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Severe acute pancreatitis (SAP) is the most serious type of pancreatitis with high
morbidity and mortality. The underlying mechanism behind SAP pathogenesis is
complex and remains elusive. Circular RNAs (circRNAs) are emerging as vital regulators
of gene expression in various diseases by sponging microRNAs (miRNAs). However,
the roles of circRNAs in the pathophysiology of SAP remain unknown. In the present
study, next-generation RNA sequencing was utilized to identify circRNA transcripts in
the pancreatic tissues from three SAP mice and three matched normal tissues. The
differentially expressed circRNAs were confirmed by real-time PCR, and the biological
functions of their interaction with miRNAs and mRNAs were analyzed. Our results
demonstrate that 56 circRNAs were differentially expressed in SAP mice compared
with normal controls. Six differentially expressed circRNAs were confirmed with the
sequencing data. Importantly, we characterized a significantly downregulated circRNA
derived from the ZFP664 gene in SAP. CircZFP644 was found to be negatively
correlated with miR-21-3p, with a perfectly matched binding sequence to miR-21-3p. In
conclusion, CircZFP644 may play an important role in the pathogenesis of SAP through
sponging miR-21-3p. Our findings may provide novel insights regarding the workings of
the pathophysiological mechanism of SAP and offer novel targets for SAP.

Keywords: circRNA, severe acute pancreatitis, RNA-seq, CircZFP644, ceRNA, miRNA, miR-21

INTRODUCTION

Acute pancreatitis (AP) is a common inflammatory disorder of the pancreas with high morbidity
and mortality (Peery et al., 2019). Approximately 20% of patients with AP develop severe
acute pancreatitis (SAP) characterized by extensive pancreatic necrosis and multiple organ
failure, resulting in mortality rates as high as 30% (Forsmark et al., 2016). Unfortunately, the
pathophysiology of SAP is complex and remains elusive. Therefore, it is critical to address the
biological processes and molecular mechanisms underlying the development and progression of
SAP so that novel preventive or therapeutic strategies can be created.
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Non-coding RNAs (ncRNAs), such as microRNAs (miRNAs)
and circular RNAs (circRNAs), have emerged as vital regulators
of gene expression under multiple physiological and pathological
conditions (Beermann et al., 2016). Among them, miRNAs are
the most widely characterized and studied. A body of evidence
indicates that altered expression of miRNAs is implicated in the
pathogenesis of AP in animal models and human specimens
(Xiang et al., 2017; Yang et al., 2019). Furthermore, functional
studies also confirm that knockdown of certain miRNAs (e.g.,
miR-21) can be conducive to the reduction of damage caused
by SAP (Ma et al., 2015; Li et al., 2018a). Although the roles of
miRNAs have been well characterized, the precise mechanisms of
miRNAs in SAP remain largely unexplored.

There has recently been great interest in circRNAs, which
are a novel class of ncRNAs. CircRNAs are characterized by
forming covalently closed loop structures through backsplicing
or exon-skipping events (Chen and Zhao, 2018). They possess
stability that is higher than that of linear RNA, as well as tissue
or developmental-stage specific expression patterns. To date,
numerous circRNAs have been identified in different tissues
and diseases by RNA sequencing (RNA-seq), including normal
pancreas tissue and in diabetes mellitus (Xu et al., 2017; Stoll
et al., 2018). Notably, circRNAs can function as miRNA sponges
to regulate the expression of miRNA and its target genes
through the competing endogenous RNA (ceRNA) network (Han
et al., 2018). Increasing evidence has revealed that circRNA-
associated ceRNA networks play important roles in a variety
of diseases, such as cancer, heart disease, and diabetes mellitus
(Zhang et al., 2018; Zhong et al., 2018). Apart from acting as
miRNA sponges, circRNAs can also influence transcription and
splicing, bind to RNA-binding proteins and even be translated (Li
et al., 2018b). However, the potential circRNAs involved in SAP
are still unknown.

