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Sepsis is a highly heterogeneous syndrome that is caused by an unbalanced host response to an infection. Long noncoding RNAs (lncRNAs) have been reported to exert regulatory roles in a variety of biological processes, and became potential biomarkers and therapeutic targets for diverse diseases. However, current understanding on the roles of lncRNAs in sepsis is extremely limited. Herein, to decipher the underlying functions of lncRNAs, we reexplored the 83 transcriptome datasets from specimens with sepsis, no_sepsis by final diagnosis, and control. The results of differentially expressed genes (DEGs), differentially expressed lncRNA (DElncRNA) analysis, and co-expression analysis of lncRNA–mRNA pairs were obtained. We found that the expression pattern of lncRNAs was significantly activated in sepsis specimens, which was clearly distinguished in sepsis from no_sepsis and control specimens. By performing co-expression analysis, we found DElncRNAs were closely related to T-cell activation and immune response–related terms in sepsis by regulating mRNA expression in the trans manner. The lncRNA–mRNA network and the qRT-PCR test revealed that lncRNAs LINC00861, RP11-284N8.3, and CTB-61M7.2 were significantly correlated with the pathogenesis of sepsis. In addition, weighted gene co-expression analysis (WGCNA) and cis-regulation analysis also revealed sepsis-specific lncRNAs were highly associated with important biological processes correlated with sepsis. In summary, the systematic dysregulation of lncRNAs is tightly involved in the remodeling of gene expression regulatory network in sepsis, and the lncRNA–mRNA expression network may be used to refine biomarker predictions for developing novel therapeutic approaches in sepsis.
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INTRODUCTION
Sepsis is defined as a life-threatening multi-organ dysfunction caused by a dysregulated host response to infection (Singer et al., 2016). Despite continuous progress in earlier recognition and treatment, unfortunately sepsis remains the leading cause of death in the critically ill patient population, with few therapeutic options due to early-stage uncontrolled inflammation together with late-stage protracted immunosuppression (Dombrovskiy et al., 2007; Melamed and Sorvillo, 2009; van der Poll et al., 2017). Annually, over 30 million people are affected by sepsis, and approximately 30% of those affected die (Fleischmann et al., 2016; Cheng et al., 2018). It should be noted that patients who survive sepsis often suffer from a poor long-term outcome with risk of cognitive and physical impairments (Iwashyna et al., 2010). In light of this fact, sepsis has been described as the quintessential medical disorder of the twenty-first century (Reinhart et al., 2017). In such a context, substantial research progress has been made in recent years to understand the basic mechanisms underlying sepsis pathogenesis and to identify potential biomarkers and targets for use as diagnostic, therapeutic, and prognostic tools. Of note, special attention has been paid to investigate the roles of long noncoding RNAs (lncRNAs) in sepsis.
LncRNAs are defined as a class of nonprotein-coding transcripts with a length of more than 200 nucleotides (Kung et al., 2013). Due to the properties of participating in chromatin rearrangement, histone modification, and modification of alternative splicing genes, as well as the regulation of gene expression, lncRNAs have emerged as important factors contributing to the development and progression of various diseases (Esteller, 2011; Schonrock et al., 2012; Beermann et al., 2016; Gu et al., 2018; Zhang et al., 2019a). As a benefit from the advance of next‐generation sequencing technology, a limited number of sepsis-associated lncRNAs had been identified (Cui et al., 2014; Du et al., 2017; Pellegrina et al., 2017; Zhang et al., 2019b; Bai et al., 2020). Geng et al. (Geng et al., 2019) demonstrated that lncRNA MALAT1 expression was elevated in adults with sepsis and suggested lncRNA MALAT1 could be developed as a potential biomarker for facilitating diagnosis and management in sepsis. Likewise, high lncRNA NEAT1 expression showed close correlation with increased disease risk, enhanced severity, and higher 28-day mortality in sepsis (Yang et al., 2020). Bai et al. (Bai et al., 2020) also identified four pediatric sepsis-associated lncRNAs, including RP11-1220 K2.2.1–7, ANXA3–2, TRAPPC5–1, and ZNF638–1. These lncRNAs were significantly highly expressed in septic children and could be novel biomarkers for pediatric sepsis. As is well known, lncRNAs can interact with miRNAs or mRNAs to involve in the pathogenesis of diverse diseases. Wei et al. (Wei et al., 2020) provided experimental evidence that the upregulation of lncRNA NEAT1 could interact with miR-144-3p to aggravate sepsis-induced myocardial cell injury through the NF-κB signaling pathway. Significantly, Cheng and his colleagues (Cheng et al., 2020) recently found five lncRNAs (FENDRR, MALAT1, TUG1, CRNDE, and ANCR) were correlated with sepsis-associated mRNA modules perhaps by acting as competing endogenous RNAs (ceRNAs). However, there have been only limited studies to investigate the lncRNA–mRNA expression network in sepsis, and the roles of sepsis-associated lncRNAs have not been fully elucidated, which may impede further study on the complex molecular mechanism of this deadly disease.
In the present study, our objectives are to 1) profile the differentially expressed (DE) lncRNAs and mRNAs expressed in sepsis based on a public RNA-seq data, 2) construct a novel co-expression network for DElncRNAs and DEmRNAs, 3) predict the target genes of trans- and cis-acting lncRNAs and their functions, and 4) identify some potential key pairs of lncRNAs and trans-targets in blood samples from septic patients for a future study of sepsis. These findings will contribute to a comprehensive understanding of the involvement of lncRNAs in sepsis and provide potential candidate lncRNAs for the diagnosis and treatment of sepsis.
MATERIALS AND METHODS
Retrieval and Processing of Public Data
Public sequence data files of GSE63311 deposited by Pena et al. (Pena et al., 2014) were downloaded from the Sequence Read Archive (SRA) (https://www.ncbi.nlm.nih.gov/geo/). The GSE63311 dataset contains 83 RNA-seq samples in whole blood cells from 11 healthy controls and 72 suspected septic patients, who were retrospectively classified as “sepsis (n = 37)” and “no_sepsis (n = 35).” SRA run files were converted to fastq format with NCBI SRA Tool fastq-dump. The raw reads were trimmed of low-quality bases using a FASTX-Toolkit (v.0.0.13; http://hannonlab.cshl.edu/fastx_toolkit/). Finally, the clean reads were evaluated using FastQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/).
