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Purpose: Acute pancreatitis (AP) is a common digestive disorder characterized by high morbidity and mortality. This study aims to
uncover differentially expressed long noncoding RNAs (IncRNAs) and mRNAs, as well as related pathways, in the early stage of acute
pancreatitis (AP), with a focus on the role of Neatl in AP and severe acute pancreatitis (SAP).

Methods: In this study, we performed high-throughput RNA sequencing on pancreatic tissue samples from three normal mice and
three mice with cerulein-induced AP to describe and analyze the expression profiles of long non-coding RNAs (IncRNAs) and
mRNAs. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were conducted on the
differentially expressed mRNAs to identify enriched pathways and biological processes. An IncRNA-miRNA-mRNA interaction
network was constructed to elucidate potential regulatory mechanisms. Furthermore, we utilized Neatl knockout mice to investigate
the role of Neatl in the pathogenesis of cerulein-AP and L-arginine-severe acute pancreatitis (SAP).

Results: Our results revealed that 261 IncRNAs and 1522 mRNAs were differentially expressed in the cerulein-AP group compared to
the control group. GO and KEGG analyses of the differentially expressed mRNAs indicated that the functions of the corresponding
genes are enriched in cellular metabolism, intercellular structure, and positive regulation of inflammation, which are closely related to
the central events in the pathogenesis of AP. A ceRNA network involving 5 IncRNAs, 226 mRNAs, and 61 miRNAs were constructed.
Neatl was identified to have the potential therapeutic effects in AP. Neatl knockout in mice inhibited pyroptosis in both the AP/SAP
mouse models.

Conclusion: We found that IncRNAs, particularly Neatl, play a significant role in the pathogenesis of AP. This finding may provide
new insights into further exploring the pathogenesis of SAP and could lead to the identification of new targets for the treatment of AP
and SAP.
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Introduction

Acute pancreatitis (AP) is a disease characterized by the pancreas essentially digesting itself, triggered by the activation
of trypsin due to a variety of causes.' It is a significant health concern, being one of the primary reasons for hospital
admissions related to gastrointestinal issues.>> Of those diagnosed with AP, about 20% may experience a progression to
severe acute pancreatitis (SAP), which is accompanied by local or systemic complications and often requires invasive
interventions. This can drive the mortality rate for SAP as high as 30%.*> Current therapies for acute pancreatitis (AP)
are largely non-specific and supportive in nature, a necessity given the disease’s potential for rapid and unpredictable
fluctuations in severity and clinical progression.® Hence, it is crucial to explore these molecular mechanisms and identify

potential biomarkers and novel therapeutic targets.
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Accumulating body of research indicates that non-coding RNAs (ncRNAs), such as long noncoding RNAs
(IncRNAs), circular RNAs (circRNAs), and microRNAs (miRNAs), play a significant role in the onset and progression
of numerous diseases. These include lung cancer,7 inflammatory bowel disease,8 cancer resistance,9 cardiovascular
disease'® and pancreatic disorders, among others. Furthermore, the expression of ncRNAs is tightly regulated under
normal physiological conditions.'' Therefore, altered expression of ncRNAs could potentially serve as diagnostic
biomarkers or therapeutic targets for diseases. Studies have revealed that certain IncRNAs are implicated in the
pathophysiological mechanisms of acute pancreatitis (AP), participating in various processes such as the regulation of
macrophage polarization,'? the preservation of gastrointestinal motility dysfunction,'? and and the induction of pancrea-
titis-associated lung injury.'* For example, during the inflammatory response in AP, IncRNAs primarily modulate the NF-
kB pathway either directly or indirectly, triggering the expression and secretion of inflammatory factors and promoting
M1 macrophage polarization. LncRNA Fendrr directly binds to the ANXA2 protein to facilitate acinar cell apoptosis.
ANXA?2, predominantly located in the nucleus, can attach to the 3’-UTRs of specific mRNAs to suppress their
translation.'> The transcription factor CEBPB can bind to the promoter region of IncRNA MALAT!1 and enhance its
expression. LncRNA MALAT]1 then interacts with CIRBP and prevents its ubiquitination, leading to the activation of the
ERK pathway and subsequent gastrointestinal motility disorders.'> However, the role of IncRNAs in the early stages of
acute pancreatitis (AP) has not been subject to comprehensive analysis.

As reported, IncRNAs have been shown to interact with a variety of targets, governing cellular functions and the
expression of downstream genes.'® Among the mechanisms by which IncRNAs exert their regulatory effects, competing
endogenous RNA (ceRNA) is a significant pathway. It involves IncRNAs interacting with microRNAs (miRNAs) to
modulate the expression of downstream genes.'” Among the mechanisms by which IncRNAs exert their regulatory
effects, competing endogenous RNA (ceRNA) is a significant pathway. It involves IncRNAs interacting with microRNAs
(miRNAs) to modulate the expression of downstream genes.'® For instance, the IncRNA TCONS_00021785 elevates the
expression of the E3 ligase enzyme Trim33 by sequestering miR-21-5p, thereby modulating VMP1-mediated zymophagy
and diminishing the activation of trypsinogen.'” LncRNAs NONRATT022624 and NONRATT031002 boost the tran-
scription factor ER1’s expression by interacting with miR-214-3p and miR-764-5p, respectively, which in turn regulates
tissue factor expression and intensifies trypsinogen activation.”’ Regarding the influence on autophagy’s onset, IncRNA
PVTI1 stimulates beclinl expression through binding to miR-30a-5p, leading to abnormal autophagy induction, while
IncRNA FENDRR represses ATG7 expression by associating with the RNA-binding protein PRC2, which interacts with
the ATG7 promoter regions.”' The long nonprotein-coding RNA NEAT1, which associates with forming paraspeckles

22-24 and

and maintaining their integrity, is implicated in the development and progression of a variety of cancers
inflammation.?> %’ In recent years, NEAT1 has been found to play critical roles in the molecular mechanism, diagnosis,
and therapy of AP. But the exact mechanism and role in the progression of pancreatitis are still unclear.

