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Background: Long noncoding RNA (IncRNA) is receiving growing attention in Crohn’s disease (CD). However, the mechanism by
which herb-partitioned moxibustion (HPM) regulates the expression and functions of IncRNAs in CD rats is still unclear. The aim of
our study is to identify IncRNA-miRNA-mRNA network potential biological functions in CD.

Methods: RNA sequencing and microRNA (miRNA) sequencing were carried out to analyze IncRNA, miRNA and mRNA
expression profiles among the CD rats, normal control rats, and CD rats after HPM treatment and constructed the potential related
IncRNA-miRNA-mRNA competing endogenous RNA (ceRNA) networks. Then, Gene Ontology (GO), Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway enrichment analysis, protein—protein interaction (PPI) analysis and quantitative real-time polymerase
chain reaction (QRT-PCR) were performed to explore potentially important genes in ceRNA networks.

Results: A total of 189 IncRNAs, 32 miRNAs and 463 mRNAs were determined as differentially expressed (DE) genes in CD rats
compared to normal control rats, and 161 IncRNAs, 12 miRNAs and 130 mRNAs were identified as remarkably DE genes in CD rats
after HPM treatment compared to CD rats. GO analysis indicated that the target genes were most enriched in cAMP and in KEGG
pathway analysis the main pathways included adipocytokine, PPAR, AMPK, FoxO and PI3K-Akt signaling pathway. Finally, qRT-
PCR results confirmed that IncRNA LOC102550026 sponged miRNA-34c¢-5p to regulate the intestinal immune inflammatory response
by targeting Pckl.

Conclusion: By constructing a ceRNA network with IncRNA-miRNA-mRNA, PCR verification, and KEGG analysis, we revealed
that LOC102550026/miRNA-34c-5p/Pckl axis and adipocytokine, PPAR, AMPK, FoxO, and PI3K-Akt signaling pathways might
regulate the intestinal immune-inflammatory response, and HPM may regulate the IncRNA LOC102550026/miR-34c-5p/Pck1 axis and
adipocytokine, PPAR, AMPK, FoxO, and PI3K-Akt signaling pathways, thus improving intestinal inflammation in CD. These findings
may be novel potential targets in CD.

Keywords: herb-partitioned moxibustion, Crohn’s disease, IncRNA, ceRNA, IncRNA LOC102550026/miR-34c-5p/Pckl axis

Background

Crohn’s disease (CD) is an inflammatory bowel disease that is characterized by chronic inflammatory disorder of the
digestive tract, with a progressive and destructive course with accelerating incidence worldwide. CD lesions are often
segmentally distributed, possibly affecting any part of the gastrointestinal tract.'* Although the exact pathogenesis of CD
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remains unknown, it contains a complex interplay between genetic susceptibility, environmental factors, and immune
responses, in which the most rapid progress happens in genetics studies.®”

Long non-coding RNA (IncRNA) is a class of transcripts that contain more than 200 nucleotides with low protein
encoding potential.®’ Accumulating studies reported that the IncRNAs are considered as critical gene regulators in
various biological processes, including cell proliferation and differentiation, development and inflammation.®'°
LncRNAs contain microRNA (miRNA)-response elements, which function as a competitive endogenous RNA
(ceRNA), interacting with miRNAs to indirectly regulate mRNAs.'"!'? Specifically, IncRNAs are found to be signifi-
cantly involved in inflammatory diseases, such as rheumatoid arthritis, ankylosing spondylitis and osteoarthritis.'*'> As
for CD, increasing studies suggest that IncRNA plays a crucial role in the pathogenesis.'® For example, IncRNA
DQ786243 can be connected with the severity of CD, and it affects the expression of CREB and Foxp3 via regulating
the function of Treg.'” Yael showed that IncRNA LINCO01272 is related to a myeloid pro-inflammatory signature,
whereas IncRNA HNF4A-ASI is associated with an epithelial metabolic signature.'® Another study reported that
IncRNA MALATI1 as a ceRNA maintains the intestinal mucosal homeostasis via the miR-146b-5p-CLDN11/NUMB
pathway in CD."

Herb-partitioned moxibustion (HPM) has been reported to treat CD as an effective alternative therapy and verified to
achieve positive therapeutic effects.”> HPM can regulate A20 expression to protect the intestinal epithelial tight junctions
and repair the damage of intestinal epithelial barrier in CD mice.>'**> Another study illustrated that HPM inhibited
colonic epithelial cell apoptosis by regulating the TNF-alpha and TNFR1 expressions in CD model rats.>* Furthermore,
autophagy and immune-associated gene expressions in colon tissues of CD rats are influenced by HPM to decrease
intestinal inflammation and promote the repair of colonic mucosa.** However, whether HPM can regulate IncRNAs in
CD development and progression is still vastly unknown, and the role of HPM in regulating ceRNA in the development
of CD has not been comprehensively explored. Therefore, it is important to explore whether HPM can regulate ceRNA in
the development of CD.