In this study, first, we investigated the expression profiling of
circRNA in necrotic pancreas tissues from SAP model mice and
matched normal tissues by RNA-seq. Then, using quantitative
reverse transcription-polymerase chain reaction (qRT-PCR), we
further verified the significantly differentially expressed circRNAs
in SAP. Interaction network between the validated circRNAs
and miRNAs revealed that decreased CircZFP644 may play an
important role in development of SAP by upregulating miR-
21-3p. Subsequent results showed that CircZFP644 remarkably
decreased while miR-21-3p significantly increased in the
pancreatic tissues from SAP mice and three matched binding
sequence was found between CircZFP644 and miR-21-3p.

MATERIALS AND METHODS

Animals
All experiments were performed according to protocols approved
by the Institutional Animal Care and Use Committee at the
General Hospital of Western Theater Command. Male C57BL/6
mice at 7–8 weeks were purchased from Dashuo Animal
Science and Technology Co., Ltd. (Chengdu, China). They were
maintained using the individually ventilated cage (IVC) system
and fed with standard laboratory food and water ad libitum for

3 days before the experiments. Animals were fasted overnight but
had free access to water before the modeling.

Preparation of SAP Model
The method of model preparation is similar to that we previously
reported (Liu et al., 2018). Briefly, mice were randomly divided
into control group and SAP group and anesthetized with 5%
isoflurane (via induction box) prior to surgery. The SAP model
was induced by a standardized pressure-controlled retrograde
infusion of 4% sodium taurocholate into the biliopancreatic duct
by using a micro infusion pump. All animals were sacrificed and
sampled 24 h after induction of pancreatitis.

Pancreatic Histological Analysis
Tissues of the pancreatic head were fixed in 4% formaldehyde
phosphate overnight and then dehydrated and paraffin
embedded. For hematoxylin and eosin staining, 4 µm
sections were stained with the dye and then examined by
light microscopy, and the histopathological score was evaluated
by using a previously described scoring system (Schmidt et al.,
1992). The scores were averaged for five individual slides
from each pancreas.

Amylase and Lipase Measurement
The levels of serum amylase and lipase were quantified from
blood collected from the tail vein using commercial kits (Nanjing
Jiancheng Bioengineering Institute, China) according to the
manufacturer’s protocols.

Samples and RNA Isolation
The control and SAP groups each contained three mice. RNA was
isolated from homogenized pancreatic tissue 24 h after surgery
using TRIzol reagent (Ambion) according to the manufacturer’s
instructions. The concentration of RNA was measured at
OD260/280 using a NanoDrop ND-2000 spectrophotometer
(Thermo, Waltham, MA, United States). The integrity of the
RNA was assessed using denaturing agarose gel electrophoresis.

RNA Library Construction and CircRNA
Sequencing
The total RNA of3 mice from SAP group and 3 mice from
control group was used to prepare the circRNA sequencing
library, according to the following steps: (1) 5 µg total RNA was
pretreated to enrich circRNAs using the CircRNA Enrichment
Kit (Cloud-Seq Inc., Shanghai, China). (2) RNA libraries
were constructed from the treated RNAs using the TruSeq
Stranded Total RNA Library Prep Kit (Illumina, San Diego, CA,
United States) according to the manufacturer’s instructions. (3)
Quality control and quantification of libraries were performed
by the BioAnalyzer 2100 system (Agilent Technologies, Inc.,
Santa Clara, CA, United States). (4) The denatured libraries as
single-stranded DNA molecules were captured on Illumina flow
cells, amplified in situ as clusters, and finally sequenced for 150
cycles on an Illumina HiSeq 4000 Sequencer according to the
manufacturer’s instructions.
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CircRNA Sequencing Analysis
Paired-end reads were harvested by the Illumina HiSeq 4000
sequencer and quality controlled using Q30 (Ewing et al., 1998).
After 3′ adaptor trimming and removal of low quality reads using
Cutadapt software (Kechin et al., 2017), the high quality trimmed
reads were aligned with the reference genome/transcriptome
using BWA−MEM software (Cloud-Seq, Inc., Shanghai, China)
and circRNAs were detected and annotated with CIRI software
(Cloud-Seq, Inc., Shanghai, China) (Gao et al., 2015). Raw
junction reads for all samples were normalized to the number of
total mapped reads and log2 transformed. CircRNAs exhibiting
fold changes more than 2.0 with P-values less than 0.05 were
classified as significantly differentially expressed circRNAs.