Reads Alignment and Differentially Expressed Gene Analysis
The high-quality clean reads were aligned to a complete human genome (GRCH38) by TopHat2 (Kim et al., 2013), allowing four mismatches. Uniquely mapped reads were ultimately used to calculate read number and reads per kilobase of exon per million fragments mapped (RPKM) for each gene. The expression levels of genes were evaluated using RPKM. The software edgeR (Robinson et al., 2010) was applied to screen the RNA-seq data for the differential expression of genes (DEGs). The results were analyzed based on the fold change (FC ≥ 2 or ≤ 0.5) and the false discovery rate (FDR ≤ 0.05) to determine whether a gene was differentially expressed.
LncRNA Prediction and Direction Identification
To systematically analyze the lncRNA expression pattern, we used a pipeline for lncRNA identification similar as previously reported (Liu et al., 2017), which was constructed based on the cufflink software (Trapnell et al., 2012). All steps of the pipeline have been shown in Figure 1A.
[image: Figure 1]FIGURE 1 | A comprehensive catalog and expression analysis of lncRNA genes in sepsis, no_sepsis, and control specimens. (A) Flowchart illustrated the experimental design and bioinformatic analysis pipeline for the identification and functional annotation of lncRNA genes expressed in sepsis, no_sepsis, and control specimens. (B) Venn diagram showed all the detected and overlapped lncRNAs in sepsis, no_sepsis, and control specimens. LncRNAs that have RPKM >= 0.2 in no less than two samples were considered as expressed in the group. (C) Principal component analysis (PCA) showed the distribution of all sepsis, no_sepsis, and control specimens based on the normalized expression level of all detected lncRNAs. The samples were grouped by Flowchart the disease state, and the ellipses for each group represent the confidence ellipse. (D) Volcano plot showed the distribution of DElncRNAs in the sepsis group compared with the no_sepsis group. Red and blue points indicate upregulated (FC > 2 and FDR < 0.05) and downregulated (FC < 0.5 and FDR < 0.05) genes, respectively. Black points indicated non-DElncRNAs. (E) Bar plot showed the number of upregulated (red) and downregulated (blue) DElncRNAs from the three comparison pairs. (F) Hierarchical clustering heatmap showed the normalized expression pattern of all DElncRNAs identified in (E). (G) Box plot showed the expression levels of lncRNA MATLA1 and TUG1 in the RNA-seq dataset used in this study.
WGCNA and Co-Expression Analysis
To fully understand the gene expression pattern and to cluster genes that have similar expression pattern with default parameters, we applied weighted gene co-expression network analysis (WGCNA) (Langfelder and Horvath, 2008). All expressed genes were used as input data. Eigengenes for each clustering module were used as the representative expression pattern of genes in each module. To explore the regulatory mode between lncRNAs and their host mRNAs, we calculated Pearson’s correlation coefficients (PCCs) between them and classified their relation into three classes: positive correlated, negative correlated, and non-correlated, based on the PCC value. p-value < 0.01 and absolute PCC > 0.6 between lncRNAs and mRNAs were picked out to draw networks by program Cytoscape (Shannon et al., 2003).
Functional Enrichment Analysis
To sort out functional categories of DEGs, Gene Ontology (GO) terms and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were identified using KOBAS 2.0 server (Xie et al., 2011). The hypergeometric test and the Benjamini–Hochberg false discovery rate (FDR) controlling procedure were used to define the enrichment of each term. Reactome (http://reactome.org) pathway profiling was also used for functional enrichment analysis of the sets of selected genes.
Other Statistical Analysis
Principal component analysis (PCA) was performed by R package factoextra (https://cloud.r-project.org/package=factoextra) to show the clustering of samples with the first two components. After normalizing the reads by TPM (tags per million) of each gene in samples, in-house script (sogen) was used for visualization of next-generation sequence data and genomic annotations. The pheatmap package (https://cran.r-project.org/web/packages/pheatmap/index.html) in R was used to perform the clustering based on Euclidean distance. Student’s t test was used for comparisons between two groups.
Validation of Gene Expression in RNA-Seq by qRT-PCR Analysis
In this study, to evaluate the validity of the lncRNA–mRNA expression changes in RNA-seq data, qRT-PCR was performed for the selected DElncRNAs and DEmRNAs. Whole blood samples were obtained from 19 healthy controls and 23 septic patients (Table 1 and Supplementary Table 1) in our hospital, which is a tertiary academic medical center with about 5,000 beds. This process was approved by the Ethics Committee of Henan Provincial People’s Hospital, as well as the agreement of all volunteers. We have strictly kept the standard biosecurity and institutional safety procedures in our country and area (Biosecurity Law of People’s Republic China). All the blood samples were processed immediately after collection for the isolation of peripheral blood mononuclear cells (PBMCs), which were stored at −80°C before RNA extraction.
TABLE 1 | Clinical characteristics of the sepsis and control groups used in qRT-PCR validation.
[image: Table 1]First, total RNA from individuals subjected to sepsis (n = 23) and controls (n = 19) was extracted from PBMCs using the TRIzol reagent (Invitrogen) according to the manufacturer’s instructions. The RNA integrity of each sample was estimated using a 1.5% agarose gel electrophoresis and quantified by spectrometer. Then, 10 μg of the purified RNA was reverse-transcribed and taken for complementary DNA by PrimeScript RT Reagent Kit (Takara). Subsequently, qRT-PCR was conducted by using TB Green Fast qPCR Mix (Takara), specific primers (Table 2), and the following amplification conditions: denaturing at 95°C for 30 s, followed by 40 cycles of denaturing at 95°C for 10 s, and annealing and extension at 60°C for 30 s. Relative gene expression was determined by employing the 2−ΔΔCT method and normalized against GAPDH. The Mann–Whitney U test was carried out to determine the expression difference between sepsis and control group. Statistical analyses were carried out using GraphPad Prism software (Mitteer et al., 2018). All p-values are two-sided. p < 0.05 was considered as statistically significant.
TABLE 2 | Primer sequences used for qRT-PCR analysis.