In this study, we detected the colonic mucosal IncRNA, miRNA and mRNA expression profiles by RNA sequencing
in CD rats, normal control rats, and CD rats after HPM treatment and constructed the potentially related IncRNA-miRNA
-mRNA networks. A series of analyses were used to explore potentially important genes involved in CD. Furthermore,
qRT-PCR was performed to validate the expression of the IncRNAs/miRNAs/mRNAs. Our study aims to provide
beneficial information about understanding the development of CD and the mechanism of HPM treatment from IncRNA-
miRNA-mRNA network analysis.

Materials and Methods

Animals and Experimental Grouping

A total of 27 Sprague-Dawley rats (150420 g) were obtained from Shanghai SLAC Laboratory Animal Co., Ltd.
(Shanghai, China; License no: SCXK (Shanghai) 2017-0005). The rats were raised at Yueyang Clinical Medicine
School, Shanghai University of Traditional Chinese Medicine, and randomly divided into three groups, with 9 rats in
each group: the normal control group (NG), model group (MQG), herb-partitioned moxibustion group (HPMG). All
protocols for animal experiments were performed in strict accordance with the International Guiding Principles for
Biomedical Research Involving Animals recommended by the World Health Organization and were approved by the
Animal Care and Use Committee of Shanghai University of Traditional Chinese Medicine.

Animal Model

Rat model of TNBS-induced CD was established according to the previous study.?> The NG was fed routine chow, and the CD
model was induced from MG and HPMG by administration of an enema containing a mixture of TNBS and ethanol.? Briefly,
before model establishment, all rats were fasted and given only water for 24 h, weighed and anaesthetized using an
intraperitoneal injection of 1% pentobarbital sodium (45 mg/kg). The TNBS mixture was slowly instilled into the intestinal
cavity with a rubber cannula (3 mL/kg), and TNBS was administered. The rats were inverted for 1 min. The procedure was
repeated every 7 days for 4 weeks. After the modeling process was completed, one animal from each group was randomly
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selected for H&E staining of colon tissue to determine whether the CD model was successfully established. Only after the
successful establishment of the model, follow-up interventions were carried out. The animal protocols were approved by the
Ethics Committee of Yueyang Clinical Medicine School, Shanghai University of Traditional Chinese Medicine (No. YYLAC-
2020-085).

Treatment

In the HPMG, treatment was administered by placing a moxa cone on the top of an herbal cake at the Tianshu (ST25,
bilateral) and Qihai (CV6) points and igniting it (Figure 1). The treatment lasted for 10 min once daily for 7 days. The
herbal cake was a thick paste made of Chinese medicine powder (aconite). The moxa cone was made by placing
approximately 90 mg moxa wool in a mold (0.6 cm in diameter and 0.6 cm high). The rats in the NG and MG did not
receive any treatment.

Sample Collection and Processing

After the intervention, all rats were anesthetized by intraperitoneal injection of 2% pentobarbital sodium (45 mg/kg). All
rats were immediately euthanized by abdominal aorta exsanguination just after loss of consciousness. Then, the
abdominal cavity was opened and the length of the colon was recorded.”® The colon was then opened longitudinally
and weighed. Afterwards, the colon tissues were washed in PBS to clear fecal residues. Colon macroscopic damage
indexes (CMDISs) were determined.?” The scores are shown in Supplementary Table 1. Afterwards, 6-8 cm of the distal

colon was collected 2 cm from the anus. Each colon was divided into three parts: one part was fixed in 4%
paraformaldehyde, and the other two parts were stored in a —80 °C freezer.

Hematoxylin and Eosin (H&E) Staining

H&E was performed to assess colon injury and inflammation. The colon tissues were paraffin embedded and stained with
H&E. Briefly, the slides were incubated with hematoxylin solution, eosin solution, 70% ethanol, 90% ethanol, 100%
ethanol, and xylene. Finally, the sections were sealed and observed with a light microscope.

0.6 cm

Tianshu 0.6 cm
(ST25) Moxa cone

Qihai 1
(CV6) . tem

Y

0.45 cm

Herbal cake

Figure | lllustration of herb-partitioned moxibustion. HPM treatment was administered by placing a moxa cone on the top of an herbal cake at the Tianshu (ST25, bilateral)
and Qihai (CV6) points and igniting it.
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RNA Isolation and Construction of RNA Library

Colon samples from all the three groups, normal control group, model group and herb-partitioned moxibustion group,
were analyzed by high-throughput sequencing by Oebiotech Company (Shanghai, China) to detect IncRNA, mRNA and
miRNA expression profiles. In brief, total RNA was isolated using mirVana™ miRNA Isolation Kit (Thermo).
Afterward, the RNA integrity and concentration were determined by the Gel imaging system (Tanon 2500, Biotanon
Co., Ltd) and the NanoDrop 2000 (Thermo). According to the protocol, the TruSeq Stranded Total RNA with Ribo-Zero
Gold Prep Kit (Illumina) was used to construct IncRNA and mRNA libraries, and the TruSeq Small RNA Sample Prep
Kits (Illumina) was used to construct small RNA libraries. For mRNA and IncRNA, RNA was purified by magnetic
beads after removal of rRNA. Subsequently, the first-strand cDNA and second-strand cDNA were synthesized and library
fragments were purified using AMPure XP beads to select cDNA fragments.

