PCCs to proliferate and invade [26]. PCCs 
can also recruit a large number of PSCs by ac- 
tivating the Lin28B/let-7/HMGA2/PDGFB sig-
nalling pathway, and these recruited PSCs can 
increase the ability of PCCs to migrate [27]. It 
appears that PCCs and PSCs together con-
struct a microenvironment for optimal tumour 
development and may use this method to re- 
gulate the progression of pancreatic cancer. 

Figure 7. A. Representative images showing wound healing in different groups of PANC-1 cells. B. CCK-8 assay show-
ing the effect of different groups of co-cultured PSCs on PANC-1 cell viability. C. Representative images of migrated 
PANC-1 cells.
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Figure 8. Silencing chr7:154954255-154998784+ in CaPSCs1 decreased the tumour size in an animal model of 
pancreatic cancer. A. Image of a tumour in the pancreatic cancer mouse model. B. Volume of tumour tissues in the 
three groups. C. Weight of tumour tissues in the three groups. ***P < 0.001.
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These studies suggest that CaPSCs play an 
irreplaceable role in the development and pro-
gression of pancreatic cancer and highlight 
that CaPSCs are important targets for poten- 
tial treatments of pancreatic cancer.

CircRNAs have become a hot research topic 
due to their covalently closed structure, high 
stability and role in gene regulation. Many stu- 
dies have shown that circRNAs can function as 
traps for mRNAs by binding their target tran-

scripts and regulating the expression of the 
protein downstream of the transcript. As a  
consequence, as the protein level changes, the 
cell function changes as well [9-11]. More in- 
terestingly, circRNAs may also contain conser- 
ved binding sites for miRNAs and can act as 
molecular sponges that bind to miRNAs to ef- 
fectively inhibit their activity to regulate cell 
function. These findings all indicate the im- 
portance of circRNAs in the regulation of cell 
function [28]. The current study also confirm- 

Figure 9. Immunohistochemical staining for KIAA0513 in PDAC tissues. A. Negative KIAA0513 expression (× 100); 
B. Negative KIAA0513 expression (× 400); C. Positive KIAA0513 expression (× 100); D. Positive KIAA0513 expres-
sion (× 400); E, F. Kaplan-Meier analysis of the OS and DFS curves of PDAC patients based on KIAA0513 expression; 
G, H. Univariate analysis of factors associated with OS and DFS; I, J. Multivariate analysis of factors associated with 
OS and DFS.
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ed a causal relationship between a chromo-
somal translocation encoding an oncogenic 
fusion protein and the occurrence of tumours. 
Moreover, Guarnerio J and his collaborators 
determined that a well-established cancer-as- 
sociated chromosomal translocation could pro-
duce a fusion circRNA (f-circRNA), which could 
generate different transcriptional exons due to 
the different genes affected by the transloca-
tion, thereby regulating cell functions. Their 
group also confirmed that this f-circRNA could 
contribute to the transformation of cancer ce- 
lls, promote their viability and drug resistance 
and have a tumour-promoting effect in an in 
vivo model. This study extends the current 
knowledge of the molecular mechanisms in- 
volved in cancer onset and progression and 
demonstrates the diagnostic and therapeutic 
implications of circRNAs in cancer. Based on 
this knowledge, we may be able to alter the 
functional characterization of cells by geneti-
cally modifying or knocking out circRNAs [29]. 
Although the circular nature of circRNAs makes 
their detection, quantification and functional 
characterization challenging, recent advances 
in high-throughput RNA sequencing and cir-

