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Abstract: There are few biomarkers available for the early diagnosis and prognostic
evaluation of pancreatic cancer. In addition, the development of targeted therapy for pan-
creatic cancer is an unmet need due to the lack of molecular targets. With the continuous
progress in circular RNA (circRNA)-related research, its role in the occurrence and devel-
opment of pancreatic cancer has been discovered and gradually recognized. Therefore,
circRNA may represent a novel marker for early diagnosis of this disease and a focus of
targeted clinical therapy. CircRNA is a type of non-coding RNA with a closed circular
structure formed by covalent bonds. Some circRNAs can act as “sponges” to adsorb
microRNAs (miRNAs) and play the role of competitive endogenous RNA (ceRNA) to
remove their inhibitory effects on the target genes of miRNA. Thus, they can indirectly
restore the expression of target genes. The circRNA-miRNA-mRNA network plays
a regulatory role in the proliferation, invasion, metastasis, and other biological behaviors
of pancreatic cancer. Given the recent advances in circRNA, this review seeks to provide an
overview of the biological function of circRNA and highlights the recent research progress
regarding the molecular mechanism of circRNA for the clinical diagnosis and treatment of
pancreatic cancer.
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Introduction

Circular RNA (circRNA) is a covalently closed, endogenous biomolecule in eukar-
yotes that has tissue-specific and cell-specific expression patterns and is involved in
various physiological and pathological processes.! It was first discovered in
advanced plants in the 1970s as a pathogenic RNA molecule.” Since then, it has
been observed in the cytoplasm of eukaryotic cells and the mitochondria of yeast.>*
With the rapid development of high-throughput sequencing, gene chip, and bioin-
formatics, many studies have demonstrated that circRNA is widely found in
animals, plants, fungi, and protozoa.’ CircRNA is abundant in the cytoplasm of
eukaryotic cells,® whereas a small amount of intron or intron fragment-derived
circRNA is present in the nucleus.” CircRNA is more stable than linear RNA due to
its closed-ring structure and lack of poly-A tails, which tend not to be degraded by
exonucleases.® Homology studies among different species have shown that
circRNA is highly conserved in the evolution of species. Its homology between
mouse and pig is 15-20%° and between mouse and human is 20% or higher."®
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At first, most researchers believed that circRNA was
a byproduct of mRNA splicing and possessed no signifi-
cant biological function.'" However, advances in mole-
cular biology and informatics have allowed researchers to
determine that circRNA is widely present and expressed in
ceukaryotes'® and plays an important regulatory role in
various vital activities and the pathogenesis and develop-
ment of diseases. For example, aberrant circ-ITCH expres-
sion is related to aggressive clinicopathological features
and unfavorable outcomes in various cancers.'” In addi-
tion, circRNA is highly conserved in sequence and stably
expressed in various tissues and body fluids. Its expression
levels vary in different tissues and growth stages. Thus,
circRNA has a degree of tissue, temporal, and disease
specificity that can be applied to disease prediction and
evaluating the effect of diagnosis and treatment.'?

Pancreatic cancer is a highly malignant tumor of the
digestive system. Due to insidious initial symptoms, rapid
development, and early distant metastasis, it is often diffi-
cult for patients to obtain an early diagnosis or timely
treatment, leading to a very poor prognosis. The overall
5-year survival rate is only about 8-9%.'* Recently, the
incidence and mortality of pancreatic cancer have
increased year by year due to changes in dietary habits
and lifestyle. Pancreatic cancer kills more than 200,000
people worldwide each year and is expected to be
the second leading cause of cancer-related death by
2030."> Due to the lack of specific targeted molecules,
preoperative neoadjuvant chemotherapy and postoperative
adjuvant therapy for pancreatic cancer fail to significantly
improve the long-term survival rate of patients with pan-
creatic cancer. With the deepening research into the rela-
circRNA
researchers have become aware that circRNA plays an

tionship between and pancreatic cancer,
important regulatory role in the development of this dis-
ease and may be a potential biomarker for early diagnosis
and a therapeutic target.

In this review, the following aspects will be briefly
introduced: classification and biogenesis of circRNA, the
biological function of circRNA, and the research progress
for circRNA in the molecular mechanism, clinical diagno-

sis, and treatment of pancreatic cancer.

