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Upregulation of the Long Non-coding RNA LINC01480 Is Associated With Immune Infiltration in Coronary Artery Disease Based on an Immune-Related lncRNA-mRNA Co-expression Network
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Coronary artery disease (CAD) is considered one of the leading causes of death worldwide. Although dysregulation of long non-coding RNAs (lncRNAs) has been reported to be associated with the initiation and progression of CAD, the knowledge regarding their specific functions as well their physiological/pathological significance in CAD is very limited. In this study, we aimed to systematically analyze immune-related lncRNAs in CAD and explore the relationship between key immune-related lncRNAs and the immune cell infiltration process. Based on differential expression analysis of mRNAs and lncRNAs, an immune-related lncRNA-mRNA weighted gene co-expression network containing 377 lncRNAs and 119 mRNAs was constructed. LINC01480 and AL359237.1 were identified as the hub immune-related lncRNAs in CAD using the random forest-recursive feature elimination and least absolute shrinkage and selection operator logistic regression. Furthermore, 93 CAD samples were divided into two subgroups according to the expression values of LINC01480 and AL359237.1 by consensus clustering analysis. By performing gene set enrichment analysis, we found that cluster 2 enriched more cardiovascular risk pathways than cluster 1. The immune cell infiltration analysis of ischemic cardiomyopathy (ICM; an advanced stage of CAD) samples revealed that the proportion of macrophage M2 was upregulated in the LINC01480 highly expressed samples, thus suggesting that LINC01480 plays a protective role in the progression of ICM. Based on the findings of this study, lncRNA LINC01480 may be used as a novel biomarker and therapeutic target for CAD.
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INTRODUCTION

Coronary artery disease (CAD) is one of the most prevalent cardiovascular diseases (CVDs) and one of the leading causes of death worldwide (1). At present, an increasing number of young people have CAD. According to the clinical symptoms, the World Health Organization classified CADs into five types in 1979 (2), namely latent CAD, stable or unstable angina, myocardial infarction, ischemic cardiomyopathy (ICM), and sudden cardiac death (3). Among them, ICM is considered a special type or an advanced stage of CAD (4, 5). The development of CAD is regulated by a combination of genetic and lifestyle-related factors (6), such as environmental and social stress, smoking, unhealthy diet, and chemical contaminant exposure.

The underlying pathological process of CAD involves atherosclerosis, which is considered a chronic inflammatory disease (7). Accumulation of large amounts of low-density lipoprotein (LDL) in the endarterium initiates the formation of atherosclerotic plaques. Moreover, infiltrating LDL particles may be oxidatively modified in the subendothelial space, further aggravating endothelial cell dysfunction. Monocytes/lymphocytes are then recruited to initiate the process of transendothelial migration to the lesion site via adhesion molecules expressed by endothelial cells. Infiltrating monocytes differentiate into macrophages and subsequently internalize the abundant oxidized LDL (OxLDL), finally differentiating into foam cells. The cholesterol-rich foam cell finally dies and becomes an essential component of the plaque necrotic core. Aberrant proliferation and phenotypic transformation of smooth muscle cells and collagen synthesis are important factors in plaque stability (8), which is associated with fibrous cap development. The characteristics of plaques prone to thrombotic events involve a large lipid-filled necrotic core, thin fibrous cap, and persistent inflammatory responses. The clinical symptoms of atherosclerosis include stroke or myocardial infarction, in which thrombotic events occur due to plaque rupture or endothelial erosion. Thus, dysregulation of the immune system is a major cause of atherosclerosis development. Moreover, targeting of specific immune molecules involved in atherosclerosis revealed that they help regulate immune system homeostasis and, thus, disease progression (9).

Long non-coding RNAs (lncRNAs) do not encode proteins. They have a length of > 200 nucleotides and are stable in the peripheral blood or other body fluids. Based on their genomic location, lncRNAs can be divided into six major classes: sense, sense intronic, antisense, bidirectional, enhancer, or intergenic lncRNAs (10, 11). Previously, they were considered “evolutionary junk.” However, increasing evidence has shown that lncRNAs play important roles in multiple diseases, including heart diseases, cancers, and diabetic nephropathy, via epigenetic modifications and transcriptional or post-transcriptional regulation mechanisms (12, 13).