qRT-PCR Analysis
Pancreatic tissues from 6 SAP mice and 6 healthy mice were used
for verification. qRT-PCR with SYBR Green (Takara, Dalian,
China) analysis was used to validate the expression of miR-21-3p
and the differentially expressed circRNAs. These circRNAs were
chosen based on their functional roles and respective fold-change
and p-values, including CircAMY2a5 (chr3:113256960-
113258035-), CircZFP644 (chr5:106634831- 106638635-,
mmu_circ_0000663), CircDTNB (chr12:3617606-3648389+,
mmu_circ_0000349), CircCELA3b (chr4:137404385-137423389-
), CircARHGEF38 (chr3:133137266-133149650-), CircSRPK2
(chr5:23540375- 23565265-, mmu_circ_0001325), and the
primers are listed in Table 1. For RNase R treatment, 2 µg total
RNA was treated with or without 20 U/µL RNase R (Epicentre,

TABLE 1 | Sequences of primers used for quantitative real-time polymerase chain
reaction analysis of circRNA levels.

Name Primer type Primer sequence

CircAMY2a5 Forward TGTTTTGGAGATTTGCTGTGAGA

Reverse GTCCTCACTTACCTAACAAAGAAAA

CircZFP644 Forward CCGTTGATCTATCAGCCACA

Reverse GCACCAGTAATGTCGGTGTTT

CircDTNB Forward GCTCTGCCAGAACTGCTTTT

Reverse CCATTGGAATCTGACATCTGG

CircCELA3b Forward CCCCAGCAATAACATCGC

Reverse CAGACTGGATATCGCCGC

CircARHGEF38 Forward CCTCCTCCGGGACTTGAT

Reverse CCCATGTCCAGCAGGTTC

CircSRPK2 Forward TCAAGGCCTCCCAGTACG

Reverse GTGGTGGTGGTGGAGGAG

GAPDH Forward AAGGTCATCCCAGAGCTGAA

Reverse CTGCTTCACCACCTTCTTGA

miR-21-3p Forward GAAATGC-CTCACAGCTATCGT

Reverse CCTCCACAAAGAGCCACC

U6 Forward CGCTTCGGCAGCACATATAC

Reverse AAATATGGAACGCTTCACGA

Shanghai, China) for 20 min at 37◦C. For qRT-PCR analysis,
total RNA was reverse-transcribed into complementary DNA
(cDNA) using the Invitrogen Superscript cDNA Synthesis
kit (Invitrogen, Carlsbad, CA, United States). Reactions were
performed according to the manufacturer’s instructions. The
expression of gene GAPDH was used as a reference for circRNA

FIGURE 1 | Evaluation of the SAP model. (A) Representative histological sections of mouse pancreas stained with hematoxylin from control (left) and SAP (right)
groups (100x). (B) The histological score of pancreatic tissue. (C,D) Levels of serum lipase and amylase, respectively. ***p < 0.001, vs. control group, n = 6 per
group.
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normalization. The relative expression level of the miR-21-3p
was analyzed by the same real-time qRT-PCR method used
for validation of the circRNAs. U6 was used as an endogenous
control gene for miR-21-3p. The relative expression of circRNA
and miRNA was calculated according to the 2−1 1 Ct method.

