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Background: Autophagy plays an essential role in the occurrence and progression of necrotizing enterocolitis (NEC). We intend to carry out the identification and validation of the probable autophagy-related genes of NEC via bioinformatics methods and experiment trials.

Methods: The autophagy-related differentially expressed genes (arDEGs) of NEC were identified by analyzing the RNA sequencing data of the experiment neonatal mouse model and dataset GSE46619. Protein–protein interactions (PPIs), Gene Ontology (GO) enrichment analysis, and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were used for the arDEGs. Then, co-expressed autophagy-related genes in two datasets were identified by Venn analysis and verified by qRT-PCR in experimental NEC.

Results: Autophagy increased in experimental NEC and 47 arDEGs were identified in experimental NEC by RNA-sequencing. The PPI results proclaimed those genes interplayed with each other. The GO and KEGG enrichment results of arDEGs reported certain enriched pathways related to autophagy and macroautophagy. Furthermore, 22 arDEGs were identified in human NEC from dataset GSE46619. The GO and KEGG enrichment analysis of these genes showed similar enriched terms with the results of experimental NEC. Finally, HIF-1a, VEGFA, ITGA3, ITGA6, ITGB4, and NAMPT were identified as co-expressed autophagy-related genes by Venn analysis in human NEC from dataset GSE46619 and experimental NEC. The result of quantified real-time PCR (qRT-PCR) revealed that the expression levels of HIF-1a and ITGA3 were upregulated, while VEGFA and ITGB4 were downregulated in experimental NEC.

Conclusion: We identified 47 arDEGs in experimental NEC and 22 arDEGs in human NEC via bioinformatics analysis. HIF-1a, ITGA3, VEGFA, and ITGB4 may have effects on the progression of NEC through modulating autophagy.
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INTRODUCTION

Necrotizing enterocolitis (NEC) is considered one of the most severe gastrointestinal emergencies in neonatal surgery, with a prevalence of up to 7% and an estimated rate of death between 30 and 50% in preterm infants (1). Neonatal NEC still requires surgical intervention, for which effective clinical management is currently limited, and long-term complications of NEC are even related to an increased risk for neurodevelopmental delay (2, 3). The major risk factors consist of intestine prematurity, formula feeding, bacterial colonization, and perinatal asphyxia, but the clear mechanism of NEC is not completely understood (1, 4).

In general, autophagy is a highly conserved catabolic process that generally protects cells from various stressors (5, 6). Autophagy is able to conduct cellular homeostasis, but undisciplined activation of autophagy may cause cellular damage and cell death (7, 8). Various conditions of stress can activate autophagy, such as nutrient deprivation, hypoxia, oxidative stress, and endoplasmic reticulum stress (9–14). Autophagosome formation is the marker of autophagy initiation and is mediated by the ULK1 complex, which interacts with the phosphoinositide 3-kinase catalytic subunit type III (PI3KC3) complex to form phagocytic vesicles (15). Beclin1, another marker of autophagy, is a segment of the type III PI3-kinase complex which is involved in the autophagic vesicle's nucleation. Beclin1 is necessary for the installation and initiation of autophagosome construction through recruiting autophagy-related proteins to the pre-autophagosomal structure (6). Then, the ATG12-ATG5-ATG16 complex promotes the conjugating LC3 to phosphatidylethanolamine. In this conjugation reaction, the lipid form of LC3I is converted to the autophagosome-associated form LC3II, and this alteration is applied as a hallmark of autophagy (6). Finally, the contents of the autophagosome are degraded after the interactions between the autophagosome and a lysosome. p62 (also known as SQSTM1) is a well-known autophagy substrate. It is necessary for p62 protein to interact with LC3 during the process of autophagosome formation, and besides, the degradation of p62 protein is the hallmark of autophagy activation.