Accumulating evidence has shown that some differentially expressed lncRNAs are associated with atherosclerosis initiation and progression (14). The antisense non-coding RNA in the INK4 locus (ANRIL) is located at the cardiovascular disease risk site on chromosome 9p21 (15). ANRIL knockdown and overexpression experiments confirmed that it plays a role in the regulation of the activities of endothelial cells by modulating the expression levels of CLIP1, EZR, and LYVE1 (16). Furthermore, it serves as a modular scaffold of the WDR5-HDAC3 complex, which promotes the phenotypic transition of vascular smooth muscle cells (17). Metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) is upregulated in CAD blood samples and affects disease development via the mammalian target of rapamycin (mTOR) signaling pathway (18). Furthermore, MALAT1 may facilitate OxLDL-induced endothelial inflammation by upregulating the expression of the miR-181b target gene TOX (19). Expression level of myocardial infarction associated transcript (MIAT) is elevated in the peripheral blood of CAD patients (20); it could induce CD47 expression and thereby inhibit efferocytosis in advanced atherosclerosis by acting as an miR-149-5p sponge (21). Moreover, studies on atherosclerosis mice suggested that MIAT could activate the PI3K/Akt signaling pathway to aggravate atherosclerosis damage (22). These findings suggest that lncRNAs positively participate in modulating atherosclerotic plaques and thus play a role in CAD development.

To date, although some lncRNAs have been reported to be associated with atherosclerosis, there has been no integrated analysis of the immune-related lncRNAs in CAD. In this study, we constructed an intricate immune-related biological network that was associated with the progression of CAD. Furthermore, we identified two novel immune-related lncRNAs as hub molecules and found that they were closely related to the heterogeneity observed in CAD. Interestingly, the expression of LINC01480 was upregulated in the ICM tissue samples, indicating that it may be a potential target to regulate the immune cell infiltration. Overall, the findings of our study greatly improve our understanding of the lncRNA-related immune mechanisms in CAD. In addition, the novel lncRNA LINC01480 identified in this study will help to further understand the immune cell infiltration process in ICM and provide new insights for the development of effective drugs for the treatment of ICM.



MATERIALS AND METHODS


Data Source

Five datasets were used in this study. The CAD-related dataset derived from the peripheral blood mononuclear cells (PBMCs; GSE113079) and the ICM-related datasets derived from the left ventricles (GSE48166, GSE116250, GSE46224, and GSE120825) were downloaded from the Gene Expression Omnibus (GEO) database1 (23). The GSE113079 included 93 CADs and 48 healthy controls (24). The GSE48166 included 15 ICMs and 15 healthy controls. The GSE116250 contained 13 ICMs and 14 healthy controls (25). The GSE46224 included eight ICMs and eight healthy controls (26). In addition, the GSE120825 included five ICMs and five healthy controls (27). The basic information of these datasets is provided in Supplementary Table 1. Moreover, signature sets of the immune-related genes (IRGs) were obtained from the ImmPort database2 (28). The reference human genome (GRCh38) and the genome annotation file (Humo_sapiens.GRCh38.99.gtf) were downloaded from the Ensembl database.



Data Preprocessing

The GSE113079 platform was GPL20115 (Agilent-067406 Human CBC lncRNA + mRNA microarray V4.0) and it was reannotated to obtain unique lncRNA and mRNA probe sets. First, the probe sequences were aligned to the reference human genome (GRCh38) without a mismatch. Then, the Ensembl IDs were transformed to gene symbols using a human genome annotation file (Humo_sapiens.GRCh38.99.gtf) and only those annotated as “lncRNA” or “protein_coding” were retained. If one probe corresponded to multiple Ensembl IDs, it was deleted. Finally, the reannotated GPL20115 platform contained 25530 mRNA probes and 26180 lncRNA probes. The GSE113079 expression profile was annotated using the reannotated GPL20115 platform.

Raw RNA sequencing data (GSE48166, GSE116250, GSE46224, and GSE120825) were transformed into counts and merged. Here, FastQC was used to evaluate the quality of the raw reads. Adaptors and low-quality bases were filtered using Trimmomatic software. Then, the clean reads were aligned to the reference genome via HISAT2. Sequence alignment/map (.SAM) format files were converted into binary alignments/maps (.BAM) format using SAMtools. Eventually, count data were further obtained using htseq-count. The principle that Ensembl IDs were transformed to gene symbols was the same as in GSE113079. In addition, the RNAseq datasets were combined and the batch effects were corrected for subsequent analyses. First, the counts from different datasets were normalized individually via variance stabilizing transformed (VST) function in the DESeq2 package. The removeBatchEffect function of the limma package was used to correct the batch effect (29), and the removal of the batch effects was visualized via principal component analysis (PCA), which was performed via the PCA function in the factoextra package.