GO and KEGG Pathway Analysis
The host genes of differentially expressed circRNAs were selected
to analyze their potential biological roles through gene ontology
(GO) functional annotation and Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway analysis (Kanehisa et al., 2017).
The GO program has developed a structured and controlled
vocabulary for community annotation genes, gene products,
and sequences (Ashburner et al., 2000). It contains three

parts: biological process (BP), molecular function (MF), and cell
component (CC). Fisher’s exact test was applied to analyze the
probabilities with clusterProfiler packages in R/bioconductor.
The selection criteria include fold change ≥ 2.0 and p < 0.05.

CircRNA-miRNA Networks Analysis
CircRNAs containing miRNA binding sites and the
corresponding miRNAs were subjected to analysis with
Cytoscape software (Cloud-Seq, Inc., Shanghai, China)
to construct circRNA-miRNA networks and demonstrate
interactions. MiRNA binding sites on circRNAs and the putative
target genes of these miRNAs were all predicted by custom-
written software based on Targetscan and Miranda (Betel et al.,
2008) software (Cloud-Seq Biotech Ltd., Co., Shanghai, China).

FIGURE 2 | Overview of circRNA expression profiles in SAP. (A) The experimental procedures for obtaining circRNA candidates. (B) The number of circRNAs (y-axis)
based on the backspliced reads (x-axis). (C) The number of circRNAs (y-axis) based on the predicted length of the backspliced reads (x-axis). (D) The percentage of
differentially expressed circRNAs based on their categories of circular components. (E) Venn diagram showing the number of common and specific circRNAs
between the SAP and control groups.
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Sanger Sequencing
To obtain more reliable PCR results, the PCR amplification
products were separated by electrophoresis in agarose gels.
Briefly, the samples were loaded into precast wells in the gels
and then subjected to electrophoresis. Subsequently, the PCR
products were stained with ethidium bromide and observed
under ultraviolet light. Finally, the gels were dissected and
the PCR products were recovered for subsequent sequencing
experiments. For Sanger sequencing, the specific PCR products
were extracted and directly purified with the Mag-MK Gel DNA
Purification Kit (Sangon Biotech, Shanghai, China) according to
manufacturer’s instructions. The sequences of the products were
determined by an ABI 3730 DNA sequencer (Applied Biosystems,
CA, United States).

Statistical Analysis
Statistical analyses were performed with the GraphPad Prism 7
(GraphPad, CA, United States) and SPSS 22.0 software packages
(SPSS, IL, United States). Statistically significant differences

between groups were estimated by Student’s t-test. Fisher’s exact
test was applied in the GO and KEGG pathway analyses. The
results were evaluated using Spearman’s correlation coefficient
test. All values are expressed as the mean± standard error of the
mean; p < 0.05 was considered statistically significant.

RESULTS

Evaluation of the SAP Model
The featured histopathological changes were found in the
pancreatic tissues from the SAP group, including pancreatic
lobule interstitial edema, granulocyte infiltration, and extensive
acinar cell necrosis (Figure 1A), and the corresponding
histopathological scores are also presented (Figure 1B). By
contrast, when viewed under a light microscope, pancreases from
the control group were intact with a normal structure. The levels
of serum lipase and serum amylase in the SAP group were
significantly higher than those in the control group (P < 0.05)

FIGURE 3 | Characterization of circRNA expression profiles of SAP mice and healthy mice. (A) Hierarchical clustering graph showing the expression patterns of
circRNAs in pancreatitic tissues of SAP and the control. (B,C) Scatter and volcano plot show the significant differentially expressed circRNAs between the SAP and
the control groups and identify fold changes greater than 2.0 and p-values less than 0.05.
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FIGURE 4 | Functions of the differentially expressed circRNAs in SAP by GO and KEGG analysis. (A) GO analysis of genes related to differentially expressed
circRNAs. GO annotations of the linear counterparts of upregulated and downregulated circRNAs in the cellular component, molecular function, and biological
process terms. (B) KEGG pathway analysis of the differentially expressed circRNAs.
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(Figures 1C,D). These results suggested that a reliable SAP
mouse model was established.

