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Vascular dementia (VaD) is the second most common form of dementia with uncertain mechanisms and no effective treatments. microRNAs (miRNAs) and transcription factors (TFs) are considered regulatory factors of genes involved in many diseases. Therefore, this work investigated the aberrantly expressed miRNAs, TFs, corresponding target genes, and their co-regulatory networks in the cortex of rats with bilateral common carotid artery occlusion (2VO) to uncover the potential mechanism and biomarkers of VaD. Differentially expressed genes (DEGs), miRNAs (DEMs), and TFs (DETFs) were identified using RNA sequencing, and their interaction networks were constructed using Cytoscape. The results showed that rats with 2VO had declined cognitive abilities and neuronal loss in the cortex than sham rats. DEGs, DEMs, and DETFs were discriminated between rats with 2VO and sham rats in the cortex, as shown by the 13 aberrantly expressed miRNAs, 805 mRNAs, and 63 TFs. The miRNA-TF-target gene network was constructed, showing 523 nodes and 7237 edges. Five miRNAs (miR-5132-5p, miR-764-3p, miR-223-3p, miR-145-5p, and miR-122-5p), ten TFs (Mxi1, Nfatc4, Rxrg, Zfp523, Foxj2, Nkx6-1, Klf4, Klf5, Csrnp1, and Prdm6), and seven target genes (Serpine1, Nedd4l, Pxn, Col1a1, Plec, Trip12, and Tpm1) were chosen as the significant nodes to construct feed-forward loops (FFLs). Gene Ontology and pathway enrichment analysis revealed that these miRNA and TF-associated genes are mostly involved in the PI3K/Akt, neuroactive ligand–receptor interaction, calcium signaling, and Wnt signaling pathways, along with central locations around the cell membrane. They exert functions such as growth factor binding, integrin binding, and extracellular matrix structural constituent, with representative biological processes like vasculature development, cell–substrate adhesion, cellular response to growth factor stimulus, and synaptic transmission. Furthermore, the expression of three miRNAs (miR-145-5p, miR-122-5p, and miR-5132-5p), six TFs (Csrnp1, Klf4, Nfatc4, Rxrg, Foxj2, and Klf5), and five mRNAs (Serpine1, Plec, Nedd4l, Trip12, and Tpm1) were significantly changed in rats with VaD, in line with the outcome of RNA sequencing. In the potential FFL, miR-145-5p directly bound Csrnp1 and decreased its mRNA expression. These results might help the understanding of the underlying regulatory mechanisms of miRNA-TF-genes, providing potential therapeutic targets in VaD.
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Introduction

Vascular dementia (VaD) is the second cause of dementia after Alzheimer’s disease (AD), characterized by brain impairments due to inadequate blood perfusion. The patients suffering from VaD undergo cognitive decline and executive dysfunction. Stroke and infarct of cerebral vessels are associated with VaD, and hypertension, atherosclerosis, cardiac disease, and diabetes are additional risks for developing VaD (Venkat et al., 2015). The acute or chronic deterioration of cerebral vessels causes oxygen deprivation following the energy strike of neurons, leading to oxygen stress reaction, microglial and astroglia activation, mitochondrial injuries, loss of synaptic function, neuron apoptosis, or necrosis (Sun, 2018). The pathology of VaD is complex and unclear due to the heterogeneity of vascular diseases. Neuroimaging assessment and cognitive evaluation are the current methods in the diagnosis of VaD, but both have shortcomings, thus weakening the accuracy of the diagnosis (van der Flier et al., 2018). Besides, no officially therapeutic drugs are approved for VaD management, and drugs used for improving cognitive impairments mainly for AD are tentatively used in VaD, such as cholinesterase inhibitors and memantine (O’Brien and Thomas, 2015). Thus, the investigation of the VaD mechanism of action is urgently needed to facilitate the diagnosis or intervention of this disease.

MicroRNAs (miRNAs) are short non-coding RNAs repressing mRNA expression post-transcriptionally through the induction of degradation or translational repression of the target gene. Dysregulated miRNAs act as potential biomarkers in the diagnosis and prognosis of several diseases (Ragusa et al., 2016; Jiang et al., 2022). They also serve as targets for the intervention on the symptoms of the disease (Chen et al., 2017; Yao et al., 2017; Zeng et al., 2021a; Sun et al., 2022). Multiple miRNAs such as miR-145, novel miRNA PC-5P-12969, and miR-134-5p are reported as dysregulated in the process of neurological injuries induced by ischemia and are involved in the cognitive impairment of VaD (Dharap et al., 2009; Liu et al., 2019; Vijayan et al., 2019).

Aberrantly expressed miRNAs are closely associated with transcription factors (TFs). In turn, TFs are involved in the control of signaling pathways with miRNAs through the activation or suppression of the transcription of target genes by binding to the promoter and enhancer sequences (Spitz and Furlong, 2012; Inukai et al., 2017; Zhang et al., 2018). Furthermore, TFs and miRNAs interact with each other through complex molecular regulatory mechanisms (Zhang et al., 2015), which play a crucial part in the pathogenesis of VaD (Saggu et al., 2016; Han et al., 2020; Yang and Zhang, 2021). For example, the nuclear factor erythroid 2-related factor 2 (Nrf2), considered as the essential transcription factor for antioxidant responses, controls the transcription of a series of anti-oxidative and anti-inflammatory genes (Li et al., 2020a; Saha et al., 2020); as the functional target of miR-153 and miR-144, Nrf2 ameliorates oxidative stress and inhibits the apoptotic signaling pathways (Chu et al., 2019; Zhu et al., 2019). Forkhead box P2 (Foxp2) is another transcription factor involved in early VaD and improves cognitive impairment in rats with VaD through the upregulation of synaptic proteins through the miR-134-5p/Foxp2/Syn1 axis (Liu et al., 2019). The protective effect of acupuncture treatment in a rodent model of VaD may be related to the suppression of the miR-93-induced TLR4/MyD88/NF-κB pathway (Wang et al., 2020). However, the interrelationship of miRNAs, TFs, and target genes in VaD has not been fully elucidated.

In the present study, rats subjected to bilateral vessel occlusion (2VO), a widely accepted model induced by chronic blood hypoperfusion (Weinstock and Shoham, 2004), were used to mimic the pathology of VaD. Dysregulated miRNAs and mRNAs were obtained from the transcriptome sequencing of rats with VaD and sham rats. The regulation of differentially expressed miRNAs (DEMs), TFs (DETFs), and target genes (DEGs) was analyzed, followed by the construction of an integrative co-regulatory gene expression network. The expression of key DEMs, DETFs, and DEGs and their potential interaction were further verified to provide new insights into the mechanism of VaD. The workflow of the present study is presented in Figure 1.
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FIGURE 1
Workflow of the present study.




Materials and methods


Animals

Male Sprague–Dawley (SD) rats (270 ± 10 g in weight, 7-week-old) were purchased from the Zhishan Healthcare Research Institute (Beijing, China) and maintained under the specified pathogen-free conditions with regular rat chow and water ad libitum. After 1 week of adaptively feeding, they were used for the construction of the in vivo VaD model as previously reported (Niu et al., 2019; Guo et al., 2020; Mao et al., 2020). All the experimental procedures were approved by the Committee of the Institute of Medicinal Biotechnology, China (No. IMB-201807-D8-03). Eighteen rats were randomly assigned to two groups and subjected to surgery. Nine rats in each group were subjected to the Morris water maze (MWM) test and then randomly divided into three equal parts to collect the cerebral cortex for the RNA sequencing analysis, histological examination by Nissl staining, and gene validation analysis. The overall experimental protocol is shown in Figure 2A.
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FIGURE 2
Cognitive decline and neuronal injury in rats with 2VO compared with sham rats. (A) Timeline of the in vivo experiment. 8-week-old SD rats were subjected to the bilateral common carotid artery occlusion, followed by the cognitive impairment test after 3 weeks. The cerebral cortices were finally collected from the 12-week-old SD rats. 2VO: bilateral common carotid artery occlusion. (B) Escape latency of rats in the navigation test for five consecutive days (n = 9). (C) Swimming speed of rats during the navigation test (n = 9). (D) Number of crossings of rats to find platforms previously located in the probe test (n = 9). (E) Duration time in the target quadrant in the probe test (n = 9). (F) Representative images of Nissl staining in the cortex of 2VO and sham rats. (G) Quantification of Nissl staining (n = 3). Results are presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham.




Surgical procedure for bilateral vessel occlusion in rats

The VaD model was induced in rats by the permanent occlusion of the bilateral common carotid artery, as described in our previous work (Jiang et al., 2021). Briefly, rats were anesthetized with an intraperitoneal injection of 2% sodium pentobarbital (30 mg/kg). The bilateral common carotid arteries were gently separated and permanently ligated with a 5–0 silk thread. Rats in the sham group underwent the same procedure except for the arterial ligation.



Spatial cognitive evaluation

The MWM test was performed for the spatial cognitive evaluation on the 21st day after the occlusion surgery, as previously described (Liu et al., 2018; Jiang et al., 2021). The test was represented by the navigation trial and the probe test. The navigation test lasted for five consecutive days. The rats experienced four pieces of training for the ability to search the underwater platform each day. The time the rats spent searching the platform was recorded as the escape latency. The probe test was performed 24 h after the navigation test, in which the hidden platform was removed, and the time the rats spent in the target quadrant and the frequency crossing the platform were recorded.



Histological examination

After the MWM test, routine Nissl staining was performed to evaluate the neuronal injury induced by 2VO. Briefly, rats were anesthetized with sodium pentobarbital and transcardially perfused with saline and 4% paraformaldehyde (PFA). The isolated whole brains were fixed in 4% PFA for 24 h at 4°C and then cryoprotected in ascending sucrose series gradient in phosphate-buffered saline. The slide-mounted brain sections (4 μm thick) were differentiated in 95% ethyl alcohol, rinsed in 75% ethyl alcohol and distilled water, and stained with 0.1% cresyl violet solution (Sigma, St. Louis, MI, United States). After a rinse in distilled water and dehydration in 95 and 100% ethyl alcohol, the sections were finally cleared in xylene for 2–3 min and mounted with Permount (Sigma, St. Louis, MI, United States). Images were acquired using a fluorescence microscope (Olympus, Tokyo, Japan).



RNA isolation, library preparation, sequencing, and data processing

The protocols of total RNA isolation and sequencing of miRNA or mRNA were the same as described in our previous work (Zeng et al., 2021b). Briefly, total RNA was extracted using the Total RNA Extractor (Trizol) kit (B511311, Sangon, China) according to the manufacturer’s protocol, and the sample quality was evaluated using a 1.0% agarose gel for RNA integrity and genomic pollution. An amount of 2 μg RNA per sample was used as input material for the RNA sample preparation. Next, six mRNA sequencing libraries were constructed from six total RNA samples using VAHTSTM mRNA-seq V2 Library Prep Kit for Illumina® (NR601-02, Vazyme, China). Moreover, six sequencing libraries of miRNA were prepared from the same six total RNA samples using TruSeq Small RNA Sample Prep Kits (RS-200-0024, Illumina, United States), following the manufacturer’s recommendations. The library quality was assessed on the Agilent Bioanalyzer 2100 system. Then, paired-end sequencing of the mRNA library was performed on the HiSeq XTen sequencers (Illumina, San Diego, CA, United States). Single-end sequencing of the miRNA library was conducted on the Illumina HiSeq 2500 (LC-BIO, Hangzhou, China).