[image: Table 2]RESULTS
Genome-wide Profiling of the lncRNA Expression Associated with Sepsis
To investigate the expression change and molecular functions of lncRNAs in sepsis, we utilized the transcriptome sequencing data (RNA-seq) from 83 whole blood specimens (Pena et al., 2014), including 37 septic patients, 35 no_sepsis patients by final diagnosis, and 11 healthy controls. After obtaining the quality filtered reads, we aligned them to the human GRCH38 genome by TopHat2 (Kim et al., 2013). LncRNA prediction and functional analysis pipeline were conducted following a published method (Liu et al., 2017), which was illustrated in Figure 1A. After predicting novel lncRNAs and obtaining the expressed lncRNAs, we found the known lncRNAs occupied the most part of all lncRNAs (Supplementary Figures 1A,B). Most of the novel predicted lncRNAs were detected in all the three groups (Supplementary Figure 1A). Finally, we detected 1,218, 4,180, and 4,322 lncRNAs from control, no_sepsis, and sepsis groups, respectively. By comparing the exon number of lncRNAs and mRNAs, we found more than 90% of novel lncRNAs only had one exon, which was distinct from known lncRNAs and mRNAs (Supplementary Figure 1B). Length distribution analysis of lncRNAs and mRNAs also revealed the feature of lncRNAs that were shorter than mRNAs (Supplementary Figure 1C). We found 1,162 lncRNAs were detected in all the three groups, while only 10 specific lncRNAs were detected in the control group. Although a total of 3,164 lncRNAs were shared by the two sick groups, 982 and 1,146 lncRNAs were specifically detected in no_sepsis and sepsis groups, respectively (Figure 1B), indicating that lncRNAs were globally activated in sepsis and could distinguish sepsis from no_sepsis at initial clinical presentation.
To further explore the expression features of lncRNAs from these three groups, we performed principal component analysis (PCA) for both lncRNAs and mRNAs. Based on the expressed lncRNAs, we found sepsis and control specimens could be separated by the second component, while no_sepsis samples were in the middle (Figure 1C). Analysis based on the expressed mRNAs also showed similar results with lncRNAs (Supplementary Figure 1D), suggesting that the transcriptome profile was significantly changed between control/no_sepsis and sepsis specimens. We then performed differentially expressed lncRNA (DElncRNA) analysis for these three groups by edgeR (Robinson et al., 2010) with |log2 fold change| > 1 and a false discovery rate (FDR) < 0.05 as the criteria. By presenting the DElncRNA results between sepsis and no_sepsis, we found the upregulated DElncRNAs in sepsis were dominant (Figure 1D). DElncRNA statistical results also showed lncRNAs were globally upregulated in sepsis specimens, as well as no_sepsis specimens when compared with control (Figure 1E). Heatmap presentation of all the DElncRNAs also revealed the higher expression level of lncRNAs in sepsis and no_sepsis specimens (Figure 1F). In one previous study, five lncRNAs, including FENDRR, MALAT1, TUG1, CRNDE, and ANCR, were associated with sepsis (Cheng et al., 2020). We then analyzed their expression level in this dataset. Only MALAT1 and TUG1 were detected (RPKM > 0.2 in at least two samples of one group) in the RNA-seq data, and their expression levels were significantly different between no_sepsis and sepsis samples (Figure 1G). These results together indicated that lncRNAs were globally activated and showed distinct expression pattern in patients with sepsis.
Co-Expression Analysis Between lncRNAs and mRNAs Revealed the Regulation Functions in a Trans Manner
To further explore the functions of DElncRNAs in sepsis, we performed co-expression analysis between lncRNAs and mRNAs based on the concept that genes with a correlated expression pattern may have similar functions or be regulated with each other in a trans manner. Pearson’s correlation coefficients (PCCs) were calculated between DElncRNAs and DEmRNAs for each pair. p-value < 0.01 and absolute PCC > 0.6 were set as the criteria to predict lncRNA–mRNA pairs. Functional analysis of co-expressed DEmRNAs was performed by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. As a background, we first analyzed the DEmRNA–DEmRNA pairs and explored their functions. The results revealed immune response– and T-cell stimulation–related terms were enriched, which could represent the function of DEmRNAs (Supplementary Figure 2A). We finally obtained 241 lncRNA–mRNA pairs in sepsis vs. no_sepsis groups, including 35 DElncRNAs and 124 DEmRNAs. By plotting the co-expressed DEmRNA number and enrichment of DElncRNAs, we found several DElncRNAs were highly enriched (>2) and abundantly co-expressed with DEmRNAs (>10 DEmRNAs), including LINC00861, CTB-61M7.2, RP1-78O14.1, RP11-703G6.1, and RP11-291B21.2 (Figure 2A). We found that co-expressed DEmRNAs were particularly enriched in T-cell activation– and immune response–related GO biological process (BP) terms (Figure 2B). KEGG enrichment analysis also revealed similar functional pathways (Supplementary Figure 2B). To find out the details of the lncRNAs co-expressed with mRNAs in Figure 2B, we generated a regulatory network between DElncRNAs and DEmRNAs using Cytoscape software (Shannon et al., 2003). We found 13 DElncRNAs and 46 DEmRNAs participated in the T-cell activation and immune response network (Figure 2C). Specially, lncRNA LINC00861 was co-expressed with the most DEmRNAs in the T-cell activation and immune response network (Figure 2C). Using the same methods, we explored the DElncRNA–DEmRNA pairs and their functions in sepsis vs. control groups (Supplementary Figure 2C). Functional analysis of the co-expressed DEmRNAs in sepsis vs. control also revealed the T-cell activation– and immune response–related terms (Supplementary Figure 2D). Several lncRNAs, including CTB-61M7.2, LINC00861, and RP11-284N8.3, were detected in sepsis vs. no_sepsis and sepsis vs. control groups. We then plotted the expression level of the lncRNA–mRNA pair of CTB-61M7.2-ACSL1 in these three groups and found they were significantly upregulated in sepsis specimens compared with control and no_sepsis (Figure 2D), whereas the two RP11-284N8.3-CD2 and LINC00861–IL7R pairs were significantly downregulated in sepsis (Figure 2D). Taken together, these results suggested DElncRNAs in sepsis have potential roles in regulating the expression of genes involved in T-cell activation and immune response functions.
[image: Figure 2]FIGURE 2 | Co-expression network illustration between DElncRNAs and DEmRNAs. (A) Scatterplot showed the relationship between enrichment scores and co-expressed DEmRNA numbers of DElncRNAs in sepsis compared with no_sepsis samples. Red points denote upregulated lncRNAs involved in co-expression pairs, and blue points denote downregulated lncRNAs. Cutoffs of p-value < 0.01 and Pearson’s coefficient > 0.6 were applied to identify the co-expression pairs. (B) Bar plot showed the top 10 most enriched GO terms (biological process, BP) of the DEmRNAs co-expressed with DElncRNAs. (C) Co-expression network showed the interaction between DElncRNAs and DEmRNAs that were involved in the top 10 GO BP terms showed in (B). DElncRNAs were on the left panel, their co-expressed DEmRNAs were in the center panel, and the DEmRNA-enriched GO BP terms were on the right panel. (D) Box plot showed the expression pattern of three lncRNA–mRNA pairs (CTB-61M7.2-ACSL1, RP11-284N8.3-CD2, and LINC00861-IL7R) from RNA-seq analysis results (GSE63311). (E) Bar plot showed the validation results of the three lncRNA–mRNA pairs in (D) by qRT-PCR experiment. ***p < 0.001, two-tail unpaired t-test.