In this study, we employed RNA sequencing technology to analyze the expression profiles of the transcriptome during
the initial stages of acute pancreatitis in a mouse model and inferred their functional associations through Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. Furthermore, we constructed a competing
endogenous RNA (ceRNA) network to elucidate the interactions between IncRNAs and mRNAs. Additionally, we
verified that NEAT1 acts as a candidate therapeutic target by regulating RHOB/NLRP3/GSDMD-dependent pyroptosis
during the progression of acute pancreatitis, thereby providing a novel theoretical foundation for potential clinical

treatment strategies and early intervention in acute pancreatitis.

Materials and Methods

Mice and Reagents

The C57BL/6 strain of mice, which are of the wild-type variety, were procured from Vital River Laboratory Animal
Technology in Beijing, China. Simultaneously, Neatl knockout mice (Neatf/ 7) were obtained from the Model Animal
Research Center located in Nanjing, China. These mice were accommodated in a pathogen-free environment at Wenzhou
Medical University (WMU), maintained at a constant temperature of 25°C with a lighting regimen of 12 hours of light
followed by 12 hours of darkness. For the acute pancreatitis experiments, male mice aged between 8 to 10 weeks were
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chosen. All experiments involving mice adhered to the ethical guidelines provided by the US National Institutes of
Health for laboratory animal care and use, and all protocols were authorized by the Scientific Investigation Board of
Wenzhou Medical University (Approval id: wydw2022-0566). Primary antibodies to the following proteins were used in
this study: GAPDH (36KD; 1:3000; 1E6D9; Proteintech Group Inc)., RhoB (22KD; 1:1000; ab277779; Abcam), NLRP3
(118KD; 1:1000; ab263899; Abcam), and GSDMD (53KD; 1:1000; ab209845; Abcam), MPO (1:50; ab9535; Abcam),
Caspase-1 (48KD; 1:1000; 83383; Cell Signaling Technology) and cleaved-Caspase-1 (22KD; 1:1000; 89332; Cell
Signaling Technology). The secondary antibodies are HRP-conjugated Goat Anti-Rabbit IgG (H+L) (1:3000;SA00001-2;
Proteintech Group Inc). and HRP-conjugated Goat Anti-Mouse IgG (H+L) (1:3000;SA00001-1; Proteintech Group Inc).
L-Arginine was sourced from Sigma-Aldrich (St. Louis, MO, USA), and Cerulein was obtained from MedChemExpress
(Monmouth Junction, NJ, USA).

Experimental AP Mice Model

Before inducing experimental AP or SAP, 8-week-old wild-type mice and age-matched Neatl knockout mice were
subjected to an 8-hour fasting period. Subsequently, the mice were randomly and blindly divided into the indicated
groups (n = 3 mice per group) and treated with 200 ul of cerulein at a dose of 200 ug/kg/h, administered intraperitoneally
in 10 doses, or with L-Arginine at a dose of 2.5 g/kg, administered intraperitoneally in two doses with a 1-hour interval
between doses, as previously described.”®*° The mice were euthanized using carbon dioxide (CO2) inhalation at either 1
or 12 hours following the initial AP induction. Serum and pancreatic tissue were then harvested for subsequent analysis.
For histological examination, the pancreases were immersion-fixed in 4% paraformaldehyde, while for RNA extraction,
they were preserved in RNAlater (QIAGEN, Diisseldorf, Germany). Moreover, freshly excised pancreases were rapidly
frozen for later protein extraction and Western blot analysis.

Enzymatic Method Measurement of Serum Amylase and Lipase

Blood was collected from the acute pancreatitis mouse models and allowed to clot naturally at room temperature for
30 minutes. Serum was then separated through centrifugation at 4000 rpm, corresponding to a force of 1500 g, for
a duration of 10 minutes at a temperature of 4 °C. The obtained serum samples were subsequently diluted to the
necessary concentration and mixed with the reagents included in the assay kits. The activity levels of amylase and lipase
were measured using the a-Amylase Assay Kit (C016-1) and Lipase Activity Kit (A054-2), respectively, in accordance
with the instructions provided by the manufacturer (Nanjing Jiancheng Bioengineering Institute, Nanjing, China).

Protein Extraction and Western Blotting

Pancreatic tissues that had been snap-frozen were thawed and homogenized in a Triton X-100 lysis buffer supplemented
with a complete protease inhibitor cocktail (Roche), as previously described.”® The protein concentration in the lysates
was quantified using a BCA Protein Assay Kit (Beyotime Biotechnology, Shanghai, China) and then diluted to equal
concentrations with the lysis buffer. Equivalent amounts of protein were separated by SDS-PAGE, transferred to PVDF
membranes (Millipore). The membranes were blocked with 5% skimmed milk and then incubated with primary
antibodies mentioned above overnight at 4 °C and were incubated with a HRP-conjugated Goat Anti-Rabbit 1gG (H
+L) or HRP-conjugated Goat Anti-Mouse IgG (H+L) at room temperature for 1 h. After the membrane is washed with
eluent, the immunoreactive bands were visualized using SuperFemto ECL Chemiluminescence Kit (E423-01; Vazyme)
and then blotted with the iBright FL Imaging System (Thermo Fisher Scientific, Waltham, MA, USA). The intensity of
WB band can be calculated by imageJ software. GAPDH was utilized as a loading control.