Overview of Circular RNA
Classification of Circular RNA

CircRNA is mainly generated from exons that can encode
proteins; however, some are derived from 3'-UTR, 5'-

UTR, introns, or intergenic spacer regions.'® CircRNA is
produced by alternative splicing of special pre-messenger
RNA, and the spliceosome plays an important role in its
biogenesis.” circRNA is mainly divided into three types
according to its origin: 1) exon-derived circular RNA
(exonic circRNA or ecircRNA), intron-derived circular
RNA (intronic circRNA or ciRNA),'” and circular RNA
composed of both exons and introns (retained-intron
circRNA, exon-intron circRNA, or EIciRNA).18
Recently, tRNA intronic circRNA (tricRNA) was discov-

ered, which is generated by pre-tRNA splicing.'*°

Circular RNA Biogenesis

EcircRNA Biogenesis

EcircRNA is produced by back-splicing of pre-mRNA in
which the 5" splice donor of the downstream exon is
bonded to the 3’ splice acceptor of the upstream exon,
and a 3'-5' phosphodiester bond is created to form
a circular structure.”’ Jeck et al*? proposed two models
for the mechanism of ecircRNA biogenesis. The first
model, called “lariat-driven circularization”, says that
a circular formation is generated by the covalent combina-
tion of the 3’ and 5’ ends of the pre-mRNA exon.
Subsequently, the introns are eliminated to generate the
circRNA. The synthesis rate of this model is mainly
affected by
sequences. This process can competitively inhibit the lin-

the wupstream and downstream intron
ear splicing of pre-mRNA to regulate the transcription of
related mRNA and the translation of proteins.?
The second model is called “intron-pairing-driven circu-
larization”. The two specific introns located on either side
of the pre-mRNA exon form a hairpin structure through
base complementation to enclose the specific exons and
make adjacent exons spatially close to each other. The
spliceosome then cuts the adjacent exons and the paired
introns off to generate circRNA. Other studies have shown
that some mature mRNA molecules previously spliced can
be re-spliced and circularized into ecircRNA.**

CiRNA Biogenesis

CiRNA is synthesized by direct circularization of introns,
and the specific mechanism is accomplished through
a common motif.”> The 2’ end near the branching point
of the motif contains a C-rich element of 11 nucleotides.
A G-rich element composed of seven nucleotides is pre-
sent near the 5’ splicing site. These two elements form
a circular structure by complementary pairing, and the
spliceosome cuts the exon and intron sequences off at
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the binding site. The introns are then connected to generate
mature ciRNA.

ElciRNA Biogenesis

EIciRNAs are composed of exon and intron sequences
from coding genes; that is, introns between the circular-
ized exons remain. Therefore, EIciRNAs share the char-
acteristics and functions of both exonic and intronic
circRNA. The mechanisms of the biogenesis of EICiRNA
and ecircRNA are possibly similar;'® however, the specific
biogenesis mechanism for EICiRNA is not clear.

TricRNA Biogenesis

TricRNAs are a special type of intronic circRNA produced
by tRNA precursors during splicing.?® Unlike the splicing
of mRNA catalyzed by the spliceosome, splicing of tRNA
occurs through tRNA splicing endonuclease (TSEN).
TSEN is a heterotetramer composed of two binding groups
and two catalytic groups®’ that recognizes a bulge-helix-
bulge (BHB) motif located on tRNA precursors. It cuts the
intron-containing tRNA precursors into three fragments (5
exon, intron, and 3’ exon). Finally, tRNA ligase acts on the
ends of the introns to produce tricRNA."

Biological Roles of Circular RNA

CircRNA as a miRNA Sponge

Some circRNAs can act as “sponges” to adsorb microRNA
(miRNA) and remove the inhibitory effect of the miRNA
on its target genes,”® indirectly leading to upregulated

2930 ircRNA contains the reverse

target gene expression.
sequence of parental genes so that it competes with the
latter for microRNA binding sites. Because of the lack of
free 3’ and 5’ ends, the combination of circRNA with
microRNA does not lead to its degradation. Therefore,
circRNA can immobilize microRNA by “adsorption” simi-
lar to sponges, reducing target mRNA degradation and
promoting its expression.”®

Studies using antisense to the cerebellar degradation-
related protein I transcript (CDR1as) and cir-Sry'® present
the strongest evidence that circRNA regulates gene expres-
sion by acting as a miRNA sponge. CDR1as, also known as
circular RNA sponge for miR-7 (ciRS-7), contains more than
70 conserved miR-7 binding sites, which can play a powerful
role as a miR-7 sponge. CDR1as can bind to miR-7, resulting
in decreased miR-7 activity and upregulated expression of its
targeted mRNA.'"?! The testicular-specific Sry gene can
transcribe an ecircRNA (cir-Sry) with sponge activity

8.32

towards miR-13 cir-Sry contains 16 miR-138 binding

sites that act as a sponge to inhibit miR-138 activity. cir-Sry
is associated with the occurrence and development of malig-
nant tumors, such as cholangiocarcinoma and colon, ovarian,
and pulmonary cancer.®®> These circRNA-miRNA-mRNA
interaction networks regulate the occurrence and develop-
ment of different diseases, including atherosclerosis,**

28,35 36,37

Alzheimer’s  disease,

41,42

Parkinson’s  disease,

diabetes,3 840

and pulmonary fibrosis.

