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Identification of miRNA–mRNA Pairs in the Alzheimer’s Disease Expression Profile and Explore the Effect of miR-26a-5p/PTGS2 on Amyloid-β Induced Neurotoxicity in Alzheimer’s Disease Cell Model
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Alzheimer’s disease (AD) is a progressive neurodegenerative disease and the most common type of dementia. MicroRNAs (miRNAs) have been extensively studied in many diseases, including AD. To identify the AD-specific differentially expressed miRNAs and mRNAs, we used bioinformatics analysis to study candidate miRNA–mRNA pairs involved in the pathogenesis of AD. These miRNA–mRNAs may serve as promising biomarkers for early diagnosis or targeted therapy of AD patients. In this study, based on the AD mRNA and miRNA expression profile data in Gene Expression Omnibus (GEO), through differential expression analysis, functional annotation and enrichment analysis, weighted gene co-expression network analysis, miRNA–mRNA regulatory network, protein–protein interaction network, receiver operator characteristic and Least absolute shrinkage and selection operator (LASSO) regression and other analysis, we screened the key miRNA–mRNA in the progress of AD: miR-26a-5p/PTGS2. Dual-luciferase and qPCR experiments confirmed that PTGS2 is a direct target gene of miR-26a-5p. The expression of miR-26a-5p in the peripheral blood of AD patients and AD model cells (SH-SY5Y cells treated with Aβ25–35) was up-regulated, and the expression of PTGS2 was down-regulated. Functional gain -loss experiments confirmed that PTGS2 protects AD model cells from damage by inhibiting proliferation and migration. However, the expression of miR-26a-5p promotes the proliferation of AD model cells. It is further found that PTGS2 is involved in the regulation of miR-26a-5p and can reverse the effect of miR-26a-5p on the proliferation of AD model cells. In addition, through network pharmacology, qPCR and CCK-8, we found that baicalein may affect the progression of AD by regulating the expression of PTGS2. Therefore, PTGS2 can be used as a target for AD research, and miR-26a-5p/PTGS2 can be used as an axis of action to study the pathogenesis of AD.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by progressive cognitive impairment. The main clinical manifestations are memory loss and behavior changes, especially in elderly patients (Tiwari et al., 2019; Breijyeh and Karaman, 2020). Amyloid beta (Aβ) plaques and neurofibrillary tangles are key neuropathological features of AD, but their pathogenesis is complex, including neuronal dysplasia, nerve injury and release of neuroinflammatory mediators, resulting in the difficulty of early diagnosis of AD (Congdon and Sigurdsson, 2018; Busche and Hyman, 2020; Shigemizu et al., 2020). It also hinders the development of effective therapeutic strategies to delay or prevent the development of AD (Tiwari et al., 2019). Therefore, the identification of AD-related molecules is of great significance for the development of new methods for the diagnosis and treatment of AD.

Omics methods based on microarray and high-throughput sequencing techniques have been used to investigate the pathological mechanisms of AD (Noh et al., 2014). Many sequencing data are used to build open databases for various diseases, such as The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) (Barrett et al., 2013; Hutter and Zenklusen, 2018). Integrating these RNA sequencing data to identify functional drivers of diseases and predict their specific regulatory functions has become an efficient research method. Currently, many researches focus on predicting the function of target genes or miRNAs. MicroRNAs (miRNAs) are a group of small non-coding RNAs whose abnormal expression has been found in the disease progression of various human diseases (Ali Syeda et al., 2020; Serpente et al., 2020; Yoshida et al., 2021). miRNAs play an important regulatory role in gene expression and various cellular processes such as differentiation and apoptosis mainly by directly binding to the 3′UTR of the target gene (Di Leva et al., 2014). More and more studies have shown that miRNAs play a key role in the pathogenesis of AD (Serpente et al., 2020). For example, Tao et al. (2021) reported that miR-204-3p targeting Nox4 mediates memory deficits in a mouse model of AD. Hou et al. (2020) found that correcting the abnormal signal of miR-124/PTPN1 can save the pathology of tau in AD, which implies the key role of miR-124/PTPN1 in the progression of AD. Ansari et al. (2019) provided evidence of miR-146a and miR-181a as biomarkers for AD diagnosis. Therefore, the identification of new miRNAs/mRNA can provide very important data reference for the study of pathogenesis, diagnosis and therapeutic target screening of AD.

In recent years, various cellular models have been developed to better understand the pathogenesis of AD. Amyloid β accumulation is one of the characteristics of AD, and Aβ25–35 is one of the toxic forms of AD, which has been widely used in in vitro model induction. Cai et al. (2018) established an AD cell model by adding Aβ25–35 to SH-SY5Y cells, and they found that apoptosis may play a role in AD-related neuronal loss. Similarly, the human neuroblastoma cell line SH-SY5Y is widely used in the study of neurodegenerative diseases such as Parkinson’s disease and AD (de Medeiros et al., 2019; Ramalingam et al., 2019).

In this study, we aim to identify differentially expressed miRNAs and mRNAs from the Comprehensive Gene Expression Database (GEO) and then use weighted gene co-expression network analysis (WGCNA), miRNA-mRNA regulatory network, protein–protein interaction (PPI) network, receiver operator characteristic (ROC) and least absolute shrinkage and selection operator (LASSO) Regression, Correlation analysis, qPCR and dual-luciferase analysis methods to explore possible miRNA-mRNA association pairs between differentially expressed miRNAs and mRNA. These miRNAs and mRNA may be the basis of the molecular mechanism of AD. Subsequently, in vitro cell experiments were used to verify the impact of key miRNA-mRNA associations on AD model cells. Finally, based on network pharmacology and in vitro experiments, the main Chinese herbal medicine components related to key mRNA are analyzed.