In addition to its role in normal physiology, autophagy plays a critical role in pathological processes, such as cancer, infections, neurodegeneration, aging, tuberculosis, and heart disease (7, 9, 12–14). Recently, autophagy has been linked to inflammatory bowel disease (IBD). Moreover, autophagy has also been reported to be activated respectively in the intestine tissues of patients with NEC and the ileum tissues of NEC rats (16). However, autophagy-related genes in NEC are unrecognized and thus require deeper exploration. Exploring and validating the possible autophagy-related genes in NEC will provide us with the latent biomarkers of NEC clinical treatment.

Here, we reported the arDEGs of NEC by analyzing the RNA-sequencing data of the mouse model and dataset GSE46619 from GEO databases. Moreover, protein–protein interaction (PPI) analysis, Gene Ontology (GO), and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis were administered for the arDEGs. Consequently, 6 pivotal DEGs were identified and further verified in the mouse model of NEC.



MATERIALS AND METHODS


Ethics Statement

All animal trials were approved by the Institutional Animal Ethics Committee of Children's Hospital of Fudan University and performed in compliance with the national and international guidelines for the Care and Use of Laboratory Animals.



NEC Mouse Model

Neonatal C57BL/6 pups from 5- to 9-day-old were used to induce an experimental NEC model. The induction of NEC involves gavage feeding of hyperosmolar formula milk (15 g Similac and 75 ml Esbilac; 50 μl/kg body weight per day), exposure to hypoxia (5% O2 for 10 min and 3 times/day) for 4 days, and lipopolysaccharide (LPS) stimulation (4 mg/kg/day) with oral feeding on postnatal days 6 and 7. Pups were randomly assigned to the control group (CTRL group) and experimental group (NEC group). All mice were harvested 3 h after the last hypoxia on postnatal day 9 and the intestine tissues were collected separately.



Hematoxylin-Eosin (H&E) Staining

The terminal ileum tissues were fixed overnight in 4% paraformaldehyde, embedded in paraffin, and cut into 3 μm thick sections. Then, the prepared sections were stained using hematoxylin and 3% eosin separately. Based on a modified NEC scoring system according to a previous study (17), a histopathological examination was performed by two independent pathologists with no prior knowledge of the mouse group. The NEC scoring system was as follows: Score 0: normal; Score 1: mild to moderate submucosal separation and/or submucosal and muscular layer edema; Score 2: severe submucosal separation and/or submucosal and muscular layer edema with the localized loss of villi; and Score 3: loss of intestinal villi with intestinal necrosis. Pups with histological scores ≥2 were defined as the presence of NEC injury. The histopathological condition of the terminal ileum tissues from pups in each group was observed and noted with photographs.



Gene Expression

RNA was isolated from intestinal tissue using TRIzol (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. TB Green® Premix Ex Taq™ II (TAKARA, Japan) was used for quantitative real-time PCR (RT-PCR) to measure the expression levels of inflammatory markers interleukin-6 (IL-6) and stem cell marker Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) for the validation of experimental NEC mouse model. Results were generated from three independent experiments with each carried out in technical triplicate. Relative gene expression levels were calculated by the ΔΔCt method and standardized to the reference housekeeping gene GAPDH. Forward and reverse primers were designed and verified using the National Center for Biotechnology Information (NCBI) Primer-BLAST online program as shown in Supplementary Table 1.



Immunohistochemistry (IHC)

Slides were deparaffinized in 100% xylene three times (5 min each), rehydrated through stepwise washing in a down-trend ethanol solution ratio (100, 95, 80, and 75%) for 5 min each at room temperature (RT), and then treated with 3% hydrogen peroxide for 15 min. Antigen retrieval was implemented by boiling slides in 0.01 M sodium citrate buffer (pH 6.0) in the autoclave (80 kpa and 100°C) for 3 min, and then cooling to RT. Sections were incubated with 10% BSA (Sigma, Germany) for 1 h to block nonspecific antigens and with primary antibodies overnight at 4°C, followed by incubation with the components of the Envision-plus detection system (EnVision +/HRP/Mo, Dako) for 1 h. The sections were stained with 3,3'-diaminobenzidine for 1 min and counterstained with hematoxylin for 1 min at RT. Negative controls were treated identically except without adding the primary antibodies. The final staining score was ranked in four grades according to the values of immunoreaction intensity and percentage of cell staining: Score 0: weak, <25% value; Score 1: moderate, between 25 and 50% value; Score 2: strong, between 50 and 75% value; and Score 3: very strong, higher than 75% value.