In recent years, the regulatory role of circRNA in
tumorigenesis and tumor development has gradually
become a new research hotspot. Liu et al** found that
Circ-SerPINE2 promoted cell proliferation and cell cycle
progression and inhibited cell apoptosis in vitro by spong-
ing miR-375 and regulating YWHAZ expression. In vivo,
tumor growth was inhibited by increasing miR-375
expression and decreasing YWHAZ expression, suggest-
ing that the Circ-SerPINE2/miR-375/YWHAZ axis may
provide new therapeutic targets for gastric cancer.* Two
other studies proposed that regulatory networks, such as
hsa circ_0006215/miR-378a-3p/SERPINA4 and circ-
BFAR/miR-34b-5p/MET/Akt, participate in the progres-

sion of pancreatic cancer.***’

CircRNA as a Protein Sponge
In addition to being a miRNA sponge, circRNA can be
a sponge for some proteins, thereby affecting their functional
expression. circRNA can act as a sponge for RNA binding
protein (RBP), forming the RNA-protein complex (RPC).*
RBP is involved in gene transcription and translation. Different
circRNAs can indirectly regulate post-transcriptional pro-
cesses by interacting with RBP, which affects the transcription
of their parental genes (ie, the genes from which the circRNAs
arise) and subsequent protein expression. CircRNA also plays
an important role in the development of tumors and other
diseases.*”*® For example, the circtRNA MBL/MBNLI con-
tains a conserved binding site for muscleblind protein
(MBL).? Circ-PABPNI1 can bind to HuR to prevent it from
binding to PABPN1 mRNA, reducing the translation of this
mRNA.* CircEIF3J and CircPIAP2 can interact with the Ul
snRNP and promote the transcription of their parental genes.'®
Some circRNAs located in the cytoplasm can be protein
sponges that directly regulate protein function.® Du et al®!
found that circRNA-Foxo3 can prevent cell cycle progres-
sion by forming a complex with p21 and cyclin-dependent
kinase 2 (CDK2). In another study, the same team found that
Circ-Foxo3 was highly expressed in the cardiac specimens
from elderly patients and mice and interacted with the anti-
senescence protein ID-1, transcription factor E2F1, and the
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anti-stress proteins FAK and HIF1.%® These interactions
retained the proteins in the cytoplasm, preventing them
from exerting anti-senescence and anti-stress effects and
causing intensified cell senescence.

In contrast to the antagonistic action of circRNA and
proteins mentioned above, some circRNAs act synergistically
with specific proteins potentially involved in regulating
circRNA biogenesis under extracellular stimulation. For
instance, a synergistic effect was observed between
circRNAs and immune factor NFOO/NF110 in promoting the
immune response to virus infection.>> NFOO/NF110, which is
generated from ILF3, is a dsSRNA binding protein that binds the
pairing bases of complementary sequences of introns juxtapos-
ing the circRNA-forming exons, promoting the synthesis of
circRNA in the nuclei. Furthermore, NFO0/NF110 associates
with circRNAs to form circ-RNP complexes, which are
sequestered under non-infectious conditions. During a viral
infection, NF90/NF110 is exported from the nucleus into the
cytoplasm, resulting in the reduced expression of circRNA.
Meanwhile, NFOO/NF110 is released by the circRNP-complex
and allowed to bind viral mRNA, participating in the anti-viral
immune response.

CircRNA as a Translation Template

Several recent studies have shown that circRNA containing
AUG sites and open reading frames (ORFs) can be driven by
an internal ribosome entry site (IRES) and translated into
polypeptides to perform biological functions.>*>* This discov-
ery changed the previous misconception that circRNA could
not play a coding role. In addition, the initiation of circRNA
translation can be driven by chemical modifications, such as
the m6A (N6-methyladenosine) modification.”® For instance,
circ-ZNF609 binds to ribosomes through IRES and is trans-
lated into protein ZNF609 to regulate myoblast proliferation.>’
Similarly, circ-FBXW?7 can be directly translated into func-
tional protein FBXW7-185aa, which shortens the half-life of
c-Myec by antagonizing c-Myc stabilization induced by USP28
and inhibits the proliferation of malignant glioma cells and the
acceleration of cell cycle.*®