Overview of CircRNA Expression Profiles
in SAP
RNA-seq analysis was utilized to identify circRNA transcripts in
the pancreatic tissues from three SAP mice and three healthy
mice (Figure 2A). A total of 6504 distinct circRNA candidates
were found in these tissues, of which 3763 circRNAs contained
at least two unique back-spliced reads (Figure 2B). Next, we
analyzed the characteristics of these circRNAs. Most of the
circRNA candidates were less than 1500 nucleotides (nts) in
length (Figure 2C). As shown in Figure 2D, these circRNAs
were located at various genomic regions, including exonic (22%),
intronic (26.09%), sense overlapping (45.15%), and antisense
(1.91%) regions. There were 3121 circRNAs specifically expressed
in the SAP group, 3030 circRNAs specifically expressed in the
control group, and 353 circRNAs commonly expressed in both
groups (Figure 2E).

Differentially Expressed CircRNAs in SAP
On the basis of the circRNA expression analysis, 56 circRNAs
(p < 0.05, fold change ≥ 2) were found to be significantly
differentially expressed in the SAP group compared with
the control group. Among these differentially expressed
circRNAs, 2 circRNAs were upregulated and 54 circRNAs were
downregulated in the SAP group compared to healthy controls.
Of these, the fold-changes of 42 circRNAs were at least greater
than 10 (Supplementary Table S1). As seen in Figure 3A, the
expression patterns of circRNAs in the pancreatic tissues of
SAP mice and control mice were classified by unsupervised
hierarchical clustering. The scatter plot demonstrates the
variation in the circRNA expression level between the two
groups (Figure 3B). A volcano plot shows that the significantly
differentially expressed circRNAs between the two groups were
identified with fold-changes greater than 2.0 and p-values less
than 0.05 (Figure 3C).

Function of the Differentially Expressed
CircRNAs in SAP
Given that the overwhelming majority of dysregulated circRNAs
were downregulated in the SAP mice compared with the
normal group, we mainly focused on the 54 significantly
downregulated circRNAs. To investigate the potential function
of the differentially regulated circRNAs, we first performed GO
enrichment analysis, including biological processes (BP), cellular
components (CC), and molecular functions (MF) (Figure 4A).
For BP, the major enriched and meaningful GO terms were
multi-organism process, DNA binding, and digestion. In terms of
CC, trans-Golgi network transport vesicle membrane, zymogen
granule membrane, and cytoplasmic vesicle membrane were
the top three terms. For MF analysis, serine-type peptidase
activity, SMAD binding, and protein kinase activity were the most
enriched molecular functions.

Then, KEGG analysis was conducted for defining the
pathways relevant to the dysregulated circRNAs in the

pathological process of SAP. As shown in Figure 4B, protein
digestion and absorption (3 genes), apoptosis (3 genes), TGF-
beta signaling (3 genes), and the PI3K-Akt signaling pathway
(2 genes) were the major signaling pathways associated with the
dysregulated circRNAs.

Validation of Differentially Expressed
CircRNAs in SAP
Considering that 54 out of 56 differentially expressed circRNAs
were downregulated in SAP mice, we mainly focused on
the downregulated circRNAs. Based on the ranking order
of the multiple integrated factors described above, six
downregulated circRNAs were selected for validation by
qRT-PCR. The expression levels of CircAMY2a5, CircZFP644,
CircDTNB, CircCELA3b, CircARHGEF38, and CircSRPK2, were
significantly downregulated in the SAP group compared with
the normal control (Figure 5A). Taken together, the qRT-PCR
results for these six circRNAs were consistent with the RNA-seq
data (Figure 5B).

The Interaction Network Between
CircRNA and miRNA in SAP
To explore the underlying mechanism of circRNAs in mediating
mRNA based on miRNA in SAP, an interaction network between
circRNAs and miRNAs was constructed using TargetScan and
miRanda analysis. Six of the validated circRNAs were included
in this ceRNA analysis. In the network map, the miRNAs
that potentially bind to the 6 circRNAs are clearly shown
in Figure 6. The data may provide a novel perspective for
us to study the specific mechanism of circRNAs in the
pathological process of SAP.

