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Background: Acute myocardial infarction (AMI) is one of the major causes of mortality and disability worldwide, and ischemic stroke (IS) is a serious complication after AMI. In particular, patients with ST-segment–elevation myocardial infarction (STEMI) are more susceptible to IS. However, the interrelationship between the two disease mechanisms is not clear. Using bioinformatics tools, we investigated genes commonly expressed in patients with STEMI and IS to explore the relationship between these diseases, with the aim of uncovering the underlying biomarkers and therapeutic targets for STEMI-associated IS.

Methods: Differentially expressed genes (DEGs) related to STEMI and IS were identified through bioinformatics analysis of the Gene Expression Omnibus (GEO) datasets GSE60993 and GSE16561, respectively. Thereafter, we assessed protein-protein interaction networks, gene ontology term annotations, and pathway enrichment for DEGs using various prediction and network analysis methods. The predicted miRNAs targeting the co-expressed STEMI- and IS-related DEGs were also evaluated.

Results: We identified 210 and 29 DEGs in GSE60993 and GSE16561, respectively. CD8A, TLR2, TLR4, S100A12, and TREM1 were associated with STEMI, while the hubgenes, IL7R, CCR7, FCGR3B, CD79A, and ITK were implicated in IS. In addition, binding of the transcripts of the co-expressed DEGs MMP9, ARG1, CA4, CRISPLD2, S100A12, and GZMK to their corresponding predicted miRNAs, especially miR-654-5p, may be associated with STEMI-related IS.

Conclusions: STEMI and IS are related and MMP9, ARG1, CA4, CRISPLD2, S100A12, and GZMK genes may be underlying biomarkers involved in STEMI-related IS.
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Introduction

Acute myocardial infarction (AMI) is a leading cause of disability and mortality worldwide, and ischemic stroke (IS) is a serious complication after AMI (1). Complex IS can cause significant pain and financial burden to patients, and the rate of mortality is two times higher in comparison with patients only experiencing AMI (1, 2). Pathophysiological mechanisms and common risk factors, including age, hypertension, and diabetes mellitus, are similar in cardiovascular and cerebrovascular diseases (3). The incidence of post-AMI strokes can be improved by providing more therapies for vascular risk factors, including treatments for diabetes mellitus and hypertension, lipid-lowering treatments, and reperfusion with PCI (4). Compared with other types of AMI, patients with ST-segment–elevation myocardial infarction (STEMI) have a more increased risk of IS (5–7). Guptill's group also showed that there was a relative long-term risk of IS in patients with STEMI treated with percutaneous coronary intervention (PCI) (8). Whereas there have been few studies of the prevalence and clinical outcomes associated with acute IS in patients with AMI, and existing studies have had small sample sizes and reported contrasting results (9–12). To better diagnose and treat IS after AMI, new biomarkers and therapeutic targets need to be identified. Bioinformatics analysis has been widely employed in exploring novel biomarkers for neurological disease (13) and cardiovascular disease (14). In this study, we identified co-expressed differentially expressed genes (co-DEGs) in STEMI and IS transcription data from GEO to clarify the molecular mechanisms and pathophysiology of STEMI-related DEGs (STEMI-DEGs) and IS-related DEGs (IS-DEGs). Moreover, we predicted microRNAs (miRNAs) specific for patients with STEMI prone to IS, which may serve as underlying biomarkers or therapeutic targets for STEMI-IS.



Methods


Materials and methods

Microarray data “Series Matrix File(s)” for GSE60993, GSE16561, and GSE60319 were downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/) and were generated using GPL6884, GPL6883, and GPL19071 (15). GSE60993 contains data from blood samples from 26 patients with acute coronary syndrome (7 patients with STEMI, 10 patients with non-STEMI, and 9 patients with unstable angina) and 7 normal controls. GSE16561 includes blood samples from 39 patients with IS and 24 healthy controls. The STEMI group and normal controls in GSE60993 and the IS group and healthy controls in GSE16561 were selected to explore potential biomarkers. A miRNA expression profile, GSE60319 (40 patients with IS and 10 controls), was then used for subsequent miRNA-mRNA network analysis.



DEG analysis

Before identifying DEGs, we performed boxplot analysis to evaluate the expression level of samples in each dataset and then used the normalize BetweenArrays function in the “limma” package of R to exclude batch effect. The criteria for selecting DEGs were |log2FC|>1.0 and false discovery rate (FDR) <0.05; the criteria for differentially expressed miRNAs (DE-miRNAs) were |log2FC| > 2.5 and P-value <0.05 to identify more important DE-miRNAs. The inverse of the total gene number (0.0006035) was less than the lowest P-value (0.0009911013) in GSE60319; hence, the adjusted P-values were unreliable. Probes matching multiple genes were removed. Volcanoplots and heatmaps were applied to visualize the DEGs in the downloaded datasets. A Venn diagram was constructed to show co-DEGs for STEMI and IS using Funrich (http://funrich.org/).