For miRNA, the 3’ end of the miRNA was specifically ligated with 3" Adaptor, and the Super Script II Reverse
Transcriptase was used to synthesize the first strand cDNA. It was used for PCR amplification with ultrapure water, PCR
mix and RNA PCR primer. The DNA fragments within 147—157 bp of these amplification products were recovered by
RNA gel electrophoresis, and the pieces were purified to establish a small RNA library by the Agilent Technologies 2100
Bioanalyzer. The sequencing data were deposited in a public repository (Sequence Read Archive, https:/www.ncbi.nlm.
nih.gov/sra/PRINA803616).

Bioinformatic Analysis of mRNA and IncRNA

StringTie software was used to count the fragment within each gene.”® Then, transcripts with coding potential were
screened out by Pfam, PLEK, CPC and CNCI to obtain IncRNA predicted sequences.”’ ' Aligning the sequencing reads
of each sample with the sequence of mRNA transcript sequences, known IncRNA sequences and IncRNA prediction
sequences were detected using Bowtie2. Gene quantitative analysis was conducted by eXpress, the fragments per
kilobase of exon model per million reads mapped (FPKM) value and counts (the number of reads for each gene in
each sample) were obtained. Estimate Size Factors function of the DESeq (2012) R package was used to normalize the
counts, and nbinom Test function was performed to determine p value and fold change values for the difference
comparison. The statistical significance was defined as p-values < 0.05 and fold change > 2, and the Gene Ontology
(GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were performed using
Hypergeometric Distribution Test.

Bioinformatic Analysis of miRNAs

Non-coding RNAs were marked as rRNAs, tRNAs, small nuclear RNAs (snRNAs), and small nucleolar RNAs
(snoRNAs). These RNAs were aligned and then subjected to the BLAST?? search against Rfam v.10.1 (http:/www.
sanger.ac.uk/software/Rfam)*® and GenBank databases (http://www.ncbi.nlm.nih.gov/genbank/). Aligning against

miRBase v.21 database (http:/www.mirbase.org/) was compared to identify the known miRNAs,** and the known

miRNA expression patterns in different samples were analyzed. Novel miRNA prediction was performed using mirdeep2
software.*® The miRNAs expression was calculated using the transcripts per million (TPM) method. TPM = the number
of reads compared to each miRNA/the total number of sample comparison readsx10°.?® Afterwards, the corresponding
miRNA star sequences were identified using the hairpin structure of a pre-miRNA and the miRBase database.
Differentially expressed genes (DEGs) were identified when the threshold of p value < 0.05. While DEG algorithm in
the R package was used to calculate the p value for experiment with biological replicates, and Audic Claverie statistic
was used to calculate the p value for experiment without biological replicates.>” Miranda software was used to predict the
targets of differentially expressed (DE) miRNAs at the parameter as follows: S > 150 AG < —30 kcal/mol and demand
strict 5° seed pairing. GO enrichment and KEGG pathway enrichment analysis of DE miRNA-target-gene were
respectively performed using R based on the hypergeometric distribution.
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LncRNA-miRNA-mRNA Network Construction

Using Miranda v3.3a, regulatory relationships between IncRNAs and miRNAs and between miRNAs and mRNAs were
predicted. Based on the IncRNAs and miRNAs interaction analysis and the miRNAs and mRNAs interaction analysis,
the ceRNA networks were constructed and visualized using Cytoscape (version 3.6.1; http://cytoscape.org/).

Protein—Protein Interaction (PPI) Analysis

We constructed a PPI network by an online search tool to detect the interacting genes/proteins (STRING) (https://www.
string—db.org/).3 8 According to PPI network, interactions between proteins translated were identified from mRNAs in the
ceRNA network.

Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

The total RNA from the colon was isolated using EZ-press RNA Purification Kit (EZBioscience, USA). To measure the
IncRNA and mRNA expression level, total RNA was used for cDNA synthesis using a PrimeScript™ RT Master Mix kit
Perfect Real Time (Takara, Japan). The resultant cDNA was amplified at Roche Light Cycler 480 using SYBR ® Premix
Ex Taqg ™ II Tli RNaseH Plus (Takara, Japan). To measure the miRNA expression level, total RNA was converted into
cDNA using EZ-press microRNA Reverse Transcription Kit (EZBioscience, USA), and the reactions were performed at
Roche Light Cycler 480 using EZ-press microRNA qPCR Kit (EZBioscience, USA). The relative gene expression was
analyzed using the 2 **“ method. To normalize the data, internal reference was used with U6 for miRNA, ACTIN for
IncRNA and mRNA. The primer sequences are listed in Supplementary Table 2.

Western Blotting (WB)

Total protein was extracted from colon tissues. Protein samples were subjected to SDS PAGE gel and then transferred to
PVDF membranes. Subsequently, Primary antibodies of Pckl (Cell Signaling Technology, MA, USA) and B-actin
(Beyotime, Shanghai, China) are used to incubate with PVDF membranes overnight at 4 °C. The next day, the membrane
were incubated with HRP-conjugated secondary antibody (1:1000). The proteins were detected via the enhanced chemi-
luminescence kit (Beyotime, Shanghai, China). ImageJ software was used to analyze the gray values of the proteins.