The quality control of the original sequencing data (raw reads) was evaluated by FastQC V0.11.5, and then Cutadapt V1.14 was used to remove adaptors (cutoff value Q lower than 20). The clean reads were obtained using Trimmomatic V0.36 after removing low-quality bases at both ends. Thus, a mean of 57,348,784 reads with a Q30 ratio higher than 96.41% for mRNA was obtained. A standard of 25708013 reads with a Q30 ratio greater than 95.94% for miRNA was achieved (Supplementary Tables 1, 2). Next, the clean reads were compared with the reference genome through miRbase for miRNA and HISAT2 V2.1.0 for mRNA. Hence, the unique value of mapping for mRNA is listed in Supplementary Table 3. Additionally, the gene expression was expressed as counts for miRNA or transcripts per million (TPM) for mRNA. TPM is the normalized count of mRNA, which considers sequencing depth and gene length simultaneously.

Our RNA sequencing data were submitted to Gene Expression Omnibus (GEO), with the accession number GSE199508.



mRNA and microRNAs profiling

The differential expression of mRNA and miRNA in the rats with 2VO and sham rats was separately evaluated by the DESeq2 V1.12.4 and by the edgeR V3.18.1. The read counts were normalized to TPM for mRNA and to reads per million (RPM) for miRNA before the analysis. A threshold was set for filtering out low-expressed miRNAs with the RPM value less than 0.05 and TPM less than 1. The DEMs and mRNAs (DEGs) were statistically analyzed by setting a P-value as 0.05 and the Log2 (foldchange) absolute value of more than 1. Then, the results of the DEGs and DEMs were visualized as volcano diagrams and heatmap with hierarchical clustering using the pheatmap program. In addition, the sequence homology of the known DEMs with significant dysregulation was evaluated using the miRBase1 database supported by RNACentral.



Identification of differentially expressed transcription factors and regulatory pairs among differentially expressed microRNAs, differentially expressed transcription factors, and differentially expressed genes

The transcription factors of Rattus norvegicus were collected from the AnimalTFDB3.0 database2 to identify DETFs from the DEGs of the present transcriptome. The intersection of DEGs and transcription factors from AnimalTFDB3.0 was obtained, followed by a visualization via Bioinformatics3, an online data processing platform.

As regards the DEMs, target prediction of DEMs was first performed with the help of three databases: miRanda4, miRWalk2.05, and TargetScanHumanV7.26. The miRNA-gene regulatory pairs were subsequently generated through the overlap of those predictions, targets, and DEGs. Based on the miRNA-gene regulatory pairs, miRNA-TF regulatory pairs were developed through the extraction of the DETFs from the DEGs regulated by DEMs. As regards the DETFs, the target prediction of TFs was performed using CistromeDB7 and hTFtarget8, developed based on the data of the ChIP-seq experiments (chromatin immunoprecipitation followed by sequencing), and targets with scores less than 4.0 were excluded. Likewise, the targets of DETFs were overlapped with those of DEGs, generating the TF-gene regulatory pairs. Furthermore, backward prediction based on DEMs for corresponding DETFs was developed to acquire the TF-miRNA regulatory pairs. Briefly, sequences covering the upstream of the transcription start sites (TSSs) for 5 kb and downstream for 1 kb were considered as the putative promoter region of DEMs and then were downloaded from NCBI9. Subsequently, those sequences were uploaded into PROMO V3.0.210 for the target-TF prediction of DEMs. Finally, four types of regulatory pairs among DEMs, DETFs, and DEGs were obtained, including miRNA-gene, miRNA-TF, TF-gene, and TF-miRNA regulatory pairs. The acquisition of the regulatory pairs was displayed as a Venn diagram using the online platform Bioinformatics.



Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses

The miRNA/TF-associated genes were the focus of gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses to discover genes highly associated with VaD and deeply involved in the miRNA/TF regulated network. In detail, miRNA/TF-associated genes were the DEGs jointly regulated by DEMs and DETFs, generated from the three sets, including sets of DEMs prediction targets, sets of DETFs prediction targets, and sets of DEGs. Then, Metascape online platform11 was performed to enrich the molecular function, cellular component, biological process, and the KEGG pathways of miRNA/TF-associated genes in Rattus norvegicus with a P-value less than 0.01 as the cutoff value. The top 20 GO terms and top 10 signaling pathways by KEGG analysis are shown as bar charts and Chordal graph, respectively.



Construction of the microRNA-transcription factor-gene and protein-protein interaction network

An miRNA-TF-gene (M-T-G) network was constructed based on the aforementioned regulatory pairs among DEMs, DETFs, and miRNA/TF-associated genes, followed by a visualization using Cytoscape V3.8.212 to investigate the gene regulation network associated with miRNAs and TFs in VaD. Since the key nodes exert critical effects on the network, key miRNAs, TFs, and genes were obtained for further analysis. First, key miRNAs and TFs were analyzed by two plug-ins of Cytoscape and scored with several parameters, including closeness centrality (CC), betweenness centrality (BC), average shortest path length, outdegree, and neighborhood connectivity retrieved from CytoHubba, as well as the occurrence provided by Motif-Discover. Second, key genes were selected from the miRNA/TF-associated gene set by integrating the protein-protein interaction (PPI) and CytoHubba analytic methods. The STRING V11.5 software13 was used to describe the interactive network within miRNA/TF-associated genes through the setting of the confidence score as 0.7. Then, the PPI network of miRNA/TF-associated genes was assessed by the CytoHubba plug-in. Key genes were selected using several topological parameters, including maximum neighborhood component (MNC), maximal clique centrality (MCC), degree, betweenness, and closeness. Additionally, regulatory loops among key miRNAs, TFs, and genes were displayed after visualization in Cytoscape V3.8.2 (see text footnote 12).



Quantitative real-time polymerase chain reaction analysis

Total RNA was extracted from the cortex of rats and HEK293 cells using the Ultrapure RNA Kit (CWBIO, Beijing, China). miRNA 1st Strand cDNA Synthesis Kit and miRNA Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China) were used to measure the expression of DEMs in the 2VO rat model. Likewise, the DEGs in the rats with 2VO were also measured using Hiscript®III RT SuperMix for qPCR and ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing, China). Quantitative real-time polymerase chain reaction (qRT-PCR) analyses for miRNA and mRNA were performed following the manufacturer’s recommendations. The expression of miRNA and mRNA was calculated by the 2–Δ Δ CT method (Yi et al., 2021). The primes in this study were synthesized from Sangon Biotech (Shanghai, China) and are listed in Table 1. U6 small RNA was used as the internal reference for miRNA. Gapdh and ACTB were used as the reference genes for mRNA.


TABLE 1    Primers for qRT-PCR and nucleotide sequences for transfection.
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Cell culture and transfection

Human embryonic kidney (HEK293) cells were cultured in DMEM supplemented with 10% FBS (Gibco/Invitrogen, Grand Island, NY, United States) and were incubated following the instructions of the American Tissue Culture Collection. HEK293 cells were seeded into 24-well plates and 6-well plates for transfection after reaching 70% growth confluence using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States). Mimics were purchased from Genepharma (Suzhou, China) and were transfected into HEK293 cells to evaluate the regulatory relationship of miR-145-5p over Csrnp1 and miR-122-5p over Klf5; the sequences of mimics and negative control (NC) are listed in Table 1.



Dual-luciferase reporter assay

Dual-luciferase reporter experiment was used to verify the direct action between miR-145-5p and miR-122-5p over Csrnp1 and Klf5. The binding sequences in the 3′UTR of Csrnp1 and Klf5 were provided by miRWalk (see text footnote 5) and cloned into the pmirGLO plasmid vector (Sangon Biotech, Shanghai, China) after amplification. Subsequently, plasmids containing wild-type (WT) binding sequences were transfected into HEK293 cells along with miR-145-5p mimics or miR-122-5p mimics, using NC as the control group. The plasmids with the mutant-type (MUT) binding sequences were also synthesized and transfected into HEK293 cells along with miR-145-5p mimics, miR-122-5p mimics, or NC. The cells were collected at 48 h after transfection and analyzed using the Dual-Luciferase Reporter Assay Kit (Vanzyme, Nanjing, China) under the manufacturer’s recommendations. The activity of renilla luciferase was considered as the endogenous control of firefly luciferase.



Dataset acquisition and data processing

Gene expression datasets of miRNA and mRNA related to VaD were selected from the GEO14, with the species limitation (human, mouse, and rat) and the biological sample type (blood and different brain regions). Ten GEO datasets containing the expression level of miRNA associated with VaD were selected, including GSE193012, GSE178500, GSE86291, GSE100488, GSE111794, GSE48028, GSE184975, GSE29287, GSE46266, and GSE46269. Meanwhile, 22 GEO datasets of mRNA expression status involved in VaD were collected, including GSE104381, GSE201482, GSE186798, GSE80681, GSE60820, GSE97537, GSE202659, GSE173544, GSE173714, GSE131193, GSE45703, GSE163614, GSE106680, GSE21136, GSE157628, GSE111782, GSE134257, GSE107983, GSE37777, GSE17929, GSE162072, and GSE148841. The significantly dysregulated genes were obtained by setting the absolute value of Log2 (foldchange) greater than 1 and the P-value less than 0.05.



Statistical analysis

IBM SPSS Statistics (version 25.0, IBM, NY, United States) was used for analyzing the escape latency and the swimming speed in the MWM test with ANOVA, followed by Tukey’s post hoc analyses among groups. The unpaired t-test was used for the remaining statistical analyses using the GraphPad Prism version 8.0 software (GraphPad Inc., CA, United States). Results are expressed as mean ± standard deviation (SD). Besides, unpaired t-test and fold change analyses were applied to distinguish DEMs and DEGs among rats with 2VO and sham rats with a threshold set as P < 0.05 and Log2 (foldchange) absolute value greater than 1.




Results


Spatial cognition and neuronal survival are declined in rats with vascular dementia

Rats with 2VO showed a longer escape latency in the MWM test than the sham rats (Figure 2B, P < 0.001), while the swimming speed was not different between these two groups (Figure 2C), indicating that the decline in the learning ability in rats with 2VO was not due to the influence of motor ability. Moreover, rats with 2VO showed less crossings of the target platform (Figure 2D, P < 0.001) and shorter duration in the target quadrant than sham rats (Figure 2E, P < 0.01), suggesting the occurrence of the loss of memory in rats with 2VO. Furthermore, fewer Nissl bodies were found in the cortex of rats with 2VO (Figures 2F,G, P < 0.05 vs. sham rats). Together, these results supported the cognitive deficits and neuronal damage in the VaD model.