Interaction networks and functional analysis

DAVID (https://david.ncifcrf.gov/) was applied to perform Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses of STEMI- and IS-DEGs (16). KEGG pathways and GO biological function terms with a P-value < 0.05 were considered to be significantly enriched, and annotation visualization, as well as integrated discovery, was supplemented using REACTOME with the following criteria: P-value < 0.05 and count ≥ 5 (v77; http://www.reactome.org) (17). We used Cytoscape (v3.8.2; http://cytoscape.org/) to visualize the protein-protein interaction (PPI) networks and node degrees constructed by STRING (v11.5; http://string-db.org) (18), with the criterion confidence score >0.4.

In addition, AmiGO (v2.0; http://amigo.geneontology.org/amigo/) was employed to further verify the accuracy of the identified co-DEGs and annotate biological functions (19). TargetScan (v7.2; http://www.targetscan.org/vert_72/) (20), mirWalk (http://mirwalk.umm.uni-heidelberg.de/) (21), and mirDIP (http://ophid.utoronto.ca/mirDIP/) (22) were applied to predict miRNAs targeting co-DEGs. GO and KEGG enrichment analyses based on the selected miRNAs were conducted using Diana-miRPath (v3.0; http://www.microrna.gr/miRPa) (23).



Identification of co-DEGs related to nervous or cardiovascular diseases

The Comparative Toxicogenomics Database (http://ctdbase.org/) was employed to identify novel relationships between co-DEGs and cardiovascular diseases or nervous system diseases by calculating prediction scores (24).




Results


DEGs in STEMI and IS

After checking the quality of the data (Supplementary Figure 1), we identified 210 DEGs (172 upregulated and 38 downregulated) in GSE60993 and 29 DEGs (12 upregulated and 17 downregulated) in GSE16561 (Figures 1A,B, Supplementary Table 1). Expression heatmaps of STEMI-DEGs associated with immune and inflammatory responses and receptor activity are shown in Figures 2A–C. Figures 2D–F show the gene expression values of IS-DEGs related to immune response, inflammatory response, and protein binding.
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FIGURE 1
 Volcano plots of mRNA and miRNA expression in GEO datasets. (A) The volcano plot of GSE-STEMI (GSE60993). (B) The volcano plot of GSE-IS (GSE16561). (C) The volcano plot of mi-GSE-IS (GSE60319).
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FIGURE 2
 Visualization of STEMI- and IS-DEGs expression with heatmaps. (A–C) STEMI-DEGs related to immune response, inflammatory response, and receptor activity. (D–F) IS-DEGs related to immune response, inflammatory response, and protein binding. Red: high expression, blue: low expression.




Analysis of PPI network, functional GO terms and pathway enrichment analyses

We identified 139 and 21 nodes from the PPI networks for the STEMI- and IS-DEGs, respectively (Figures 3A,B). The hub nodes, including CD8a molecule (CD8A, degree = 38), toll-like receptor 2 (TLR2, degree = 29), toll-like receptor 4 (TLR4, degree = 29), S100 calcium-binding protein A12 (S100A12, degree = 21), and triggering receptor expressed on myeloid cells 1 (TREM1, degree = 18), were considered to be hubgenes in the STEMI network. However, in the IS network, the hubgenes, interleukin 7 receptor (IL7R, degree = 9), C-C motif chemokine receptor 7 (CCR7, degree = 8), Fc fragment of IgG receptor IIIb (FCGR3B, degree = 6), CD79a molecule (CD79A, degree = 6), and IL2 inducible T cell kinase (ITK, degree = 6) had relatively higher degrees.
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FIGURE 3
 PPI networks and the Venn diagram. (A) PPI network for STEMI-DEGs. Blue, the greater degree; green, the lower degree (B) PPI network for IS-DEGs. Red, the greater degree; yellow, the lower degree. (C) The Venn diagram showing co-DEGs specific to STEMI-related IS.