Identification of the Differentially Expressed Long Non-coding RNAs and mRNAs

The GSE113079 gene expression matrix was normalized using the normalizeBetweenArrays function of the limma package and annotated using the reannotated GPL20115 platform. If multiple probes corresponded to the same gene, the probe with the maximum average expression was reserved. Differences in the expression levels of the lncRNAs and mRNAs between the CAD and healthy samples were analyzed using the limma package. | log2 (FC)| > 0.8, and adj.P.Value < 0.001 were used to select the DELs. P < 0.05 was the cut-off threshold for differentially expressed mRNAs (DEMs). Differentially expressed immune-related genes (DEIRGs) were identified from the overlapping regions of DEMs and IRGs. Furthermore, the Metascape database3 was used to analyze the biological function of DEIRGs. The statistical significance was set at P < 0.01.



Immune-Related Long Non-coding RNA-mRNA Co-expression Network in Coronary Artery Disease

We used weighted gene co-expression network analysis (WGCNA) to construct a lncRNA-mRNA co-expression network to study the relationship between the DELs and DEIRGs (30). We selected β = 3 as the soft threshold. A weighted correlation coefficient > 0.4 was the criterion for the co-expression network, which was visualized using Cytoscape_v3.7.2 (31).



Screening Hub Immune-Related Long Non-coding RNAs

The random forest-recursive feature elimination (RF-RFE) algorithms with 10-fold cross validation or Bootstrap, and the least absolute shrinkage and selection operator (LASSO) logistic regression with 10-fold cross validation were used for feature selection of the hub immune-related lncRNA molecules for CAD (32, 33), and they were achieved via caret and glmnet packages, respectively. Eventually, the overlapping molecules screened by both algorithms were regarded as crucial molecules for subsequent analysis.



Consensus Clustering Analysis

A consensus clustering algorithm was applied to explore the heterogeneity according to the expression values of the hub immune-related lncRNA molecules. Clustering was performed using unsupervised clustering methods (K-means) with the Euclidean distance, and this procedure was completed using the ConsensuClusterPlus R package. The maximum cluster number was set to 10 and the final cluster number was determined using the consensus matrix. In addition, PCA and Hierachical clustering (Hclust) were used to verify the rationality of clustering. Hclust was performed by using the Hclust function with the Euclidean distance based on the stats R packages.



Gene Set Enrichment Analysis and Gene Set Variation Analysis

GSEA was performed to investigate the specific pathways of subgroups by comparing the CAD samples in each subgroup with the normal controls (34). To preliminary speculate the underling pathways, GSVA was firstly used to assess the relative gene set scores for the samples of ICM datasets. Subsequently, Spearman’s correlation was calculated to explore the relationship between expression value of LINC01480 and the GSVA score of pathways. GSEA was performed using GSEA v4.0.3,4 and a value of P < 0.05, was used to screen the significant differential pathways after performing 1000 permutations. The GSVA scores of the ICM datasets were calculated using the gsva function in the GSVA package. In addition, the Kyoto Encyclopedia of Genes and Genomes (KEGG) gene set collection (c2.cp.kegg.v7.1.symbols.gmt) was used as the input file for both GSEA and GSVA analyses.

Furthermore, we also predicted the function of LINC01480 by analyzing its co-expression genes. These co-expression genes were determined by calculating the Pearson’s correlation coefficient of expression values between LINC01480 and mRNAs in ICMs samples. Pearson’s correlation coefficient > 0.3 and P < 0.05 were used to select the positive co-expression genes of LINC01480, and negative co-expression genes of LINC01480 were screened by Pearson’s correlation coefficient < –0.3 and P < 0.05. Finally, the KEGG pathway analysis was performed using the co-expression genes on the online website DAVID (DAVID Functional Annotation Bioinformatics Microarray Analysis (ncifcrf.gov)), and a value of P < 0.01 was considered statistically significant.



Evaluation of Immune Cell Infiltration by CIBERSORTx Analysis

We uploaded the normalized gene expression values of ICM datasets onto the online website of CIBERSORTx (35), and only the samples with P < 0.05 were reserved for further analysis. Subsequently, the proportion of 22 types of infiltrating immune cells was calculated according to the LM22 file containing the expression values of 547 genes. The close relationship between lncRNAs and proportion of immune cells was evaluated using Spearman’s correlation coefficient, and a value of P < 0.05 was considered statistically significant.



Statistical Analysis

R software was used to evaluate the correlation between the lncRNAs and GSVA scores using Spearman’s correlation analysis. The statistical significance was set at P < 0.01.



Overall Analysis Flowchart

To systematically analyze immune-related lncRNAs and identify hub immune-related lncRNAs in CAD, we used a systematic bioinformatics method to analyze the CAD GSE113079 dataset. The overall flowchart of this study is shown in Figure 1. First, we identified DELs and DEIRGs between the CAD and healthy samples. Subsequently, lncRNA expression patterns were explored by constructing an immune-related lncRNA-mRNA weighted co-expression network. The potential biological functions of DEIRGs were investigated via the Metascape online website. The RF-RFE and LASSO logistic regression algorithms were then combined to screen for crucial immune-related lncRNAs. Furthermore, a consensus clustering analysis was used to study the heterogeneity of CAD disease; GSEA was performed to investigate the biological differences between subgroups and controls. Finally, CIBERSORTx was utilized to explore the relationship between hub lncRNAs and the proportion of infiltrating immune cells in ICM samples, and GSVA was used to study the biological pathways involved in ICM.