Statistical Analysis

All the data (expect for the CMDIs score) were presented as mean + standard deviation (SD) and were analyzed by one-
way ANOVA with Bonferroni’s multiple comparison test. qRT-PCR (IncRNA LOC102557338, miR-34a-5p, miR-34c¢-5p,
Pckl and pdzklipl mRNA) results were analyzed by the least significant difference (LSD) test. QRT-PCR (IncRNA
LOC102550026) results were analyzed by the Games-Howell test. CMDI data were expressed as median (P25, P75) and
analyzed by the nonparametric Kruskal-Wallis H-test. P,q; < 0.05 was considered statistically significant. SPSS 25.0
(IBM, Armonk, NY, United States) and GraphPad Prism 8.0 software were used.

Results

General Condition and Histological Analysis

The CMDIs varied significantly among different groups. The CMDIs in the MG were distinctly increased compared
with those in the NG (Figure 2A; P < 0.001). After treatment, the scores were reduced in the HPMG (Figure 2A) (P <
0.05 vs the MQG). Compared with the NG, the colons of rats in the MG were significantly shorter (Figure 2B and C)
(P < 0.001). In contrast, the colons of rats in the HPMG were considerably longer (Figure 2B and C) (P < 0.01 vs
the MG).

The rat colon showed no specific histological damage in the NG (Figure 2D). But in the MG (Figure 2E), colon injury
was severe: mucosal glands destruction, a large number of inflammatory cells infiltrating into the mucosa and submucosa,
vasodilation and hyperemia, fissure-like ulcer formation, and severe abnormal morphological changes were observed. In
the HPMG (Figure 2F), epithelial tissue was repaired, with slight edema and inflammatory cells infiltrated into the
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Figure 2 CMDIs, colon length and morphological observation. (A) CMDIs. (B) Colon length. (C) Colon images. (D-F) Morphological observation with hematoxylin and
eosin (H&E) staining. Data are presented as the median (Ps, P75) in (A) and mean + SD in (B). *P < 0.05, **P < 0.01, **P<0.001. The black arrow indicates the location of
the ulcer. Scale bar: 100 ym, n = 8.

Abbreviations: NG, normal control group; MG, model group; HPMG, herb-partitioned moxibustion group.

mucosa and submucosa, small ulcers were healed, and mild abnormal morphological changes were observed These
results indicated that HPM treatment can relieve colon injury and help with colon shortening in CD rats.

Analysis of IncRNA Expression Profiles Between CD and Normal Control Rats

Differentially expressed IncRNAs in colon tissues from three NG and three MG rats were screened by RNA sequencing.
As shown in Figure 3A and B, the R package identified 189 DE IncRNAs (log2FC >1, P<0.05), including 89 upregulated
and 100 downregulated IncRNAs in the MG compared to the NG. Supplementary Table 3 presents the top 10 most

significantly upregulated and downregulated IncRNAs differentially expressed in the MG, respectively.

To further investigate the relationship between IncRNAs and gene transcription regulation, we analyzed the GO
clustering and KEGG pathway enrichment of DE IncRNAs. GO enrichment analysis disclosed that DE IncRNAs in the
MG were enriched in the biological process (such as lung ciliated cell differentiation, negative regulation of mesenchymal
cell proliferation involved in lung development and negative regulation of epithelial cell proliferation involved in lung
morphogenesis), the cellular components (such as the cerebellar mossy fiber, polysomal ribosome and mitochondrial matrix),
and the molecular function (such as RNA polymerase II transcription corepressor activity, protein tyrosine phosphatase
activity and double-stranded DNA binding) (Figure 3C). The KEGG pathways were mainly related to hepatocellular
carcinoma, PI3K—Akt signaling pathway, mTOR signaling pathway, NF—kappa B signaling pathway, Ras signaling pathway,
and purine metabolism (Figure 3D). Together, these data indicated that the IncRNAs play a critical role in CD pathogenesis.

Analysis of IncRNA Expression Profiles Between HPM and CD Rats

After HPM treatment, the DE IncRNAs in colon tissues from three MG and three HPMG rats were screened by RNA
sequencing. A total of 161 DE IncRNAs were defined from the HPMG compared to the MG (log2FC >1, P<0.05),
including 88 upregulated IncRNAs and 73 downregulated IncRNAs (Figure 4A and B). Top 10 upregulated and
downregulated IncRNAs in the HPMG compared with the MG are listed in Supplementary Table 4.
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Figure 3 The DE IncRNAs were analyzed based on the RNA sequencing data in MG and NG. (A) Volcano plot and (B) heatmap of DE IncRNAs between MG and NG
(log2FC >1 and P<0.05). (C) Top 30 GO terms from the genes enrichment analysis and (D) top 20 significant KEGG pathways between MG and NG.
Abbreviations: DE, differentially expressed; NG, normal control group; MG, model group; HPMG, herb-partitioned moxibustion group.