sion. In addition, the effects of the relationship 
between the miRNA-4459/KIAA0513 axis and 
chr7:154954255-154998784+ on the biologi-
cal behaviour of PANC-1 cells co-cultured with 
PSCs were investigated by bioinformatics anal-
ysis and corresponding miRNA and mRNA se- 
quencing results. By using siRNA to silence 
chr7:154954255-154998784+ in CaPSCs1, we 
found that the proliferation, invasion and 
metastasis of PANC-1 cells in the co-culture 
system decreased, the expression of miRNA-
4459 increased, and the expression of KI- 
AA0513 decreased. Moreover, we silenced 
miRNA-4459 in CaPSCs1 by siRNA and obser- 
ved that the proliferation, invasion and metas-
tasis of PANC-1 cells increased in the co-cul-
ture system, and the corresponding expre- 
ssion of chr7:154954255-154998784+ and 
KIAA0513 also increased. Animal experiments 
showed that silencing chr7:154954255-154- 
998784+ in CaPSCs1 inhibited tumour growth 
of PANC-1-derived tumours in vivo. Further his-
tological experiments showed that in paraffin-
embedded sections from 132 patients with 
pancreatic cancer, KIAA0513 expression was 
significantly higher in tumour tissues than in 

Table 2. Relationship between KIAA0513 expression 
and clinicopathological characteristics in PDAC

Variables Number
KIAA0513 expression

P-value
Low High

Age 165
    < 60 years 65 13 52 0.403
    > 60 years 100 15 85
Gender
    Male 72 11 61 0.610
    Female 93 17 76
Tumor location
    Head 89 19 70 0.105
    Body/tail 76 9 67
Serum ca19-9
    < 37 U/ml 29 17 12 < 0.001
    ≥ 37 U/ml 136 11 125
Grade
    Well 45 12 33 0.042
    Moderate/poor 120 16 104
Lymph status
    Absent 59 5 54 0.030
    Present 106 23 83
Tnm stage
    I-II 46 15 31 0.001
    III-IV 119 13 106

cRNA-specific computational tools have 
overcome this limitation [30]. In this stu- 
dy, RNA sequencing was used to explore 
the mechanism by which CaPSCs affect 
the proliferation and migration of PCCs th- 
rough a circRNA-miRNA-protein axis.

In this study, we selected CaPSCs1, which 
had the strongest effect on the prolifera-
tive ability of the pancreatic cancer cell 
line PANC-1, and NaPSCs1, which had the 
weakest effect on the proliferative ability 
of PANC-1 cells. Then, we simulated the 
tumour microenvironment in pancreatic 
cancer by co-culturing the above PSCs 
with PANC-1 cells to explore the effect  
of mesenchymal cells on the biological 
behaviour of tumour cells. Subsequent- 
ly, we used RNA sequencing analysis to 
compare the differences in the circRNA 
and miRNA expression profiles between 
the CaPSC1 and NaPSC1 cell lines. From 
the sequencing data, 68 upregulated cir-
cRNAs and 58 downregulated circRNAs 
were found in CaPSCs1; these genes could 
be related to the promotion of PANC-1 pro-
liferation. Finally, we chose the circRNA 
chr7:154954255-154998784+ because it 
showed the greatest difference in expres-
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adjacent tissues. Perhaps more surprisingly, 
we found that high expression of KIAA0513 
may be associated with TNM staging, high 
CA19-9 expression, and lymph node metasta-
sis in patients with pancreatic cancer. Univari- 
ate and multivariate survival analyses show- 
ed that the OS and DFS of patients with high 
KIAA0513 expression were significantly lower 
than those of patients with low expression. Th- 
ese experimental results indicated that Ca- 
PSCs may promote the proliferation, invasion 
and metastasis of pancreatic cancer throu- 
gh the chr7:154954255-154998784+/miRNA-
4459/KIAA0513 axis. However, due to the het-
erogeneity of CaPSCs and the ageing of CaP- 
SCs in vitro, our experimental results still 
require verification with a multi-centre study 
with a larger cohort of PSC samples. There- 
fore, additional work should be conducted in 
future studies.

Conclusion

We identified that circRNA chr7:154954255-
154998784+ is most likely upregulated in Ca- 
PSCs. In addition, CaPSCs may promote the 
development and progression of pancreatic 
cancer through the miR-4459/KIAA0513 axis. 
In summary, the circRNA chr7:154954255-15- 
4998784+/miR-4459/KIAA0513 axis in Ca- 
PSCs may be developed as a promising strate-
gy for pancreatic cancer therapy in the future.
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