Characterization of CircZFP644
Based on the above-described results, we focused on a
significantly dysregulated circRNA, circRNA.0001382,
which was 36-fold downregulated in SAP. We found
that mmu_circ_0001382 was spliced from the ZFP644
gene on chromosome 5:106634831-106638635(-), and
its total length is 3539 nt (Figure 7A). We thus termed
this circRNA as “CircZFP644.” The junction regions of
CircZFP644 were amplified using specific qRT-PCR primers
(Figure 7B), and Sanger sequencing of the PCR products
confirmed its back-spliced junction (Figure 7C). Using
specific divergent primers for CircZFP644, a specifically
amplified PCR product was seen from both cDNA and
gDNA, while it was only amplified from cDNA through
divergent primers (Figure 7D). Resistance to digestion by
RNase R further confirmed that CircZFP644 existed in a
circular form (Figure 7E). Taken together, these results
indicate that CircZFP644 is a stable circRNA derived from the
ZFP644 gene locus.

Interaction Between CircZFP644 and
miR-21-3p
Given that miR-21-3p is the most studied miRNA in the
pathogenesis of AP and reported to be significantly increased
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FIGURE 5 | Validation of differentially expressed circRNAs. (A) The relative expression levels of selected circRNAs detected by the qRT-PCR method. GAPDH was
used as a housekeeping gene for normalizing changes in specific gene expression. (B) The comparison between the RNA-Seq data and quantitative real-time
polymerase chain reaction results. ***p < 0.001, **p < 0.01, vs. control group. n = 6 per group. qRT-PCR, Quantitative reverse transcription-polymerase chain
reaction.

in SAP mice and involved in the necrotic process of SAP
(Wang et al., 2018), we thus investigated the correlation
between CircZFP644 and miR-21-3p. As seen in Figure 7A,
the expression of miR-21-3p was remarkably higher in SAP
pancreatic tissues as compared to normal tissues, and inversely,
CircZFP644 displayed a significant decrease in SAP than that
in the normal control. Notably, negative correlation was found
between CircZFP644 and miR-21-3p (Figure 8B). Moreover,
the binding sequence between CircZFP644 and miR-21-3p was
analyzed by Target Scan and miRanda, and it was determined
that there were 3 binding sites found between CircZFP644 and
miR-21-3p (Figure 8C).

Based on the above findings, we propose a schematic model
for the potential role of CircZFP644 in the pathogenesis of
SAP (Figure 9). CircZFP644 could regulate the expression of
multiple miRNAs such as miR-301a-5p, miR-301b-5p, miR-
6929-3p, miR-6981-5p, and miR-21-3p, and involve itself in the
necrotic process of SAP. Notably, CircZFP644 could sponge
miR-21-3p and modulate its target genes, ultimately resulting in
necrotic pancreatitis.

DISCUSSION

To date, no effective therapeutic options are available for the
clinical treatment of SAP. Therefore, it is crucial to investigate the
underlying mechanisms of SAP for the development of effective
therapeutics. In the present study, we identified 56 circRNAs
with significantly differential expression and confirmed that six
circRNAs exhibited significant downregulation in the pancreatic
tissues of SAP mice. Importantly, we found a tendency of negative
correlation and a perfectly matched binding sequence between
CircZFP644 and miR-21-3p, suggesting that CircZFP644 may
play a significant role in the pathogenesis of SAP by sponging
miR-21-3p. These findings may offer a novel insight into new
therapeutic targets for SAP.