MATERIALS AND METHODS


Data Collection

The mRNA (GSE140829, GSE97760, GSE85426) and miRNA (GSE120584, GSE157239, GSE46579) expression profiles of AD are downloaded from Gene expression Omnibus (GEO1). The detailed information of all downloaded data sets is summarized in Table 1.


TABLE 1. Information of GEO datasets.
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Data Processing of Differential Expression mRNAs and miRNAs

First, we use the SVA package in sangerbox2 to merge GSE140829 and GSE97760 and remove batch effects. Then, the limma software package was used to analyze the differentially expressed RNAs between the AD group and the control group. The screening criteria for differentially expressed genes and miRNAs are: | log2 Fold Change (FC)| > 1, False Discovery Rates (FDR) < 0.05 and p < 0.05. Finally, the differentially expressed miRNAs and miRNAs screened were drawn as heat maps and Volcano plot by Sangerbox.



Weighted Gene Co-expression Network Analysis

Use the WGCNA package in sangerbox to analyze the GSE157239 miRNA expression data. First, the system determines the appropriate β Soft threshold, and finally select the best soft threshold β = 4 conduct follow-up analysis. Then hierarchically cluster according to the miRNA expression value, and draw a dynamic tree to identify different modules. Divide the miRNAs with high similarity into the same module. Then calculate the module eigengene (ME) value of each module. And calculate the correlation coefficient between ME value and phenotype.



Construction of miRNA–mRNA Regulatory Network

In order to explore the correlation between miRNA and mRNA and analyze the potential role of these RNAs in AD, we constructed a miRNA-mRNA regulatory network. First, miRWalk3 and Starbase4 are used to predict the target mRNA of differentially expressed miRNA. Then compare the target mRNA with the differentially expressed mRNAs to obtain the key mRNAs. Use miRNA–mRNA interaction to construct miRNA-mRNA regulatory network, and use Cytoscape 3.9.0 to visualize.



Functional Enrichment Analysis

Import mRNAs from the miRNA-mRNA regulatory network into the Database for Annotation, Visualization and Integrated Discovery (DAVID 6.85) for Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyze. The enrichment analysis of GO includes biological process (BP), cell component (CC) and molecular function (MF). P < 0.05 was considered statistically significant. The results are visualized with sangerbox.



Protein–Protein Interaction Network Analysis

Use STRING 11.56 to analyze the functional connection and interaction of the encoded gene proteins in miRNA-mRNAs. Keep interaction pairs with confidence ≥ 0.4. Then use Cytoscape 3.9.0 to construct a PPI network. Subsequently, the Cytoscape plug-in Molecular Complex Detection (MCODE) was used to screen sub-networks and hub mRNAs.



Least Absolute Shrink and Selection Operator-Cox Regression Analysis

In this study, we use the glmnet package in R to integrate age, disease status and gene expression data (from GSE85426 dataset). Then use the lasso-cox method to perform regression analysis. In addition, we also set up 10-fold cross-validation to obtain the optimal model.



Gene Set Enrichment Analysis

We use the combined gene set of GSE140829 and GSE97760 as the background gene set, and divide patients into high expression group and low expression group according to the expression level of PTGS2 gene. And download GO set, KEGG set and Hallmark gene set from Molecular Signatures Database7 to evaluate related pathways and molecular mechanisms. Based on gene expression profile and phenotype grouping, set the minimum gene set to 5 and the maximum gene set to 5000. With one thousand resampling, p < 0.05 and FDR < 0.25 were considered statistically significant.



Cell Culture, Transfection and Treatment

The human neuroblastoma cell line SH-SY5Y was purchased from Beijing Beina Chuanglian Institute of Biotechnology Beijing, (China). SH-SY5Y cell lines were cultured in Duchenne modified Eagle medium (DMEM, Gibco, New York, NY, United States) with 10% FBS, 100 U/ml penicillin/streptomycin (Sigma, St. Louis, MO, United States) in a humidified environment at 37°C with 5% CO2. To construct an AD cell model, SHSY5Y cells were treated with 25 μM (Kim et al., 2020) Aβ25–35 (Sigma, Shanghai, China) for 24 h. Aβ25–35 was dissolved in sterile distilled water at a concentration of 9 mM and then incubated in a bottle at 37°C for 5 days to form a polymer. It is then frozen and stored at 20°C until use. When used, it is diluted to 25 μM. Before Aβ25–35 treatment, transfection was performed with Lipofectamine 3000 (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s instructions. Overexpression plasmid and siRNA, miRNA mimic and miRNA inhibitor are purchased by Ribobio (Guangzhou, China).



Real-Time qPCR Validation of miR-26a-5p and PTGS2

Peripheral blood samples of 20 non-AD samples and 20 AD patients’ samples (Supplementary Material 1) were collected for qPCR verification to verify the results of bioinformatics analysis. The ethics committee of the Medical Center of the Third Affiliated Hospital of Naval Medical University approved this procedure. Total RNA of peripheral blood was extracted using PAXgene Blood RNA Kit (Qiagen, Düsseldorf, Germany). Total RNA from cells was extracted using AllPrep RNA Universal Kit (Qiagen, Düsseldorf, Germany). Nanodrop 8000 (Thermo, Waltham, MA, United States) was used to detect the RNA concentration. QIAGEN One-Step RT-PCR Kit (Qiagen, Düsseldorf, Germany) was used for reverse transcription and quantitative RT-PCR. GAPDH (for mRNA) and U6 (for miRNA) were used as internal reference controls. The mRNA primers were synthesized by Sangon (China) [PTGS2: forward primer (5′-3′)-AACGCTTTATGCTGAAGCC, Reverse primer (5′-3′)- CCAACTCTGCAGACATTTCC; GAPDH: forward primer (5′-3′)- ATCATCAGCAATGCCTCCT, Reverse primer (5′-3′)- TTCCACGATACCAAAGTTGTC]. The miR-26a-5p primers were purchased by Ribobio (Bulge-Loop hsa-miR-26a-5p Primer Set, China). The relative expression level was calculated using the 2–ΔΔCt method (n = 3).