We used the DAVID database to conduct GO and KEGG analysis. As shown in Figures 4A,B, the top five GO biological process (BP) terms associated with STEMI-DEGs were respiratory burst (p-value: 7.14E-08), immune response (p-value: 3.01E-07), innate immune response (p-value: 4.05E-07), inflammatory response (p-value: 9.80E-06), and defense response to bacterium (p-value: 3.67E-04). The significantly enriched cellular component (CC) terms were an anchored component of membrane (p-value: 7.96E-06), plasma membrane (p-value: 1.09E-04), NADPH oxidase complex (p-value: 1.46E-04), an integral component of membrane (p-value: 1.60E-04), and membrane (p-value: 9.50E-04). The following terms were found to be enriched in molecular function (MF):receptor activity (p-value: 3.84E-06), phosphatidylinositol-3,4-bisphosphate binding (p-value: 6.55E-05), superoxide-generating NADPH oxidase activator activity (p-value: 7.88E-05), protein heterodimerization activity (p-value: 0.003), and RAGE receptor binding (p-value: 0.004). With respect to IS-DEGs, BP terms associated with immune response (p-value: 2.83E-05), B cell proliferation (p-value: 0.001), adaptive immune response (p-value: 0.001), response to lipopolysaccharide (p-value: 0.002), and inflammatory response (p-value:0.002) were significantly enriched. For CC, the significant enrichment was observed for the extracellular region (p-value: 0.001), the external side of plasma membrane (p-value: 0.003), B cell receptor complex (p-value: 0.004), the intrinsic component of the plasma membrane (p-value: 0.038), and the plasma membrane (p-value: 0.039). For MF, protein binding was enriched (p-value: 0.049). The results of KEGG pathway analysis are shown in Figure 4C. STEMI-DEGs were mainly enriched in pathways, including hematopoietic cell lineage (p-value: 4.38E-05), leishmaniasis (p-value: 0.001), primary immunodeficiency (p-value: 0.006), complement and coagulation cascades (p-value: 0.007), and malaria (p-value: 0.017). There were no significant KEGG pathways enriched for IS-DEGs. Some additional associations were detected when using the REACTOME database to conduct GO term enrichment analysis (Figure 4D).
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FIGURE 4
 GO functional and pathway analysis. (A) GO functional analysis of STEMI-DEGs. (B) GO functional analysis of IS-DEGs. (C) KEGG pathway analysis of STEMI-related DEGs. (D) REACTOME pathway analysis of STEMI- and IS-related DEGs. Dot sizes represent counts of enriched DEGs, and dot colors represent negative log10 (P) values. Red: higher expression, blue: lower expression.


Six co-DEGs were observed, namely, matrix metallopeptidase 9 (MMP9), arginase 1 (ARG1), carbonic anhydrase 4 (CA4), the cysteine-rich secretory protein LCCL domain containing 2 (CRISPLD2), S100 calcium-binding protein A12 (S100A12), and granzyme K (GZMK) (Figure 3C, Supplementary Table 1). The AmiGO database was employed to further verify the accuracy of the identified co-DEGs and annotate their biological functions (Table 1). The analysis of the Comparative Toxicogenomics Database illustrated that co-DEGs were associated with several nervous system and cardiovascular diseases (Figure 5).


TABLE 1 GO terms of co-expressed genes specific for STEMI-related ischemic stroke.
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FIGURE 5
 Association of co-DEGs with nervous system and cardiovascular diseases. *indicates direct evidence of involvement in this disease.




Identification of miRNAs targeting co-DEGs and functional and pathway enrichment analysis

The TargetScan, mirDIP, miRWalk, and DIANA bioinformatic tools were applied to identify the top five miRNAs targeting each co-DEG for STEMI-related IS (Table 2). In addition, we used the GSE60319 dataset to identify DE-miRNAs in IS and determine the overlap between predicted miRNAs and DE-miRNAs (Figures 1C, 6). (GSE60319: hsa-miR-654-5p, log2FC = −2.67, p-value: 0.033).


TABLE 2 GO functional and KEGG pathway analysis of the predicted miRNAs targeting co-DEGs.
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FIGURE 6
 Heatmaps of the expression of DE-miRNAs. (A) The heatmap of upregulated IS-specific DE-miRNAs. (B) The heatmap of downregulated IS-specific DE-miRNAs.





Discussion

IS is a potential complication of AMI and poses a significant threat to patients (1). Patients with STEMI were found to be more susceptible to having a stroke than the general population (6). The most common confirmed stroke type in patients with STEMI treated with PCI is IS (8). The knowledge gained from identifying genes specifically expressed in STEMI-related IS and the relationships between them may be used to improve the outcomes of patients with STEMI. In this study, we detected that genes involved in the inflammatory and immune response, receptor activity, and protein binding were remarkably related to the maintenance of STEMI and IS occurrence.