Pancreas Histological Examination, Immunohistochemistry and Detection of
Myeloperoxidase (MPO) Levels

Twelve hours following the induction of acute pancreatitis (AP), pancreatic specimens were harvested and fixed in a 4%
paraformaldehyde solution in PBS. Subsequently, the fixed tissues were embedded in paraffin wax, sectioned into 5-um
slices, and subjected to staining with hematoxylin and eosin (H&E), an antibody against myeloperoxidase (MPO) from
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Abcam (1:50; ab9535), and a TUNEL assay kit (C1091) from Beyotime Biotechnology (Shanghai, China), following
previously established protocols.”!

Pancreatic tissue samples were thawed and homogenized in 20 mm phosphate-buffered saline (PBS) at pH 7.4 using
a tissue homogenizer. The homogenate was then centrifuged at 1200 g for 20 minutes at 4 °C. The supernatant was
collected and analyzed for MPO activity using an enzyme-linked immunosorbent assay (ELISA) kit (EMMPO, Thermo
Fisher Scientific), following the manufacturer’s instructions.

RNA Isolation and Quantitative PCR (qPCR)

RNA was isolated from the pancreatic tissue stored in RNAlater using the TRIzol reagent (ThermoFisher Scientific), in
accordance with the manufacturer’s instructions. Then, reverse transcription for mRNA detection was performed using
PrimeScript™ RT Reagent Kit for RT-PCR (Takara Shuzo Co., Tokyo), in line with the kit’s recommended procedures.
And reverse transcription for miRNA, U6 snRNA, was performed using the miRNA 1st-Strand cDNA Synthesis Kit
(Vazyme, MR201-01, Nanjing, China). Following cDNA synthesis, real-time PCR was performed on a Bio-Rad CFX
instrument, utilizing the SYBR Green reagent provided by TAKARA Biotech (Tokyo, Japan). The relative expression of
the genes of interest was normalized to the housekeeping gene Rpl32 or U6, using the 2*-AACt method for cycle
threshold analysis.*® The primer sequences for qPCR were list in Table 1.

Table | Sequences of the Primers Used for Quantitative Real-Time

PCR
Gene Primer list (5’->3’)
L32 Forward | GAAGTTCATCAGGCACCAGTC
Reverse | GAGCAATCTCAGCACAGTAAGA
b Forward | GACAGAACATAAGCCAACAA
Reverse | ACACAGGACAGGTATAGATTC
Cxcll Forward | AGACAGTGGCAGGGATTC
Reverse | TTCTTGAGTGTGGCTATGAC
Cxcl2 Forward | GCTCCTCAATGCTGTACT
Reverse | GAGTGGCTATGACTTCTGT
Rhob Forward | GTGCCTGCTGATCGTGTTCA
Reverse | CCGAGAAGCACATAAGGATGAC
nirp3 Forward | ATTACCCGCCCGAGAAAGG
Reverse | TCGCAGCAAAGATCCACACAG
HI9 Forward | GAACAGAAGCATTCTAGGCTGG
Reverse | TTCTAAGTGAATTACGGTGGGTG
Jpx Forward | CTCAGGTGGTTTTTGCGCTG
Reverse | CAGATGAGGCACACTCCCTG
Neat | Forward | GGCACAAGTTTCACAGGCCTACATGGG
Reverse | GCCAGAGCTGTCCGCCCAGCGAAG
Mirl 7hg Forward | CACAGGTTGGGATTTGTCGC
Reverse | GTGGAAATCGGCATCTTCAGC
Mir22hg Forward | AGGTCGCAGTGATTTTGCTC
Reverse | AGTGCTGGAGGGACACACTT
mmu-miR-223-3p | Forward | GCGCGTGTCAGTTTGTCAAAT

(Continued)

8102 s Journal of Inflammation Research 2024:17

Dove!


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

Dove Lin and Huang

Table 1 (Continued).

Gene Primer list (5’->3’)