GO enrichment analysis disclosed that DE IncRNAs in the HPMG were enriched in the biological process (such as
positive regulation of TOR signaling, lamellipodium assembly and receptor-mediated endocytosis), the cellular compo-
nents (such as lamellipodium, growth cone, extracellular matrix and lysosome) and the molecular function (such as
polysaccharide binding, scavenger receptor activity, G-protein coupled receptor activity, ATPase binding and transmem-
brane signaling receptor activity) (Figure 4C). The KEGG pathways were mainly related to Fc gamma R—mediated
phagocytosis, cell adhesion molecules (CAMs), PI3K—Akt signaling pathway, phagosome and endocytosis (Figure 4D).
Therefore, these results reflect the potential mechanism of HPM treatment in CD rats by regulating IncRNAs.

Analysis of miRNA and mRNA Expression Profiles

Differentially expressed miRNAs in colon tissues from three NG, three MG and three HPMG rats were screened by small
RNA sequencing. With a log2 fold change, 32 miRNAs in the MG were shown to be differentially expressed in colon
tissues relative to the NG. Among them, 25 and 7 were up- and down-regulated, respectively (Figure 5A and B).
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Figure 4 The DE IncRNAs were analyzed based on the RNA sequencing data in HPMG and MG. (A) Volcano plot and (B) heatmap of DE IncRNAs between HPMG and MG
(log2FC >1 and P<0.05). (C) Top 30 GO terms from the genes enrichment analysis and (D) top 20 significant KEGG pathways between HPMG and MG.
Abbreviations: DE, differentially expressed; NG, normal control group; MG, model group; HPMG, herb-partitioned moxibustion group.

Supplementary Table 5 presents the top 10 most significantly upregulated and 5 downregulated DE miRNAs in the MG,
respectively. The potential functions of miRNA-related miRNAs in the MG by GO analysis and KEGG pathway analysis
are listed in Supplementary Figure 1.

With a log2 fold change, the R package identified 12 DE miRNAs including 7 upregulated and 5 downregulated
miRNAs in the HPMG compared to the MG (Figure 5C and D). Supplementary Table 6 presents the 6 most significantly
upregulated and 3 downregulated miRNAs differentially expressed in the HPMG, respectively. The potential functions of
mRNA-related miRNAs in the HPMG by GO analysis and KEGG pathway analysis are listed in Supplementary Figure 2.

We further explored differentially expressed mRNAs in colon tissues from three NG and three MG rats screened by
RNA sequencing. As shown in Figure SE and F, the R package identified 463 DE mRNAs (log2FC >1, P<0.05),
including 332 upregulated and 131 downregulated mRNAs in the MG compared to the NG. Supplementary Table 7
presents the top 10 most significantly upregulated and downregulated mRNAs differentially expressed in the MG,
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Figure 5 The DE miRNAs and mRNAs were analyzed based on the small RNA and RNA sequencing data. (A) Volcano plot and (B) heatmap of DE miRNAs between MG
and NG (log2FC >1 and P<0.05). (C) Volcano plot and (D) heatmap of DE miRNAs between HPMG and MG (log2FC >1 and P<0.05). (E) Volcano plot and (F) heatmap of
DE mRNAs between MG and NG (log2FC >0.58 and P<0.05). (G) Volcano plot and (H) heatmap of DE mRNAs between HPMG and MG (log2FC >0.58 and P<0.05).
Abbreviations: DE, differentially expressed; NG, control group; MG, model group; HPMG, herb-partitioned moxibustion group.

respectively. GO enrichment analysis and KEGG pathway analysis were performed to identify potential pathways or
biological processes related to CD (Supplementary Figure 3).

After HPM treatment, DE mRNAs in colon tissues from three MG and three HPMG rats were screened by RNA
sequencing. A total of 259 DE mRNAs were defined from the HPMG compared to MG (log2FC >0.58, P<0.05),
including 156 upregulated mRNAs and 103 downregulated mRNAs (Figure 5G and H). Top 10 upregulated and
downregulated mRNAs in the HPMG compared with MG are listed in Supplementary Table 8. GO and KEGG analysis
was completed to identify potential pathways or biological processes in the HPMG compared to the MG (Supplementary

Figure 4).

Establishment of IncRNA-miRNA-mRNA Network

To further illuminate the potential interactions of DE IncRNAs, miRNAs and mRNAs, we screened the co-expressed
genes in the NG, MG, and HPMG rats, and performed ceRNA analysis to construct the IncRNA-miRNA-mRNA
network. A total of 106 co-expressed IncRNAs, 29 co-expressed miRNAs and 382 co-expressed mRNAs were selected
to perform ceRNA analysis. The miRNA-IncRNA and miRNA-mRNA regulatory pairs were analyzed using the Miranda
v3.3a. In total, 33 miRNA-IncRNA regulatory pairs and 284 miRNA-mRNA regulatory pairs were identified. Based on
the 200 mRNA-miRNA-IncRNA regulatory pairs among the top 100 mRNA-IncRNA pairs in the sorting results of the
ceRNA analysis results, a ceRNA network was constructed (Figure 6).