Circular RNA and Pancreatic Cancer
Circular RNA and Development of

Pancreatic Cancer
CircRNA-Mediated miRNA Sponge Effect and
Pancreatic Cancer

CircRNA contains miRNA response elements (MREs) that
can act as a miRNA sponge and compete with endogenous
RNA to inhibit miRNA function, leading to the indirect

The
circRNA-miRNA-mRNA signaling interaction network

upregulation of target gene expression levels.

also plays an important regulatory role in the occurrence
and development of pancreatic cancer.’® In particular,
miRNA functions in cell proliferation, differentiation,
apoptosis, and other activities. Similarly, to proto-
oncogenes or tumor suppressor genes, it is also involved
in the occurrence, development, invasion, and metastasis
of malignant tumors.®® Therefore, circRNA can indirectly
regulate the occurrence, proliferation, apoptosis, invasion,
and metastasis of pancreatic cancer through its role as
a miRNA sponge and even affect drug resistance and
sensitivity.

With the advancements in sequencing technology, the
circRNA expression profiles in pancreatic cancer tissue
have been compared with normal pancreatic tissue by
gene-chip technology. Multiple abnormalities in circRNA
expression have been observed in pancreatic cancer
tissue.®’ ** More than 20 circRNAs have been related to
pancreatic cancer, and their biological functions have been
verified by rigorous experiments (Table 1). Most of these
studies focused on the miRNA sponge role of circRNA
and the circRNA-miRNA-mRNA regulatory network. In
these studies, the differentially expressed circRNA,
miRNA, and mRNA molecules and the possible binding
sites within them were identified through gene sequencing
of pancreatic cancer tissue and paired para-carcinoma
tissue to establish the hypothesis of the circRNA-
miRNA-mRNA interaction network in this disease. The
functions of these three types of RNAs were verified by
in vitro cellular experiments and tumor-bearing models
in vivo. Finally, the interaction between these three types
of RNA and their corresponding signal transduction path-
ways were confirmed. By analyzing the clinical and patho-
logical data of pancreatic cancer patients, researchers have
established an association between differential circRNA
expression and tumor biological behavior or patient
prognosis.

As shown in Table 1, most of the biologically validated
circRNAs are upregulated in pancreatic cancer tissues and
cells, which is consistent with the status of circRNAs in
other tumors. The first circRNA found to be upregulated
and functionally validated in pancreatic cancer was
circRNA_100782.°* Researchers sequenced the circRNAs
from six pairs of pancreatic cancer and normal pancreatic
tissues. circRNA 100782 displayed the most significant
difference in expression. MicroRNA and target genes
located downstream of circRNA 100782 were predicted

4254

Dove!

Cancer Management and Research 2021:13


https://www.dovepress.com
https://www.dovepress.com

Dove Sun et al
Table 1 CircRNAs in Pancreatic Cancer and Their Molecular Mechanisms as miRNA Sponge
CircRNA Year Expression MiRNA Sponge Signal Pathway Ref.
circRNA_100782 2017 Upregulated miR-124 IL6/STAT3 [64]
hsa_circ_0006215 2018 Upregulated miR-378a-3p SERPINA4 [44]
hsa_circ_0000977 2018 Upregulated miR-874-3p PLKI [67]
2019 Upregulated miR-153 HIFIA/ADAMI10 [68]
hsa_circ_0001649 2018 Downregulated - - [71]
circ-IARS 2018 Upregulated miR-122 RhoA/F-actin/ZO-1 [69]
hsa_circ_0099999 (circZMYM2) 2018 Upregulated miR-335-5p JMJD2C [92]
hsa_circ_0036627 (circ-PDE8A) 2018 Upregulated miR-338 MACC/MET/ERK [93]
hsa_circ_0007334 2019 Upregulated miR-144-3p MMP7 [94]
miR-577 COLIAI
circ_0030235 2019 Upregulated miR-1253/miR-1294 - [80]
circ-ASH2L 2019 Upregulated miR-34a Notchl [95]
hsa_circ_0005397 (circRHOTI) 2019 Upregulated miR-26b/miR-125a/miR-330/miR-382 | - [96]
2020 Upregulated miR-125a-3p E2F3 [97]
circ-ADAM9 2019 Upregulated miR-217 PRSS3/ERK/VEGF [98]
ciRS-7 (Cdrlas) 2019 Upregulated miR-7 EGFR/STAT3 [66]
2021 Upregulated miR-432-5p E2F3 [99]
circ_0007534 2019 Upregulated miR-625/miR-892b - [81]
hsa_circ_0006988 (circ-LDLRAD3) 2019 Upregulated miR-137-3p PTN [100]
circFOXK2 2020 Upregulated miR-942 ANKI/GDNF/PAX6 | [73]
circHIPK3 2020 Upregulated miR-330-5p RASSFI [90]
hsa_circ_001653 2020 Upregulated miR-37 HOXCé6 [1o1]
hsa_circ_0086375 (circNFIBI) 2020 Downregulated miR-486-5p PIK3RI/VEGF-C [70]
hsa_circ_0009065 (circBFAR) 2020 Upregulated miR-34b-5p MET/PI3K/Akt [45]
hsa_circ_0013912 2020 Upregulated miR-7-5p - [102]
hsa_circRNA_001587 (circRNA0000979) | 2020 Downregulated | miR-223 SLC4A4 [72]
hsa_circ_0066147 (circSFMBT1) 2020 Upregulated miR-330-5p PAK [103]
CircRNA_000864 2020 Downregulated miR-361-3p BTG2 [104]
circEIF6 2021 Upregulated miR-557 /SLC7AI I/PI3K/Akt [105]
circNEIL3 2021 Upregulated miR-432-5p ADARI [106]
hsa_circ_0071036 2021 Upregulated miR-489 - [107]