Western Blot Assay

The processed SH-SY5Y cells were collected, washed with PBS and then extracted with RIPA lysis buffer (Beyotime, Shanghai, China) containing protein inhibitor PMAF. BCA protein concentration determination kit (enhanced) (Beyotime, Shanghai, China) was used to detect protein concentration. The protein sample was boiled at 100°C for 10 min in a 10 × loading buffer (Beyotime, Shanghai, China). SDS-PAGE electrophoresis (Beyotime, Shanghai, China) was performed. After the electrophoresis, the protein was transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, MA, United States). After the transfer, the PVDF membrane was incubated in 5% skimmed milk for 2 h at room temperature. Then it was placed in the primary antibody (PTGS2: Abcam, Cambridge, United States; β-actin: Beyotime, Shanghai, China) and incubated overnight (4°C). Subsequently, the PVDF membrane was placed in the secondary antibody (Beyotime, Shanghai, China), incubating for 1 h at room temperature. Finally, TMB color developing fluid (Beyotime, Shanghai, China) was used for color development, and then take pictures in the gel imaging system. Subsequently, we analyze the gray value by Image J software.



Cell Viability Analysis

SH-SY5Y cells were seeded into 96-well plates at a density of 1 × 104 cells/well and incubated for 24 h, then transfected with plasmid and miRNA mimic according to the instructions and incubated for 48 h. After incubation, add 25 μM Aβ25–35 to each well for 24 h. Then add 10 μ L CCK-8 solution (Beyotime, Shanghai, China) to each well, and incubate for 3 h. Finally, 450 nm wavelength absorbance was tested on the multifunctional microplate reader. All samples were prepared in triplicate.



Soft Agar Assay

To analyze the proliferation ability of cells in a 3D environment, we performed a soft agar assay. SH-SY5Y cells were seeded into a 6-well plate (3 × 105 cells per well), and transfected 24 h later. After 48 h of transfection, the medium was removed, and then fresh medium (containing 25 μM Aβ25–35) was added and incubated for 24 h. Collect each group of cells, centrifuge and resuspend, count the viable cells, adjust the cell density to 2000 cells/ml with DMEM medium containing 10% FBS. Mix 2000 cells thoroughly with DMEM containing 0.7% agarose, and quickly place them on the solidified layer of DMEM containing 1.2% agarose. Add 500 μl DMEM to each well every 3 days, which contains 10% fetal bovine serum and 25 μM Aβ25–35. After culturing for 2 weeks, fix with 4% paraformaldehyde at room temperature, stain with 0.005% crystal violet, take pictures under microscope, count the number of clones larger than 0.05 mm in the field of view and the number of all clones, clone formation rate = number of clones larger than 0.05 mm/all clones Number × 100%.



Wound Healing Assay

SH-SY5Y cells were seeded into a 6-well plate (3 × 105 cells per well), and transfected 24 h later. After 48 h of transfection, the medium was removed, and then fresh medium (containing 25 μM Aβ25–35) was added and incubated for 24 h. Scratch the cell monolayer in a straight line with a 200 μl sterile tip to form a scratch. Phosphate buffered saline (PBS, Beyotime, Shanghai, China) washes suspended cells and cell debris. A fresh medium containing 5% fetal bovine serum was added, and photographed with a microscope after 24 h. Use ImageJ software to evaluate the migration distance. The relative migration rate of each treatment was calculated by the relative migration area of the cells.



Dual-Luciferase Assay

The luciferase reporter plasmids pmiR-RB-Report™-PTGS2-wt and PMIR- RB- Report™-PTGS2-mut were purchased from Ribobio (Guangzhou, China), and then co-transfected into SH-SY5Y cells with miR-26a-5p mimic, respectively. Dual-luciferase reporting kit (Promega, Madison, WI, United States) was used for detection after 48 h transfection.



Network Pharmacology Analysis

First, we obtain AD-related Chinese herbal medicines and Chinese herbal medicines targeting PTGS2 from HERB8 and ETCM database9. Then obtain candidate Chinese herbal medicines through Venn diagram. Subsequently, the HERB database was used to obtain the active ingredients of key Chinese herbal medicines and the active ingredients targeting PTGS2. Then use the TCMSP database10 to screen the main active ingredients of key Chinese herbal medicines according to the standard OB ≥ 30%, DL ≥ 0.18 (Jing et al., 2019). Finally, the candidate active ingredients of Chinese herbal medicine were obtained through Venn diagram again.



Drug Preparation and Treatment

Baicalein (purity 98%) was purchased from Sigma (St. Louis, MO, United States). Use dimethyl sulfoxide (DMSO) to dissolve baicalein to 2.5 mg/ml, and then dilute with medium. The final concentration of DMSO in the baicalein treatment group was less than 0.05%. Before Aβ25–35 (25 μM) stimulates SH-SY5Y cells, SH-SY5Y cells were pretreated with 7.5, 12.5, 25, 50, and 100 μg/ml respectively. For SY5Y cells for 2 h, the negative control was a medium containing 0.05% DMSO.



Statistical Analysis

GraphPad Prism 8 was used for statistical analysis. The data are expressed as mean ± standard deviation (SD). The difference between the two groups was tested by Student’s t-test, and the one-way analysis of variance was used to analyze the data of more than two groups. p < 0.05 was considered statistically significant.