Validation of lncRNA-Regulated Gene Expression Network by qRT-PCR
To validate the reliable expression changes of the sepsis-associated lncRNAs participated in trans-regulation detected in GSE63311 RNA-seq data, the three DElncRNAs (CTB-61M7.2, RP11-284N8.3, and LINC00861) and three highly co-expressed DEmRNAs (ACSL1, CD2, and IL7R) in the co-expression network (Figure 2C) were further selected for qRT-PCR validation using the blood samples collected from 19 normal controls and 23 patients with sepsis. The independent validation samples were chosen with matched gender information between control and sepsis individuals (Table 1 and Supplementary Table 1), while the age difference between control and sepsis samples was significant because of the unobtainable reason of old and healthy individuals in a short time. As presented in Figure 2E, the expression levels of the RP11-284N8.3-CD2 and LINC00861-IL7R in sepsis group were significantly lower than those of control group, whereas the CTB-61M7.2-ACSL1 was significantly upregulated in sepsis vs. control groups (p < 0.001 respectively). The qRT-PCR results were consistent to those acquired from RNA-seq in GSE63311 (Figure 2D), suggesting that expression levels of the three lncRNAs (CTB-61M7.2, LINC00861, and RP11-284N8.3) were changed in septic patients, and could be potential novel biomarkers and targets for facilitating diagnosis and management in sepsis.
Details of these results are provided in Supplementary Table 2.
WGCNA Analysis of lncRNA–mRNA Co-expression Modules
Besides co-expression analysis, weighted gene co-expression network analysis (WGCNA) is another powerful method to decipher the underlying regulatory network between lncRNAs and mRNAs (Langfelder and Horvath, 2008). We combined the expression file of DElncRNAs and DEmRNAs together to perform WGCNA to obtain nine consistent expression modules, which contained 65 to 5,175 genes. Hierarchical clustering dendrogram showed the smaller distance within modules (Supplementary Figure 3A). Then module-trait association analysis was performed to explore the correlation between modules and specimen groups (trait). We found four modules, including black, blue, brown, and green, were significantly associated with the three groups. Green and brown modules were positively associated with the control group, while black and blue modules were positively associated with the no_sepsis group. All the four modules were negatively associated with sepsis group (Figure 3A). Eigengene bar plot presentation of these four modules showed higher expression level in no_sepsis group for black, blue, and brown modules, and higher expression level in control group for green module (Supplementary Figure 3B–E). We then calculated the fold change of lncRNAs and mRNAs from these four modules in sepsis vs. control groups. For black, blue, and brown modules, the log2 FC values of lncRNAs and mRNAs were both under zero. For green module, the log2 FC values of lncRNAs and most of the mRNAs were above zero (Figure 3B), demonstrating the distinct expression pattern among modules. We then integrated the co-expression results and functional analysis to identify the potential functions of lncRNAs in sepsis-associated modules. The regulatory network in black module revealed that five hub lncRNAs were co-expressed with ten mRNAs. Platelet degranulation and blood coagulation related functions were significantly enriched in black module (Figure 3C). For the blue module, mRNA metabolic process and translation-associated functions were enriched. Co-expression network including 5 hub lncRNAs and 10 mRNAs was shown in Figure 3D. The green module that was presented by three hub lncRNA and ten mRNA networks was enriched in the apoptotic process, protein ubiquitination, and cell cycle arrest–related functions (Figure 3E). The brown module that was presented by five hub lncRNAs, and ten mRNAs network was enriched in translation, respiratory electron transport chain, and gene expression related functions (Figure 3F). From the WGCNA results, we detected sepsis-associated modules that contained lncRNAs and mRNAs with specific functions, which perhaps influences the development of sepsis.
[image: Figure 3]FIGURE 3 | WGCNA analysis presentation of all expressed lncRNAs and mRNAs. (A) Heatmap plot showed the module-trait associations by a linear mixed effect (LME) model. Sample factors on the x axis were used as covariates. All Pearson’s correlation coefficient (PCC) values and statistical p-values (in the brackets) were displayed. Module-trait associations with p-values < 0.5 were framed with blue box. (B) Box plot showed the expression fold changes (sepsis vs. control group) of mRNAs and lncRNAs from the four disease-associated modules. (C–F) LncRNA–mRNA interaction network and enriched functional pathways showed the top hub lncRNA and mRNA interaction along with the enriched GO BP terms of the four modules, MEblack (C), MEblue (D), MEgreen (E), and MEbrown (F). Orange circles indicate lncRNAs and light blue circles indicate mRNAs.
Cis-Acting Analysis of lncRNA Regulation in Sepsis
Previous studies have confirmed that many lncRNAs regulate the expression of neighboring protein-coding genes through cis-acting mechanisms. These cis-acting lncRNAs recruit various transcription factors or chromatin remodeling complexes to change the transcription status of nearby genes. Accordingly, the expression levels between those lncRNAs and their neighboring genes are highly correlated. To test whether the DElncRNAs identified in sepsis behave in a similar way, a total of 233 DElncRNAs, together with 238 mRNAs in the upstream or downstream 10 kb range of DElncRNAs, were selected and subjected to co-expression analysis. Finally, 21 lncRNA–mRNA pairs with p-value < 0.01 and absolute PCC > 0.6, probably associated with cis-acting regulation, were identified in sepsis vs. control groups. Surprisingly, the expression level of these DElncRNAs with FC > 2 were positively associated with those of DEmRNAs (Figure 4A), suggesting lncRNAs might function as a positive regulator of mRNAs with significant co-expression in the development of sepsis. Subsequently, functional enrichment analysis was performed for the DEmRNAs highly co-expressed with DElncRNAs by sepsis compared with control samples, and they were significantly enriched in fatty acid metabolism and granulopoiesis related GO reactome terms (Figure 4B). We also analyzed these DEmRNAs cis-regulated by DElncRNAs using the KEGG pathway (Figure 4C). The most highly represented pathways included fatty acid biosynthesis, degradation, and metabolism. Together, these findings strongly indicated that the cis-acting lncRNAs might play major roles in regulation of their adjacent genes related to fatty acid metabolism and granulopoiesis in response to sepsis. Future studies to elucidate the connection between the lncRNA-neighboring gene pairs are essential to understand the working mechanism of these lncRNAs.