RNA Library Construction and Sequencing

Total RNA was extracted using the RNeasy mini kit (Qiagen, Germany), and the RNA concentration and quality were performed using the Qubit®2.0 Fluorometer (Life Technologies, USA) and the Nanodrop One spectrophotometer (Thermo Fisher Scientific Inc., USA). The integrity of total RNA was tested using the Agilent 2100 Bioanalyzer (Agilent Technologies Inc., USA), and samples (RNA integrity number >7) were used for the following sequencing. RNA-seq strand-specific libraries were set up using the VAHTS Total RNA-seq (H/M/R) Library Prep Kit (Vazyme, China) according to the manufacturer's instructions. After removing rRNA, RNA was purified and fragmented into small pieces using divalent cations for 8 min at 94°C, followed by copying into cDNA using reverse transcriptase, DNA polymerase I, and RNase H. Those products were purified and enriched by PCR to build up the cDNA library which was quantified and verified by the Qubit® 2.0 Fluorometer and Agilent 2100 bioanalyzer. The cluster was produced by cBot after the library was diluted to 10 pM and then was sequenced on the Illumina NovaSeq 6000 platform (Illumina, USA).



Autophagy-Related Genes Datasets and Microarray Data

A total of 222 genes were collected from The Human Autophagy Database (http://www.autophagy.lu/index.html). The mRNA expression profile dataset of GSE46619 was downloaded from the Gene Expression Omnibus (GEO) database (http://www.ncbi.nlm.nih.gov/geo/). GSE46619, from GPL6244 platform (Affymetrix Human Gene 1.0 ST Array [transcript (gene) version]), included 5 NEC and 4 normal human small intestinal tissue samples.



Differentially Expressed Analysis of Autophagy-Related Genes

The normalized expression matrix of microarray data was downloaded from the GSE38974 dataset and annotated by the annotation files. Then, arDEGs were identified by R software with an adjusted p < 0.05 and absolute fold-change value >2. The heatmap, volcano plot, and box plot were performed with R software.



PPI Analysis and Correlation Analysis of the arDEGs

Protein-protein analysis of those differentially expressed autophagy-related genes was carried out using the STRING database (https://string-db.org/) and Cytoscape software (version 3.8.1). Then, the correlation analysis was performed using Spearman's correlation in the “corrplot” package of R software.



GO and KEGG Pathway Enrichment

Gene Ontology and KEGG pathway enrichment analysis were carried out using the package “GO plot” of R software. The GO analysis involved cellular component (CC), biological process (BP), and molecular function (MF), respectively.



Statistical Analysis

The statistical analysis was performed using R software (version 3.6.1) and Prism (version 8.0). Normally distributed measurement data are explicated as mean ± standard deviation (mean ± SD), using an unpaired t-test for comparison between two groups. Count data are expressed as median (interquartile spacing). A p lower than 0.05 was considered statistically significant.