mmu-miR-206-3p | Forward | GCGCGTGGAATGTAAGGAAGT

mmu-miR-7-5p Forward | GCGCGTGGAAGACTAGTGATTT

mmu-miR-24-3p Forward | GCGTGGCTCAGTTCAGCAG

mmu-miR-128-3p | Forward | CGCGTCACAGTGAACCGGT

ué Forward | CTCGCTTCGGCAGCACA

RNA-Sequencing Data Acquisition, Quality Control, and Processing

RNA was isolated from the whole pancreas of cerulein-induced acute pancreatitis (AP) mouse models. RNA concentra-
tion and quality were determined using a Qubit 2.0 Fluorometer (Thermo Fisher) and an Agilent 2100 Bioanalyzer,
respectively. Libraries were constructed with the TruSeq Stranded mRNA Sample Prep Kit (Illumina) according to the
kit’s protocol. Library quantification and quality checks were performed using the Qubit 2.0 Fluorometer and the Agilent
2100 Bioanalyzer, and the library molar concentration was verified by qPCR before pooling. Sequencing was conducted
on a HiSeq X10 system using a 2x150 bp paired-end, dual-index approach. For RNA-Seq data processing, Trimmomatic
was used to remove adapters, trim poor-quality bases, and discard reads shorter than 36 bp. The processed reads were
aligned to the mouse mm10 genome using the STAR aligner. Gene read counts were obtained with HTSeq’s htseq-
count command. Standardized read counts were used to calculate the differential expression of IncRNAs (DEL) and
mRNAs (DEM) between the two groups. In order to adjust for multiple comparisons and control for Type I error, R’s
limma and edgeR were used to identify differentially expressed genes (DEGs) with a significance level of FDR < 0.01
and a absolute value of log fold change (|logFC|) of > 2. Cluster analysis of DEGs was performed using R’s pheatmap
and ggplot2 functions with normalized expression levels. Venn diagrams, Volcano plots, and heatmaps were generated to
visualize differential expression, with up-regulated and down-regulated DEGs represented by different colors on the
heatmaps. For the DEGs, Kyoto Encyclopedia of Genes and Genomes (KEGG) and Gene Ontology (GO) biological
process enrichment analyses were conducted using Fisher’s exact test, with p-values adjusted by the Bonferroni method.
The RNA-Seq data have been deposited in the Gene Expression Omnibus (GEO accession number GSE272464).

Construction of IncRNA-miRNA-mRNA Network

LncRNA and mRNA exhibit sequence similarity, expression correlation, and positional neighbor relationship, both
exerting their roles through competitive binding with miRNA molecules (Tay et al, 2014). Consequently, different RNA
molecules competing for the same miRNA establish a competitive relationship. To predict the interactions between
miRNAs and DEMs, DELs respectively, we employed mircode, Targetscan (Release 8.0), miRTarBase (Release 9.0) and
miRDB (version 6.0) software based on base pairing principles. We integrated these predicted results to construct
potential IncRNA-miRNA-mRNA ceRNA networks and visualized them using Cytoscape software (version 3.10.0) in
order to explore the role of IncRNAs in SAP pathogenesis.

Statistical Analysis

Data are presented as mean + standard deviation (SD). The data must undergo normality testing before analysis. For
datasets that follow a normal distribution, a two-tailed Student’s #-test was employed for comparing between two groups,
while a one-way ANOVA, followed by Tukey’s post-hoc tests was used for comparing between more than two groups.
Kaplan-Meier method was used to analyze the survival rates of the wild-type and Neat/””~ mice following the
administration of the lethal dose of L-Arginine. All analyses were conducted using GraphPad Prism version 10

(GraphPad Software Inc)., *p < 0.05, **p < 0.01, n.s. represents non-significant, respectively.
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Results
Analysis of Differentially Expressed mRNAs, Including Gene Ontology and KEGG

Pathway Assessments

To delve into the pathogenic mechanisms underlying the early phase of acute pancreatitis (AP), we conducted
a comprehensive RNA-sequencing analysis to profile differentially expressed mRNAs (DEMs, Figure 1A). We deemed
a significant difference to exist when the [logFC| was > 2 and the FDR was <0.01, the top 50 genes were selected to plot
a heatmap (Figure 1B). Our analysis revealed that 1522 mRNAs exhibited differential expression in the AP group, with
839 being upregulated and 683 downregulated when compared to the control group (Figure 1C). Visual representation of
these differences was provided by a Volcano plot and hierarchical clustering analysis, which depicted the distinct mRNA
expression patterns in pancreatic tissues between the control and AP groups. The PDF of partial DEMs heatmap was
attached to Figure S1, and the full list of DEMs was shown in Table S1.

To elucidate the functional implications of the DEMs, we performed Gene Ontology (GO) and Kyoto Encyclopedia of
Genes and Genomes (KEGG) analyses. The GO analysis of the DEMs revealed their biological process (BP) functions to
be predominantly associated with small molecule catabolic processes, organic acid catabolism, and carboxylic acid
catabolism. In terms of cellular components (CC), the DEMs were linked to cell-substrate junctions, focal adhesions, and
the cell cortex. The molecular functions (MF) predicted for these DEMs included actin binding, cadherin binding, and
virus receptor activity (Figure 1D). KEGG pathway analysis uncovered the potential pathways by which these DEMs
might influence AP pathogenesis, highlighting their involvement in the regulation of cytokine-cytokine receptor inter-
actions, the inflammatory signaling pathway, and the cytoskeleton in muscle cells (Figure 1E).

Differential Expression of IncRNAs and Construction of IncRNA-miRNA-mRNA

Network

The RNA-Seq analysis was employed in our study to examine the differentially expressed long non-coding RNAs
(IncRNAs) during the quiescent and initial stages of acute pancreatitis (AP). This analysis resulted in the identification of
a total of 261 differentially expressed IncRNAs. The top 50 IncRNAs, based on their expression changes, were selected
for display in Figure 2A, with 139 showing upregulation and 122 showing downregulation. Hierarchical cluster analysis
and a volcano plot (Figure 2B) revealed significant differences in IncRNA expression between the pancreatic tissues of
the control group and the AP group. LncRNAs are known to participate in the regulation of biological processes in
various ways, such as directly interacting with mRNA to alter the spatial conformation of chromatin or being influenced
by regulatory molecules. The PDF of partial DELs heatmap was attached to Figure S2, and the full list of DELs was
shown in Table S2.