RESULTS


Identification of Differentially Expressed miRNAs and mRNAs in Alzheimer’s Disease

After merging the 2-mRNA expression profile (GSE140829 and GSE97760), we use the SVA package to remove batch effects between datasets (Figure 1A). According to the screening criteria for differentially expressed mRNAs, we obtained 2754 differentially expressed mRNAs (1740 down-regulated and 1014 up-regulated) from the processed expression profile (Table 2). Similarly, based on the same criteria, 46 differentially expressed miRNAs (21 down-regulated and 25 up-regulated) were screened from the expression profile of GSE46579 (Table 3). Heat map and volcano map were used to display differentially expressed mRNAs (Figures 1B,C) and differentially expressed miRNAs (Figures 1D,E).


[image: image]

FIGURE 1. (A) The SVA package removes the batch effect between GSE140829 and GSE97760. (B) Volcano plot and (C) heatmap for the differentially expressed mRNAs in the merged dataset (GSE140829 and GSE97760). (D) Volcano plot and (E) heatmap for the differentially expressed miRNAs in GSE46579. Red dots represent up regulation, blue dots represent down regulation, and gray dots represent non-differentially expressed RNA.



TABLE 2. Top10 (up- and down-regulated) of differentially expressed mRNAs in Alzheimer’s disease expression profile.
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TABLE 3. Top 10 (up- and down-regulated) of differentially expressed miRNAs in Alzheimer’s disease expression profile.
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Potential miRNAs Related to Alzheimer’s Disease Occurrence Identified via Weighted Gene Co-expression Network Analysis

Weighted gene co-expression network analysis analysis is performed on the samples of the GSE157239 dataset. The results show that the miRNA co-expression network conforms to the scale-free feature network. The best soft threshold β = 4 (R2 = 0.85, Figure 2A). The average linkage hierarchical clustering method divides all miRNAs into 29 modules (Figure 2B). According to the module eigengene (ME) value of the modules, the correlation between these modules and the phenotype is calculated. The results show that the turquoise module has the greatest correlation with the sample type (correlation coefficient is 0.82, p = 0.007) (Figure 2C), indicating that the miRNAs in the turquoise module (n = 30) obtained by WGCNA may be related to the pathogenesis of AD. Subsequently, we compared the differentially expressed miRNAs and miRNAs in the turquoise module through the Venn diagram, and obtained 7 overlapping miRNAs (hsa-miR-30a-5p, hsa-miR-26a-5p, hsa-miR-151a-5p, hsa-miR-101-3p, hsa-let-7e-5p, hsa-miR-15a-5p and hsa-let-7i-5p) (Figure 2D), which means that these 7 miRNAs may be more related to the pathogenesis of AD.


[image: image]

FIGURE 2. Weighted gene co-expression network analysis analysis results in GSE157239 dataset. (A) Analysis of the scale-free index for various soft-threshold powers (β) and the mean connectivity for various soft-threshold powers. (B) Dendrogram of all miRNAs clustered in GSE157239. (C) Heatmap of the correlation between the module eigengenes and clinical traits of Alzheimer’s disease. (D) Venn diagram shows the overlapping miRNAs in the turquoise module and differentially expressed miRNAs.




Expression Validation and Diagnostic Analysis of 7 Overlapping miRNAs

The GSE120584 data set was used for expression level verification and ROC analysis of overlapping miRNAs. Compared with the normal control group, the expression of hsa-miR-30a-5p, hsa-miR-26a-5p, and hsa-miR-151a-5p were up-regulated (p < 0.05), and the other 4 miRNAs were down-regulated (p < 0.05) (Figure 3A). This result is consistent with that of differential expression screening. In ROC analysis, except for hsa-let-7i-5p (AUC = 0.55), the area under the curve (AUCs) of the other six miRNAs were > 0.7 (Figure 3B). This indicates that these six miRNAs can be potential diagnostic markers for AD.
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FIGURE 3. (A) Expression trends of hsa-miR-30a-5p, hsa-miR-26a-5p, hsa-miR-151a-5p, hsa-miR-101-3p, hsa-let-7e-5p, hsa-miR-15a-5p and hsa-let-7i-5p in GSE120584. (B) Receiver operator characteristic curve (ROC) analysis of hsa-miR-30a-5p, hsa-miR-26a-5p, hsa-miR-151a-5p, hsa-miR-101-3p, hsa-let-7e-5p, hsa-miR-15a-5p, and hsa-let-7i-5p base on GSE120584 dataset. AUC, Area Under the Curve. (C) miRNA–mRNA regulatory network. The green triangle represents miRNA and the red oval represents miRNA.




Construction of miRNA–mRNA Regulatory Network

Using the miRWalk database and Starbase database to predict the six key miRNAs (miR-30a-5p, miR-26a-5p, miR-151a-5p, miR-101-3p, let-7e-5p, miR-15a-5p) target gene. Combined with target genes and differentially expressed mRNAs, a total of 863 mRNAs were obtained (Supplementary Table 1). According to the regulatory relationship between miRNA and miRNA, a miRNA-mRNA interaction network consisting of 869 nodes and 1360 edges was constructed (Figure 3C).