by bioinformatics analysis tools, and their biological func-
tions and interactions with each other were confirmed by
in vitro cell experiments. Further investigation showed that
circRNA 100782 is a miR-124 sponge that regulates the
proliferation of pancreatic cancer cells through the IL6-

STAT3 pathway. It affects the biological behavior of pan-
creatic cancer and plays a role in promoting pancreatic
cancer. Subsequently, STAT3 upregulation was shown to
mediate the immunologic escape of tumors.®
Accordingly, circRNA 100782 might also be involved in
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tumor immunity in pancreatic cancer by a mechanism that
requires further investigation. Because this study was only
conducted to verify and compare the expression of
circRNA 100782 and miR-124 using two different pan-
creatic cancer cell lines (ie, BXPC3 and HPDE),** the
results were poorly representative of the disease.
Furthermore, because this comparison was not performed
in parallel in pancreatic cancer tissues, the reliability of the
verification was not established. Since those studies were
performed, the procedures and methods in similar studies
have developed and improved. Researchers have discov-
ered that numerous circRNAs act as miRNA sponges in
pancreatic cancer and have constructed dozens of
circRNA-miRNA-mRNA regulatory

Analogously, the mechanism of ciRS-7 and miR-7 in the

networks.

progression of pancreatic cancer involves the targeting of
miR-7 by ciRS-7 to regulate the EGFR/STAT3 signal
pathway, which promotes the expression of these two
factors.®®

CircRNA studies have gradually expanded the sample
capacity of pancreatic cancer tissues and collected clinical
patient data for statistical analysis, linking the differentially
expressed RNA molecules with the clinicopathology and
prognosis of the pancreatic cancer patients. For instance, the
expression of circBFAR (hsa_circ_0009065) was upregu-
lated in 208 patients with pancreatic ductal adenocarcinoma
(PDAC), and ectopic circBFAR expression was positively
correlated with the stage of lymph node metastasis (TNM)
related to poor prognosis for PDAC patients.*> circBFAR
upregulates the expression of mesenchymal-epithelial tran-
sition factor (MET) by sponging miR-34b-5p and activating
the MET/PI3K/Akt signaling pathway, which ultimately
promotes PDAC proliferation and metastasis. This study
revealed that MET inhibitors could reverse the carcinogenic
effect induced by circBFAR overexpression in vivo, indicat-
ing that circBFAR could be used as a potential prognostic
indicator and therapeutic target for PDAC. Similarly, hsa -
circ_0000977 is overexpressed in pancreatic cancer tissues
and is closely associated with negative clinical characteris-
tics and poor prognosis.®” Therefore, hsa circ 0000977
overexpression may be a useful biomarker for the prognosis
of PDAC. Additional studies have shown that the hsa -
circ_ 0000977/miR-874-3P/PLK1 axis plays an important
role in regulating pancreatic cancer cell proliferation. They
also found that the silencing of this circRNA inhibits the
growth of pancreatic cancer cells both in vivo and in vitro,
suggesting a novel therapeutic strategy against pancreatic
cancer.