Considering the interplay between IncRNAs and mRNAs, and the role of miRNAs as intermediary regulatory
molecules, we constructed a competing endogenous RNA (ceRNA) network to predict the functions of differentially
expressed IncRNAs (DELs) and differentially expressed mRNAs (DEMs). As depicted in Figure 2C, 226 genes among
the DEMs were identified as potential targets regulated by the annotated DELs. Upon summarization, a ceRNA network
was constructed, involving 5 IncRNAs, 226 mRNAs, and 61 miRNAs, with each differentially expressed gene being
associated with one or more miRNAs (Figure 2D). The ceRNA network suggests that these IncRNAs not only
independently participate in the regulation of biological processes but also act as miRNA sponges, collectively affecting
downstream gene expression and contributing to the onset and progression of AP. The PDF of the ceRNA network was
attached to Figure S3, and the detailed information of the ceRNA is listed in Table S3.

The ceRNA network emerges as a pivotal regulatory mechanism in the pathogenesis of AP. This could lead to the
overexpression of genes that are detrimental to pancreatic acinar cell homeostasis, potentially exacerbating inflammation
and tissue damage. The implications of a dysregulated ceRNA network in AP suggest that therapies targeting this
network could have broad-spectrum effects. Since ceRNAs can regulate multiple mRNA targets, interventions aimed at
normalizing ceRNA activity could simultaneously modulate several disease pathways, offering a more comprehensive
approach to treatment than agents targeting single molecules. However, it is important to note that the complexity of
ceRNA networks necessitates a nuanced understanding of their dynamics. The interplay between various ceRNA
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Figure | Analysis of differentially expressed mRNAs in pancreatic tissues of the initial stage of the AP mouse model. (A) Schematic diagram of the cerulein-induced
experimental acute pancreatitis (AP) mouse model and the saline-treatment control group, i.p. represent intraperitoneal injection. (B) Heatmap showing DE mRNAs from
pancreatic tissues of cerulein-AP mice compared to pancreatic tissues of control mice. Row and column represent DE mRNA transcripts and tissue samples, red color
represents up-regulated DERNAs, green color represents down-regulated DE RNAs, and heavier color represents higher fold change. (C) The volcano diagrams showed the
DE mRNAs in the pancreatic head tissue of the three pairs of cerulein-AP group and control group. (D) GO enrichment analysis for DEMs. The analysis is presented as a bar
chart where each bar represents a specific GO term. The y-axis displays the GO terms categorized into three main ontologies: Biological Process (BP), Cellular Component
(CC), and Molecular Function (MF). The x-axis represents the negative logarithm of the p-value (—logl0(p-value)), indicating the significance of enrichment for each GO
term. The color intensity of the bars corresponds to the level of gene count enrichment within each GO term. (E) KEGG pathway enrichment analysis for KEGG pathway
enrichment analysis for up-regulated mRNAs, up-regulated IncRNAs, and for down-regulated circRNAs. Size represents the number of enriched genes, and color indicates
the degree of enrichment. Higher enrichment scores correlate with lower p-value, indicating that the enrichment of differentially expressed genes in the given pathway is
significant. Size represents the number of enriched genes, and color indicates the degree of enrichment. Higher enrichment scores correlate with lower p-value, indicating
that the enrichment of differentially expressed genes in the given pathway is significant.

molecules and their targets is likely to be context-dependent, and further research is needed to fully elucidate the
network’s role in AP. Additionally, potential off-target effects and the long-term consequences of ceRNA network
modulation must be carefully evaluated.
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Verify Differentially Dysregulated IncRNAs and mRNAs

Based on the result of the RNA-Seq and the constructed IncRNA-miRNA-mRNA Network, we verified some of the
IncRNAs and genes we were interested in. Compared with control group, the IncRNA and genes selected in AP group,
including H19, Mirl7hg, Mir22hg, Jpx, Neatl, Rhob, Nlrp3, Cxcll, Cxcl2, illb were significantly overexpressed and
consistent with the RNA Sequencing results (Figure 3A and B). Additionally, We confirmed that specific microRNAs are
predicted to be involved in the ceRNA network during the early stage of AP, including mir-206-3p, mir-128-3p, mir-24-
3p, mir-223-3p, mir-7-5p (Figure 3C). Among them, Neat! was the IncRNA with the highest connectivity in the ceRNA
network, which suggested that NEAT1 might be the most functional regulator and play a great role in the pathogenesis of
AP. Thus, we employed the IncRNA neatl knockout mice to explore the effects of Neatl on AP mouse model.

LncRNA Neatl Knockout Alleviated Cerulein-Induced AP and L-Arginine-Induced
SAP in Mice