To predict the roles of IncRNAs in IncRNA-associated ceRNA networks, GO and KEGG enrichment analyses were
performed for coding genes directly interacting with IncRNAs. GO terms were enriched in the molecular function (such
as transcription factor activity, transcription factor binding, cytoskeletal protein binding, FATZ binding and cysteinyl
leukotriene receptor activity), the cellular components (such as membrane-bounded organelle and cell body fiber), and
the biological process (such as adenylate cyclase-modulating G-protein coupled receptor signaling pathway, cellular
response to cAMP, cellular response to potassium ion starvation and N-acylethanolamine metabolic process) (Figure 7A).
Whereas, in KEGG pathway analysis the main pathways included pyruvate metabolism, glutathione metabolism,
glycolysis/gluconeogenesis, adipocytokine signaling pathway, PPAR signaling pathway, AMPK signaling pathway,
FoxO signaling pathway and PI3K-Akt signaling pathway (Figure 7B).
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Figure 6 LncRNA-miRNA-mRNA network analysis. Green, red and purple represent IncRNAs, miRNAs and mRNAs, respectively.

The interaction relationship between proteins was analyzed based on string database, and the network was constructed
(Figure 7C). The centrality degree of each node was evaluated by the CentiScape plugin. 10 genes were defined as hub
genes with the criterion, including Heyl, Per3, Hsd11b2, Pckl, Cmah, Prrxl, Osginl, Acadl0, Actn2 and Dok7
(Supplementary Table 9). Among them, Pckl was the top one node centralized in net with the largest size (Figure 7C).

Together, these data indicated that the phosphoenolpyruvate carboxykinase 1 (Pckl)-mediated pyruvate metabolism,
glycolysis/gluconeogenesis, and FoxO signaling pathways may be related to the pathogenesis of CD, and HPM may be
able to exert anti-inflammatory effects by regulating Pck1 expression.

Validation of RNA-Seq Results

The ceRNA network and functional analyses mentioned above, which were predicted to play important roles in NG, MG
and HPMG, were validated by qRT-PCR. We selected the 2 IncRNAs with the highest ceRNA scores for validation.
Compared with that in the NG, the IncRNA expression of LOC102550026 was significantly decreased in the MG (p <
0.05), while the LOC102550026 expression level was markedly increased in the HPMG than in the MG (p < 0.05)
(Figure 8A). Compared with that in the NG, the IncRNA expression of LOC102557338 was significantly decreased in the
MG (p < 0.05), but the LOC102557338 expression level showed no significant difference in the HPMG than in the MG
(P > 0.05) (Figure 8B). Of note, the reconstructed core IncRNA-miRNA-mRNA networks showed that the IncRNA-
LOC102550026 cluster consisted of 2 miRNAs and 5 mRNAs (Figure 8C). We further validated 2 miRNAs and 5
mRNAs by qRT-PCR (Figure 8D-J). The results of miRNA-34c-5p and Pckl mRNA transcriptions were consistent with
the sequencing data (p < 0.05) (Figure 8E and F).

Moreover, Western blot analysis (Figure 8M and N) showed that compared with that in the NG, the protein expression
of Pck1 was significantly decreased in the MG (P < 0.05). Compared with that in the MG, the protein expression of Pck]1
was significantly increased in the HPMG (P < 0.01) The result was in accordance with PCR data. Using the Miranda
program to predict targeting relationship among IncRNA-miRNA-mRNA sequences, we found that IncRNA
LOC102550026 can target with miRNA-34c-5p, and miRNA-34c-5p can target with Pckl (Figure 8K and L).
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Discussion

Recently, studies are growing on the importance of IncRNAs in IBD.'®!” The dysregulated IncRNAs and mRNAs were
measured by RNA-seq analysis or microarray technology in colitis mice or IBD patients.’*** A previous study
discovered that Inc-ITSN1-2/miR-125a/IL-23R axis promoted CD4" T cell activation and Th1/Th17 cell differentiation
in IBD.*' HPM, as a type of moxibustion, has the functions of dispelling cold, warmly lubricating, and improving the
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Figure 8 Validations of the selected DE RNA expression. (A and B) The key IncRNAs expressions of LOC102550026 and LOC102557338 were measured by qRT-PCR (n = 6). (C)
The core IncRNA-miRNA-mRNA network analysis. (D and E) The expressions of miRNA-34a-5p and miRNA-34c-5p were measured by qRT-PCR (n = 6). (F=J) The mRNA
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was predicted. (L) The targeting relationship between miRNA-34c-5p and Pckl was predicted. (M and N) Western blot analysis of Pck| protein in colon homogenate in each group.
Data are expressed as mean  standard deviation. *p < 0.05, **p < 0.01, **p < 0.001.

Abbreviations: DE, differentially expressed; NG, control group; MG, model group; HPMG, herb-partitioned moxibustion group.
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function of meridians, and has been widely used in the treatment of various diseases.*> ** It has been suggested that HPM
is effective in treating CD patients.*>*® However, whether HPM can regulate IncRNAs in CD development and
progression is still vastly unknown, and the role of HPM in regulating ceRNA in the development of CD has not been
comprehensively explored. In the previous study, we confirmed that HPM treatment (at Qihai (CV 6) and Tianshu (ST
25)) promoted the repair of injured mucosa in CD rats.*’ Thus, in this study, the CD rats were treated with HPM (at Qihai
(CV 6) and bilateral Tianshu (ST 25)). Subsequently, we detected IncRNA miRNA and mRNA expression profiles in
NG, MG and HPMG rats.