[image: Figure 4]FIGURE 4 | DElncRNAs and their potential mRNA targets by cis-regulatory prediction. (A) Scatterplot showed the log2 fold change (log2 FC) correlation between DElncRNAs and their cis-regulatory genes in sepsis vs. control samples. Dotted black line indicated the 45° line. (B) Bubble plot showed the top nine most enriched Reactome pathways of DElncRNA cis-regulated genes. (C) Bubble plot showed the top 10 most enriched KEGG pathways of DElncRNA cis-regulated genes.
DISCUSSION
Sepsis, severe life-threatening infection with multi-organ dysfunction, initiates a complex immunopathogenic process that involves both innate and adaptive immune cells. In a real sense, sepsis can be considered a race to the death between the pathogens and the host immune system. With the development of sequencing technology, previous studies have demonstrated that the activation of immune cells by pathogens leads to rapid and dynamic changes in gene expression aimed at combating the infection. Notably, lncRNAs are linked and appear as a variational trend during the pathogenesis of sepsis. However, only a few studies have investigated the relationship between lncRNAs and sepsis, and the roles of lncRNAs in sepsis has not been fully elucidated. Future studies are required to investigate how lncRNAs influence sepsis and regulate the exact molecular signaling pathways, as well as to discover candidate lncRNAs for diagnosis and treatment.
In the present study, a total of 9,720 lncRNAs were detected in the RNA-seq data from 83 whole blood specimens, including 37 septic patients, 35 no_sepsis patients, and 11 healthy controls. Of these, 1,146 lncRNAs were specifically detected in sepsis groups, suggesting that lncRNAs were globally activated in sepsis samples. Previous studies have suggested that lncRNAs may be potential biomarkers for prognosis of sepsis, such as lncRNAs MALAT1, NEAT1, RP11-1220 K2.2.1–7, ANXA3–2, TRAPPC5–1, and ZNF638–1 (Chen et al., 2018a; Geng et al., 2019; Bai et al., 2020), which have been introduced in introduction. Herein, the PCA result showed sepsis and control specimens could be separated by the second component, providing the solid evidence that lncRNAs could be diagnostic biomarkers to distinguish sepsis from no_sepsis and control specimens.
Emerging evidences have demonstrated that lncRNAs can act in a trans manner to affect the expression of genes located far away (Huarte et al., 2010; Fukuda et al., 2019). Therefore, in this study, a co-expression network analysis was performed to predict the functions of lncRNAs based on the enriched functions of their co-expressed genes. Totally, 44 DElncRNAs, together with 162 co-expressed DEmRNAs, were identified in sepsis, no_sepsis, and control groups. Enrichment analysis revealed that these trans-acting lncRNAs were mainly involved in T-cell activation and immune response–related terms, which were well known to be associated with occurrence and development of sepsis (van der Poll et al., 2017). Importantly, we identify three potential key pairs of lncRNAs and target mRNAs, including LINC00861-IL7R, RP11-284N8.3-CD2, and CTB-61M7.2-ACSL1, which were detected ubiquitously in three groups. IL-7R is the receptor of IL7, and the involvement of IL7 in sepsis is well recognized (Guimond et al., 2009; Mackall et al., 2011; Hotchkiss et al., 2013; Cui et al., 2014; Cruz-Zárate et al., 2018). IL7R can mediate the effects of IL7, which is indispensable for the growth, differentiation, and effector functions of T cells (Kalman et al., 2004; Cruz-Zárate et al., 2018). McGlynn et al. (Unsinger et al., 2010) showed that the increased IL7R expression in T cells likely serves to enhance IL7’s effect and improves survival in sepsis, suggesting that IL7R is a crucial T-cell developmental pathway. Prior studies had showed that lncRNA LINC00861 was related to cancers (Zhang et al., 2017; Lv et al., 2018; Zheng et al., 2020; Liu et al., 2021), chronic obstructive pulmonary disease (Qian et al., 2018), atrial fibrillation (Ruan et al., 2020), and Parkinson’s disease (Lei et al., 2020; Liu et al., 2021). Our works strongly suggested that the deregulation of lncRNA LINC00861 correlated with IL7R might promote sepsis development through mediating functions of T cells. Similar to the pair of LINC00861–IL7R, we found the expression levels of RP11-284N8.3-CD2 in the sepsis group were significantly lower than those of control and no_sepsis groups. CD2 is a transmembrane glycoprotein of the immunoglobulin superfamily expressed on virtually all T and natural killer cells (McNerney and Kumar, 2006; Binder et al., 2020). It is known to participate in a co-stimulatory pathway of T-cell activation (Suthanthiran, 1989; Erben et al., 2015). CD2 plays an important role in NK cell conjugation to target cells as well (McNerney and Kumar, 2006; Paul and Lal, 2017). This result suggested that lncRNA RP11-284N8.3 could play a role in sepsis. Up to now, there is no report on this novel lncRNA in any disease, and our work filled the gap in knowledge of lncRNA RP11-284N8.3. Instead, we observed that the lncRNA–mRNA pair of CTB-61M7.2-ACSL1 was significantly upregulated in sepsis specimens compared with control and no_sepsis. ACSL1, a main member of long-chain acyl-CoA synthetases (ACSL) family, is an enzyme that converts fatty acids to acyl-CoA-derivatives for use in both lipid catabolism and lipid synthesis (Mashek et al., 2007). Besides exerting a role in the pathogenesis to fatty liver disease, obesity, atherosclerosis, diabetes, neurological disorders, and specific types of cancer (Yan et al., 2015), ACSL1 palys a likely role in driving inflammasome-mediated release of pro-inflammatory factors by neutrophils during sepsis, based on both profiling of the literature (Al-Rashed et al., 2019; Kalugotla et al., 2019; Roelands et al., 2019) and transcript co-expression analysis (Cheng et al., 2016). Taken together, these results indicated that the trans-acting DElncRNAs of the co-expression network involved in the pathogenesis of sepsis mainly through participating in T cell activation and immune response. In addition, significantly different expressions between sepsis patients and controls were validated by qRT-PCR for the aforementioned three pairs of lncRNAs–mRNAs, validating the results acquired from RNA-seq data. Although we validated their expression with not so large samples (23 sepsis vs. 19 controls), their expression difference was significant and consistent compared with the published dataset. Another shortage of validation is the age difference between sepsis and control samples as sepsis is an age-associated disease (Starr and Saito, 2014), which could be remedied by providing age matched samples in future study. These results suggest that lncRNAs LINC00861, RP11-284N8.3, and CTB-61M7.2 could be potential candidates as biomarkers for sepsis and need to be further evaluated and investigated using more clinical samples and advanced diagnostic methods to put forward their clinical values.