To confirm whether increased Neat! expression mediates the exacerbation of acute pancreatitis (AP), we established
a cerulein-induced AP model in wild-type (WT) and Neat! knockout (Neatl ") mice (Figure 4A). Administration of
cerulein resulted in dramatic pathological changes, including pancreas edema, inflammatory cell infiltration, and tissue
necrosis. However, Neatl knockout prevented these pancreatitis symptoms induced by cerulein injection (Figure 4B).
Neutrophils were recruited into the injured pancreases during pancreatitis progression, whereas significantly fewer
MPO+ cells [Figure 4C, ANOVA summary: F (3, 8) = 40.74, P<0.0001, R*=0.9386] and lower pancreatic MPO activity
[Figure 4D, ANOVA summary: F (3, 8) = 34.34, P<0.0001, R?=0.9279] were observed in the injured pancreases from
cerulein-AP mice pretreated with Neat! knockout. Consistently, Neat! knockout inhibited the elevation of serum amylase
activity [ANOVA summary: F (3, 8) = 148.5, P<0.0001, R?=0.9824] and lipase activity [ANOVA summary: F (3, 8) =
31.29, P<0.0001, R*=0.9215] in the cerulein-AP mouse model (Figure 4E). It also suppressed the induction of
inflammatory cytokine and chemokine gene expression, including i//b [ANOVA summary: F (3, 8) = 52.67, P <
0.0001, R* =0.9518], cxcll [ANOVA summary: F (3, 8) = 30.33, P = 0.0001, R* =0.9192], and cxc/2 [ANOVA summary:
F (3, 8) = 20.27, P = 0.0004, R* =0.8843], in the injured pancreases from cerulein-AP mice (Figure 4F).

We also tested the damaging effect of Neat/ in L-arginine-induced severe acute pancreatitis (SAP) mouse models
(Figure 5A). Similarly, Neatl knockout also prevented these pancreatitis symptoms (Figure 5B), neutrophil infiltration
measured by MPO+ cells [Figure 5C, ANOVA summary: F (3, 8) = 33.04, P < 0.0001, R* = 0.9253] and MPO activity
[Figure 5D, ANOVA summary: F (3, 8) = 38.47, P < 0.0001, R? = 0.9352], inhibited the elevation of serum amylase
activity [ANOVA summary: F (3, 8) = 13.30, P = 0.0018, R? =0.8330] and lipase activity [ANOVA summary: F (3, 8) =
51.05, P < 0.0001, R* = 0.9504] (Figure 5E), suppressed the induction of inflammatory cytokine and chemokine gene
expression, including il/b [ANOVA summary: F (3, 8) = 19.34, P=0.0005, R* =0.8788], cxc// [ANOVA summary:
F (3, 8) = 23.44, P=0.0003, R? =0.8978], and cxcl2 [ANOVA summary: F (3, 8) = 74.30, P < 0.0001, R* =0.9654]
(Figure 5F), in the L-arginine-SAP model. In addition, the wild-type mice were significantly more susceptible to SAP
and exhibited significantly higher mortality rates compared to the Neatl "~ mice (Figure 5G, y* = 4.299, P = 0.038) when
treated with the lethal dose of L-Arginine (4g/kg).”’ These results demonstrate that loss of Neat/ within the injured
pancreatic acinar cell ameliorates the severity of experimental AP.