[image: image]

FIGURE 1. Flowchart of the data analysis. The analytical procedure for step1 to step3 was performed based on the microarray dataset [GSE113079, derived from PBMCs of coronary artery disease (CADs) and healthy controls], and the analysis of step4 was based on the RNAseq datasets (GSE48166, GSE116250, GSE46224, GSE120825, derived from left ventricles of ICMs and healthy controls). CAD, coronary artery disease; ICM, ischemic cardiomyopathy; DELncs, differentially expressed long non-coding RNAs; DEIRGs, differentially expressed immune-related genes; lncRNA, long non-coding RNA; mRNA, messenger RNA; RF-RFE, random forest-recursive feature elimination; LASSO, the least absolute shrinkage and selection operator; PCA, principal component analysis; Hclust, hierarchical clustering; GSEA, gene set enrichment analysis; GSVA, gene set variable analysis; RNAseq, RNA sequencing.





RESULTS


DEL and DEM Analysis and Differentially Expressed Immune-Related Gene Identification

The limma package was used to analyze the microarray data to identify the significantly expressed molecules in the CAD samples. Subsequently, volcano plots and heatmaps were constructed to visualize the dysregulated lncRNAs (Figures 2A,C) and mRNAs (Figures 2B,D). In total, 978 DELs (612 upregulated and 366 downregulated) and 9884 DEMs (4252 upregulated and 5632 downregulated) were identified, and the top 20 upregulated and downregulated mRNAs and lncRNAs are described in Supplementary Tables 2 and 3. Moreover, 648 DEIRGs were extracted from the intersection of the DEMs and IRGs (Figures 3A,B).
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FIGURE 2. Identification of aberrantly expressed molecules. Volcano plots of DELncs (A) and DEMs (B) in the CAD samples and controls. Heatmaps of DELncs (C) and DEMs (D). Brown and green points correspond to upregulated and downregulated molecules, respectively, and black points indicate that there are no differences in the expression levels of the molecules. DELncs, differentially expressed lncRNAs; DEMs, differentially expressed mRNAs; CAD, coronary artery disease.
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FIGURE 3. Potential biological pathways of DEIRGs in CAD. (A) Venn diagram of the intersections between the DEMs and IRGs and the heatmap of DEIRGs. (B) The network of enriched terms of upregulated DEIRGs (C) and downregulated DEIRGs (D) via the Metascape online website; nodes of the same color belong to the same term. DEIRGs: differentially expressed immune-related genes; CAD, coronary artery disease; DEMs, differentially expressed mRNAs; IRGs, immune-related genes.




Functional Enrichment Analysis of Differentially Expressed Immune-Related Genes

Metascape is a user-friendly and comprehensive database that reveals protein interactions and underlying biological mechanisms. To analyze the underlying roles of the DEIRGs in CAD, we used the Metascape online website to perform Gene Ontology (GO) term and KEGG pathway analyses. The results suggested that both upregulated and downregulated immune mRNAs were enriched in immune-related pathways. For example, upregulated immune mRNAs were involved in cytokine-cytokine receptor interaction, inflammatory response, leukocyte differentiation, and positive regulation of the immune response (Figure 3C). Downregulated immune mRNAs were related to cytokine signaling in the cytokine signaling immune system, natural killer (NK) cell mediated cytotoxicity, T cell receptor signaling pathway, and so on (Figure 3D). Consistent with previous reports, the results indicated that immune-related genes and pathways are positively involved in CAD development.



Construction of the Immune-Related Long Non-coding RNA-mRNA Weighted Co-expression Network

To explore the role of immune-related lncRNAs in CAD, we constructed an lncRNA-mRNA co-expression network between DELs and DEIRGs using WGCNA. WGCNA is frequently used to investigate the complicated relationships among genes and uses a soft threshold to construct a scale-free topology network to emphasize essential molecules.