Unlike the above studies that directly measured circRNA
expression in pancreatic cancer cell lines, some studies have
focused on the variations of circRNA expression in pancrea-
tic cancer cells under specific cultural conditions (eg,
hypoxia) to infer the molecular mechanism involved in the
proliferation and metastasis of pancreatic cancer. Ou et al®®
found that a hypoxic immune microenvironment signifi-
cantly enhanced hsa circ_0000977 expression in advanced
pancreatic cancer. Through competitive binding with miR-
153, hsa_circ_0000977 antagonizes miR-153-mediated inhi-
bition of HIF1A and ADAMI10, leading to their increased
expression and allowing the HIF1A-mediated immune
escape by pancreatic cancer cells.® The silencing of hsa -
circ_0000977 significantly enhances the cytotoxic effect of
natural killer cells on pancreatic cancer. Thus, targeting
hsa_circ_0000977 is expected to play an immunosensitizing
role in the treatment or prevention of pancreatic cancer.

In addition to pancreatic cancer tissues and cells, circRNA
is also widely found in plasma exosomes from patients with
pancreatic cancer and participates in intercellular signal trans-
duction. For example, Circ-IARS is overexpressed in tissues
and plasma exocrine bodies from pancreatic cancer patients
and is positively correlated with tumor metastasis but nega-
tively correlated with patient survival.’’ Additional research
showed that circ-IARS from pancreatic cancer patient plasma
exosomes could upregulate RhoA activity and F-actin expres-
sion and reduce ZO-1 expression by binding with miR-122
upon entering human umbilical vein endothelial cells
(HUVECsS). These circ-IARS-induced changes enhanced the
permeability of the endothelial monolayer, promoting invasion
and metastasis. These data also suggest that the presence of
circRNA in exosomes may serve as a crucial indicator for early
diagnosis and prognosis for PDAC.

Unlike the differentially expressed circRNAs mentioned
above, the expression levels of some circRNAs are down-
regulated in pancreatic cancer, which diminishes their inhibi-
tory effect on downstream carcinogenic miRNAs, leading to
the malignant biological behaviors of tumors and poor patient
prognosis. Artificial overexpression or exogenous administra-
tion of these circRNAs may inhibit the proliferation of pan-
creatic cancer cells and pancreatic cancer development. For
instance, hsa_circ_0086375 (circNFIB1) is downregulated in
PDAC and negatively correlated with lymph node
metastasis.”” Conversely, knockout of this circRNA gene pro-
motes lymphangiogenesis and lymph node metastasis of
PDAC. circNFIBI1 acts as a miR-486-5p sponge to partially
reverse the carcinogenic effect of this miRNA. It upregulates
PIK3R 1expression and downregulates VEGF-C expression by
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inhibiting the PI3K/Akt pathway, which subsequently inhibits
the generation of lymphatic vessels and PDAC lymph node
hsa_circ_0001649""
hsa_circ_0015877* are downregulated in pancreatic cancer.
hsa circ 0001649 is downregulated in PDAC tissues and
cells, which is generally accompanied by the advanced tumor

metastasis. Similarly, and

stage and a reduction in histological grade. Exogenous hsa -
circ_0001649 administration inhibits the proliferation of pan-
creatic cancer cells and induces apoptosis, suggesting that
hsa circ 0001649 could be used as a potential antitumor
agent.”' hsa_circRNA_ 001587 inhibits the migration, inva-
sion, angiogenesis, and tumorigenesis of pancreatic cancer
cells by impairing miR-223-mediated inhibition of
SLC4A4.7* Collectively, these circRNAs appear to inhibit
the progression of pancreatic cancer.

Other Effects of circRNA and Pancreatic Cancer

In addition to acting as a miRNA sponge in pancreatic cancer,
other circRNA functions have been demonstrated in this dis-
ease, including acting as an RNA-binding protein sponge or
aregulator of parental gene expression. Wong et al”* found that
circFOXK2 was significantly upregulated in PDAC cells,
including 63% (53/84) of primary tumors by circRNA sequen-
cing. This circRNA promoted the growth, invasion, and liver
metastasis of PDAC cells. CircFOXK2 contains multiple
miRNA binding sites and acts as a sponge for miR-942 to
promote the expression of ANK1, GDNF, and PAX6. In addi-
tion, a variety of proteins interacting with CircFOXK2 were
identified by mass spectrometry. Among these proteins, the
interaction between CircFOXK2 and YBX1 and hnRNPK
enhanced the expression of the oncogenes NUF2 and PDXK
and promoted the invasion of PDAC cells. As an RNA-binding
protein, YBX1 regulates the transcription, processing, and
translation of mRNA. Moreover, YBX1 is upregulated in
various malignant tumors, including pancreatic cancer, and is
involved in tumor cell invasion and chemoresistance.”*
Furthermore, Ye et al”’ found that downregulation of hsa_-
circ_0000069 markedly suppressed the expression of its par-
ental gene, SCL/TALLI interrupting locus (STIL) and inhibited
the proliferation, migration, and invasion of pancreatic cancer
cells. These studies suggest that circRNA can be more power-
ful than just a miRNA sponge in pancreatic cancer.