Identification of differentially expressed microRNAs and differentially expressed genes related to vascular dementia

Thirteen known DEMs and 805 DEGs were identified between rats with 2VO and sham rats, including ten downregulated and three upregulated DEMs and 602 downregulated and 203 upregulated DEGs. The volcano diagram illustrated the distribution of DEMs and DEGs acquired from the cortex of the rats with 2VO compared to the sham ones (Figures 3A,B). Further hieratical clustering analysis revealed a differential sequencing expression profiling of these DEMs and DEGs among samples, as shown in Figures 3C,D. Moreover, among the DEMs, ten miRNAs were conserved among humans, mice, and rats according to miRBase (see text footnote 1), while miR-5132-5p, miR-764-3p, and miR-802-5p were not conserved (Table 2).
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FIGURE 3
Volcano plots of the transcriptome and hierarchical cluster analysis of the DEMs and DEGs in the cortex of 2VO and sham rats. (A) Volcano plots of the differentially expressed miRNAs (DEMs) in the cortex of rats with 2VO compared with sham rats. (B) Differentially expressed mRNAs (DEGs) in the cortex of rats with 2VO compared with sham rats. Red dots indicate the upregulated DEMs and DEGs in the brains of rats with 2VO, while green dots indicate downregulated DEMs and DEGs. The molecules with no statistically different changes in rats with 2VO are shown as gray dots. (C) Hierarchical clustering analysis of DEMs. (D) Hierarchical clustering analysis of DEGs. The X-axis shows the cluster analysis of samples, the top blue bar indicates the sham group, and the top red bar indicates the group of rats with 2VO. The Y-axis shows the cluster analysis of miRNAs or mRNAs. Upregulated DEMs and DEGs are shown in red, and downregulated DEMs and DEGs are shown in green.



TABLE 2    Sequence and sequence homology of DEMs.
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Identification of transcription factors and microRNA-transcription factor regulatory pairs associated with vascular dementia

A total of 63 VaD-associated DETFs, divided into 18 upregulated and 45 downregulated TFs, were identified among the intersection of 805 DEGs in the cortex of rats with 2VO from RNA sequencing data and 1478 TFs of Rattus norvegicus from the AnimalTFDB database, which were useful to investigate the abnormally changed TFs involved in VaD (Figure 4A). The regulatory interactions, the expression fold change, and the P-value of 63 disease-related DETFs are listed in Supplementary Table 4.
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FIGURE 4
Identification of DETFs and DEGs jointly regulated by DEMs and DETFs. (A) Identification of 63 DETFs from DEGs using the Venn diagram. (B) Target prediction of DEMs and DETFs. A total of 535 miRNA-gene regulatory pairs, 639 TF-gene regulatory pairs, and 460 miRNA/TF-associated DEGs are identified. (C) Identification of 49 miRNA-TF regulatory pairs in total. (D) Identification of 37 TF-miRNA regulatory pairs.


A total of 3332 putative target genes of 13 DEMs and 30,002 presumptive target genes of 63 DETFs were obtained to investigate the involvement of miRNAs and TFs in the regulation of disease-related genes through a combination of the predicted results from multiple sources, including miRanda, miRWalk2.0, and TargetScanHumanV7.2 for DEMs, and CistromeDB and hTFtarget for DETFs, as described in paragraph 3.7 of the Materials and Methods (Figure 4B). Finally, a total of 460 common miRNA/TF-associated target genes were generated from the intersection among three defined sets of all predicted genes from DEMs, DETFs, and DEGs (Figure 4B).

In addition, the regulatory relationship between miRNAs and TFs related to VaD was also identified. As for miRNA-TF regulatory pairs (the action of miRNA on TF), thirteen DEMs targeted 49 TFs by overlapping 3332 targets of DEMs and 63 DETFs (Figure 4C). Regarding the TF-miRNA regulatory pairs (the action of TF on miRNA), 37 DETFs were identified as having the regulatory effect on 13 DEMs after overlapping 63 DETFs and 719 TFs through reverse prediction of DEMs using the PROMO database (Figure 4D).



Gene ontology and pathway enrichment analyses

The enrichment analysis of 460 target genes, including aspects of biological process (BP), cell composition (CC), and molecular function (MF), was performed to evaluate the biological function of these common miRNA/TF-associated target genes. Vasculature development, cell-substrate adhesion, wound healing, cellular response to growth factor stimulus, regulation of ERK1, ERK2 cascade, and cholinergic synaptic transmission were included in the top 20 items of BP category, as shown in Figure 5A. The most enriched results of CC were oriented to the cell membrane and cell organelles, such as myofibril, cell cortex, plasma membrane protein complex, early endosome, and dopaminergic synapse (Figure 5B). The main enrichment processes of MF were related to growth factor binding, integrin binding, extracellular matrix structural constituent, collagen binding, actin binding, anion transmembrane transporter activity, and calcium ion binding (Figure 5C).
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FIGURE 5
Gene ontology (GO) and KEGG enrichment analyses. (A) Top 20 GO terms of biological process (BP) as enrichment of 460 miRNA/TF-associated genes, including vasculature development and regulation of ERK1 and ERK2 cascade. (B) Top 20 GO terms of cellular components (CC) from the enrichment analysis of the 460 genes, including myofibril and cell cortex. (C) Bar charts of molecular function (MF) enrichment of the 460 genes, including growth factor binding and integrin binding. (D) Top 10 signaling pathways of KEGG enrichment analysis presented in the form of a Chordal graph, such as the PI3K-Akt signaling pathway and Wnt signaling pathway. Pathways are distinguished by different colors. The top 10 pathways are listed on the right side according to the P-value (from top to bottom in ascending order). Each line represents the association between two pathways. The thicker the line, the more common enriched genes between the two pathways and the stronger the association.


A total of 37 KEGG pathways were discovered, and the top 10 pathways were obtained after removing uncorrelated pathways such as “cancer” according to a P-value < 0.01. The results indicated that these common targets were mostly closely related to the PI3K-Akt signaling pathway, neuroactive ligand-receptor interaction, calcium signaling pathway, and Wnt signaling pathway, which were mainly associated with apoptosis, hypoxia, inflammation, angiogenesis, and neurodegeneration involved in VaD (Figure 5D).



Construction of the microRNA-transcription factor-gene regulatory network and protein-protein interaction network

Transcription factors and genes associated with VaD, 13 DEMs, 460 miRNA/TF-associated target genes, and 49 VaD-associated DETFs were involved in the M-T-G network to elucidate the regulatory relationship among these miRNAs. The other 14 VaD-associated TFs were excluded from the network due to their poor association with these acquired miRNA/TF-associated target genes. Finally, the M-T-G network was constructed, resulting composed of 522 nodes, 7537 edges, and four types of regulatory relationships, including the miRNA-gene, TF-gene, miRNA-TF, and TF-miRNA actions (Figure 6A). Additionally, edges projected from DEMs were colored red, while DETFs were blue. Next, 460 miRNA/TF-associated target genes were uploaded into the STRTING software, and the interactions scored under 0.7 were removed, generating a functional protein association network with 205 nodes and 304 edges (Figure 6B). Furthermore, dysregulated key genes were identified by integrating the results from STRING and cytohubba plug-in, including Serpine1, Pxn, Nedd4l, Col1a1, Plec, Trip12, and Tpm1 (Table 3).
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FIGURE 6
M-T-G and PPI networks. (A) Establishment of the M-T-G network of 13 DEMs, 49 DETFs, and 460 DEGs. The genes, miRNAs, and TFs are represented by yellow circles, red rectangles, and blue triangles, respectively. The key nodes are highlighted with larger sizes. (B) Establishment of the PPI network based on the 460 joint targets of DEMs and DETFs.



TABLE 3    Summary of key genes.
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Identification of the involved feed-forward loop and key nodes

miRNAs and TFs are important regulatory elements for gene expression. One of the most common regulatory patterns among miRNAs, TFs, and genes is the three-node regulatory motif composed of the feed-forward loop (FFL) and composite loop (Lin et al., 2015). Specifically, miRNA and TF simultaneously regulate one target with a single direction action within the three-node FFL motif, while their regulation on the common target is bilateral in the three-node composite motif (Zhang et al., 2015).

Differentially expressed transcription factors, DEGs, key miRNAs, and TFs were analyzed based on the aforementioned M-T-G network using CytoHubba and Motif-Discovery plugins to further investigate the regulatory motifs of DEMs in VaD. In the present analysis, those key nodes were selected according to the scores measured by the topological properties described in the Materials and Methods and explained in detail in Tables 3, 4. The top 10 of the 63 DETFs were selected, such as Mxi1, Nfatc4, Rxrg, Zfp523, Foxj2, Nkx6-1, Klf4, Klf5, Csrnp1, and Prdm6. Top 5 miRNAs of the 13 DEMs were selected, such as miR-5132-5p, miR-764-3p, miR-223-3p, miR-145-5p, and miR-122-5p. Then, an M-T-G subgraph was established based on the key nodes and included 7 DEGs, 10 DETFs, and 5 DEMs (Figure 7A). Subsequently, three-node FFLs were constructed based on the regulatory relationships among these key nodes. The composite loop with key nodes is shown in Figure 7B. Three-node FFLs, including miRNA-dominating and TF-dominating FFLs, are shown in Figures 7C,D. Finally, eleven FFLs mediated by key TFs or key miRNAs and eleven composite loops were constructed (Figures 8, 9). These loops composed of key nodes represented a highly mutual interaction, demonstrating a complex regulatory network in the pathology of VaD.


TABLE 4    Summary of key TFs and miRNAs.
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FIGURE 7
Regulatory relationships of the M-T-G subgraph network, composite loops, and FFLs. (A) Establishment of the M-T-G subgraph network of the key nodes based on 7 DEGs, 10 DETFs, and 5 DEMs. (B) Summary of all the composite loops based on the M-T-G subgraph network. (C) Collection of the miRNA-mediated FFLs extracted from the M-T-G subgraph network. (D) Gathering of TF-mediated FFLs of key DETFs. The target genes, miRNAs, and TFs are represented with yellow circles, red rectangles, and blue triangles, respectively. The edges radiated from miRNAs are marked in red and T-shaped blunt arrow ends, while the edges projecting from TFs are marked in blue and sharp arrow ends.
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FIGURE 8
Three-node FFLs formed by key nodes. (A) TFs-mediated three-node FFLs of individual key DETFs. (B) A total of four miRNA-mediated three-node FFLs of key DEMs of the present study. The gene, miRNA, and TF are represented with yellow circles, red rectangles, and blue triangles, respectively. The terminal of the edges radiating from the miRNA is marked in red and T-type blunt arrow, while the one that changed to sharp arrow for the edges that radiate from TF is in blue color.
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FIGURE 9
Composite loops among key miRNAs, TFs, and genes. Collection of composite loops of key nodes based on mutual regulatory miRNA-TF pairs. The gene, miRNA, and TF are represented with yellow circles, red rectangles, and blue triangles, respectively. The terminal of the edges radiating from the miRNA is marked in red and T-type blunt arrow, while the one that changed to sharp arrow for the edges radiated from TF is in blue color.




Verification of key nodes and regulatory relationship

Before the experimental verification of the expression or interaction among key nodes in the M-T-G network, the expression pattern of these key nodes (key miRNAs, key TFs, and key genes) was assessed using several published GEO datasets associated with VaD from different types of biological samples of several organisms such as human, rat, and mouse. Supplementary Table 5 shows that four key miRNAs, such as miR-145-5p, miR-122-5p, miR-223-3p, and miR-764-3p, were dysregulated in several brain regions of rodent models related to VaD, including the hippocampus, cerebral cortex, striatum, and subventricular zone. Among them, miR-145-5p, miR-122-5p, and miR-223-3p in the hippocampus of mice suffering from VaD-related disease displayed similar expression patterns to our sequencing analysis. Additionally, two key TFs, Klf4 and Foxj2, were significantly downregulated in the hippocampus of the mouse models of cerebral ischemia, as consistent with our analysis. Moreover, five key TFs, such as Klf5, Csrnp1, Mxi1, Rxrg, and Zfp523, were significantly dysregulated in the blood or cortical tissues of rodent models related to VaD, as shown in Supplementary Table 6. Serpine1 was significantly downregulated in the hippocampus under the VaD-related pathological conditions. The other five key genes, Tpm1, Col1a1, Pxn, Nedd4l, and Plec, were significantly dysregulated in the rodent model related to VaD, aligned with our RNA sequencing analysis (Supplementary Table 7).