First, the power value was determined. A power value equal to 3 led to a scale-free topology model fit index > 0.8 and a high average connectivity degree. Therefore, this power value was used for the weighted correlation analysis (Figure 4A). In this study, lncRNAs with a high degree of ≥ 10 were selected to construct the immune-related co-expression network, which comprised 377 lncRNAs and 119 mRNAs (Figure 4B). Furthermore, lncRNAs from the immune-related co-expression network were regarded as immune-related molecules in CAD.
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FIGURE 4. The immune-related lncRNA-mRNA weighted gene co-expression network in CAD. (A) Selection of the soft threshold to analyze the network topology; if a soft-threshold power of 3 is selected, the appropriate scale-free fit index can be attained. (B) The immune-related lncRNA-mRNA weighted co-expression network including 496 network nodes (377 lncRNAs and 119 mRNAs). Orange nodes that denote lncRNAs and green nodes that denote mRNAs. CAD, coronary artery disease; lncRNA, long non-coding RNA.




Screening the Hub Immune-Related Long Non-coding RNA Molecules in Coronary Artery Disease

To screen out the lncRNAs that are crucial for the occurrence and development of CAD, we combined RF-RFE and LASSO logistic regression to perform feature selection. Compared with cross-validation, Bootstrap can avoid the problem of reducing the number of samples by putting them back. Moreover, Bootstrap can also increase the randomness of data. Here, we used the RF-RFE algorithm with 10-fold cross validation to identify 11 immune-related lncRNAs as candidate hub molecules (Figure 5A), while 16 immune-related lncRNAs were identified using the RF-RFE algorithm with Bootstrap (Figure 5B). Furthermore, 12 immune-related lncRNAs were uncovered through LASSO logistic regression algorithm with 10-fold cross validation (Figure 5C). By overlapping the molecules selected by the three algorithms, we obtained two lncRNAs (LINC01480 and AL359237.1), which were regarded as the hub lncRNAs for subsequent analysis (Figure 5D and Supplementary Table 4).
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FIGURE 5. Screening the hub immune-related lncRNAs. (A) RF-RFE algorithm to screen the immune-related lncRNAs; at the highest accuracy level, the minimum number of variables was 11. (B) The minimum number of variables was 16 based on Bootstrap. (C) 10-fold cross-validation for the penalty parameters-lambda selection in the LASSO logistic regression model; 12 variables were reserved when lambda.min was selected. (D) Venn diagram showing the intersections between the hub immune-related lncRNAs obtained by the three algorithms. LASSO, the least absolute shrinkage and selection operator; lncRNAs, long non-coding RNAs; RF-RFE, random forest-recursive feature elimination.




Consensus Clustering Analysis and Gene Set Enrichment Analysis

In clinical research, it has been found that there is heterogeneity in CAD. Therefore, it is of great significance to classify CAD samples for subsequent subgroup targeted therapy.

The gene expression profiles of LINC01480 and AL359237.1, were used to classify 93 CAD samples into subgroups using the unsupervised clustering method (consensus clustering analysis). The consensus matrix indicated that k = 2 was more appropriate, in which cluster 1 contained 56 samples and cluster 2 contained 37 samples (Figure 6A). PCA cluster analysis can be applied to compare the similarities and differences between biological samples. The PCA diagram also showed that there was a significant difference between clusters 1 and 2 (Figure 6B). Furthermore, the result of Hierarchical clustering (Hclust) validated reasonability of classification that the CAD samples were divided into two groups above (Figure 6C), in which cluster 1 contained 59 CAD samples, and cluster 2 included 34 CAD samples. The similarity of classification between K-means and Hclust methods reached 96.7%, which suggested that our results are credible (Supplementary Table 5).
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FIGURE 6. Consensus clustering analysis of the hub immune-related lncRNAs in the CAD samples. (A) The heatmap of the consensus matrix with a cluster count of 2. (B) Two-dimensional PCA cluster plot of the CAD samples; green points denote the samples of cluster 1 and yellow triangles denote to the samples of cluster 2. (C) Unsupervised hierarchical clustering. Clustering was performed for 93 CAD samples based on the expression values of LINC01480 and AL359237.1. The cluster 1 containing 59 samples is colored in blue, and cluster 2 including 34 samples is colored in purple. lncRNA, long non-coding RNA; CAD, coronary artery disease; PCA, principal component analysis; Hclust, hierarchical clustering.


To further analyze the differences between subgroups, GSEA was performed to investigate the underlying biological pathways. The results suggested that several pathways were activated in both subgroups, including vascular smooth muscle contraction, arrhythmogenic right ventricular cardiomyopathy, calcium signaling pathway, hypertrophic cardiomyopathy, etc. Some pathways were inhibited, including glycosaminoglycan biosynthesis, keratan sulfate biosynthesis, T cell receptor signaling pathway, and basal transcription factors. Furthermore, tight junction production, arachidonic acid metabolism, leukocyte transendothelial migration, renin angiotensin system, and ECM receptor interaction were upregulated and regulation of autophagy was downregulated in cluster 2. These results suggest that patients in cluster 2 had a violent development of CVD (Figures 7A, B).
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FIGURE 7. The Gene set enrichment analysis (GSEA) of different subgroup in the CAD samples. GSEA was used to explore the differences between the biological pathways of cluster 1 (A) and cluster 2 (B); x-axis represents the NES and the asterisks denote the pathways associated with cardiovascular disease. In addition, the unique aberrant pathways were marked in red in cluster 2 compared to cluster 1. GSEA, gene set enrichment analysis; NES, normalized enrichment score.