LncRNAs can also execute their functions in cis-acting to regulate the expression of their adjacent genes (Ding et al., 2019). Notably, Pellegrina et al. (Pellegrina et al., 2017) did not observe any significant association between the expression of lncRNAs and neighboring DEmRNAs in sepsis. Besides, Cui et al. (Cui et al., 2014) determined whether lncIL7R regulates lipopolysaccharide (LPS)-induced inflammatory response via cis-regulating the expression of IL7R, the coding gene that overlaps with lncIL7R. However, lncIL7R appeared to function independently of IL7R in regulation of inflammatory response to LPS. Here, we identified a total of 16 cis-acting lncRNA–mRNA pairs in sepsis vs. control groups. These lncRNAs might function as a positive regulator of mRNAs, which were mainly involved in fatty acid metabolism and granulopoiesis process (Paudel et al., 2019; Brook et al., 2020), closely related to sepsis (Chen et al., 2018b; Das, 2019; Pradelli et al., 2020). Determining novel cis-acting sepsis-associated lncRNAs is an interesting issue that is worth pursuing in the future.
CONCLUSION
In summary, we identified a set of differentially expressed lncRNAs and mRNAs in patients with sepsis. The co-expression network of these lncRNAs and mRNAs was constructed to explore functions of DElncRNAs; the results of which suggested that lncRNAs in the co-expression network were involved in the pathogenesis of sepsis. Combining with bioinformatic analysis, literature reports, and sample verification, we have screened three potential key pairs of lncRNA and target mRNA, and hypothesized that these potential key lncRNAs may trans-act with their corresponding coding genes to regulate T-cell activation and immune response. However, further studies should be carried out to verify the association between these lncRNAs and target mRNAs, and whether these lncRNA–mRNA axes play an important role in the development of sepsis.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. These data can be found here: https://www.ncbi.nlm.nih.gov/geo/, using accession number GSE63311.
ETHICS STATEMENT
The studies involving human participants were reviewed and approved by the Ethics Committee of Henan Provincial People’s Hospital. The patients/participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
Conceived and designed the experiments: YC, LX, and LQ. Performed the experiments, analyzed the data, and investigated the expression level of genes: YC, XC, JZha, DC, and JZhu. Wrote the manuscript: YC and XC. All authors approved the final version.
FUNDINGS
The present work was supported by the 23456 Talent Project of Henan Provincial People’s Hospital to LQ, Research Startup fund of Henan Provincial People’s Hospital to YC and XC, and Joint project of medical teaching and research to JZhu (Wjlx2020044).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We would like to express our gratitude to colleagues who helped and supported during the writing of this manuscript and especially thank all the peer reviewers and editors for their sincere concerns and suggestions. In addition, we wish to thank ABLife Inc.(Wuhan) for providing excellent technical assistance.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fphar.2021.678256/full#supplementary-material
REFERENCES
 Al-Rashed, F., Ahmad, Z., Iskandar, M. A., Tuomilehto, J., Al-Mulla, F., and Ahmad, R. (2019). TNF-α Induces a Pro-inflammatory Phenotypic Shift in Monocytes through ACSL1: Relevance to Metabolic Inflammation. Cell Physiol Biochem 52 (3), 397–407. doi:10.33594/000000028
 Bai, Z., Li, Y., Li, Y., Pan, J., Wang, J., and Fang, F. (2020). Long Noncoding RNA and Messenger RNA Abnormalities in Pediatric Sepsis: a Preliminary Study. BMC Med. Genomics 13 (1), 36. doi:10.1186/s12920-020-0698-x
 Beermann, J., Piccoli, M.-T., Viereck, J., and Thum, T. (2016). Non-coding RNAs in Development and Disease: Background, Mechanisms, and Therapeutic Approaches. Physiol. Rev. 96 (4), 1297–1325. doi:10.1152/physrev.00041.2015
 Binder, C., Cvetkovski, F., Sellberg, F., Berg, S., Visbal, H. P., Sachs, D. H., et al. (2020). CD2 Immunobiology. Front. Immunol. 11, 1090. doi:10.3389/fimmu.2020.01090
 Brook, B., Harbeson, D. J., Shannon, C. P., Cai, B., He, D., Ben-Othman, R., et al. (2020). BCG Vaccination-Induced Emergency Granulopoiesis Provides Rapid protection from Neonatal Sepsis. Sci. Transl Med. 12 (542), eaax4517. doi:10.1126/scitranslmed.aax4517
 Chen, H., Wang, S., , Zhao, Y., Luo, Y. T., Tong, H. S., Su, L., et al. (2018). Correlation Analysis of omega-3 Fatty Acids and Mortality of Sepsis and Sepsis-Induced ARDS in Adults: Data from Previous Randomized Controlled Trials. Nutr. J. 17 (1), 57. doi:10.1186/s12937-018-0356-8
 Chen, Y., Qiu, J., Chen, B., Lin, Y., Chen, Y., Xie, G., et al. (2018). RETRACTED: Long Non-coding RNA NEAT1 Plays an Important Role in Sepsis-Induced Acute Kidney Injury by Targeting miR-204 and Modulating the NF-Κb Pathway. Int. Immunopharmacology 59, 252–260. doi:10.1016/j.intimp.2018.03.023
 Cheng, L., Nan, C., Kang, L., Zhang, N., Liu, S., Chen, H., et al. (2020). Whole Blood Transcriptomic Investigation Identifies Long Non-coding RNAs as Regulators in Sepsis. J. Transl Med. 18 (1), 217. doi:10.1186/s12967-020-02372-2