Quantitative real-time polymerase chain reaction analysis of the genes in the cortical tissues of rats with 2VO and sham rats was performed to confirm the changes in the expression of these key nodes in the predicted FFLs. In these detected nodes, the differential expression of key miRNAs, including miR-145-5p, miR-122-5p, and miR-5132-5p, TFs including Csrnp1, Klf4, Nfatc4, Rxrg, Foxj2, and Klf5, and target genes including Serpine1, Plec, Nedd4l, Trip12, and Tpm1 between rats with 2VO and sham rats were in line with the results analyzed by RNA sequencing (Figures 10A–C, P < 0.05-0.01 vs. sham). Although the expression of several key nodes, including Nkx6-1, Prdm6, and Zfp523, were in line with the sequencing results, the statistical difference in rats with 2VO was not significant as compared with sham rats. In addition, some of the predicted key nodes completely deviated from the sequencing results, including miR-764-3p, miR-223-3p, Mxi1, Pxn, and Col1a1 (all P < 0.05 vs. sham). Since the changing trend of most predicted key nodes was similar to that in the sequencing analysis, our speculation was that the abnormal expression of these key miRNAs and genes in VaD within the FFLs was reliable.


[image: image]

FIGURE 10
Validation of the expression and regulatory relationship. (A) Verification of the differential expression of the key miRNAs using qRT-PCR (n = 3). (B) Relative expression of the key TFs in the cortex of the rats with 2VO compared with the sham rats using qRT-PCR analysis (n = 3). (C) Relative expression of the key genes using qRT-PCR analysis (n = 3). (D) Wild-type (WT) or mutant-type (MUT) binding sites for the combination of miR-145-5p and Csrnp1 in the dual-luciferase reporter assay. (E) Binding sites of the wild or mutant type of miR-122-5p and Klf5. (F) Direct interaction of miR-145-5p/Csrnp1 by dual-luciferase reporter assay (n = 6). (G) No direct interaction of miR-122-5p/Klf5 by dual-luciferase reporter assay (n = 6). (H) Significant decrease of the Csrnp1 expression in the presence of miR-145-5p mimics. (I) No difference in the Klf5 expression in the presence of miR-122-5p. Results are presented as mean ± SD. *P < 0.05, **P < 0.01 vs. Sham. ###P < 0.001 vs. NC.


As for the validation of the analyzed regulatory relationship, two key DEMs (miR-145-5p and miR-122-5p) were chosen to verify the miRNA-TF regulatory pairs thanks to their excellent sequence conservation, consistency of the expression pattern, and associations with the brain injury caused by hypoxia (Li et al., 2020b; Yang et al., 2021). Csrnp1 and Klf5 were then selected, since they are the targets of miR-145-5p and miR-122-5p due to their most significant different expression according to the value of Log2 (foldchange). The construction of recombinant plasmids containing MUT binding sites or WT binding sites for luciferase assessment is shown in Figures 10D,E. The dual-luciferase reporter assay revealed that miR-145-5p directly targeted Csrnp1, which was in line with the bioinformatic analysis of their potential relationship within the FFL (Figures 10F,G, P < 0.001 vs. NC). However, the connection between miR-122-5p and Klf5 was not found in the dual-luciferase reporter experiment. Furthermore, the expression of Csrnp1 in HEK293 cells was significantly downregulated in the presence of miR-145-5p mimics (Figures 10H,I, P < 0.05 vs. NC), while no statistical difference was found in the expression of Klf5 when transfected with miR-122-5p mimics compared to the NC. Thus, miR-145-5p-Csrnp1, the key miRNA-TF regulatory pair in the predicted FFL involved in VaD, was obtained through qRT-PCR analysis and target verification.




Discussion

Vascular dementia is a severe progressively cognitive dysfunction troubling a growing population of the elderly and without curative treatment or definite criteria for diagnosis. Thus, an early intervention on the disease and the control of risk factors are crucial steps in reducing the incidence of dementia (Morovic et al., 2019). The pathology of VaD refers to multiple processes, such as endothelial dysfunction, blood-brain barrier (BBB) destruction, and neuroinflammation, suggesting that an approach focusing on a single target is inappropriate (Cipollini et al., 2019). Therefore, a deep understanding of the aberrant genetic changes and their associated molecular mechanisms involved in the VaD pathophysiology may provide new therapeutic methods.

In the present study, rats with 2VO were used as a model of VaD, which exhibited cognitive impairments and neuropathological changes that spread in the brain, such as neuronal apoptosis, synaptic loss, and failure of neuronal signaling (Farkas et al., 2007). There is evidence supporting that the cerebral cortex participates in learning and memory, coupling with the hippocampus to mediate memory consolidation (Maingret et al., 2016; Wais et al., 2018). The cortex may be more vulnerable to BBB leak induced by biochemical mediators of cerebral hypoperfusion than other brain regions (Tayler et al., 2021). Furthermore, the risk of VaD may be higher for men than for women with the increase in age (Ruitenberg et al., 2001). Considering the possible interference of gender on the heterogeneity of results, our study detected the learning and memory-behavioral decline and cortical histopathological changes in the neurons of male rats suffering from 2VO; subsequently, DEMs, DETFs, and DEGs in the etiology of VaD were discovered using RNA sequencing in these rats combined with bioinformatics and experimental analyses to identify novel potential targets and understand their molecular mechanisms in VaD.

Among these differentially expressed genes, 805 DEGs were obtained based on the transcriptome sequencing and included 602 downregulated and 203 upregulated mRNAs. Seven genes were defined as key genes according to the M-T-G network and PPI network for their tight associations with the regulation of miRNAs and TFs in VaD. Among these seven key genes, the involvement of Col1a1, Plec, and Trip12 in VaD was reported for the first time. As regards other key genes, Serpine1 was significantly downregulated in VaD according to the present study and was also downregulated in small vessel brain injury as previously reported, which is a significant vascular factor for cognitive impairment (Knottnerus et al., 2010; Pantoni, 2010). Moreover, Serpine1 was downregulated not only in the cortical brain of rats with 2VO but also in the hippocampus of the mice under chronic cerebral hypoperfusion based on the analysis of GEO datasets. Serpine1 exerts neuroprotective effects through the inhibition of the endogenous mitochondrial apoptosis pathway and the stabilization of the neuronal networks depending on the MAPK/ERK pathway (Soeda et al., 2008; Iwaki et al., 2012). Furthermore, Seprine1 is regulated by miR-301a and HIF-1α in response to hypoxia (Gonsalves et al., 2015). In our study, the expression of novel regulators of Seprine1 in VaD was found based on sequencing and bioinformatic analysis, such as miR-145-5p, miR-122-5p, Klf5, and Klf4. Another upregulated key gene, such as Nedd4l, was also involved in several FFLs of our study dominated by key miRNAs or TFs, such as miR-145-5p, miR-764-3p, Csrnp1, Klf5, and Klf4. It was also confirmed that Nedd4l was significantly upregulated in the brain of rats with acute cerebral ischemia (Kim et al., 2021) and might function in exacerbating the toxicity of accumulated excitatory transmitters out of the cells in ischemia through the regulation of the degradation of glutamate transporters (Sopjani et al., 2010; Vina-Vilaseca and Sorkin, 2010). Moreover, Nedd4l was reported as regulated by miR-454 to induce a cardioprotective effect (Wang Y. et al., 2021). Besides, Tpm1 has a potential association with cognitive impairments as it was reported as a potential biomarker of AD for its upregulation in the platelets of AD and MCI patients (Reumiller et al., 2018). Tpm1 was regulated by almost all key miRNAs and TFs in our M-T-G network, indicating that it might play an important role in VaD.

Gene ontology and KEGG pathway analyses were performed to better understand the biological functions and potential mechanisms of the common miRNA/TF-associated targets in the pathogenesis of VaD. GO enrichment analysis indicated that these targets were mainly involved in cell membrane and organelles, including cell cortex, postsynapse, dopaminergic synapse, basal part of cell, plasma membrane protein complex, and early endosome. Functional enrichment analysis revealed important roles of these common targets involved in the biological processes related to synaptic transmission, cell proliferation, migration, and vasculature development. These results partly explained the target functions associated with the pathogenesis of VaD. The KEGG enrichment analysis summarized 37 pathways closely related to VaD, including PI3K-AKT signaling pathway, neuroactive ligand–receptor interaction, calcium signaling pathway, and WNT signaling pathway. It has been reported that the upregulation of the PI3K-AKT signaling pathway exerts a protective function in VaD through the promotion of the expression of BCL-2 (Chen et al., 2018). The activation of the Wnt signaling pathway may improve the cognitive ability of rats with 2VO (Jin et al., 2017). Therefore, these results suggest that these common miRNA/TF-associated targets potentially mediated VaD pathogenesis through multiple signaling pathways. These potential mechanisms of targets in the pathogenesis of VaD require further investigation.

Regarding the miRNAs, thirteen DEMs in the cortices of 2VO rats were identified by the RNA sequencing analyses, indicating their potential function in VaD. Among these DEMs, ten out of thirteen were conserved among different species based on miRBase. Next, five key DEMs were selected from the M-T-G network of VaD, such as miR-122-5p, miR-223-3p, miR-145-5p, miR-5132-5p, and miR-764-3p, which were identified for the first time in VaD. Among these five key DEMs, miR-122-5p, miR-223-3p, and miR-145-5p attracted more attention as they have excellent sequence homology, which has been reported as dysregulated in the blood of patients who have cancer, cardiovascular diseases, and neurodegenerative diseases (Maruyama et al., 2018; Mancuso et al., 2019; Ashirbekov et al., 2020; Pinho et al., 2020; Singh et al., 2020). However, after the experimental verification using qRT-PCR, the expression changes of miR-223-3p and miR-764-3p were inconsistent with the RNA sequencing outcome. Among the key miRNAs with consistent changes with RNA sequencing, miR-5132-5p is reported for the first time as associated with 2VO and upregulated in rats with this disease. Moreover, the level of miR-145-5p and miR-122-5p was dysregulated in the cerebrospinal fluid or plasma of patients with cerebral vascular disease as suggested by the other GEO datasets. miR-145-5p is closely related to various cardiovascular diseases. For example, miR-145-5p suppresses the activation of activated microglia cells in cerebral infarction by targeting the 3′UTR of PLA2G4A (Qi et al., 2017). miR-145-5p also protects cardiac microvascular endothelial cells against hypoxia/reoxygenation injury by suppressing Smad4 expression (Li et al., 2020b). miR-122-5p is involved in the inhibition of cardiac fibroblast differentiation induced by apigenin through targeting the transcription factor HIF-1α (Feng et al., 2021); it is regulated by another transcription factor HNF4α in type 2 diabetic mice (Xu et al., 2020), indicating a regulation between miRNA and TF in different diseases.