RESULTS


Establishment and Validation of Mouse Model of NEC

The NEC mouse model was induced by hypoxia, oral LPS, and artificial feeding with hyperosmolar formula milk. The bodyweight of mother-fed pups (CTRL group) rose faster with a good nutritional status, while that of the NEC group basically stayed the same on a postnatal day 5 (Figure 1A). The gross appearance of the intestine has good elasticity and continuity in the control group, while typical NEC-like injuries can be seen in the NEC group, such as expansion, gas accumulation, and even intestinal hemorrhage. The images of the intestines in both groups are shown in Figure 1B. The double-blind NEC score of the NEC group was obviously higher than that of the control group which is shown in Figure 1C. In intestinal sections from control pups, we observed that the morphology of the intestinal villi was intact with no morphologic change; while in the sections from NEC pups, the villi structure was disrupted dramatically (Figure 1B). Compared with the CTRL group, there was a significant upregulation of inflammatory cytokine IL-6 and downregulation of intestinal stem cell marker Lgr5 in the NEC group (Figure 1D). Those results suggested that the animal model of NEC was successfully established.
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FIGURE 1. Validation of the necrotizing enterocolitis (NEC) model and upregulated the autophagy level. (A) Changes in the bodyweight of mice in NEC and CTRL groups. (B) The representative images of morphology and H and E micrographs of the distal ileum of NEC and CTRL mice. (C) The NEC scores in NEC and CTRL groups. (D) The relative interleukin 6 (IL-6) and Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5) messenger RNA (mRNA) expression in NEC and CTRL groups. (E) Representative immunohistochemistry (IHC) staining of LC3 and p62 in ileum tissues of NEC and CTRL mice. (F) Immunohistochemistry scores of LC3 and p62 in NEC and CTRL groups. Data are expressed as mean ± SD. **p < 0.01; ***p < 0.001; ****p < 0.0001.


To investigate whether autophagy was associated with NEC, the markers of autophagy, LC3, and p62, were examined in the NEC and CTRL groups by IHC staining. Compared with CTRL groups, LC3 expression was significantly upregulated, and p62 expression was downregulated in ileum sections from NEC groups (Figures 1E,F). Together, these results demonstrated autophagy increased in NEC mice compared with CTRL mice.



Identification of arDEGs in a Mouse Model of NEC

Illumina sequencing identified messenger RNAs (mRNAs) in neonatal NEC and CTRL mouse intestinal tissues were identified. The volcano plot showed the distribution of DEGs [p < 0.05 and absolute value of log2 (fold change) ≥1] (Figure 2A). To explore the autophagy-related genes expressed in NEC, 222 autophagy-related genes were collected altogether from the Human Autophagy Database. Venn diagrams revealed 47 arDEGs in NEC (Figure 2B), including 34 upregulated and 13 downregulated genes (Table 1). Next, 47 arDEGs between NEC and CTRL groups were obtained and performed in a heatmap via R software (Figure 2C). Furthermore, the expression patterns of the above 47 genes between NEC and CTRL groups were shown by box plots (Figure 2D). The top five upregulated genes were ITGA6, RAC1, PTK6, ATG9B, and MAP2K7, and the top five downregulated genes were MAPK8IP1, TSC1, RPS6KB1, SAR1A, and FKBP1B (Figure 2D and Table 1).


[image: Figure 2]
FIGURE 2. Autophagy-related differentially expressed genes (arDEGs) autophagy-related genes in our neonatal mouse model of NEC. (A) Volcano plot of the differentially expressed genes (DEGs) in the NEC group. The red dots represent the significantly upregulated genes while the blue dots represent the significantly downregulated genes. (B) Venn image of arDEGs in NEC. (C) A heatmap of the 47 arDEGs in NEC and CTRL mice. (D) The boxplot of 47 arDEGs in NEC and CTRL groups. (E) The protein–protein interaction (PPI) analysis of the 47 arDEGs. (F) Gene Ontology (GO) enrichment analysis of 47 arDEGs. (G) Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment signaling pathway analysis of 47 arDEGs.



Table 1. The 47 differentially expressed autophagy-related genes in experimental necrotizing enterocolitis (NEC).
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PPI Network, GO, and KEGG Enrichment Analysis of the arDEGs in a Mouse Model of NEC

To reveal the interactions among arDEGs, PPI analysis was carried out, and the PPI network is shown in Figure 2E, demonstrating those autophagy-related genes interplayed with one another. To further find the potential biological and molecular functions of the above arDEGs, GO and KEGG enrichment analyses were performed and the results illustrated that the most significant GO enriched terms included the process of autophagic mechanism, autophagy, and macroautophagy (BP); autophagosome, late endosome, and phagophore assembly site (CC); protein serine/threonine kinase activity, ubiquitin-like protein ligase binding, and ubiquitin-protein ligase binding (MF) (Figure 2F). In addition, in KEGG enrichment results, the above genes are primarily involved in the process of autophagy, Kaposi sarcoma-associated herpesvirus infection, mitophagy, and the PI3K-Akt signaling pathway (Figure 2G).