 Cheng, S.-C., Scicluna, B. P., Arts, R. J. W., Gresnigt, M. S., Lachmandas, E., Giamarellos-Bourboulis, E. J., et al. (2016). Broad Defects in the Energy Metabolism of Leukocytes Underlie Immunoparalysis in Sepsis. Nat. Immunol. 17 (4), 406–413. doi:10.1038/ni.3398
 Cheng, Y., Marion, T. N., Cao, X., Wang, W., and Cao, Y. (2018). Park 7: A Novel Therapeutic Target for Macrophages in Sepsis-Induced Immunosuppression. Front. Immunol. 9, 2632. doi:10.3389/fimmu.2018.02632
 Cruz-Zárate, D., Cabrera-Rivera, G. L., Ruiz-Sánchez, B. P., Serafín-López, J., Chacón-Salinas, R., López-Macías, C., et al. (2018). Innate Lymphoid Cells Have Decreased HLA-DR Expression but Retain Their Responsiveness to TLR Ligands during Sepsis. J.I. 201 (11), 3401–3410. doi:10.4049/jimmunol.1800735
 Cui, H., Xie, N., Tan, Z., Banerjee, S., Thannickal, V. J., Abraham, E., et al. (2014). The Human Long Noncoding RNA lnc-IL7R Regulates the Inflammatory Response. Eur. J. Immunol. 44 (7), 2085–2095. doi:10.1002/eji.201344126
 Das, U. N. (2019). Polyunsaturated Fatty Acids and Sepsis. Nutrition 65, 39–43. doi:10.1016/j.nut.2019.02.016
 Ding, Z., Tie, W., Fu, L., Yan, Y., Liu, G., Yan, W., et al. (2019). Strand-specific RNA-Seq Based Identification and Functional Prediction of Drought-Responsive lncRNAs in Cassava. BMC Genomics 20 (1), 214. doi:10.1186/s12864-019-5585-5
 Dombrovskiy, V. Y., Martin, A. A., Sunderram, J., and Paz, H. L. (2007). Rapid Increase in Hospitalization and Mortality Rates for Severe Sepsis in the United States: A Trend Analysis from 1993 to 2003*. Crit. Care Med. 35 (5), 1244–1250. doi:10.1097/01.ccm.0000261890.41311.e9
 Du, M., Yuan, L., Tan, X., Huang, D., Wang, X., Zheng, Z., et al. (2017). The LPS-Inducible lncRNA Mirt2 Is a Negative Regulator of Inflammation. Nat. Commun. 8 (1), 2049. doi:10.1038/s41467-017-02229-1
 Erben, U., Pawlowski, N. N., Doerfel, K., Loddenkemper, C., Hoffmann, J. C., Siegmund, B., et al. (2015). Targeting Human CD2 by the Monoclonal Antibody CB.219 Reduces Intestinal Inflammation in a Humanized Transfer Colitis Model. Clin. Immunol. 157 (1), 16–25. doi:10.1016/j.clim.2015.01.004
 Esteller, M. (2011). Non-coding RNAs in Human Disease. Nat. Rev. Genet. 12 (12), 861–874. doi:10.1038/nrg3074
 Fleischmann, C., Scherag, A., Adhikari, N. K. J., Hartog, C. S., Tsaganos, T., Schlattmann, P., et al. (2016). Assessment of Global Incidence and Mortality of Hospital-Treated Sepsis. Current Estimates and Limitations. Am. J. Respir. Crit. Care Med. 193 (3), 259–272. doi:10.1164/rccm.201504-0781oc
 Fukuda, M., Nishida, S., Kakei, Y., Shimada, Y., and Fujiwara, T. (2019). Genome-Wide Analysis of Long Intergenic Noncoding RNAs Responding to Low-Nutrient Conditions in Arabidopsis thaliana: Possible Involvement of Trans-acting siRNA3 in Response to Low Nitrogen. Plant Cel Physiol 60 (9), 1961–1973. doi:10.1093/pcp/pcz048
 Geng, F., Liu, W., and Yu, L. (2019). Potential Role of Circulating Long Noncoding RNA MALAT1 in Predicting Disease Risk, Severity, and Patients' Survival in Sepsis. J. Clin. Lab. Anal. 33 (8), e22968. doi:10.1002/jcla.22968
 Gu, C., Chen, C., Wu, R., Dong, T., Hu, X., Yao, Y., et al. (2018). Long Noncoding RNA EBF3-AS Promotes Neuron Apoptosis in Alzheimer's Disease. DNA Cel Biol. 37 (3), 220–226. doi:10.1089/dna.2017.4012
 Guimond, M., Veenstra, R. G., Grindler, D. J., Zhang, H., Cui, Y., Murphy, R. D., et al. (2009). Interleukin 7 Signaling in Dendritic Cells Regulates the Homeostatic Proliferation and Niche Size of CD4+ T Cells. Nat. Immunol. 10 (2), 149–157. doi:10.1038/ni.1695
 Hotchkiss, R. S., Monneret, G., and Payen, D. (2013). Sepsis-induced Immunosuppression: from Cellular Dysfunctions to Immunotherapy. Nat. Rev. Immunol. 13 (12), 862–874. doi:10.1038/nri3552
 Huarte, M., Guttman, M., Feldser, D., Garber, M., Koziol, M. J., Kenzelmann-Broz, D., et al. (2010). A Large Intergenic Noncoding RNA Induced by P53 Mediates Global Gene Repression in the P53 Response. Cell 142 (3), 409–419. doi:10.1016/j.cell.2010.06.040
 Iwashyna, T. J., Ely, E. W., Smith, D. M., and Langa, K. M. (2010). Long-term Cognitive Impairment and Functional Disability Among Survivors of Severe Sepsis. Jama 304 (16), 1787–1794. doi:10.1001/jama.2010.1553
 Kalman, L., Lindegren, M. L., Kobrynski, L., Vogt, R., Hannon, H., Howard, J. T., et al. (2004). Mutations in Genes Required for T-Cell development:IL7R, CD45, IL2RG, JAK3, RAG1, RAG2, ARTEMIS, and ADA and Severe Combined Immunodeficiency: HuGE Review. Genet. Med. 6 (1), 16–26. doi:10.1097/01.gim.0000105752.80592.a3
 Kalugotla, G., He, L., Weber, K. J., Daemen, S., Reller, A., Razani, B., et al. (2019). Frontline Science: Acyl‐CoA Synthetase 1 Exacerbates Lipotoxic Inflammasome Activation in Primary Macrophages. J. Leukoc. Biol. 106 (4), 803–814. doi:10.1002/jlb.3hi0219-045rr
 Kim, D., Pertea, G., Trapnell, C., Pimentel, H., Kelley, R., and Salzberg, S. L. (2013). TopHat2: Accurate Alignment of Transcriptomes in the Presence of Insertions, Deletions and Gene Fusions. Genome Biol. 14 (4), R36. doi:10.1186/gb-2013-14-4-r36
 Kung, J. T. Y., Colognori, D., and Lee, J. T. (2013). Long Noncoding RNAs: Past, Present, and Future. Genetics 193 (3), 651–669. doi:10.1534/genetics.112.146704