Numerous studies have explored the molecular mechanisms
underlying SAP, and accumulating evidence indicates that
non-coding RNAs (ncRNAs), especially miRNAs, significantly
regulate the function of pancreatic acinar cells to exert an
influence on the process of SAP. For example, the expression
of miR-216a in pancreatic tissue is relatively specific in that its
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FIGURE 6 | A map showing the interaction network contained 6 validated circRNAs and their around 20 target miRNAs with the most stable binding in SAP. Circles
represent circRNAs, arrowheads represent miRNAs.

concentration is significantly higher in the pancreas than in other
tissues (Kong et al., 2010). Elevated miR-216a during AP activates
the PI3K/AKT signaling pathway and aggravates pancreatic tissue
damage and systemic inflammation via inhibiting the expression
of target genes phosphatase tensin homolog (PTEN) and mothers
against decapentaplegic homolog 7 (Smad7) (Zhang et al., 2015).
Overexpression of miR-352 causes dysfunction of the autophagic
lysosomes in acinar cells and reduces the scavenging efficiency of
trypsinogen and trypsin, which leads to premature of trypsinogen
and occurrence of AP (Song et al., 2018). Interestingly, when
miR-141 was transfected into AP mice, the hyperactive autophagy
in acinar cells was suppressed, and the damage in pancreatic
tissue was ameliorated (Zhu et al., 2016). Taken together, these
findings show the important role of miRNA in SAP pathogenesis
and the potential for treatment of SAP by targeting miRNAs.
However, the potential function of circRNAs, a novel type of
non-coding RNA, in the pathophysiological process of SAP has
not been reported.

CircRNAs are widely considered to act as vital regulators
under multiple physiological and pathological conditions. Studies
have shown that circRNAs are abundantly expressed in pancreatic
tissues and are related to the development and progression of

pancreatic diseases (Xu et al., 2015; Zhang et al., 2019). Stoll et al.
(2018) reported that circHIPK3 and ciRS-7/CDR1as impaired
insulin secretion by regulating the expression of key β-cell genes
in diabetic conditions. Despite the advancements, the role of
circRNAs in SAP pathogenesis remains unclear. In this study,
we identified 56 differentially expressed circRNAs in the necrotic
pancreatic tissue of SAP mice compared with the normal control
tissue, including 2 upregulated circRNAs and 54 downregulated
circRNAs. Using qRT-PCR, we confirmed six downregulated
circRNAs, which were consistent with the RNA-seq results. To the
best of our knowledge, this is the first report that has described
the circRNA expression profiles in SAP. These dysregulated
circRNAs from our study may provide novel insights regarding
the role of circRNAs in the development and progression of SAP.

GO and KEGG analyses were constructed to define the
function of the dysregulated circRNAs in SAP pathogenesis.
According to our results, we found that these dysregulated
circRNAs were enriched in several pathways, including the
transforming growth factor beta receptor signaling pathway,
bone morphogenetic protein (BMP) signaling pathway, MAPK
signaling pathway, and apoptosis. Among them, TGF−β

signaling has also been widely studied, and plays multiple
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FIGURE 7 | Characterization and expression analysis of CircZFP644. (A) Schematic diagram of CircZFP644 formed by back-splicing from the mouse ZFP644 gene
at chromosome 5. (B) Schematic view illustrating the design of primers for CircZFP644 used in qRT-PCR. (C) The junction sequences of CircZFP644 were validated
by Sanger sequencing. (D) Divergent primers detected CircZFP644 in complementary DNA (cDNA), but not in genomic DNA (gDNA). (E) RNA from mouse cardiac
tissue was incubated with RNase R or buffer only (Mock). After digestion, the RNAs were purified. The levels of CircZFP644 and GAPDH mRNA analyzed by
qRT-PCR after incubation with RNase R or buffer only (Mock). ***p < 0.001, vs. control group. n = 6 per group.