The RNA-seq analysis exhibited that 189 IncRNAs were significantly differentially expressed in the MG
compared to the NG (Figure 3A and B). GO analysis suggested that the DE IncRNAs were mostly associated
with the regulation of epithelial cell proliferation and mitochondrial matrix (Figure 3C). There are many intestinal
epithelial cells in the intestinal lumen, and this barrier of intestinal epithelial cells acts as the first physical and
immunological protective wall.*® Increased apoptosis was reported in the intestinal epithelium in CD patients.*” It
has been reported that mitochondrial energy function and gut bacteria in most tissues may be interdependent.
Intestinal bacterial signals may affect mitochondrial function, and in return, mediators released by mitochondrial-
regulated tissues (such as endocrine, immune) may affect the gut microbiota.’® The KEGG pathways were mainly
related to PI3K-Akt signaling pathway, mTOR signaling pathway, NF—kappa B signaling pathway and Ras signaling
pathway (Figure 3D). The previous sequencing results also pointed out that the enriched KEGG pathways in CD
included PI3K-Akt signaling pathway and mTOR signaling pathway.’'>* It has been proved that CD promotes the
activation of NF-kappa B and Ras.’*>> Together, these data indicated that the IncRNAs play a critical role in CD
pathogenesis.

Our results further indicated that 161 IncRNAs were significantly differentially expressed in the HPMG
compared to the MG (Figure 4A and B). GO enrichment analysis disclosed that DE IncRNAs in the HPMG were
enriched in TOR signaling, extracellular matrix, G-protein coupled receptor activity and ATPase binding
(Figure 4C). The TOR signaling has been reported to be related to CD,>* and due to extensive mucosal remodeling,
the extracellular matrix remodeling of intestinal tissue is important in IBD.’® It is suggested that G protein-coupled
receptors have been associated with the development of IBD and play an important role in regulating intestinal
functions.””*® These implied that HPM may reduce colonic mucosal damage by regulating TOR signaling, extra-
cellular matrix and G protein-coupled receptors in CD. Our previous study has further pointed out that ATP content
in colon tissues was considerably increased in CD rats. Conversely, HPM treatment can reduce ATP content in the
colon tissues.*” In addition, the KEGG pathways were mainly related to cell adhesion molecules and PI3K—Akt
signaling pathway (Figure 4D). Due to the loss of growth factors or cell adhesion molecules, the normal healing
process of mucosal may be disrupted by pathophysiological conditions (such as inflammation).”® Our RNA-seq
results suggested that the PI3K-Akt signaling pathway is co-expressed in KEGG pathway analysis of NG, MG and
HPMG (Figures 3D and 4D). Therefore, the KEGG results reflect the potential mechanism of HPM in the treatment
in CD rats, which is by regulating cell adhesion molecules and PI3K—Akt signaling pathway. In total, we identified
32 DE miRNAs and 463 DE mRNAs in CD versus normal control rats, and 12 DE miRNAs and 259 DE mRNAs in
HPM versus CD rats via small RNA and RNA sequencing data (Figure 5). The miRNAs and mRNAs related GO
analysis and KEGG pathway analysis are listed in Supplementary Figure 1-4.

Recent research has shown that IncRNAs can act as ceRNAs to protect mRNAs from miRNA inhibition.®*®' Then,
we constructed a ceRNA network to understand the function of IncRNAs (Figure 6). Furthermore, GO analysis found

that cAMP was involved in CD pathogenesis, as confirmed by previous publications.®* Whereas, in KEGG pathway
analysis, the main pathways identified included pyruvate metabolism, glycolysis/gluconeogenesis, adipocytokine signal-
ing pathway, PPAR signaling pathway, AMPK signaling pathway, FoxO signaling pathway and PI3K-Akt signaling
pathway (Figure 7B).

Based on previous findings, pyruvate metabolism and glycolysis/gluconeogenesis are critical for the development of
inflammatory bowel disease.®>*** In pathological states, the strong correlation between adipocytokine level and inflammation
severity is demonstrated in IBD.®® Decreased expression of PPAR gamma may cause persistent mucosal inflammation in
colitis. Up regulation of PPAR gamma may play an anti-inflammatory role in IBD.® It is reported that intestinal fibrosis is
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alleviated by enhancing the phosphorylation of AMPK in CD,®” and previous bioinformatics analysis also identified MAPK
signaling and PI3K-Akt signaling as crucial signaling pathways for Crohn’s Disease.>* Another bioinformatics analysis study
showed that the levels of autophagy-related proteins in FoxO signaling pathway were higher, but the levels of proteins related
to inflammation in the intestinal mucosa were reduced.®® FoxO4 transcription is temporarily suppressed in TNBS treatment
and IBD patients.®” These studies are in accordance with our bioinformatic analysis, and HPM may regulate adipocytokine,
PPAR, AMPK, FoxO and PI3K-Akt signaling pathway to regulate the intestinal inflammation in CD.