Immune Cell Infiltration Analysis in ICM

ICM is characterized by diffuse fibrosis of the myocardium resulting from prolonged myocardial ischemia due to atherosclerosis of the coronary artery. To clean damaged or dead cells from the infarct site, an inflammatory cascade of signals is triggered, leading to the infiltration of immune cells. However, chronic activation of the immune system can also lead to adverse myocardial effects. Therefore, modulating the infiltration of immune cells to regulate the immune response seems to be a practical way to control disease deterioration.

CIBERSORTx is a deconvolution algorithm that can calculate the infiltration proportion of 22 types of immune cells according to the LM22 reference matrix. First, an independent expression matrix (GSE_merge) was formed after four datasets of ICM were combined, and batch effects were removed. Furthermore, the PCA diagram showed that batch effects from different datasets of ICM were removed (Supplementary Figures 1A, B). Eventually, the independent expression matrix was uploaded into CIBERSORTx to calculate the proportion of immune cells. Compared with the normal controls, the violin plot showed that the proportion of resting T cells CD4 memory (P = 0.001), resting NK cells (P = 0.002), macrophages M0 (P = 0.013), dendritic cells resting (P = 0.027), and mast cell activation (P = 0.008) increased. However, the proportion of T cells CD4 memory activated (P = 0.046) decreased in the ICM samples (Supplementary Figure 2).

Notably, we found that the expression of LINC01480 was upregulated in ICM left ventricles (Figure 8A). Therefore, we investigated whether LINC01480 affects the infiltration of immune cells. First, we classified the immune cell infiltration matrix of ICM samples into high- and low-expression groups using the median LINC01480 expression value. The results suggested that the infiltration proportion of M2 macrophages (P = 0.001) was significantly increased in the LINC01480-highly expressed group (Figure 8B). Subsequently, we found that LINC01480 was positively correlated with mast cell activation (cor = 0.444, P = 0.004), macrophages M0 (cor = 0.380, P = 0.014), and follicular helper T cells (cor = 0.333, P = 0.034) in the ICM samples by calculating the Spearman’s correlation (Figure 8C).
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FIGURE 8. Correlation of the proportion of infiltrating immune cell with the expression of LINC01480. (A) LINC01480 showed significant upregulation both in CAD dataset (GSE113079) and ICM datasets (GSE_merge, matrix of the merged and removing batch effects of GSE48166, GSE116250, GSE46224, and GSE120825). (B) Violin plot showing the ratio of differentiation of 22 kinds of immune cells among the ICM samples with low or high expression levels of LINC01480 relative to the median of LINC01480 expression level; Wilcoxon rank-sum test was used as the significance test. The red mark indicates the difference in the infiltration between the two groups of samples. (C) Spearman’s correlation analysis of LINC01480 and the infiltrating immune cells; immune cells with statistically significant were marked in red color with P < 0.05. (D) Spearman’s correlation analysis of LINC01480 and GSVA scores of the KEGG pathways; the statistically significant pathways were visualized with P < 0.01. CAD, coronary artery disease; ICM, ischemic cardiomyopathy; KEGG, Kyoto Encyclopedia of Genes and Genomes; GSVA, gene set variable analysis. 0.001 < **P < 0.01, ***P < 0.001.


Then, we primarily speculated the biological pathways involving LINC01480 in ICM. By calculating the Spearman’s correlation between the expression value of LINC01480 and the GSVA score of pathways, we found that LINC01480 was positively correlated with the GSVA scores of graft versus host disease (cor = 0.429, P = 0.005), other types of glycan degradation (cor = 0.424, P = 0.006), and type I diabetes mellitus (cor = 0.407, P = 0.008), and the GSVA score of dilated cardiomyopathy (cor = –0.406, P = 0.008), proximal tubule bicarbonate reclamation (cor = –0.427, P = 0.005), mTOR signaling pathway (cor = –0.431, P = 0.005), starch and sucrose metabolism (cor = –0.459, P = 0.003), type II diabetes mellitus (cor = –0.468, P = 0.002), regulation of autophagy (cor = –0.505, P = 0.001), and insulin signaling pathway (cor = –0.578, P = 0.001) were negatively correlated with the expression of LINC01480 (Figure 8D).