Several hub genes regulating the nervous system were observed among the STEMI-DEGs through the analysis of the Comparative Toxicogenomics Database. For example, MMP9, also known as gelatinase B, was found to be an important factor in the occurrence of cardiovascular and nervous system diseases. The Chen's group illustrated that MMP-9 was upregulated in serum exosomes from patients with STEMI, making it a potential biomarker for diagnosis of STEMI (25). Moreover, a higher level of local MMP-9 was observed to be associated with poorer outcomes for patients with STEMI (26). To explore association between MMP-9 and the risk of IS, the Nie's group examined polymorphism of the MMP-9 gene between 400 healthy controls and 396 patients with IS, and found that the MMP-9-1562T allele was associated with an increased risk of IS (27). Another hub gene, ARG1, has been found to be continuously upregulated in patients with acute IS (28, 29). Endocytosis of STAT6/ARG1 can reduce inflammation and improve the outcome of stroke by regulating the phenotypes of macrophages/microglia (30). ARG1 was also observed to be significantly upregulated in patients with AMI and may be used to diagnose AMI (31). Carbonic anhydrase enzymes, which are expressed in mouse and human hearts, are associated with the prognosis of cardiac hypertrophy (32, 33). Although previous studies have illustrated that CA II is the only CA present in the brain, another study observed that CA4 was also located in the mouse brain and may be related to the blood-brain barrier (34). Research into nervous system diseases has identified CA4 as a novel therapeutic target for anxiety disorder and posttraumatic stress disorder (35). The hub gene S100A12 has been shown to have a regulatory role in carotid plaque instability and the occurrence of major cardiovascular events in patients with stable coronary artery disease (36). Furthermore, S100A12 could more accurately diagnose patients with STEMI than other identified biomarkers, and the levels of S100A12 were negatively correlated with the prognosis of IS (37, 38).

Additionally, previous studies have shown that post-treatment with sevoflurane may prevent myocardial ischemia/reperfusion damage through the upregulation of miR-145 and downregulation of GZMK expression (39). Moreover, GZMK was detected to play a significant role in regulating transendothelial cell exudation for central nervous system parenchymal immune surveillance, and it may be an underlying therapeutic target for age-related immune system dysfunction (40, 41). The hub gene CRISPLD2 has been previously found to be a GC and developmental regulatory gene and encodes a mesenchymal protein secreted in the lungs and other organs (42, 43). However, its role in cardiovascular and cerebrovascular diseases is unclear. A recent study has observed that it may be involved in cardiac ischemia/reperfusion injury (44). In addition, CRISPLD2 was found to be associated with several neurodegenerative diseases, but the specific mechanism is not certain (45). Hence, the identities of these hub genes indicate that there may be a potential association between nervous system and cardiovascular disease and that this association may be due to the same pathogenic genes.

It has been widely accepted that miRNA can be used as a biomarker and gene therapy for several diseases. We identified the overlap between predicted miRNAs and DE-miRNAs specific to patients with IS. In particular, hsa-miR-654-5p may be underlying biomarkers of STEMI-related IS. Previous studies have demonstrated that hsa-miR-654-5p is a biomarker of atherosclerosis with an area under the curve (AUC) score of 0.7308 (46). Atherosclerosis is a common pathogenic mechanism of STEMI and IS; hence, hsa-miR-654-5p may be a common therapeutic target. In clinical, the co-DEGs and hsa-miR-654-5p may be served as biomarkers to diagnose IS after patients underwent STEMI. And these co-DEGs may be beneficial to further explore the potential pathophysiological mechanisms between STEMI and IS. Moreover, the co-DEGs may also play an important role in detection of STEMI in patients with IS.

This study is the first data mining to identify co-DEGs between STEMI and IS. Our results give a reasonable speculation for the pathophysiological mechanisms of STEMI-related IS. Our study does have serval limitations. First, our work is a microarray analysis based on different datasets. Hence, the different pieces of clinical information of detected samples in two datasets may have a certain influence on our study. Additionally, validation should be conducted by PCR or Elisa to verify these markers. However, the technique of models for STEMI and IS was immature in vivo and in vitro. In the future, the larger clinical studies are needed to verify our results to some extent.



Conclusions

Based on our analyses, the hubgenes CD8A, TLR2, TLR4, S100A12, and TREM1 may be associated with STEMI, and IL7R, CCR7, FCGR3B, CD79A, and ITK may be related to IS. In addition, MMP9, ARG1, CA4, CRISPLD2, S100A12, and GZMK were found to be associated with STEMI-related IS. Lastly, the miRNAs targeting each co-DEG may serve as biomarkers or targets for treatment of STEMI-related IS, especially miR-654-5p.
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