LncRNA Neatl Knockout Inhibited Pyroptosis in AP/SAP Mouse Models

In these differently expression mRNAs, we observed that neatl co-increased with nlrp3, illb and rhob. Previously
studies have demonstrated that the factors mentioned above are positive associated with pyroptosis. Therefore, we aimed
to explore the role of Neat! played in AP mouse models, and whether Neat! knockout affected the expression of
pyroptosis associated proteins. As shown in Figure 6A and B, Western blotting analysis showed that the protein
expression levels of Rhob, Nlrp3, Cleaved-Caspase-1, and Gsdmd were significantly upregulated in the pancreas tissues
of cerulein-AP model mice and L-arginine-SAP model mice. However, Neat! knockout significantly reversed these
effects. Besides, no significant differences were observed in the protein expression levels of Caspase-1 between the AP
and SAP groups. We further perform TUNEL staining to assess whether Neat! deficiency could influence post-AP/SAP
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Figure 3 qRT-PCR validation of DELs and DEMs in cerulein-AP mice compared with matched tissues of control mice. (A) The expression level of IncRNA neat!, mir22hg,
mirl 7hg, h19, jpx in the pancreatic tissue from Saline, cerulein-AP mice were detected by RT-qPCR and normalized to Rpl32 (n = 3 mice/group; data are presented as means
1SD). (B) The expression level of rhob, nirp3, cxcll, cxlc2, illb in the pancreatic tissue from Saline, cerulein-AP mice were detected by RT-qPCR and normalized to Rpl32
(n = 3 mice/group; data are presented as means+SD). (C)The expression level of mir-206-3p, mir-128-3p, mir-24-3p, mir-223-3p, mir-7-5p in the pancreatic tissue from Saline,
cerulein-AP mice were detected by RT-qPCR and normalized to U6 (n = 3 mice/group; data are presented as meansSD). Data were presented as mean+SD, and analyzed
using a two-tailed, unpaired Student’s t-test. *p < 0.05, **p < 0.01.
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Figure 4 Neat| Knockout Mitigates Cerulein-Triggered Acute Pancreatitis in Mice. (A) Diagram depicting the protocol for inducing acute pancreatitis (AP) with cerulein in
mice, including the treatment steps, i.p. represent intraperitoneal injection. (B) Histopathological assessment of the role of Neatl in cerulein-induced AP in mouse models.
Upper panel: H&E staining at 100X magnification; lower panel: H&E staining at 200X magnification (n = 3 mice/group; data are presented as means+SD). (C) Quantification
and comparison of neutrophil infiltration in the pancreas of control wild-type, control Neatl knockout, cerulein-induced AP wild-type, and cerulein-induced AP Neatl|
knockout mice, as assessed by MPO staining. Upper panel: 100X magnification, Scale bar: 200 um; lower panel: 200X magnification, Scale bar: 100um.(n = 3 mice/group; data
are presented as means+SD). (D) Analysis of pancreatic MPO activity in mice after the administration of cerulein in the absence or presence of Neatl (n = 3 mice/group;
data are presented as means+SD). (E) Enzymatic analysis of serum amylase (left) and lipase (right) activities among control wild-type, control Neatl knockout, cerulein-
induced AP wild-type, and cerulein-induced AP Neat| knockout mice (n = 3 mice/group; data are presented as means%SD). (F) RT-qPCR measurement of mRNA levels for
illb, cxcll, exlc2 in pancreatic tissue from the various mouse groups, with normalization to Rpl32 (n = 3 mice/group; data are presented as means+SD). Data were presented
as mean * SD, and analyzed using a one-way analysis of variance. *p < 0.05, **p < 0.0/, n.s. represents no significant.
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Figure 5 Neat| Deletion Protects Mice from L-Arginine-Induced Severe Pancreatitis. (A) lllustration of the protocol for inducing severe acute pancreatitis (SAP) with
L-arginine in mice and the subsequent treatment regimen, i.p. represent intraperitoneal injection. (B) Histopathological analysis of the impact of Neat| on L-arginine-induced
SAP in mice. Upper panel: H&E staining at 100X magnification; lower panel: H&E staining at 200X magnification (n = 3 mice/group; data are presented as meanstSD). (C)
Assessment and comparison of neutrophil infiltration in the pancreas of saline-treated wild-type, saline-treated Neatl knockout, L-arginine-induced SAP wild-type, and
L-arginine-induced SAP Neat| knockout mice via MPO staining. Upper panel: 100X magnification, Scale bar: 200 um; lower panel: 200X magnification, Scale bar: 100um.
(n = 3 mice/group; data are presented as means+SD). (D) Analysis of pancreatic MPO activity in mice after the administration of L-arginine in the absence or presence of
Neatl| (n = 3 mice/group; data are presented as meanstSD). (E)Enzymatic assay comparison of serum amylase (left) and lipase (right) activities among saline-treated wild-
type, saline-treated Neat| knockout, L-arginine-induced SAP wild-type, and L-arginine-induced SAP Neat| knockout mice (n = 3 mice/group; data are presented as means *
SD). (F) RT-qPCR detection of mRNA expression levels for Il/b, Cxcll, and Cxcl2 in pancreatic tissue from the respective mouse groups, normalized to Rpl32 (n = 3 mice/
group; data are presented as means+SD). (G) Survival rate comparison between Neat| knockout and wild-type mice after receiving a lethal dose of L-arginine (4g/kg * 2, i.p.)
using the Kaplan-Meier method (n = 10 mice/group). Data were presented as mean % SD, and analyzed using a one-way analysis of variance. *p < 0.05, **p < 0.0/, ns.
represents no significant.
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Figure 6 Neat| knockout inhibited pyroptosis in AP/SAP mouse models. (A) Western blot analysis of the indicated proteins in pancreatic tissues from saline-treated wild-
type, saline-treated Neat!™", cerulein-AP wild-type, and cerulein-AP Neat! ™ mouse models in vivo. (B)Western blot analysis of the indicated proteins in pancreatic tissues
from saline-treated wild-type, saline-treated Neat! ", L-arginine-SAP wild-type, and L-arginine-SAP Neat! "~ mouse models in vivo. (C and D) Representative images of
TUNEL staining in control (left two panels) and AP/SAP (right two panels) tissue sections. Brown staining indicates positively labeled apoptotic cells. Upper panel: TUNEL
staining at 100X magnification, Scale bar: 200 um; lower panel: TUNEL staining at 200X magnification, Scale bar: 100um. Quantification of TUNEL-positive cells per high-
power field (HPF) in control and acute pancreatitis groups (n = 3 mice/group; data are presented as means+SD). Data were presented as mean * SD, and analyzed using
a one-way analysis of variance. **p < 0.0/, n.s. represents no significant.

pancreas cell damage, TUNEL+ cells were significantly decreased in the pancreatic acinar cells of Neat/~ AP [ANOVA
summary: F (3, 8) = 45.76, P < 0.0001, R* =0.9449] and Neat/ '~ SAP [ANOVA summary: F (3, 8) = 104.3, P < 0.0001,
R? =0.9751] mice versus the WT AP/SAP mice (Figure 6C and D). The above results demonstrated that NEAT1 played
a great role in the pathogenesis of AP/SAP.
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Discussions

Acute pancreatitis (AP) is a common acute abdominal disease with high mortality and mortality rates.>* About 80% patients
with AP have mild and moderate symptoms, and will recover in 1-2 weeks under the reasonable treatment. However, the
remaining 20% AP patients will develop into SAP with the 5-10% overall case fatality rate.** Despite the extensive
accumulation of research documents dedicated to finding novel therapeutic targets and intervention checkpoints for the
treatment of acute pancreatitis (AP), the results have been modest. Acute pancreatitis remains a challenging disease with
limited treatment options, particularly in cases of severe acute pancreatitis (SAP).® Consequently, further research and
clinical trials are necessary to develop more effective treatments and improve patient outcomes. Screening for gene
expression changes at the onset of pancreatitis may provide an opportunity to identify new therapeutic targets for
pancreatitis. In this study, we employed RNA-Seq to discover the gene networks and corresponding important network
nodes involved in a mouse model of AP. The sequence results demonstrated that 1522 mRNAs and 261 IncRNAs were
differentially expressed, and that these differential genes were mainly highly expressed. Based on this result, the present
study established a genetic interaction network in initial stage of AP. Through functional analysis, the present study
demonstrated that these genes primarily play roles in regulating cellular metabolism, intercellular structure, and positive
inflammation, including processes such as organic acid catabolism, carboxylic acid catabolism, cell-substrate junction
formation, focal adhesion, cortical cytoskeleton organization, as well as activities like MAP kinase tyrosine phosphatase
activity, MAP kinase phosphatase activity, and NAD binding. The full list of GO (Gene Ontology) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) enrichment pathways can be found in the supplementary material.