Finally, we also predicted the function of LINC01480 by analyzing its co-expression genes. We totally identified 2193 positive co-expression genes and 1133 negative co-expression genes by Pearson’s analysis. The results indicated that the KEGG pathways of immune cell adhension, migration, and activation were positively correlated with LINC01480 by analyzing the positive co-expression genes (Supplementary Table 6). On the other hand, multiple heart diseases, the insulin signaling pathway, and Type II diabetes mellitus were negatively correlated with LINC01480 by analyzing the negative co-expression genes. This result is similar to previous results from GSVA analysis, which demonstrated that LINC01480 might promote immune cell infiltration and inhibit the insulin signaling pathway to play a protective role in ICM (Supplementary Table 7).

In conclusion, the immune cell infiltration analysis and pathway analysis suggested that LINC01480 might play a protective role in the progression of ICM.




DISCUSSION

CAD accounts for the largest proportion of CVDs and causes serious damage to the body, affecting the patient’s quality of life. ICM is considered a special type or advanced stage of CAD and is the major cause of heart failure (HF). Atherosclerosis is the underlying pathological process of CAD, which involves a series of immune cells and immune molecules. Accumulating evidence indicates that many aberrantly expressed lncRNAs participate in multiple atherosclerosis processes, including disturbances in lipid metabolism (36, 37), endothelial cell dysregulation (38), and foam cell formation (39). The low cost of next-generation sequencing technologies leads to more sequencing data being stored in public databases, which allows researchers to easily explore gene interactions and crucial molecules. This study aimed to systematically analyze immune-related lncRNAs in CAD and investigate the relationship between hub immune-related lncRNAs and immune cell infiltration in ICM, which might provide new insights for targeted therapy and drug design.

We first identified DELs and DEIRGs based on the GSE113079 dataset and immune gene list from the ImmPort database. As expected, both the upregulated and downregulated immune mRNAs were enriched in a series of immune-related pathways, such as cytokine production, leukocyte differentiation, NK cell mediated cytotoxicity, and T cell receptor signaling pathway. This indicates that disordered immune-related genes and pathways are involved in the development of CAD, which is consistent with previous reports. Subsequently, a weighted co-expression network was constructed to investigate the expression patterns of DELs and DEIRGs. The constructed immune-related lncRNA-mRNA weighted co-expression network comprised 377 lncRNAs and 119 mRNAs. To our knowledge, this is the first time that immune-related lncRNAs have been systematically studied through co-expression network analysis in CAD. RF-RFE is also a popular feature selection method that searches for the optimal feature set by removing the feature with the lowest influence on the performance of the random forest model from the feature set during each iteration. LASSO logistic regression is a classical method for feature selection, the principle of which is to eliminate some variables using the penalty argument-lambda. Therefore, we used the RF-RFE and LASSO logistic regression algorithms to further screen crucial lncRNAs. Eventually, we identified AL359237.1 and LINC01480 as hub lncRNAs by combining the two algorithms, which were all upregulated in CAD samples.

In the original article on GSE113079 by Li et al., the authors identified 1210 lncRNAs and 890 differentially expressed mRNAs from the expression profile and validated seven lncRNAs. Subsequently, they identified two novel lncRNAs (ENST00000444488.1 and uc010yfd.1) as biomarkers for CAD diagnosis (24). In addition, new lncRNAs were uncovered by mining the GSE113079 again. For example, Zhang et al. found that 12 circulating upregulated and 1 downregulated apoptosis- and autophagy-related lncRNAs could be diagnostic biomarkers for CAD (40). Sun et al. found that lnc-KCNC3-3:1, an upregulated lncRNA, could alleviate the development of atherosclerosis via downregulation of the JAK1/STAT3 signaling pathway (41). Xu et al. found that eight epithelial-mesenchymal transition-related lncRNAs are potential biomarkers in CAD (42). Liu et al. found that AC010082.1 and AC011443.1 could be biomarkers of CAD based on the ceRNA mechanism and logistic stepwise regression prediction model, and they validated that these lncRNAs were upregulated in CADs using RT-PCR (43). In this study, we also uncovered two new lncRNAs (AL359237.1 and LINC01480) by mining the GSE113079 dataset, which might predict the progression of atherosclerosis. Unlike others, our focus is on the lncRNAs that are involved in immune regulation in CADs, and these two lncRNAs are closely related to the immune system.