Identification and Analysis of Autophagy-Related Genes in Human NEC Through Analyzing the GSE46619 Dataset From the GEO Database

To further investigate the autophagy-related genes in NEC, we identified the arDEGs of NEC by analyzing the dataset GSE46619 from the GEO database. In total, 133 DEGs were found (Figure 3A), and 22 autophagy-related genes were determined by using the Venn analysis (Figure 3B), including 11 upregulated and 11 downregulated genes (Table 2). The 22 arDEGs between NEC and CTRL groups were performed in a heatmap figure via R software (Figure 3C). Additionally, the expression patterns of 22 arDEGs between NEC and CTRL groups were revealed by box plots (Figure 3D). The top 5 upregulated genes consisted of NLRC4, NAMPT, SPHK1, DRAM1, and HIF1A, and the top 5 downregulated genes consisted of ITGB4, TNFSF10, ERBB2, ITGA6, and CASP1 (Figure 3D and Table 2).


[image: Figure 3]
FIGURE 3. Autophagy-related differentially expressed genes in human NEC from dataset GSE46619. (A) Volcano plot of the DEGs in human NEC and CTRL samples from GSE46619. The red dots represent the significantly upregulated genes and the blue dots indicate the significantly downregulated genes. (B) Venn image of arDEGs. (C) A heatmap of the 22 arDEGs in human NEC and CTRL tissues. (D) The boxplot of 22 arDEGs in human NEC and CTRL tissues. (E) The PPI analysis of the 22 arDEGs. (F) Gene Ontology enrichment analysis of 22 arDEGs. (G,H) Kyoto Encyclopedia of Genes and Genomes enrichment signaling pathway analysis of 22 arDEGs. *p < 0.05.



Table 2. The 22 differentially expressed autophagy-related genes in human NEC derived from dataset GSE46619.
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The PPI analysis illustrated the interaction among those autophagy-related genes with one another (Figure 3E). GO enrichment analysis displayed that the most significant GO enriched terms involved in the process of autophagic mechanism, autophagy, and regulation of autophagy (BP); protein complex involved in cell adhesion, integrin complex, and phagophore assembly site (CC); phosphatase binding, extracellular matrix binding, and fibronectin-binding (MF) (Figure 3F). In KEGG enrichment analysis, the arDEGs were mainly contained in the processes of focal adhesion, hypertrophic cardiomyopathy, PI3K-Akt signaling pathway, and HIF-1 signaling pathway (Figures 3G,H).



Validation of Autophagy-Related Genes in a Mouse Model of NEC

To further investigate autophagy-related genes in NEC, we analyzed the arDEGs derived from the previous analysis in our neonatal mouse model and dataset GSE46619 via Venn analysis. Six autophagy-related genes were expressed in the two datasets that included HIF-1a, VEGFA, ITGA3, ITGA6, NAMPT, and ITGB4 (Figure 4A). The expression levels of the six autophagy-related genes were further evaluated via qRT-PCR in the mouse model of NEC. Similar to the results of RNA-sequencing in the mouse model of NEC, the mRNA levels of HIF-1a and ITGA3 were significantly higher in the NEC group than CTRL group (Figure 4B). However, the expression levels of VEGFA and ITGB4 were significantly lower in the NEC group (Figure 4B). In addition, the mRNA levels of NAMPT and ITGA6 demonstrated no significant statistical difference between the two groups (Figure 4B).
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FIGURE 4. Validation of co-expressed autophagy-4elated genes in a mouse model of NEC. (A) Venn image of co-expressed autophagy-related genes in a mouse model of NEC and human NEC from dataset GSE46619. (B) The mRNA expression level of co-expressed autophagy-related genes in a mouse model of NEC. ns, no significance; p > 0.05; *p < 0.05; **p < 0.01; ***p < 0.001; and ****p < 0.0001.