As regards the TFs, a total of 63 TFs were differentially expressed in rats with 2VO. Ten DETFs were selected from the M-T-G network as the key TFs, divided into nine downregulated TFs and one upregulated TFs. These ten dysregulated TFs were found in VaD for the first time. Klf5, the most downregulated TF, is an active factor associated with miRNAs in cancer and cardiovascular disease (Drosatos et al., 2016; Yang et al., 2018; Nan et al., 2021; Wang Y. et al., 2021). Klf5 was significantly downregulated in the blood of rats with ischemic stroke obtained from the GSE21136. Additionally, a previous study revealed the negative role of Klf5 in neuronal apoptosis of ischemic stroke through the JNK pathway (Chang et al., 2020). As the most upregulated key TF, Csrnp1 is reported as a tumor suppressor factor and mediates cardiomyocyte apoptosis induced by restraint stress through the WNT/β-catenin signaling (Ye et al., 2017). Besides, other RNA-sequencing datasets confirmed the upregulation of Csrnp1 in VaD in humans, rats, and mice, which was consistent with our analysis. Furthermore, Csrnp1 is highly associated with hypoxic-ischemic encephalopathy, according to RNA sequencing (Xiong et al., 2020). Nfatc4 was identified as involved in hippocampal plasticity, axonal growth, neuronal survival, and apoptosis (Bradley et al., 2005). A previous study revealed that Nfatc4 is essential for BDNF-dependent neuron survival and the spatial memory of hippocamp in adult-born neurons (Quadrato et al., 2012).

As regards the regulatory loops, the M-T-G network was constructed based on 13 DEMs, 49 DETFs, and 460 DEGs. Then, key nodes were identified from the M-T-G network. The regulatory relationships among key nodes were manifested as 11 FFLs and 11 composite loops, illustrating that these identified miRNAs, TFs, and target genes possessed significant predictive values in the involvement in VaD. miR-145-5p and miR-122-5p were significantly dysregulated, as supported by the sequencing, qRT-PCR analysis, and the comprehensive comparison of expression patterns among public datasets associated with VaD. miR-122-5p and miR-145-5p are involved in the pathological process of ischemic stroke through the targeting of Nurrl and SEMA3A, as previously reported (Xie et al., 2017; Yang et al., 2021). Additionally, miR-145-5p directly regulates the expression of Samd4 in cardiac microvascular endothelial cell injury induced by hypoxia (Li et al., 2020b). Based on the potential interactions of the constructed FFLs and composite loops, the regulatory relationship of miR-145-5p over Csrnp1 was further validated by dual-luciferase reporter assay and gene expression using a gain-of-function experiment, in line with the bioinformatic prediction. As the most dysregulated transcription factor, Csrnp1 was reported to mainly function in tumors or cardiac diseases, but little is known on the role of this gene in VaD. Interestingly, Klf5 was the most downregulated key transcription factor and targeted by miR-145-5p and miR-122-5p simultaneously, according to miRNA-mediated FFLs. Although the direct interaction of Klf5 and miR-145-5p was previously established (Liang et al., 2018; Zhou et al., 2019), the correlation of miR-122-5p and Klf5 was found neither by dual-luciferase reporter assay nor by expression analysis based on miRNA gain-of-function.

Our study is just the beginning of this complex study, since still many challenges and problems should be solved in the future. First, larger sample sizes and more profound mechanistic research are needed to confirm our findings on these identified key miRNAs and TFs. Second, gender factors and more vulnerable brain regions of cerebral hypoperfusion should be the focus of our subsequent work to obtain a comprehensive elucidation of the transcriptome changes for new perspectives to understand the complex pathology of VaD. Third, profiling the transcript features of non-canonical small non-coding RNAs, including rsRNA, tsRNA, and snosRNA, that were obtained in the present sequencing is necessary, referring to the previous report (Shi et al., 2021), since they gained increasing attention as regulators of gene expression and biomarkers of diseases, such as transfer-RNA-derived small RNA (Li et al., 2020c; Zhang et al., 2020; Shi et al., 2022). Finally, more key genes and their interactions should be explored from the constructed FFLs and composite loops with potential functions in the pathogenesis of VaD.

In conclusion, the aberrantly expressed miRNAs, TFs, and target genes related to VaD were identified using RNA sequencing analyses in the cortex of rats with 2VO. The biological functions and potential mechanisms of these identified miRNAs and TFs were analyzed. In line with the bioinformatics analyses, three miRNAs, six TFs, and five mRNAs were confirmed as significantly differentially expressed in rats with VaD, and the interaction of miR-145-5p and Csrnp1 was verified. Our findings might provide new insights into the molecular mechanism of VaD.
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8     http://bioinfo.life.hust.edu.cn/hTFtarget#!/

9     www.ncbi.nlm.nih.gov/

10     alggen.lsi.upc.es/cgi-bin/promo_v3/promo/promoinit.cgi?dirDB=TF_8.3

11     https://metascape.org/gp/index.html#/main/step1

12     https://www.cytoscape.org/

13     https://www.string-db.org/

14     https://www.ncbi.nlm.nih.gov/gds/



References

Ashirbekov, Y., Abaildayev, A., Omarbayeva, N., Botbayev, D., Belkozhayev, A., Askandirova, A., et al. (2020). Combination of circulating miR-145-5p/miR-191-5p as biomarker for breast cancer detection. PeerJ 8:e10494. doi: 10.7717/peerj.10494

Bradley, K. C., Groth, R. D., and Mermelstein, P. G. (2005). Immunolocalization of NFATc4 in the adult mouse brain. J. Neurosci. Res. 82, 762–770. doi: 10.1002/jnr.20695

Chang, L., Zhang, W., Shi, S., Peng, Y., Wang, D., Zhang, L., et al. (2020). microRNA-195 attenuates neuronal apoptosis in rats with ischemic stroke through inhibiting KLF5-mediated activation of the JNK signaling pathway. Mol. Med. 26:31. doi: 10.1186/s10020-020-00150-w

Chen, D. P., Hou, S. H., Chen, Y. G., Chen, M. S., Hu, Z. Z., and Zhang, Z. J. (2018). L-butyl phthalein improves neural function of vascular dementia mice by regulating the PI3K/AKT signaling pathway. Med. Pharmacol. Sci. 22, 5377–5384. doi: 10.26355/eurrev_201808_15740

Chen, X., Jiang, X. M., Zhao, L. J., Sun, L. L., Yan, M. L., Tian, Y., et al. (2017). MicroRNA-195 prevents dendritic degeneration and neuron death in rats following chronic brain hypoperfusion. Cell Death Dis. 8:e2850. doi: 10.1038/cddis.2017.243

Chu, S. F., Zhang, Z., Zhou, X., He, W. B., Chen, C., Luo, P., et al. (2019). Ginsenoside Rg1 protects against ischemic/reperfusion-induced neuronal injury through miR-144/Nrf2/ARE pathway. Acta Pharmacol. Sin. 40, 13–25. doi: 10.1038/s41401-018-0154-z

Cipollini, V., Troili, F., and Giubilei, F. (2019). Emerging Biomarkers in Vascular Cognitive Impairment and Dementia: From Pathophysiological Pathways to Clinical Application. Int. J. Mol. Sci. 20:2812. doi: 10.3390/ijms20112812

Dharap, A., Bowen, K., Place, R., Li, L. C., and Vemuganti, R. (2009). Transient focal ischemia induces extensive temporal changes in rat cerebral microRNAome. J. Cereb. Blood Flow Metab. 29, 675–687. doi: 10.1038/jcbfm.2008.157

Drosatos, K., Pollak, N. M., Pol, C. J., Ntziachristos, P., Willecke, F., Valenti, M. C., et al. (2016). Cardiac Myocyte KLF5 Regulates Ppara Expression and Cardiac Function. Circ. Res. 118, 241–253.

Farkas, E., Luiten, P. G., and Bari, F. (2007). Permanent, bilateral common carotid artery occlusion in the rat: A model for chronic cerebral hypoperfusion-related neurodegenerative diseases. Brain Res. Rev. 54, 162–180. doi: 10.1016/j.brainresrev.2007.01.003

Feng, W., Ying, Z., Ke, F., and Mei-Lin, X. (2021). Apigenin suppresses TGF-β1-induced cardiac fibroblast differentiation and collagen synthesis through the downregulation of HIF-1α expression by miR-122-5p. Phytomedicine 83:153481. doi: 10.1016/j.phymed.2021.153481

Gonsalves, C. S., Li, C., Malik, P., Tahara, S. M., and Kalra, V. K. (2015). Peroxisome proliferator-activated receptor-α-mediated transcription of miR-301a and miR-454 and their host gene SKA2 regulates endothelin-1 and PAI-1 expression in sickle cell disease. Biosci. Rep. 35:e00275. doi: 10.1042/BSR20150190

Guo, T., Fang, J., Tong, Z. Y., He, S., and Luo, Y. (2020). Transcranial Direct Current Stimulation Ameliorates Cognitive Impairment via Modulating Oxidative Stress, Inflammation, and Autophagy in a Rat Model of Vascular Dementia. Front. Neurosci. 14:28. doi: 10.3389/fnins.2020.00028

Han, B., Jiang, W., Liu, H., Wang, J., Zheng, K., Cui, P., et al. (2020). Upregulation of neuronal PGC-1α ameliorates cognitive impairment induced by chronic cerebral hypoperfusion. Theranostics 10, 2832–2848. doi: 10.7150/thno.37119

Inukai, S., Kock, K. H., and Bulyk, M. L. (2017). Transcription factor-DNA binding: Beyond binding site motifs. Curr. Opin. Genet. Dev. 43, 110–119. doi: 10.1016/j.gde.2017.02.007

Iwaki, T., Urano, T., and Umemura, K. (2012). PAI-1, progress in understanding the clinical problem and its aetiology. Br. J. Haematol. 157, 291–298. doi: 10.1111/j.1365-2141.2012.09074.x

Jiang, H., Ashraf, G. M., Liu, M., Zhao, K., Wang, Y., Wang, L., et al. (2021). Tilianin Ameliorates Cognitive Dysfunction and Neuronal Damage in Rats with Vascular Dementia via p-CaMKII/ERK/CREB and ox-CaMKII-Dependent MAPK/NF-κB Pathways. Oxid. Med. Cell. Longev. 2021:6673967. doi: 10.1155/2021/6673967

Jiang, H., Liu, J., Guo, S., Zeng, L., Cai, Z., Zhang, J., et al. (2022). miR-23b-3p rescues cognition in Alzheimer’s disease by reducing tau phosphorylation and apoptosis via GSK-3β signaling pathways. Mol. Ther. Nucl. Acids 28, 539–557. doi: 10.1016/j.omtn.2022.04.008

Jin, X., Li, T., Zhang, L., Ma, J., Yu, L., Li, C., et al. (2017). Environmental Enrichment Improves Spatial Learning and Memory in Vascular Dementia Rats with Activation of Wnt/β-Catenin Signal Pathway. Med. Sci. Monit. 23, 207–215. doi: 10.12659/msm.902728

Kim, T., Chokkalla, A. K., and Vemuganti, R. (2021). Deletion of ubiquitin ligase Nedd4l exacerbates ischemic brain damage. J. Cereb. Blood Flow Metab. 41, 1058–1066. doi: 10.1177/0271678X20943804