Circular RNA in Clinical Diagnosis and
Treatment of Pancreatic Cancer

CircRNA as a New Biomarker for Pancreatic Cancer
CircRNA expression is tissue-, time-, and disease-specific
with high expression levels and stability in cells, tissues,

and body fluids.”®”® Thus, circRNA is a potential biomar-
ker for disease diagnosis. Several studies (Table 1) have
shown that various circRNAs are differentially expressed
in pancreatic cancer tissues compared to normal tissues.
These different expression profiles are related to the bio-
logical behavior of pancreatic cancer and patient prog-
nosis, suggesting they can be used as new biomarkers to
diagnose this disease.®*”""%%%2 hsa circ 0006988 (circ-
LDLRAD?3) expression is significantly higher in pancrea-
tic cancer tissues and plasma than in control samples. In
addition, upregulated circ-LDLRAD?3 expression is signif-
icantly correlated with the main clinicopathological factors
of pancreatic cancer patients.®? The expression of circ-
LDLRAD3 in pancreatic cancer tissues is also closely
associated with vascular invasion and lymphatic metasta-
sis. In plasma, its expression is correlated with CA19-9
levels, TNM stage, vascular invasion, and lymphatic
metastasis. Therefore, circ-LDLRAD3 could be used as
a biomarker for the early diagnosis of this disease.
Moreover, high sensitivity and specificity were observed
for circ-LDLRAD3 combined with CA19-9 in aiding early
diagnosis. Moreover, the upregulation of
hsa_circ 0007534%' and hsa circ 0030235 suggest
poor prognosis for PDAC patients. Furthermore, the upre-
gulation of hsa_circ_0007534 is also indicative of lymph
node infiltration,®' while the high expression of hsa -
circ_0030235 is associated with positive lymph nodes
and higher tumor stage.** Finally, hsa circ 0001649
expression in PDAC cells and tissues is significantly
downregulated. Its low expression suggests irreversible
differentiation and staging, while its high expression pre-
dicts a higher overall survival rate.”’

CircRNA in Targeted Therapy and Drug Resistance
of Pancreatic Cancer

CircRNA performs complex, diverse functions and plays a role
in carcinogenic signaling pathways involving different mole-
cules (eg, miRNAs, IncRNAs, RNA-binding proteins, and
transcription factors), which can influence the occurrence and
development of various tumors. Because targeting circRNA
would not only regulate multiple oncogenes simultaneously
but also miRNA, it would be a superior targeted therapy
compared to targeting a single miRNA or oncogene. The
basic strategy for targeted therapy against overexpressed
circRNA in malignant tumors is to suppress the expression of
the tumor-promoting circRNA through gene knockout, anti-
sense oligonucleotide RNA, small interfering RNA (siRNA),
or artificial tumor suppressor circRNAs.** siRNAs could
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combine the specific reverse splicing sites of circRNA with the
characteristic sequences in precursor mRNAs (eg, upstream
acceptor, downstream donor, and Alu elements), resulting in
the failed formation of the RNA lariat.®* In addition, CRISPR/
Cas9 knockout of the circRNA expression gene,*> exogenous
administration of tumor-suppressing circRNAs, and the synth-
esis of circRNA inhibiting oncogenic miRNA®® are also of
clinical value. For the downregulation of circRNAs, the
expression levels of tumor-suppressing circRNAs can be
restored by cloning circRNA and regulating the lateral
regions.®*

As shown in Table 1, silencing of some highly
expressed circRNAs in pancreatic cancer can enhance the
functions of downstream miRNAs, which inhibit the car-
cinogenic effect of the miRNA target genes and, thus, the
progression of pancreatic cancer. These data suggest that
some circRNAs may be potential therapeutic targets for
PDAC treatment. In addition, ten differentially expressed
circRNAs, 12 miRNAs, and 118 mRNA interacting with
each other were identified by a combination of gene chip
analysis and bioinformatics, along with their possible
This established circRNA—
miRNA-mRNA networks in the molecular mechanism of

mechanisms. analysis
pancreatic cancer.®” These 118 mRNAs were used to con-
struct a protein—protein interaction network. This network
identified four hub genes — CdH1, SERPINE]1, IRS1, and
FYN. Subsequently, CMap analysis identified three bioac-
tive compounds (Celastrol, 5109870, and MMG —132) that
could be used to treat PDAC.