Kyoto Encyclopedia of Genes and Genomes and Gene Ontology Enrichment Analysis for mRNAs in miRNA–mRNA Regulatory Network

The 863 common mRNAs in the miRNA–mRNA regulatory network were analyzed by DAVID enrichment (p < 0.05). GO enrichment analysis shows that in biological processes, these mRNAs are mainly involved in protein modification and localization, protein transportation and metabolism, cell necrosis, cell cycle and apoptosis (Figure 4A). From the perspective of cell composition, these mRNAs are mainly distributed in the cytoplasm, nucleoplasm, inner membrane system, vesicles, lysosomes and cell junctions (Figure 4B). In terms of molecular functions, these mRNAs are mainly involved in nucleotide binding, enzyme binding, DNA binding, ATP binding and kinase activation (Figure 4C). In addition, KEGG enrichment analysis found that these mRNAs are involved in endocytosis, Neurotrophin signaling pathway, cell senescence, platelet activation, phosphatidylinositol signaling system, AMPK signaling pathway, lysosome and NF-kappa B signaling pathway (Figure 4D).
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FIGURE 4. (A) Chord diagram showing enriched GO-BP clusters for the mRNAs in miRNA-mRNA regulatory network. BP, biological processes. (B) Chord diagram showing enriched GO-CC clusters for the mRNAs in miRNA-mRNA regulatory network. CC, cell composition. (C) Chord diagram showing enriched GO-MF clusters for the mRNAs in miRNA-mRNA regulatory network. MF, molecular functions. (D) Chord diagram showing enriched KEGG clusters for the mRNAs in miRNA-mRNA regulatory network. GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes. (E) PPI network analysis for the mRNAs in miRNA-mRNA regulatory network. PPI, protein–protein interaction. (F) The hub subnetwork from PPI network by Molecular Complex Detection (MCODE) plug-in. (G) Functional enrichment analysis of mRNAs in hub subnetwork.




Protein–Protein Interaction Network Construction and Hub mRNAs Screening

Subsequently, we performed PPI network analysis on 863 common mRNAs to explore the interaction of these mRNAs and the hub gene. Use STRING to calculate intersecting mRNAs and build a PPI network. Then use Cytoscape software to visualize the interaction pairs with a confidence score > 0.7 (Figure 4E). As shown in Figure 4E, the network has 491 nodes and 2300 edges. Subsequently, a hub sub-network (Figure 4F) is obtained through the plug-in MCODE in Cytoscape, which contains 12 nodes and 92 edges. The results of functional enrichment analysis showed that mRNAs in the hub network are mainly involved in metabolic processes, biological process regulation, and rRNA processing (Figure 4G). Furthermore, we downloaded the GSE85426 dataset from the GEO database. Then through LASSO regression for feature screening, 7 AD feature genes were obtained (λ = 0.136, Figures 5A,B). Subsequently, the 12 mRNAs and 7 AD characteristic genes in the hub sub-network were compared, and 2 crossover genes (TRIB2 and PTGS2) were obtained (Supplementary Table 2). These results indicate that the 2 genes (TRIB2 and PTGS2) may play a more important role in the pathogenesis of AD. In the hub sub-network, the degree of connection of PTGS2 (degree = 22) is greater than that of TRIB2 (degree = 16), so PTGS2 is selected as the candidate gene for subsequent analysis. Similarly, in the miRNA–mRNA network, among the miRNAs that interact with PTGS2, hsa-miR-26a-5p (degree = 269) has the highest degree of connectivity, so miR-26a-5p/PTGS2 is selected as the research role of this project.
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FIGURE 5. (A) LASSO coefficient profiles of 7 AD characteristic genes in the GSE85426 dataset. (B) Plot of partial likelihood deviance. (C) The expression levels of miR-26a-5p and PTGS2 in peripheral blood of AD patients (20 AD patients and 20 control samples). The expression level of GAPDH was used as an internal reference for PTGS2 and U6 for miR-26a-5p. The data are shown as the mean ± standard deviation. (D) The expression levels of miR-26a-5p and PTGS2 in the merged dataset (GSE140829 and GSE97760). (E) Correlation analysis of the expression of miR-26a-5p and PTGS2 in peripheral blood of AD patients (20 AD patients and 20 control samples). (F) The expression levels of miR-26a-5p and PTGS2 in AD model cells (Aβ25–35-treated SH-SY5Y cells). The expression level of GAPDH was used as an internal reference for PTGS2 and U6 for miR-26a-5p. The data are shown as the mean ± standard deviation. AD, Alzheimer’s disease. ***p < 0.001; **p < 0.01; *p < 0.05.




RT-PCR Validation of miR-26a-5p/PTGS2 and Gene Set Enrichment Analysis Enrichment Analysis of PTGS2

The clinical peripheral blood sample information in this study is shown in Supplementary Material 1. The expression levels of miR-26a-5p and PTGS2 in blood samples of AD patients were analyzed by RT-qPCR. qPCR results showed that compared with the normal control group, the expression of miR-26a-5p in the blood of AD patients was up-regulated, while the expression of PTGS2 was down-regulated (Figure 5C). The relative expression trends of mRNA and miRNA are consistent with bioinformatics analysis (Figure 5D), and there is a significant difference in the expression level (p < 0.05). The correlation analysis results showed that the expression levels of miR-26a-5p and PTGS2 showed a significant negative correlation (p < 0.05) (Figure 5E). Moreover, we also used qRT-PCR to detect the expression levels of miR-26a-5p and PTGS2 in AD model cells (Aβ25–35-treated SH-SY5Y cells). Compared with the untreated group, the expression of miR-26a-5p in Aβ25–35-treated SH-SY5Y cells was significantly up-regulated (p < 0.05), and the expression of PTGS2 was significantly decreased (p < 0.05) (Figure 5F). These results are consistent with the trend of expression in clinical peripheral blood.