Knottnerus, I. L., Govers-Riemslag, J. W., Hamulyak, K., Rouhl, R. P., Staals, J., Spronk, H. M., et al. (2010). Endothelial activation in lacunar stroke subtypes. Stroke 41, 1617–1622. doi: 10.1161/STROKEAHA.109.576223

Li, H. L., Lan, T. J., Yun, C. X., Yang, K. D., Du, Z. C., Luo, X. F., et al. (2020a). Mangiferin exerts neuroprotective activity against lead-induced toxicity and oxidative stress via Nrf2 pathway. Chin. Herb. Med. 12, 36–46. doi: 10.1016/j.chmed.2019.12.002

Li, L. L., Mao, C. D., Wang, G. P., Wang, N., and Xue, A. G. (2020b). MiR-145-5p alleviates hypoxia/reoxygenation- induced cardiac microvascular endothelial cell injury in coronary heart disease by inhibiting Smad4 expression. Eur. Rev. Med. Pharmacol. Sci. 24, 5008–5017. doi: 10.26355/eurrev_202005_21192

Li, P. F., Guo, S. C., Liu, T., Cui, H., Feng, D., Yang, A., et al. (2020c). Integrative analysis of transcriptomes highlights potential functions of transfer-RNA-derived small RNAs in experimental intracerebral hemorrhage. Aging 12, 22794–22813. doi: 10.18632/aging.103938

Liang, H., Sun, H., Yang, J., and Yi, C. (2018). miR-145-5p reduces proliferation and migration of hepatocellular carcinoma by targeting KLF5. Mol. Med. Rep. 17, 8332–8338. doi: 10.3892/mmr.2018.8880

Lin, Y., Zhang, Q., Zhang, H. M., Liu, W., Liu, C. J., Li, Q., et al. (2015). Transcription factor and miRNA co-regulatory network reveals shared and specific regulators in the development of B cell and T cell. Sci. Rep. 5:15215. doi: 10.1038/srep15215

Liu, Q. S., Jiang, H. L., Wang, Y., Wang, L. L., Zhang, J. X., He, C. H., et al. (2018). Total flavonoid extract from Dracoephalum moldavica L. attenuates β-amyloid-induced toxicity through anti-amyloidogenesic and neurotrophic pathways. Life Sci. 193, 214–225. doi: 10.1016/j.lfs.2017.10.041

Liu, X., Zhang, R., Wu, Z., Si, W., Ren, Z., Zhang, S., et al. (2019). miR-134-5p/Foxp2/Syn1 is involved in cognitive impairment in an early vascular dementia rat model. Int. J. Mol. Med. 44, 1729–1740. doi: 10.3892/ijmm.2019.4331

Maingret, N., Girardeau, G., Todorova, R., Goutierre, M., and Zugaro, M. (2016). Hippocampo-cortical coupling mediates memory consolidation during sleep. Nat. Neurosci. 19, 959–964. doi: 10.1038/nn.4304

Mancuso, R., Agostini, S., Hernis, A., Zanzottera, M., Bianchi, A., and Clerici, M. (2019). Circulatory miR-223-3p Discriminates Between Parkinson’s and Alzheimer’s Patients. Sci. Rep. 9:9393. doi: 10.1038/s41598-019-45687-x

Mao, M., Xu, Y., Zhang, X. Y., Yang, L., An, X. B., Qu, Y., et al. (2020). MicroRNA-195 prevents hippocampal microglial/macrophage polarization towards the M1 phenotype induced by chronic brain hypoperfusion through regulating CX3CL1/CX3CR1 signaling. J. Neuroinflamm. 17:244. doi: 10.1186/s12974-020-01919-w

Maruyama, S., Furuya, S., Shiraishi, K., Shimizu, H., Akaike, H., Hosomura, N., et al. (2018). miR-122-5p as a novel biomarker for alpha-fetoprotein-producing gastric cancer. World J. Gastrointest. Oncol. 10, 344–350. doi: 10.4251/wjgo.v10.i10.344

Morovic, S., Budincevic, H., Govori, V., and Demarin, V. (2019). Possibilities of Dementia Prevention - It is Never Too Early to Start. J. Med. Life 12, 332–337. doi: 10.25122/jml-2019-0088

Nan, S., Wang, Y., Xu, C., and Wang, H. (2021). Interfering microRNA-410 attenuates atherosclerosis via the HDAC1/KLF5/IKBα/NF-κB axis. Mol. Ther. Nucl. Acids 24, 646–657. doi: 10.1016/j.omtn.2021.03.009

Niu, X. L., Jiang, X., Xu, G. D., Zheng, G. M., Tang, Z. P., Yin, N., et al. (2019). DL-3-n-butylphthalide alleviates vascular cognitive impairment by regulating endoplasmic reticulum stress and the Shh/Ptch1 signaling-pathway in rats. J. Cell. Physiol. 234, 12604–12614. doi: 10.1002/jcp.27332

O’Brien, J. T., and Thomas, A. (2015). Vascular dementia. Lancet 386, 1698–1706. doi: 10.1016/S0140-6736(15)00463-8

Pantoni, L. (2010). Cerebral small vessel disease: From pathogenesis and clinical characteristics to therapeutic challenges. Lancet Neurol. 9, 689–701. doi: 10.1016/S1474-4422(10)70104-6

Pinho, J. D., Silva, G., Teixeira Júnior, A., Belfort, M., Mendes, J. M., Cunha, I., et al. (2020). MIR-107, MIR-223-3P and MIR-21-5P Reveals Potential Biomarkers in Penile Cancer. Asian Pac. J. Cancer Prev. 21, 391–397. doi: 10.31557/APJCP.2020.21.2.391

Qi, X., Shao, M., Sun, H., Shen, Y., Meng, D., and Huo, W. (2017). Long non-coding RNA SNHG14 promotes microglia activation by regulating miR-145-5p/PLA2G4A in cerebral infarction. Neuroscience 348, 98–106. doi: 10.1016/j.neuroscience.2017.02.002

Quadrato, G., Benevento, M., Alber, S., Jacob, C., Floriddia, E. M., Nguyen, T., et al. (2012). Nuclear factor of activated T cells (NFATc4) is required for BDNF-dependent survival of adult-born neurons and spatial memory formation in the hippocampus. Proc. Natl. Acad. Sci. U.S.A. 109:E1499–E1508. doi: 10.1073/pnas.1202068109

Ragusa, M., Bosco, P., Tamburello, L., Barbagallo, C., Condorelli, A. G., Tornitore, M., et al. (2016). miRNAs Plasma Profiles in Vascular Dementia: Biomolecular Data and Biomedical Implications. Front. Cell. Neurosci. 10:51. doi: 10.3389/fncel.2016.00051

Reumiller, C. M., Schmidt, G. J., Dhrami, I., Umlauf, E., Rappold, E., and Zellner, M. (2018). Gender-related increase of tropomyosin-1 abundance in platelets of Alzheimer’s disease and mild cognitive impairment patients. J. Proteom. 178, 73–81. doi: 10.1016/j.jprot.2017.12.018

Ruitenberg, A., Ott, A., van Swieten, J. C., Hofman, A., and Breteler, M. M. (2001). Incidence of dementia: Does gender make a difference? Neurobiol. Aging 22, 575–580. doi: 10.1016/s0197-4580(01)00231-7

Saggu, R., Schumacher, T., Gerich, F., Rakers, C., Tai, K., Delekate, A., et al. (2016). Astroglial NF-kB contributes to white matter damage and cognitive impairment in a mouse model of vascular dementia. Acta Neuropathol. Commun. 4:76. doi: 10.1186/s40478-016-0350-3

Saha, S., Buttari, B., Panieri, E., Profumo, E., and Saso, L. (2020). An Overview of Nrf2 Signaling Pathway and Its Role in Inflammation. Molecules 25:5474. doi: 10.3390/molecules25225474

Shi, J., Zhang, Y., Tan, D., Zhang, X., Yan, M., Zhang, Y., et al. (2021). PANDORA-seq expands the repertoire of regulatory small RNAs by overcoming RNA modifications. Nat. Cell Biol. 23, 424–436. doi: 10.1038/s41556-021-00652-7

Shi, J., Zhou, T., and Chen, Q. (2022). Exploring the expanding universe of small RNAs. Nat. Cell Biol. 24, 415–423. doi: 10.1038/s41556-022-00880-5

Singh, S., de Ronde, M., Kok, M., Beijk, M. A., De Winter, R. J., van der Wal, A. C., et al. (2020). MiR-223-3p and miR-122-5p as circulating biomarkers for plaque instability. Open Heart 7:e001223. doi: 10.1136/openhrt-2019-001223

Soeda, S., Koyanagi, S., Kuramoto, Y., Kimura, M., Oda, M., Kozako, T., et al. (2008). Anti-apoptotic roles of plasminogen activator inhibitor-1 as a neurotrophic factor in the central nervous system. Thromb. Haemost. 100, 1014–1020. doi: 10.1160/th08-04-0259

Sopjani, M., Alesutan, I., Dërmaku-Sopjani, M., Fraser, S., Kemp, B. E., Föller, M., et al. (2010). Down-regulation of Na+-coupled glutamate transporter EAAT3 and EAAT4 by AMP-activated protein kinase. J. Neurochem. 113, 1426–1435. doi: 10.1111/j.1471-4159.2010.06678.x

Spitz, F., and Furlong, E. E. (2012). Transcription factors: From enhancer binding to developmental control. Nat. Rev. Genet. 13, 613–626. doi: 10.1038/nrg3207

Sun, M. K. (2018). Potential Therapeutics for Vascular Cognitive Impairment and Dementia. Curr. Neuropharmacol. 16, 1036–1044. doi: 10.2174/1570159X15666171016164734

Sun, T., Zhao, K., Liu, M., Cai, Z., Zeng, L., Zhang, J., et al. (2022). miR-30a-5p induces Aβ production via inhibiting the nonamyloidogenic pathway in Alzheimer’s disease. Pharmacol. Res. 178:106153. doi: 10.1016/j.phrs.2022.106153

Tayler, H., Miners, J. S., Güzel, Ö, MacLachlan, R., and Love, S. (2021). Mediators of cerebral hypoperfusion and blood-brain barrier leakiness in Alzheimer’s disease, vascular dementia and mixed dementia. Brain Pathol. 31:e12935.

van der Flier, W. M., Skoog, I., Schneider, J. A., Pantoni, L., Mok, V., Chen, C., et al. (2018). Vascular cognitive impairment. Nat. Rev. Dis. Primers 4:18003. doi: 10.1038/nrdp.2018.3

Venkat, P., Chopp, M., and Chen, J. (2015). Models and mechanisms of vascular dementia. Exp. Neurol. 272, 97–108. doi: 10.1016/j.expneurol.2015.05.006

Vijayan, M., Alamri, F. F., Al Shoyaib, A., Karamyan, V. T., and Reddy, P. H. (2019). Novel miRNA PC-5P-12969 in IschemiczStroke. Mol. Neurobiol. 56, 6976–6985. doi: 10.1007/s12035-019-1562-x