DISCUSSION

In the present study, we find that autophagy was upregulated in necrotizing enterocolitis. Besides, six autophagy-related genes were determined both differentially expressed in the mouse model and dataset GSE46619. Furthermore, further validation was performed by qRT-PCR in the mouse model of NEC, and HIF-1a and ITGA3 were upregulated significantly in NEC.

In this study, we established an experimental NEC mouse model through the combination of oral feeding of hyperosmolar formula milk, exposure to hypoxia, and LPS, which is the same as the methods of previous studies by Dr. Pierro's lab (18, 19). Similar to their results, the experimental NEC mouse presented obvious NEC-like intestinal damage and poor nutritional status. In Dr. Hackam's studies, the NEC model was constructed in 7- to 8-day-old C57BL/6 pups by feeding enteral formula, hypoxia (5% O2), and administration of enteric bacteria from a patient with NEC, resulting in patchy necrosis and inflammation in the ileum that closely resembles clinical NEC injury (20, 21).

Growing evidence indicates that autophagy refers to the progression of NEC (22–25). Autophagy was activated both in the intestinal epithelium of patients with NEC and in the ileum of a rat model of NEC. Autophagy was required for the development of NEC, not only as a result of NEC (22). Moreover, Human β-defensin-3 (hBD3) reduces excessive autophagy in intestinal epithelial cells and NEC. Furthermore, hBD3 treatment can significantly induce intestinal epithelial cell migration and reduce the severity and mortality of the NEC model in neonatal rats (16). Similarly, erythropoietin (Epo), a component of breast milk, protects intestinal epithelium from excessive autophagy and apoptosis in NEC mice (24). In a rat model of NEC, EGF treatment also reduced NEC injury by the regulation of intestinal autophagy (22, 26). These studies all indicated that the modulation of autophagy can be considered a potential therapeutic approach for NEC.

Autophagy is critically implicated in various fundamental cellular processes. Therefore, the challenge of therapeutic targeting of autophagy is to modulate autophagy without adversely affecting other cellular processes. Multiple clinical trials testing the efficacy of autophagy inhibitors, chloroquine (CQ), and hydroxychloroquine (HCQ), have been conducted in cancer therapy and other diseases. However, the results are largely disappointing. Moreover, there is no available drug specific targeting autophagy for NEC. Autophagy inhibitors combined with specific therapeutic targets of autophagy may be a better strategy for NEC therapy. Thus, further studies need to be focused on the role and regulatory mechanism of autophagy-related proteins in NEC development.

In our study, we identified 47 arDEGs in the neonatal mouse model of NEC and 22 arDEGs in dataset GSE46619. The GO and KEGG enrichment analysis of arDEGs both displayed several enriched terms related to autophagy and macroautophagy. We further identified 6 genes both differentially expressed in our mouse model and dataset GSE46619, and validated them in a mouse model of NEC. Hypoxia can induce autophagy in a HIF-1a-dependent pathway in various research, and HIF-1a is a major transcription factor related to hypoxia (27–29). Hypoxia and oxidative stress have been confirmed as vital factors in the progression of NEC (28, 30). In the present study, we found the expression level of HIF-1a increased in NEC. A previous report also revealed that serum HIF-1a was raised in patents with NEC (25). Moreover, HIF-1a is involved in the disease severity of NEC in animal models (31). Thus, as an autophagy-related gene, HIF-1a plays a vital role in the progression of NEC. ITGA3 belongs to the integrin family of cell surface receptors and is related to autophagy in various cancers, such as head and neck squamous cell carcinoma, bladder cancer, osteosarcoma, and glioblastoma (32–35).

There are some limitations to our research. First, the quantity of human NEC samples included in the GEO dataset is finite, and we need to perform experimental verification in a larger NEC cohort of clinical samples in future studies. Second, we only evaluated the expression level of the arDEGs in the mouse model of NEC but did not investigate the deep mechanism and function of these genes in the progression of NEC.

In summary, our findings support that the autophagy process involves the NEC of both neonatal mice and the human intestine, and therefore, our research enhances the grasp of the relationship between neonatal NEC progression and autophagy.
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