Furthermore, circRNAs may also be involved in the che-
motherapeutic resistance of pancreatic cancer. A comparison
of circRNA expression profiles between drug-resistant pan-
creatic cancer cell lines and the drug-sensitive parental cells
identified differentially expressed circRNAs. The potential
roles of these differentially expressed circRNAs in drug resis-
tance were investigated. For example, circRNA expression
profiles in gemcitabine-resistant Sw1990 pancreatic cancer
cell lines and the gemcitabine-sensitive parental Sw1990 cell
line demonstrated that circRNA 101672, circRNA 004077,
and circRNA 003251 were significantly upregulated in the
drug-resistant  cell  lines, and  circRNA 101543,
circRNA 102747, and circRNA 000926 were markedly
downregulated.* These dysregulated circRNAs may act as
miRNA sponges, thereby affecting the MAPK and mTOR
signaling pathways and mediating chemotherapeutic resis-

tance. Similarly, Shao et al® compared differences in the
circRNA expression profiles between gemcitabine-resistant

PANC-1-GR cells and parental PANC-1 cells by RNA

sequencing and determined that two circRNAs (located at
chr14:101402109-101464448+  and  chr4:52729603—
52780244+) were differentially expressed. They also found
that silencing these two circRNAs restored the susceptibility
of PANC-1-GR cells to gemcitabine, while their overexpres-
sion reduced the sensitivity, suggesting that they may be novel
biomarkers and potential therapeutic targets for gemcitabine-
resistant pancreatic cancer. Liu et al”® found that circHIPK3
promoted gemcitabine resistance in pancreatic cancer cells by
targeting RASSF1 via the sponging of miR-330-5p. Therefore,
circHIPK3 may also be a biomarker for drug resistance in
pancreatic cancer and a prognostic indicator.”!

Summary and Prospect

In this review, the classification, biogenesis, and functions of
circRNA were briefly introduced, and the current research on
the molecular mechanism of circRNA and its potential use in
the clinical diagnosis and treatment of pancreatic cancer was
reviewed in detail. In recent years, circRNA has become a new
research hotspot. With the increasing progress in technology
and methods (eg, gene chip and sequencing), circRNA data-
bases are being enriched and improved. CircRNA functions in
transcriptional regulation and polypeptide translation function
and as a microRNA sponge. Its associations with some dis-
eases, especially various types of tumors, have been confirmed.
Studies have suggested that most circRNAs play an endogen-
ous competitive role as miRNA sponges in tumors, while some
circRNAs can directly bind to proteins and act as sponges or
synergistic factors to regulate tumor growth, invasion, and
migration, all of which can affect the prognosis of patients.
Compared to traditional linear RNAs and other RNA molecule
families (eg, IncRNA and miRNA), circRNA is time- and
tissue-specific and widely expressed in various tissues, cells,
and body fluids, with strong structural stability. These charac-
teristics make it possible for circRNA to be an effective bio-
marker in the early diagnosis, targeted therapy, and prognosis
evaluation of the diseases.

A number of studies have verified that the expression
profile of circRNA in pancreatic cancer tissues is signifi-
cantly different from that in normal tissues. These differ-
entially expressed circRNAs can regulate the expression of
downstream target genes by binding to specific miRNAs.
The circRNA-miRNA-mRNA signal axis can regulate the
biological behaviors (eg, invasion, metastasis, immune
escape, and chemoresistance) of pancreatic cancer.
Further research of these signaling pathways underlies
our search for diagnostic markers and therapeutic targets
for this disease.
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The circRNA research into the diagnosis and treatment
of pancreatic cancer is still in an early stage, and the follow-
ing directions can be explored with future research. First,
current circRNA research in pancreatic cancer has been
mainly limited to the function of circRNA as a miRNA
sponge. However, only a few circRNAs act as miRNA
sponges. Indeed, circRNAs also serve as protein sponges,
transcriptional regulators, and peptide translation templates
and may also play other roles. Therefore, the next stage of
circRNA research should focus on these other circRNA
functions and their molecular mechanisms underlying pan-
creatic cancer. Secondly, there is still an absence of convin-
cing clinical studies and animal experiments in the field of
circRNA research in pancreatic cancer to determine the
potential of circRNAs in clinical therapy. The next research
focus in this area will be on how to transform the reported
circRNA data related to pancreatic cancer into targeted
therapeutic drugs for the treatment of this disease. In addi-
tion, some scholars have found that circRNA can participate
in intercellular signal transduction using exosomes as
a medium; however, the specific mechanism has not been
defined. It is believed that with the continuous progress in
experimental technology and research, circRNA will even-
tually play an important role in the early diagnosis, targeted
therapy, and prognosis improvement of pancreatic cancer.
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