Furthermore, we used the combined gene set of GSE140829 and GSE97760 as the background gene set, and used GO term and KEGG pathway in Gene Set Enrichment Analysis (GSEA) to analyze the potential biological functions of PTGS2. We select the most enriched signaling pathway based on its enrichment score (ES). As shown in Figure 6A, GO annotation reveals five categories that are positively correlated with low PTGS2 expression: autocrine signaling, glycoprotein complex, small ribosomal subunit rRNA binding, cytoplasm organization and cell migration in hindbrain. GO analysis also found five types of negative correlations: actinin binding, regulation of synaptic maturation, Bcl2 family protein complex, phagolysosome and lyase activity (Figure 6B). KEGG pathway analysis showed that the five pathways with the strongest positive correlation with PTGS2 expression: apoptosis, MAPK signaling pathway, Parkinson’s disease, AD and PPAR signaling pathway (Figure 6C). It also found five types of negative correlations for KEGG pathway analysis correlation with PTGS2 expression: coenzyme synthesis, glycometabolism, folic acid biosynthesis, Citric acid cycle TCA cycle and TGF beta signaling pathway (Figure 6D).
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FIGURE 6. Gene set enrichment analysis revealed five positively correlated GO term with lower expression PTGS2 (A), five negatively correlated GO term with lower expression PTGS2 (B), five positively correlated KEGG pathway with lower expression PTGS2 (C), and five negatively correlated KEGG pathway with lower expression PTGS2 (D). (E) The transfection efficiency of pCDH-PTGS2 was detected by fluorescence microscope. Scales: 10 × 40. (F) The transfection efficiency of pCDH-PTGS2 and si-PTGS2 was detected by qPCR. The expression level of GAPDH was used as an internal reference for PTGS2. The data are shown as the mean ± standard deviation. The horizontal line indicates the comparison between groups at both ends, and the non-horizontal line indicates the comparison with the control group. ***p < 0.001; **p < 0.01.




The Effect of PTGS2 Expression on Alzheimer’s Disease Model Cells Proliferation and Migration

To determine the functional significance of PTGS2 in the damage of AD model cells (Aβ25–35-treated SH-SY5Y cells), a gain-of-function experiment was performed in AD model cells. Firstly, PTGS2 overexpressed plasmid was transfected into AD model cells, and fluorescence was observed under fluorescence microscope (Figure 6E). At the same time, qPCR results showed that the expression of PTGS2 in the overexpressed group was significantly up-regulated, and the expression of PTGS2 in the silent group was significantly inhibited (Figure 6F). Western blot results show the same results (Figures 7A,B). These results indicate that the plasmid transfection was successful. CCK-8 assay results showed that PTGS2 overexpression can significantly increase the proliferation activity of AD model cells. Silencing the expression of PTGS2 showed the opposite result (Figure 7C). The soft agar assay also showed that overexpression of PTGS2 promoted the clone formation, while inhibiting the expression of PTGS2 weakened the ability of clone formation (Figures 7D,E). The wound healing assay showed the same trend. pCDH-PTGS2 can significantly increase the migration rate of AD model cells (Figures 7F,G).
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FIGURE 7. (A,B) The transfection efficiency of pCDH-PTGS2 and si-PTGS2 was detected by western blot. (C) The effects of PTGS2 knockdown or overexpression on the vitality of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the CCK-8 assay. (D,E) The effects of PTGS2 knockdown or overexpression on the proliferation of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the soft agar assay. Scales: 10 × 40. (F,G) The effects of PTGS2 knockdown or overexpression on the migration of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the wound healing assay. Scales: 10 × 10. The data are shown as the mean ± standard deviation. The horizontal line indicates the comparison between groups at both ends, and the non-horizontal line indicates the comparison with the control group. AD: Alzheimer’s disease. ***p < 0.001; **p < 0.01; *p < 0.01.




PTGS2 Is Involved in the Regulatory Effects of miR-26a-5p on Alzheimer’s Disease Model Cells

First, we identified the transfection efficiency of miR-26a-5p by qPCR. The relative expression of miR-26a-5p increased significantly after miR-26a-5p mimic transfection (p < 0.05), and decreased after miR-26a-5p inhibitor transfection (p < 0.05) (Figure 8A). PTGS2 and miR-26a-5p was evaluated by bioinformatics analysis and dual-luciferase experimental analysis. As shown in Figure 8B, Target scan predicted the binding sites of PTGS2 and miR-26a-5p online, suggesting that PTGS2 may be the target of miR-26a-5p. To verify this prediction, PTGS2-WT and PTGS2-Mut plasmids were constructed and co-transfected with miR-26a-5p mimic into AD model cells. The results of dual-luciferase analysis showed that the luciferase activity of the PTGS2-WT group was significantly reduced, while the luciferase activity of the PTGS2-Mut group did not change (Figure 8C). Subsequently, qPCR results showed that overexpression of miR-26a-5p can significantly reduce the expression level of PTGS2 in AD model cells, while downregulation of miR-26a-5p can significantly increase the expression level of PTGS2 (Figure 8D).
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FIGURE 8. (A) The transfection efficiency of miR-26a-5p (miR-26a-5p mimic and miR-26a-5p inhibitor) was detected by qPCR. The expression level of U6 was used as an internal reference for miR-26a-5p. The data are shown as the mean ± standard deviation. (B) Binding site sequences of miR-26a-5p and PTGS2 3 ‘UTR. (C) Luciferase activity of WT or Mut PTGS2 after co-transfection of miR-26a-5p mimic and WT or Mut PTGS2 dual-fluorescent vector into SH-SY5Y cells. (D) The effects of miR-26a-5p mimic and mir-26a-5p inhibitor on the expression of PTGS in AD model cells (Aβ25–35-treated SH-SY5Y cells) were detected by qPCR. (E) The effects of miR-26a-5p mimic and miR-26a-5p inhibitor on the vitality of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the CCK-8 assay. (F) The effects of cotransfection (pCDH-PTGS2 and miR-26a-5p mimic) on the vitality of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the CCK-8 assay. (G,H) The effects of cotransfection (pCDH-PTGS2 and miR-26a-5p mimic) on the proliferation of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the soft agar assay. Scales: 10 × 40. The data are shown as the mean ± standard deviation. The horizontal line indicates the comparison between groups at both ends, and the non-horizontal line indicates the comparison with the control group. AD, Alzheimer’s disease. ***p < 0.001; **p < 0.01; *p < 0.01.