roles in the regulation of apoptosis, inflammation, pancreatic
regeneration, and repair in response to SAP (Gittes, 2016; Zhou
et al., 2019). It was reported that the BMP signaling pathway
was upregulated in the pancreases of AP mice and promotes

the development of AP (Cao et al., 2013). Furthermore, as is
well known, MAPK is one of the primary signaling pathways
that triggers pro-inflammatory cytokines and oxidative stress
and amplifies the inflammatory cascade in the progression
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FIGURE 8 | Interaction between pancreatic CircZFP644 and miR-21-3p in SAP. (A) The relative expression levels of CircZFP644 and miR-21-3p between control
and SAP groups by qRT-PCR. The data are expressed as the mean ± SD. (B) The tendency for negative correlation between CircZFP644 and miR-21-3p. (C) The
interaction between CircZFP644 and miR-21-3p was predicted by TargetScan and miRanda. The “2D Structure” column shows the binding sequence of
CircZFP644 and miR-21-3p as a perfect match seed type (7-mer-m8) with two imperfect match sites. The “Local AU” column displays 30 nucleotides in the
upstream and downstream of the seed sequence. The “Position” column indicates the probable position of the miR-21-3p response element on the linear
presentation of CircZFP644.

FIGURE 9 | Schematic view of the potential role of CircZFP644 in the pathogenesis of SAP. CircZFP644 could function as miRNA sponges to regulate multiple
miRNAs such as miR-301a-5p, miR-301b-5p, miR-6929-3p, miR-6981-5p, and miR-21-3p. Notably, CircZFP644 could sponge miR-21-3p and modulate its target
genes, ultimately resulting in the necrotic pancreatitis.

of SAP (Pereda et al., 2006). These reports support the
hypothesis that dysregulated circRNAs play important roles in
the pathogenesis of SAP.

As is known, circRNAs can act as miRNA sponges to regulate
the levels of miRNAs and inhibit their target genes through the
ceRNA network. In our study, an interaction network between 18
circRNAs and miRNA was constructed in SAP, and it offered a
large amount of important information that was used to research

circRNAs and their regulated miRNAs. Among the ceRNA
network, we mainly focused on CircZFP644 and its targeted
miR-21-3p. The miR-21 family is known to be overexpressed in
human specimens and experimental models in SAP, and plays
an important role in the development and progression of the
disease. It has been reported that miR-21-3p is overexpressed in
the pathological state of acinar cells that have been overdosed
with caerulein or sodium taurocholate rather than caerulein
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in physiological doses (Dixit et al., 2016). Additionally, the
overexpression of miR-21-3p in acinar cells inhibited apoptosis
(Wang et al., 2018), which nullifies the protective effects of
apoptosis for preventing leakage of necrotic substances and
limiting inflammation (Najenson et al., 2018), and also promotes
necroptosis of pancreatic acinar cells (Ma et al., 2015), thereby
aggravating the injury of pancreatic tissues. Additionally, it was
confirmed by several studies that deficiency of miR-21 in mice
contributed to amelioration of pancreatic injury during AP (Ma
et al., 2015; Li et al., 2018a). However, the upstream regulatory
factors of miR-21 involved in SAP are not known yet.

In the present study, we discovered that there was a tendency
for negative correlation and 3 binding sites between CircZFP644
and miR-21-3p. This suggests that the downregulated
CircZFP644 may sponge miR-21-3p in SAP. Overall, our study
demonstrates the potential role of CircZFP644 to modulate
miR-21-3p-mediated regulation and thus SAP pathophysiology.
Further study should be carried out to investigate the precise
mechanism and specific function of CircZFP664 in SAP.

There are some limitations in our study. Due to the well-
established SAP model, our results should be considered as
an experimental study, and the results should be investigated
in SAP patients. Additionally, our study mainly characterized
one circRNA, CircZFP664, and predicted its role in the
pathophysiology of SAP. Further studies should be carried out
to investigate the precise mechanism of CircZFP664 in SAP.
Additionally, we will explore the role of other circRNAs found
in our study with in vivo and in vitro experiments.

CONCLUSION

Our study reveals for the first time the circRNA expression
profiles of pancreatic tissues and characterized a differentially
expressed circRNA derived from the ZFP664 gene in SAP
(Figure 9). We found that the CircZFP664 gene may be involved
in the pathogenesis of SAP by sponging miR-21-3p. Our findings
provide novel insights into understanding the development and
progression of SAP, and delineate potential therapeutic targets of
clinical interest.
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