In our study, the gene network in the initial stage of acute pancreatitis (AP) revealed several potentially important
genes, including neatl, il1b, nlrp3, and rhob, which are closely associated with the pathogenesis of AP and pyroptosis.
The role of pyroptosis in acute pancreatitis is an area of intense research. Inhibition of these initially upregulated genes
might suppress the pathogenesis of AP. Studies have suggested that the inflammasome and the subsequent pyroptotic
process may contribute to the pathogenesis of AP. Inflammatory responses triggered by pyroptosis, such as the release of
IL-1pB, could exacerbate both local and systemic inflammation in AP. Furthermore, inflammasome activation and the
release of pro-inflammatory cytokines can recruit immune cells, such as neutrophils, potentially intensifying the
inflammatory response and causing pancreatic tissue damage.*> Research has shown that inhibiting pyroptosis by
targeting the NLRP3/Caspasel/GSDMD pathway could be a novel therapeutic approach for AP>**7 Activated RhoB
has been found to promote the activation of ROCK and the formation of the NLRP3 inflammasome, facilitating the
occurrence of pyroptosis.®® Additionally, NEAT1 has been observed to be upregulated in certain inflammatory condi-
tions, including allergic rhinitis,’® acute kidney injury,*® and pancreatitis.*' It is believed to interact with other RNA
molecules and proteins, potentially influencing pyroptosis in pancreatic acinar cells. Downregulation of IncRNA NEAT1
relieves cerulein-induced cell apoptosis and inflammatory injury in AR42]J cells through sponging miR-365a-3p in acute
pancreatitis.*> Quercetin-mediated downregulation of NEAT1, which in turn reduces miR-216b expression, inhibits

cerulein-induced acute pancreatitis.*'

Our RNA-Seq and gene network results suggest that NEAT1 may act as
a competing endogenous RNA (ceRNA) in the initial stage of AP. NEAT1 possesses the highest abundance of potential
binding sites for miRNAs in the ceRNA network, which are predicted to regulate numerous downstream mRNAs. While
some microRNAs (miRNAs) have been shown to interact with NEAT1 in the mircode database, there is no definitive
evidence to confirm these interactions in the ENCORI/starBase database. Consequently, we focused on exploring the
effects of NEAT1 in AP pathogenesis. Using Neat! knockout mice, we investigated the impact of Neatl on the mouse AP
process. The results showed that the knockout of Neatl significantly inhibited pyroptosis in AP/SAP.

Pyroptosis, a distinct form of programmed cell death, differs from conventional necrosis and apoptosis. It is
characterized by the formation of membrane pores and the release of IL-1p, a key effector cytokine.*® Activated
caspase-1 plays a crucial role in this process by cleaving the GSDMD protein, leading to the oligomerization of the
GSDMD-N amino terminus. This event triggers the formation of plasma membrane pores, facilitating the secretion of IL-
1B and IL-18, and ultimately induces pyroptosis.** This process is implicated in the pathogenesis of systemic inflamma-
tion. Herein, the expression of NLRP3, a pyroptosis-related marker protein, was upregulated in both cerulein- and
L-arginine-induced AP mouse model. Knockout of Neat! alleviated AP-related tissue damage, indicating that pyroptosis
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is involved in the pathogenic mechanisms of AP in vivo. As demonstrated by the tunel assay, Neat!/ knockout
significantly increased the survival rate of pancreatic acinar cells in pancreatitis’ tissues. These results suggest that
NEAT1 induces acinar cell damage by promoting pyroptosis, suggesting that NEAT 1 suppression alleviates pyroptosis in
AP and SAP.

Although our research is the first time to explore the theraputic effects of NEAT1 in AP/SAP knockout mice, it also
has a few drawbacks and limitations: Firstly, as mentioned above, we only studied the effect of neatl on acute
pancreatitis in mice, without further studying the specific mechanism of its regulation of AP. In the future, miRNA-
Seq and CLIP-Seq should be used to pinpoint the underlying mechanism of NEAT1 in acute pancreatitis. Secondly, the
Neatl-deficient mice employed in this study are global knockout. Macrophage-specific Neat!/ knockout mice and
pancreatic acinar cell-specific Neat! knockout mice should be used to pinpoint the major source of Neat/ in acute
pancreatitis.

Conclusion

In summary, the results of the present study suggested that Neat! was highly expressed in AP and may affect the
development of pyroptosis. Further analysis revealed that a neat]-miRNA-mRNA regulatory network may be the basis
for the effects of Neat/ on AP. The results of the present study may provide novel insight for studies into the
pathogenesis of AP and pyroptosis, as well as the development of strategies for the clinical treatment of AP. Future
research should aim to validate these findings in larger patient cohorts and explore the clinical applicability of ceRNA
network modulation. NEAT1 could be a potential prognostic marker in AP and SAP. And a drug or adenovirus target
to NEATI in pancreatic acinar cells need to be developed to treat AP/SAP in mice in our further experiments or
patients.
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