Furthermore, in order to explore the role of miR-26a-5p in AD model cells, miR-26a-5p mimic or miR-26a-5p inhibitor was transfected into AD model cells. After 48 h of treatment, the up-regulation of miR-26a-5p weakened the proliferative activity of AD model cells, while silencing had the opposite effect (Figure 8E). CCK-8 experiments showed that up-regulation of PTGS2 can improve miR-26a-5p-mediated cell viability in AD model cells (Figure 8F). The soft agar assay also shows the same trend. The expression of PTGS2 can interfere with the number of clones regulated by miR-26a-5p (Figures 8G,H).



PTGS2-Related Chinese Medicine Active Component Analysis

Based on the traditional Chinese medicine pharmacology database, we analyzed the Chinese herbal medicines targeting PTGS2, and further analyzed the main active ingredients targeting PTGS2 in the candidate Chinese herbal medicines. As show in Supplementary Material 2, 1004 and 111 Chinese herbal medicines related to AD were obtained from HERB and ETCM databases, respectively. Also, 434 and 112 Chinese herbal medicines targeting PTGS2 were obtained from HERB and ETCM databases, respectively. Five overlapping Chinese herbal medicines (CANG ER ZI, CE BAI YE, GUANG HUO XIANG, HUANG QIN, and WU ZHU YU) were obtained by Venn diagram comparison (Figure 9A). We chose HUANG QIN, which is commonly used in traditional Chinese medicine, for further analysis. The HERB database shows that HUANG QIN contains 233 kinds of ingredients (Supplementary Material 3). Similarly, 18 Chinese herbal ingredients related to PTGS2 were obtained from HERB Database (Supplementary Material 4). Then, 2 common ingredients of traditional Chinese medicine (HBIN044204: s-methyl mercapto-l-cysteine and HBIN017508: baicalein) were obtained by comparison (Figure 9B). Subsequently, 38 main active ingredients contained in HUANG QIN were screened through TCMSP database (Supplementary Material 5). By comparison, we found that baicalein in the 2 candidate ingredients of traditional Chinese medicine (s-methyl mercapto-l-cysteine and baicalein) was one of the 38 main active ingredients in the HUANG QIN. These results suggest that baicalein may affect the progress of AD by regulating PTGS2.
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FIGURE 9. (A) Venn diagram shows the overlap between AD related Chinese herbs and PTGS related Chinese herbs. (B) Network of AD related components in HUANGQIN and PTGS2 targeted components in HUANGQIN. (C) The effects of different concentrations baicalein on the vitality of AD model cells (Aβ25–35-treated SH-SY5Y cells) measured using the CCK-8 assay. (D) EC50 fitting curve of baicalein in AD model cells (Aβ25–35-treated SH-SY5Y cells). (E) The effect of baicalein on the expression of PTGS2 by qPCR in AD model cells (Aβ25–35-treated SH-SY5Y cells). AD, Alzheimer’s disease. The expression level of GAPDH was used as an internal reference for PTGS2. The data are shown as the mean ± standard deviation. The horizontal line indicates the comparison between groups at both ends, and the non-horizontal line indicates the comparison with the control group. ***p < 0.001; *p < 0.05.


Furthermore, different concentrations of baicalein (0, 7.5, 12.5, 25, 50, and 100 μg/ml) were used to treat AD model cells, CCK-8 assay showed that baicalein can significantly increase the activity of AD model cells (Figure 9C). The results of fitting curve analysis showed that the EC50(median effective concentration) of baicalein in model cells was 32.32 μg/ml (Figure 9D). RT-qPCR results further showed that baicalein can increase the expression level of PTGS2 to a certain extent (Figure 9E). These results indicate that baicalein can not only affect the proliferation activity of AD model cells, but also affect the expression of PTGS2, which indicates that baicalein may be able to affect the occurrence or deterioration of AD by regulating the expression of PTGS2.




DISCUSSION

Alzheimer’s disease is the most common form of dementia in the elderly, which can cause orientation disorders, memory loss and visual spatial ability in the elderly (Alzheimer’s Association, 2022). Despite great efforts to study the causes of AD, AD is still the fifth leading cause of death in the world (Wang L. et al., 2020). According to reports, patients with AD have neuropathology in the brain before they develop symptoms (Miao et al., 2020). Therefore, it is very important to develop new and practical biomarkers for early diagnosis of AD. At present, various RNAs have become the focus of research on human disease mechanisms, including mRNA, miRNA, and lncRNA (Wolin and Maquat, 2019; Barbieri and Kouzarides, 2020). In this study, mRNAs and miRNAs that may affect the progression of AD were analyzed by a series of bioinformatics techniques and experimental methods, and investigated the regulatory role of key pair miR-26A-5p/PTGS2 in AD model cells and possible effective targeting of Chinese herbal active ingredients.