In the present study, we chose the 2 IncRNAs with the highest ceRNA scores for validation. The expressions of
LOC102550026 and LOC102557338 were significantly decreased in the MG compared to the NG (p < 0.05), while the
LOC102550026 expression level was markedly increased in the HPMG than in the MG (p < 0.05) (Figure 8A and B).
The results demonstrated that the CD rats were treated with HPM by regulating IncRNA-LOC102550026. Therefore, we
constructed the core IncRNA-miRNA-mRNA networks, and IncRNA-LOC102550026 cluster consisted of 2 miRNAs
and 5 mRNAs (Figure 8C). We further validated 2 miRNAs and 5 mRNAs by qRT-PCR (Figure 8D-J). The results of
miRNA-34c¢-5p and Pckl mRNA transcriptions were consistent with the sequencing data (p < 0.05) (Figure 8E and F).
Moreover, Western blot result of Pckl (Figure 8M and N) was in accordance with PCR data. It’s implied that IncRNA-
LOC102550026 might be involved in inflammatory response via miRNA-34c-5p/Pckl axis in CD, and HPM may treat
CD through regulating the IncRNA-LOC102550026/miRNA-34c-5p/Pck1 axis.

Recently, a study showed that inhibition of miR-34c-5p could reduce neuropathic pain and inflammation by up-
regulating SIRT1 and blocking the STAT3 signaling pathway,’” but miR-34c-5p in CD was not reported.
Phosphoenolpyruvate carboxykinase 1 (Pckl) is well-known for its function as a gluconeogenic enzyme.”' The Pckl
deletion in macrophages increased reactive oxygen species and cytokines TNFo, IL-1f3, and IL-6 expressions, and
contributed to M1 polarization. These indicated that Pckl deletion increased the proinflammatory phenotype in
macrophages.’? It has been reported that inflammatory factor CXCL8 can be inhibited by upregulating Pckl in
ulcerative colitis (UC).”® Upregulating Pck1 during the peripartal period improved liver function and reduced inflam-
mation and oxidative stress.”* Additionally, we performed a PPI net analysis to investigate mRNAs’ CD influences
(Figure 7C). We further identified one key hub gene, namely, Pck1, through the PPI network. However, the functions of
Pckl in CD were not reported previously. Therefore, according to ceRNA and KEGG analyses, we propose that the
IncRNA LOC102550026/miRNA-34c-5p/Pckl axis and adipocytokine, PPAR, AMPK, FoxO, and PI3K-Akt signaling
pathways may regulate the intestinal immune-inflammatory response (Figure 9A), and HPM may regulate the IncRNA
LOC102550026/miRNA-34c-5p/Pck1 axis and adipocytokine, PPAR, AMPK, FoxO, and PI3K-Akt signaling pathways
to improve intestinal inflammation in CD (Figure 9B). However, this study has several limitations. First, we only
predicted the potential roles of IncRNA-miRNA-mRNA network and related regulatory pathways by bioinformatics
analysis in CD, but the results need to be further validated with related experiments. Second, RNA-seq and miRNA-seq
were performed on total colon tissues containing multiple cell types; thus, we need further study to determine the roles
of IncRNAs in specific cell types. Third, the sample size is small for RNA sequencing, which may affect the
extrapolation accuracy of the results. A larger sample size is needed to verify the results.

Conclusion

In general, we identified the expression profiles of IncRNAs, miRNAs, and mRNAs in CD, and we found that IncRNA-
LOC102550026 and IncRNA-LOC102557338 might play critical roles in the pathogenesis of CD. In addition, this study
is the first study to identify IncRNAs, miRNAs, and mRNAs profiles after HPM treatment in CD for the first time. By
constructing a ceRNA network with IncRNA-miRNA-mRNA, PCR verification, and KEGG analysis, we identified that
HPM might regulate the IncRNA LOC102550026/miR-34c-5p/Pck1 axis and adipocytokine, PPAR, AMPK, FoxO, and
PI3K-Akt signaling pathways to improve intestinal inflammation in CD. However, further studies are required to verify if
HPM regulates adipocytokine, PPAR, AMPK, FoxO, and PI3K-Akt signaling pathways by affecting IncRNA
LOC102550026/miR-34c-5P /Pckl axis. In all, our findings offered new insights for HPM treatment into the molecular

mechanisms in CD.
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Figure 9 Schematic diagram illustrating the mechanism. LncRNA LOC102550026/miRNA-34c-5p/Pck| axis and adipocytokine, PPAR, AMPK, FoxO and PI3K-Akt signaling
pathways may regulate the intestinal immune inflammatory response (A), and HPM may regulate the IncRNA LOC102550026/miRNA-34c-5p/Pck| axis and adipocytokine,
PPAR, AMPK, FoxO and PI3K-Akt signaling pathways to improve intestinal inflammation in CD (B).

Abbreviation: HPM, herb-partitioned moxibustion.
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