Furthermore, we found that CAD samples could be divided into two clusters by k-means, and PCA and Hclust cluster analysis suggested that it was reasonable. Due to the lack of clinical information, the direct correlation between hub lncRNAs and disease progression could not be explored. It might be a good idea to infer the risk of disease by pathway enrichment analysis for different subgroups. Further enrichment analysis showed that cardiovascular disease-related pathways, such as dilated cardiomyopathy, arrhythmogenic right ventricular cardiomyopathy, and hypertrophic cardiomyopathy, were positively correlated with both subgroups, which suggested that the pathway enrichment analysis method was reliable. In addition, calcium signaling pathway and cell adhesion molecules were also activated, and the T cell receptor signaling pathway was inhibited in both subgroups. Previous studies have demonstrated that these pathways play a critical role in atherosclerosis. For example, dysregulation of the calcium signaling pathway might result in an imbalance of intracellular calcium homeostasis, inducing turbulence in cardiomyocyte contraction and leading to the development of different CVDs (44). The adhesion molecules that are highly expressed on the surface of endothelial cells recruit immune cells to injured sites, which is the initial event in atherosclerosis development (45).

It is worth noting that patients in cluster 2 were involved in more cardiovascular risk pathways. For example, arachidonic acid metabolism, leukocyte transendothelial migration, renin angiotensin system (RAS), and ECM receptor interaction are activated, but the regulation of autophagy is inhibited. The main function of RAS is to maintain the homeostasis of the body environment, and the RAS can promote cardiac and vascular damage by triggering inflammation and structural remodeling under pathophysiological conditions (46). If the degradation of the extracellular matrix is faster than its synthesis, it will make the plaque more prone to rupture because of its thinner fiber cap (47). Furthermore, the composition of the cardiac extracellular matrix due to mechanical stress contributes to the pathogenesis of HF (48). Therefore, we speculate that cluster 2 had advanced disease progression and was prone to exhibit symptoms. Notably, we found that LINC01480 was upregulated in ICM tissues. Therefore, CIBERSORTx was used to further investigate the relationship between LINC01480 and immune cell infiltration. The results showed that the proportion of M2 macrophages was increased in the LINC01480-highly expressed samples. M2 is considered a class of anti-inflammatory macrophages, suggesting that LINC01480 plays an anti-inflammatory role with an increase in its expression level.

By analyzing the correlation between LINC01480 and immune cells, it was found that LINC01480 was significantly positively correlated with the activated mast cells, macrophages (M0), and T follicular helper cells. In addition, the KEGG pathway analysis by GSVA scores and co-expression genes suggested that LINC01480 was positively correlated with type I diabetes mellitus and some pathways involving in immune cell adhesion, migration and activation, and it was negatively correlated with mutiple heart diseases, mTOR signaling pathway, type II diabetes mellitus and the insulin signaling pathway. Type II diabetes mellitus is a classical risk factor for atherosclerosis and is closely correlated with high cholesterol levels and high blood pressure. The Framingham Heart Study suggested that type II diabetes mellitus could increase the risk of CVD by 2- to 3-folds (49). Furthermore, mTOR is a key mediator of the insulin signaling pathway. Therefore, short-term treatment with rapamycin, an mTOR inhibitor, is a promising treatment strategy for acute myocardial infarction and cardiac hypertrophy (50). Based on the results of previous studies, we speculated that LINC01480 inhibits the development of ICM by downregulating the mTOR signaling pathway to reduce the risk of type II diabetes mellitus. We also hypothesized that it would promote the infiltration of M0 and induce its further differentiation into M2, thereby acting as an anti-inflammatory agent.

Previous studies indicated that LINC01480 is dysregulated in multiple cancers (51–55). For example, Chen et al. found that LINC01480 was specifically upregulated in endometrial cancer and could distinguish endometrial cancer from ovarian and cervical cancers (52). Furthermore, Yuan et al. revealed that LINC01480 is an immune microenvironment-related lncRNA in lung adenocarcinoma based on the ESTIMATE method to evaluate the degree of immune infiltration and correlation analysis (54). This is consistent with our finding that LINC01480 plays an important role in immune cell infiltration. However, LINC01480 has not been reported in CVD. Therefore, our findings may provide a direction to investigate it in CAD.

In summary, we systematically analyzed the immune-related lncRNAs in CAD via WGCNA. Moreover, we identified two novel lncRNAs (LINC01480 and AL359237.1) that are closely related to the heterogeneity in CAD. Furthermore, we found that LINC01480 was upregulated in the ICM samples, which might play a protective role in ICM. Therefore, our results have laid the foundation for further exploration of the mechanism underlying the immune system dysfunction as well as the roles of immune-related lncRNAs in CAD. Finally, it should be emphasized that there are lacking of relative wet experiments to validate our findings. A large number of clinical patient fellow-up data are need to confirm the feasibility of clustering, and more cellular experiments are necessary to perform for further exploring the functional mechanism of these two lncRNAs in CAD. Only in this way, can LINC01480 be developed as a truly valuable marker for clinical diagnosis and treatment in the future.
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