miRNA is a small endogenous non-coding RNA that negatively regulates gene expression at the post-transcriptional level by binding to the 3′UTR of its target mRNA and affects various biological processes such as cell proliferation, differentiation, apoptosis and cycle (Ali Syeda et al., 2020; Yoshida et al., 2021). miRNA with abnormal expression patterns has been identified as a key molecule in the pathogenesis of various human diseases, including AD and cancer (Ali Syeda et al., 2020; Serpente et al., 2020; Yoshida et al., 2021). In the development and progress of AD, some functional miRNAs have also been discovered in recent decades. Research by Ji et al. (2019) showed that miR22-3p is down-regulated in AD and can inhibit Aβ deposition by targeting MAPK14. Shi et al. (2020) found that in AD patients, the abnormal increase of miR-34c can target synaptotagmin 1 through the ROS-JNK-p53 pathway to mediate synaptic defects. Wang et al. (2018) also showed that miRNA-124 targeting PTPN1 mediates synaptic and memory defects in AD through a new signaling pathway. The above studies have shown that abnormally expressed miRNAs may provide new ideas for the treatment of AD by regulating key genes in the pathogenesis of AD. In our study, RNA expression profiles and miRNA expression profiles of AD patients were downloaded from GEO database and analyzed by differential expression analysis, WGCNA, miRNA-mRNA regulatory Network, PPI Network, ROC and LASSO Regression and other bioinformatics methods, we screened the key miRNA-mRNA in the progress of AD: miR-26a-5p/PTGS2. RT-qPCR detection showed that the expression of miR-26a-5p was up-regulated and the expression of PTGS2 was down-regulated in the blood samples of AD patients. The relative expression trends of mRNA and miRNA are consistent with bioinformatics analysis. Moreover, miR-26a-5p was significantly negatively correlated with the expression level of PTGS2. In addition, we also found that the expression trend of miR-26a-5p and PTGS2 in AD model cells (SH-SY5Y cells treated with Aβ25–35) was consistent with the clinical peripheral blood detection results. The above results indicate that miR-26a-5p and PTGS2 are abnormally expressed RNAs in the occurrence and development of AD.

Prostaglandin endoperoxidase synthase 2 (PTGS2) is one of the key enzymes mediating the new synthesis of prostaglandin, which has been proved to have the functions of inducing apoptosis, inhibiting proliferation and inhibiting metastasis (Nagaraju and El-Rayes, 2019; Spence et al., 2019; Tan et al., 2019). Frejborg et al. (2020) reported that PTGS2 can promote the development and progression of head and neck cancer through various mechanisms such as inducing cell proliferation, inhibiting cell apoptosis, and inhibiting host immune response. In the human brain, PTGS2 is mainly expressed in the cerebral cortex, hippocampus, hypothalamus, thalamus, cerebellum and other key parts. It is often observed to be released by astrocytes, microglia, brain endothelial cells and peripheral immune cells, which affect the function of the brain and nerve excitability (Rawat et al., 2020; Prabhakaran et al., 2021). Therefore, PTGS2 may have important significance in behavior and cognitive function, and may be a key target of brain diseases. In this project, the gain-of-loss function experiment also confirmed that the overexpression of PTGS2 can significantly improve the proliferation activity and migration rate of AD model cells. Bioinformatics and dual-luciferase reporter gene detection showed that PTGS2 is the direct target gene of miR-26a-5p. Overexpression of miR-26a-5p can significantly reduce PTGS2 mRNA and protein levels in AD model cells, while downregulation of miR-26a-5p can significantly increase PTGS2 protein levels. According to reports, miR-26a-5p is a classic molecule of the miRNA family and has been identified as a tumor suppressor, which has an important anti-proliferation effect in certain malignant tumors (Wang Z. et al., 2020). For example, in hepatocellular carcinoma, the down-regulation of miR-26a-5p promotes tumor metastasis and is associated with poor prognosis (Chang et al., 2017). In AD, miR-26a-5p in peripheral blood is considered to be a diagnostic marker (Targa et al., 2020), but the specific function it performs has not yet been studied in detail. Liu et al. (2020) found in mice that miR-26a-5p mimic inhibits Tau phosphorylation and β accumulation in AD mice by targeting DYRK1A. However, the function of miR-26a-5p in AD patients has not yet been reported. In this study, we found that miR-26a-5p up-regulates the proliferation activity of AD model cells, while miR-26a-5p inhibitors do the opposite. The overexpression of PTGS2 can not only rescue the change of PTGS2 protein, but also improve the cell viability of AD model cells mediated by miR-26a-5p. Collectively, these results indicate that miR-26a-5p directly targets PTGS2 and plays a regulatory role in AD.

Network pharmacology is based on the interaction of component-target-disease association networks. Screening effective drugs corresponding to disease targets through this complex network can accurately identify gene-targeted Chinese medicine components (Wu et al., 2019). Based on Venn diagram analysis, five Chinese herbal medicines (CANG ER ZI, CE BAI YE, GUANG HUO XIANG, HUANG QIN, and WU ZHU YU) were found to be common between targeted PTGS2 and AD. Further analysis showed that baicalein was the main component related to PTGS2. CCK-8 showed that baicalein could significantly improve the proliferation of AD model cells. RT-qPCR results further showed that baicalein could increase the expression level of PTGS2. These results suggest that baicalein may affect the progression of AD by regulating PTGS2. Ji et al. (2020) found that baicalein-mediated regulation of NF-κB/MAPK pathway has a protective effect on amyloid-induced toxicity of nerves. Dhakal et al. (2021) also found that baicalein reduced intracellular amyloid-induced oxidative damage in a yeast model of AD. In a word, baicalein can effectively affect the progression of AD, but the specific regulatory mechanism needs to be further studied.



CONCLUSION

In our study, we conducted bioinformatics analysis based on AD RNA expression profile data in GEO, through differential expression analysis, WGCNA, miRNA–mRNA regulatory Network, PPI Network, ROC and LASSO Regression, Correlation analysis, qPCR and dual luciferase analysis methods, we screened the key miRNA-mRNA in the progress of AD: miR-26a-5p/PTGS2. Cell experiments confirmed that PTGS2 can protect AD model cells (Aβ25–35-treated SH-SY5Y cells) from damage by inhibiting proliferation and migration. In addition, overexpression of PTGS2 can not only inhibit the expression of miR-26a-5p, but also reverse the damage of miR-26a-5p to AD model cells. Furthermore, through Network Pharmacology, qPCR and CCK-8, we found that baicalein may affect the progression of AD by regulating the expression of PTGS2. Therefore, PTGS2 can be used as a target for AD research, and miR-26a-5p/PTGS2 can be used as an action axis to study the pathogenesis of AD.
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