Vina-Vilaseca, A., and Sorkin, A. (2010). Lysine 63-linked polyubiquitination of the dopamine transporter requires WW3 and WW4 domains of Nedd4-2 and UBE2D ubiquitin-conjugating enzymes. J. Biol. Chem. 285, 7645–7656. doi: 10.1074/jbc.M109.058990

Wais, P. E., Montgomery, O., Stark, C., and Gazzaley, A. (2018). Evidence of a Causal Role for mid-Ventrolateral Prefrontal Cortex Based Functional Networks in Retrieving High-Fidelity Memory. Sci. Rep. 8:14877. doi: 10.1038/s41598-018-33164-w

Wang, L., Yang, J. W., Lin, L. T., Huang, J., Wang, X. R., Su, X. T., et al. (2020). Acupuncture Attenuates Inflammation in Microglia of Vascular Dementia Rats by Inhibiting miR-93-Mediated TLR4/MyD88/NF-κB Signaling Pathway. Oxid. Med. Cell. Longev. 2020:8253904. doi: 10.1155/2020/8253904

Wang, Y., Pan, W., Bai, X., Wang, X., Wang, Y., and Yin, Y. (2021). microRNA-454-mediated NEDD4-2/TrkA/cAMP axis in heart failure: Mechanisms and cardioprotective implications. J. Cell. Mol. Med. 25, 5082–5098. doi: 10.1111/jcmm.16491

Wang, F., Ge, J., Huang, S., Zhou, C., Sun, Z., Song, Y., et al. (2021). KLF5/LINC00346/miR-148a-3p axis regulates inflammation and endothelial cell injury in atherosclerosis. Int. J. Mol. Med. 48:152. doi: 10.3892/ijmm.2021.4985

Weinstock, M., and Shoham, S. (2004). Rat models of dementia based on reductions in regional glucose metabolism, cerebral blood flow and cytochrome oxidase activity. J. Neural Transm. 111, 347–366. doi: 10.1007/s00702-003-0058-y

Xie, X., Peng, L., Zhu, J., Zhou, Y., Li, L., Chen, Y., et al. (2017). miR-145-5p/Nurr1/TNF-α Signaling-Induced Microglia Activation Regulates Neuron Injury of Acute Cerebral Ischemic/Reperfusion in Rats. Front. Mol. Neurosci. 10:383. doi: 10.3389/fnmol.2017.00383

Xiong, L. L., Xue, L. L., Al-Hawwas, M., Huang, J., Niu, R. Z., Tan, Y. X., et al. (2020). Single-nucleotide polymorphism screening and RNA sequencing of key messenger RNAs associated with neonatal hypoxic-ischemia brain damage. Neural Regen. Res. 15, 86–95. doi: 10.4103/1673-5374.264469

Xu, X., Chen, Y., Zhu, D., Zhao, T., Xu, R., Wang, J., et al. (2020). FX5 as a non-steroidal GR antagonist improved glucose homeostasis in type 2 diabetic mice via GR/HNF4α/miR-122-5p pathway. Aging 13, 2436–2458. doi: 10.18632/aging.202275

Yang, C., Zheng, J., Xue, Y., Yu, H., Liu, X., Ma, J., et al. (2018). The Effect of MCM3AP-AS1/miR-211/KLF5/AGGF1 Axis Regulating Glioblastoma Angiogenesis. Front. Mol. Neurosci. 10:437. doi: 10.3389/fnmol.2017.00437

Yang, L., Wang, L., Wang, J., and Liu, P. (2021). Long non-coding RNA Gm11974 aggravates oxygen-glucose deprivation-induced injury via miR-122-5p/SEMA3A axis in ischaemic stroke. Metab. Brain Dis. 36, 2059–2069. doi: 10.1007/s11011-021-00792-7

Yang, T., and Zhang, F. (2021). Targeting Transcription Factor Nrf2 (Nuclear Factor Erythroid 2-Related Factor 2) for the Intervention of Vascular Cognitive Impairment and Dementia. Arterioscler. Thromb. Vasc. Biol. 41, 97–116. doi: 10.1161/ATVBAHA.120.314804

Yao, Z. H., Yao, X. L., Zhang, Y., Zhang, S. F., and Hu, J. (2017). miR-132 Down-regulates Methyl CpG Binding Protein 2 (MeCP2) During Cognitive Dysfunction Following Chronic Cerebral Hypoperfusion. Curr. Neurovasc. Res. 14, 385–396. doi: 10.2174/1567202614666171101115308

Ye, X., Lin, J., Lin, Z., Xue, A., Li, L., Zhao, Z., et al. (2017). Axin1 up-regulated 1 accelerates stress-induced cardiomyocytes apoptosis through activating Wnt/β-catenin signaling. Exp. Cell Res. 359, 441–448. doi: 10.1016/j.yexcr.2017.08.027

Yi, L. T., Zhu, J. X., Dong, S. Q., Chen, M., and Li, C. F. (2021). Berberine exerts antidepressant-like effects via regulating miR-34a-synaptotagmin1/Bcl-2 axis. Chin. Her. Med. 13, 116–123. doi: 10.1016/j.chmed.2020.11.001

Zeng, L., Jiang, H., Ashraf, G. M., Liu, J., Wang, L., Zhao, K., et al. (2021a). Implications of miR-148a-3p/p35/PTEN signaling in tau hyperphosphorylation and autoregulatory feedforward of Akt/CREB in Alzheimer’s disease. Mol. Ther. Nucl. Acids 27, 256–275. doi: 10.1016/j.omtn.2021.11.019

Zeng, L., Jiang, H. L., Ashraf, G. M., Li, Z. R., and Liu, R. (2021b). MicroRNA and mRNA profiling of cerebral cortex in a transgenic mouse model of Alzheimer’s disease by RNA sequencing. Neural Regen. Res. 16, 2099–2108. doi: 10.4103/1673-5374.308104

Zhang, F., Chen, K., Tao, H., Kang, T., Xiong, Q., Zeng, Q., et al. (2018). miR-25-3p, Positively Regulated by Transcription Factor AP-2α, Regulates the Metabolism of C2C12 Cells by Targeting Akt1. Int. J. Mol. Sci. 19:773. doi: 10.3390/ijms19030773

Zhang, H. M., Kuang, S., Xiong, X., Gao, T., Liu, C., and Guo, A. Y. (2015). Transcription factor and microRNA co-regulatory loops: Important regulatory motifs in biological processes and diseases. Brief. Bioinform. 16, 45–58. doi: 10.1093/bib/bbt085

Zhang, X., Trebak, F., Souza, L., Shi, J., Zhou, T., Kehoe, P. G., et al. (2020). Small RNA modifications in Alzheimer’s disease. Neurobiol. Dis. 145:105058. doi: 10.1016/j.nbd.2020.105058

Zhou, T., Chen, S., and Mao, X. (2019). miR-145-5p affects the differentiation of gastric cancer by targeting KLF5 directly. J. Cell. Physiol. 234, 7634–7644. doi: 10.1002/jcp.27525

Zhu, X., Zhao, Y., Hou, W., and Guo, L. (2019). MiR-153 regulates cardiomyocyte apoptosis by targeting Nrf2/HO-1 signaling. Chromosom. Res. 27, 167–178. doi: 10.1007/s10577-019-09608-y


OPS/xhtml/Nav.xhtml




Contents





		Cover



		RNA sequencing-based identification of the regulatory mechanism of microRNAs, transcription factors, and corresponding target genes involved in vascular dementia



		Introduction



		Materials and methods



		Animals



		Surgical procedure for bilateral vessel occlusion in rats



		Spatial cognitive evaluation



		Histological examination



		RNA isolation, library preparation, sequencing, and data processing



		mRNA and microRNAs profiling



		Identification of differentially expressed transcription factors and regulatory pairs among differentially expressed microRNAs, differentially expressed transcription factors, and differentially expressed genes



		Gene ontology and Kyoto Encyclopedia of Genes and Genomes pathway analyses



		Construction of the microRNA-transcription factor-gene and protein-protein interaction network



		Quantitative real-time polymerase chain reaction analysis



		Cell culture and transfection



		Dual-luciferase reporter assay



		Dataset acquisition and data processing



		Statistical analysis







		Results



		Spatial cognition and neuronal survival are declined in rats with vascular dementia



		Identification of differentially expressed microRNAs and differentially expressed genes related to vascular dementia



		Identification of transcription factors and microRNA-transcription factor regulatory pairs associated with vascular dementia



		Gene ontology and pathway enrichment analyses



		Construction of the microRNA-transcription factor-gene regulatory network and protein-protein interaction network



		Identification of the involved feed-forward loop and key nodes



		Verification of key nodes and regulatory relationship







		Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Conflict of interest



		Publisher’s note



		Supplementary Material



		Footnotes



		References

















OPS/images/cover.jpg
, frontiers ‘ Frontiers in Neuroscience

RNA sequencing-based
identification of the regulatory
mechanism of microRNAs,
transcription factors,
and corresponding target genes
involved in vascular dementia












OPS/images/logo.jpg
'frontiers ‘ Frontiers in Neuroscience







OPS/images/fnins-16-917489-g005.jpg
A extracellular matrix organization I M sr
vasculature development -
cll-substrate adhesion -
wound healing -E——
cellular response to growth factor stimulus NG
supramolecular fiber organization _
regulation of ERK1 and ERK2 cascade -GG
response to steroid hormone -GG

muscle contraction -

regulation of epithelial cell prollleratmn s ]

positive regulation of locomotion _

synaptic transmission, cholinergic _
cell-matrix adhesion -
positive regulation of ion transport _
response to metal ion -G

transmembrane receptor protein tyrosine kinasc signaling pathway
tissue morphogenesis =
positive regulation of growth -
heart development -
respiratory system development - NN | .
0 4 6 8 10

2
-Log, (P valuc)

external encapsulating structure - W cc

myofibril
cell cortex NG
basal part of cell -GG

collag i
anchoring junction -
plasma membrane protein complex -
carly endosome NN
dopaminergic synapse -
membrane raft
interstitial matrix N
junctional membrane complex -
cell projection membrane -
sarcolemma N
cell leading edge -
extracellular vesicle N
side of membrane N
clathrin-coated vesicle -
glycinergic synapse -
0.0

2.5

50 7.5 10.0 125 15 175 20.0

-Log, (P value)
growth factor binding SN W ¥
integrin binding
extracellular matrix structural constituent
collagen binding -
actin binding -
anion transmembrane transporter activity _
lﬂn bmdmg .
tructural constit muscle
gIVCOSammOglvcan bmdmg ]
channel activity J—
extracellular matrix binding )
pomyosin binding
reti

GTPase ator acf
ankyrin bindi
chloride channel activity _ ,
3 4 5 6

-Log, (P value)

o Protein digestion and absorption
% Focal adhesion
% ECM-receptor interaction
= PI3K-AKkt signaling pathwav
o= Rapl signaling pathw.
@» Complement and coagulatmn cascades
<= Cocaine addiction
~ Drug metabohsm cytochrome P450
“ Neuroactive ligand- receptor interaction
Tyrosine metabolis






OPS/images/fnins-16-917489-g006.jpg
Lirc71 T )
Orfta

Kniz2

P
&






OPS/images/fnins-16-917489-g007.jpg
g %
e i /..i .'~"\
g\** /‘.. K ;
. -/! \\\§\\ \‘Q‘*!"\;e“\'! \\\‘\2‘;\
\q. = uny .‘\!,A«..\_ QA\RVAV'.!. AN
‘»\\"\\“ \‘ﬁ!&&"\‘i‘!‘?‘!’!ﬂ'-
40N ND AN "IN R AR
Ve T VAN
i\\\". Y
NS

LY
N |






OPS/images/fnins-16-917489-g008.jpg





OPS/images/fnins-16-917489-g001.jpg
[ Rats with 2VO J l [ Sham rats ]

{ miRNA and mRNA profiling ]

— T~

[ Differentially expressed genes J [Differentially expressed miRNAs]

A

|

Differentially Differentially expressed
expressed genes transcription factors (TFs)

Target prediction of differentially expressed
TFs and miRNAs

l

|

[ Intersection of differentially expressed genes ]
GO and KEGG Regulation network
analysis construction

l l

Key nodes and their regulation loops

Validation of the expression of
key nodes by
qRT-PCR

Validation of the interactions
of key miRNAs and TFs by
dual-luciferase reporter






OPS/images/fnins-16-917489-g002.jpg
A Tissue harvest

Morris water maze test p
‘ RNA sequencing ‘
2VO surgery ‘ Histological examination ‘
| 21 days >| 6 days > ’Key genes expression validation‘
8-week-old SD rats 12-week-old SD rats
-o— Sham -o— Sham
B 100 C 60-
.- 2VO _ -©- 2V0
7]
% 80— g
% 60— § 40'
= o
2 40- £
§ wxx g 20
= 20+ £
=
)
. ' . ' ' ' 0 | | | I I
Ryl B e lgs Hge Dayl Day? Day3 Day4 Day5
D 10- E 304
‘S D ~
o5 8- S 2
=~ = =
‘? S = = 20—
»n « = =
S = 6 = =
5 T = S
~—
= s &
o = 4= E=251
2 & = g0 10-
= = Sk = =
- - 2- a
rd
0- I 0-
Sham 2VO Sham 2VO
F G

W
S
|

Sham

o
T

[y
T

2VO

Percentage of immunoreactive
area (%)

Sham 2VO





OPS/images/fnins-16-917489-g003.jpg
-Log (P value)

«
U L
Upregulated
® Downregulated -
Not-significant
°:
4- :
. L
o *
:
o
® g
e &
2= °:
‘..
0 l rF 1 10 1 1 ]

B 40
Upregulated
® Downregulated
Not-significant
30—
s
)
E
= 2
% 2 0 = @
3 .
S o
=X
<
=
0 I 11

-10 0

10 20

Log,(foldchange)

Group

8 Sham
2VO





OPS/images/fnins-16-917489-g004.jpg
A . : . B Identification of miRNA-gene regulatroy pairs,
LS TN IO TF-gene regulatory pairs and miRNA/TF-associated genes

Prediction targets
of DEMs (3332)

DEGs (805)

AnimalTFDB (1478) DEGs (805) Prediciton targets of DETFs (30002)

C miRNA-TF regulatory pairs identification D TF-miRNA regulatory pairs identification

DEGs regulated DETFs (63) TFs reverse predicted DETFs (63)
by DEMs (535) by DEMs (719)





OPS/images/cross.jpg
@ Check for updates.





OPS/images/fnins-16-917489-g009.jpg
Y Y ey

b= il o4

v






OPS/images/fnins-16-917489-t001.jpg
Name Sequence

miR-145-5p RT 5'-GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACAGGGAT-3'
miR-122-5p-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACCAAACA-3'
miR-21-5p-RT 5'-GTCGTATCCAGTGCAGGGTCCGAGG
TATTCGCACTGGATACGACTCAACA-3'
miR-5132-5p RT 5-GTCGTATCCAGTGCAGGGTCCGAGGT
ATTCGCACTGGATACGACAGCCTG
U6 RT GTCGTATCCAGTGCAGGGTCCGAGGTA-3'
TTCGCACTGGATACGACAAAATA
miR-145-5p-F 5-CGGTCCAGTTTTCCCAGGA-3
miR-145-5p-R 5-AGTGCAGGGTCCGAGGTATT-3'
miR-122-5p-F 5-CGCGTGGAGTGTGACAATGG-3'
miR-122-5p-R 5-AGTGCAGGGTCCGAGGTATT-3'
miR-5132-5p-F 5'-GATATCGTGGGGCGGTGGA-3'
miR-5132-5p-R 5'-CAGTGCAGGGTCCGAGGT-3
miR-764-3p-F 5'-AACAAGGAGGAGGCCATAGTG-3
miR-764-3p R 5'-CAGTGCAGGGTCCGAGGT-3
U6-F 5'-CAAATTCGTGAAGCGTTCCA-3'
U6-R 5-AGTGCAGGGTCCGAGGTATT-3
Serpinel-F 5'-GCGTCTTCCTCCACAGCCATTC-3
Serpinel-R 5-TGTCTCTGTTGGATTGTGCCGAAC-3
Nedd4l-F 5'-CGCCGTGCTGTGAAAGATACCC-3'
Nedd4l-R 5-GTGTGACTTTGTGTTGTGGTTTGGG-3
Tpmi-F 5-GTAGCATCTCTGAACAGACGCATCC-3
Tpml-R 5'-CAGCCTTCTCAGCCTCCTCCAG-3'
Pxn-F 5'-CAGCCAGCAGCAGACCAGAATC-3
Pxn-R 5'-ACTGCCGCTCTACATCCACTCTC-3
Plec-F 5'-CACCGCACTGAACTCGCTACAC-3
Plec-R 5'-GCTCGGCATCTTGGTCACTCTG-3’
Trip12-F 5'-CCGAATCAACTGGTGCCGAAGAG-3’
Trip12-R 5'-AGGAGGAAGTAGAGGCAGCAGAAG-¥
Collal-F 5-TGTTGGTCCTGCTGGCAAGAATG-3'
Collal-R 5-GTCACCTTGTTCGCCTGTCTCAC-3’
Kif5-F 5'-AGACGAGACAGTGCCTCAGTGG-3
Kif5-R 5'-GCCAGTTCTCAGGTGCGTGATG-3'
Csrnpl-F 5'-ACGCTTCTGTAGAGGAGGACTTGG-3'
Csrnpl-R 5'-CCGAGGTGGATAGGGCTGTAGG-3
Rxrg-F 5'-CGAATCCTACGGCGACATGAGTG-3
Rxrg-R 5'-AACAAGGGTGAAGAGCTGCTTATCC-3'
KIf4-F-F 5-GGACGGCTGTGGGTGGAAATTC-3
KIf4-R 5-TGTCGCACTTCTGGCACTGAAAG-3’
Nfatc4-F 5-GCGGTCGTGTTCTTGAGTGTCC-3'
Nfatc4-R 5-CAAAGCCTTCTGGTGGAGGGTAATC-3
Foxj2-F 5'-ACCCGCAAGCCTCTCATCTCTAC-3'
Foxj2-R 5-GTGGTGTGTTGGGCGACTGTATC-3’
Nkx6-1-F 5'-AGAGTCAGGTCAAGGTCTGGTTCC-3’
Nkx6-1-R 5'-ATCGTCGTCGTCCTCCTCGTTC-3’
Prdm6-F 5'-CCACCACCCTCAACAACCACATC-3'
Prdm6-R 5'-GTCTTCCAAACGCTTCAGCAAACAG-3'
Mxil-F 5'-GCGAGAGGAGATTGAAGTGGATGTG-3
Mxil-R 5'-TGATGCTGGTGGTACTGATGTTGTC-3
Zfp523-F 5'-CAATGGCAAAGGGCAGCAAGTTG-3
Zfp523-R 5'-AGTGATGGGCAGTGGTGTAGAGG-3'
Gapdh-F 5'-CAAGGTCATCCATGACAACTTTG-3’
Gapdh-R 5'-GGGCCATCCACAGTCTCCT-3'
KLF5-F 5'-AGTGCCTCAGTCGTAGACCAGTTC-3'
KLF5-R 5'-GCCAGTTCTCAGGTGAGTGATGTC-3'
CSRNPI-F 5'-ATGCCATTGATGACGCCTCTGTG-3’
CSRNPI-R 5'-GGCTGGGTAGGGCTGTAGGAAG-3'
ACTB-R 5’-ATACTCCTGCTTGCTGATCC-3'
ATACTCCTGCTTGCTGATCC
ATACTCCTGCTTGCTGATCC
ACTB-F 5'-CCTGTACGCCAACACAGTGC-3’
CCTGTACGCCAACACAGTGC
CCTGTACGCCAACACAGTGC
miR-145-5p mimics sense

5'-GUCCAGUUUUCCCAGGAAUCCCU-3'

antisense
5-GGAUUCCUGGGAAAACUGGACUU-3'

miR-122-5p mimics sense 5’ -UGGAGUGUGACAAUGGUGUUUG-3

antisense
5-AACACCAUUGUCACACUCCAUU-3’

Negative control (NC) sense 5 -UUCUCCGAACGUGUCACGUTT-3
antisense 5’-ACGUGACACGUUCGGAGAATT-3’
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transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
transcription factor
miRNA
miRNA
miRNA
miRNA
miRNA

Occurrences

47100
150000
162000

64700

28700

35200

51000
104000

53600

39300
2.2200
1.6300
0.9200
0.5090
0.7340

Z-score

1.4600
1.4000
1.3700
1.3600
1.3600
0.7900
0.6140
0.4840
0.3760
0.3620
1.4200
1.0700
0.9090
0.8110
0.5950
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Name Mature sequence Log; (foldchange) P-value Sequence homology

miR-21-5p 5-UAGCUUAUCAGACUGAUGUUGA-3’ —2.2700 0.017800 rat, mouse, human
miR-511-3p 5'-AAUGUGUAGCAAAAGACAGGA-3' —1.7300 0.003990 rat, mouse, human
miR-145-5p 5-GUCCAGUUUUCCCAGGAAUCCCU-3 —1.5300 0.030800 rat, mouse, human
miR-10b-5p 5'-CCCUGUAGAACCGAAUUUGUGU-3/ —1.4600 0.056800 rat, mouse, human
miR-143-3p 5-UGAGAUGAAGCACUGUAGCUCA-3 —1.4100 0.001360 rat, mouse, human
miR-214-3p 5-ACAGCAGGCACAGACAGGCAG-3' —1.2800 0.001750 rat, mouse, human
miR-764-3p 5'-GAGGAGGCCAUAGUGGCAACUGU-3’ —1.2700 0.002600 rat, mouse

miR-10a-5p 5-UACCCUGUAGAUCCGAAUUUGUG-3' —1.0600 0.000464 rat, mouse, human
miR-223-3p 5-UGUCAGUUUGUCAAAUACCCC-3' —1.0500 0.010400 rat, mouse, human
miR-155-5p 5-UUAAUGCUAAUUGUGAUAGGGGU-3' —1.0400 0.005740 rat, mouse, human
miR-122-5p 5-UGGAGUGUGACAAUGGUGUUUG-3' 4.0500 0.011800 rat, mouse, human
miR-5132-5p 5-CGUGGGGCGGUGGACCCAGGCU-3' 1.4200 0.015700 rat, mouse

miR-802-5p 5'-UCAGUAACAAAGAUUCAUCCU-3 1.1500 0.039800 rat, mouse
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—3.5300
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0.940000
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