 Langfelder, P., and Horvath, S. (2008). WGCNA: an R Package for Weighted Correlation Network Analysis. BMC Bioinformatics 9, 559. doi:10.1186/1471-2105-9-559
 Lei, K., Zhang, L., He, Y., Sun, H., Tong, W., Xu, Y., et al. (2020). Immune-associated Biomarkers for Early Diagnosis of Parkinson's Disease Based on Hematological lncRNA-mRNA Co-expression. Biosci. Rep. 40 (12). doi:10.1042/bsr20202921
 Liu, H., Zhang, L., Ding, X., and SuiX., (2021). LINC00861 Inhibits the Progression of Cervical Cancer Cells by Functioning as a ceRNA for miR-513b-5p and Regulating the PTEN/AKT/mTOR Signaling Pathway. Mol. Med. Rep. 23 (1), 24. doi:10.3892/mmr.2020.11662
 Liu, S., Wang, Z., Chen, D., Zhang, B., Tian, R.-R., Wu, J., et al. (2017). Annotation and Cluster Analysis of Spatiotemporal- and Sex-Related lncRNA Expression in Rhesus Macaque Brain. Genome Res. 27 (9), 1608–1620. doi:10.1101/gr.217463.116
 Lv, Y., Wei, W., Huang, Z., Chen, Z., Fang, Y., Pan, L., et al. (2018). Long Non-coding RNA Expression Profile Can Predict Early Recurrence in Hepatocellular Carcinoma after Curative Resection. Hepatol. Res. 48 (13), 1140–1148. doi:10.1111/hepr.13220
 Mackall, C. L., Fry, T. J., and Gress, R. E. (2011). Harnessing the Biology of IL-7 for Therapeutic Application. Nat. Rev. Immunol. 11 (5), 330–342. doi:10.1038/nri2970
 Mashek, D. G., Li, L. O., and Coleman, R. A. (2007). Long-chain Acyl-CoA Synthetases and Fatty Acid Channeling. Future Lipidol. 2 (4), 465–476. doi:10.2217/17460875.2.4.465
 McNerney, M. E., and Kumar, V. (2006). The CD2 Family of Natural Killer Cell Receptors. Curr. Top. Microbiol. Immunol. 298, 91–120. doi:10.1007/3-540-27743-9_5
 Melamed, A., and Sorvillo, F. J. (2009). The burden of Sepsis-Associated Mortality in the United States from 1999 to 2005: an Analysis of Multiple-Cause-Of-Death Data. Crit. Care 13 (1), R28. doi:10.1186/cc7733
 Mitteer, D. R., Greer, B. D., Fisher, W. W., and Cohrs, V. L. (2018). Teaching Behavior Technicians to Create Publication-Quality, Single-Case Design Graphs in Graphpad Prism 7. Jnl Appl. Behav Anal. 51 (4), 998–1010. doi:10.1002/jaba.483
 Paudel, S., Baral, P., Ghimire, L., Bergeron, S., Jin, L., DeCorte, J. A., et al. (2019). CXCL1 Regulates Neutrophil Homeostasis in Pneumonia-Derived Sepsis Caused by Streptococcus Pneumoniae Serotype 3. Blood 133 (12), 1335–1345. doi:10.1182/blood-2018-10-878082
 Paul, S., and Lal, G. (2017). The Molecular Mechanism of Natural Killer Cells Function and its Importance in Cancer Immunotherapy. Front. Immunol. 8, 1124. doi:10.3389/fimmu.2017.01124
 Pellegrina, D. V. d. S., Severino, P., Barbeiro, H. V., de Souza, H. P., Machado, M. C. C., Pinheiro-da-Silva, F., et al. (2017). Insights into the Function of Long Noncoding RNAs in Sepsis Revealed by Gene Co-expression Network Analysis. Noncoding RNA 3 (1). doi:10.3390/ncrna3010005
 Pena, O. M., Hancock, D. G., Lyle, N. H., Linder, A., Russell, J. A., Xia, J., et al. (2014). An Endotoxin Tolerance Signature Predicts Sepsis and Organ Dysfunction at Initial Clinical Presentation. EBioMedicine 1 (1), 64–71. doi:10.1016/j.ebiom.2014.10.003
 Pradelli, L., Mayer, K., Klek, S., Omar Alsaleh, A. J., Clark, R. A. C., Rosenthal, M. D., et al. (2020). ω‐3 Fatty‐Acid Enriched Parenteral Nutrition in Hospitalized Patients: Systematic Review with Meta‐Analysis and Trial Sequential Analysis. J. Parenter. Enteral Nutr. 44 (1), 44–57. doi:10.1002/jpen.1672
 Qian, Y., Mao, Z.-d., Shi, Y.-j., Liu, Z.-g., Cao, Q., and Zhang, Q. (2018). Comprehensive Analysis of miRNA-mRNA-lncRNA Networks in Non-smoking and Smoking Patients with Chronic Obstructive Pulmonary Disease. Cel Physiol Biochem 50 (3), 1140–1153. doi:10.1159/000494541
 Reinhart, K., Daniels, R., Kissoon, N., Machado, F. R., Schachter, R. D., and Finfer, S. (2017). Recognizing Sepsis as a Global Health Priority - A WHO Resolution. N. Engl. J. Med. 377 (5), 414–417. doi:10.1056/nejmp1707170
 Robinson, M. D., McCarthy, D. J., and Smyth, G. K. (2010). edgeR: a Bioconductor Package for Differential Expression Analysis of Digital Gene Expression Data. Bioinformatics 26 (1), 139–140. doi:10.1093/bioinformatics/btp616
 Roelands, J., Garand, M., Hinchcliff, E., Ma, Y., Shah, P., Toufiq, M., et al. (2019). Long-Chain Acyl-CoA Synthetase 1 Role in Sepsis and Immunity: Perspectives from a Parallel Review of Public Transcriptome Datasets and of the Literature.Front. Immunol. 10, 2410. doi:10.3389/fimmu.2019.02410
 Ruan, Z. B., Wang, F., , Gongben, B.-d., Chen, G.-C., and Zhu, L. (2020). Identification of Circulating lncRNA Expression Profiles in Patients with Atrial Fibrillation. Dis. Markers 2020, 8872142. doi:10.1155/2020/8872142
 Schonrock, N., Harvey, R. P., and Mattick, J. S. (2012). Long Noncoding RNAs in Cardiac Development and Pathophysiology. Circ. Res. 111 (10), 1349–1362. doi:10.1161/circresaha.112.268953
 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 13 (11), 2498–2504. doi:10.1101/gr.1239303
 Singer, M., Deutschman, C. S., Seymour, C. W., Shankar-Hari, M., Annane, D., Bauer, M., et al. (2016). The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3). Jama 315 (8), 801–810. doi:10.1001/jama.2016.0287
 Starr, M. E., and Saito, H. (2014). Sepsis in Old Age: Review of Human and Animal Studies. Aging Dis. 5 (2), 126–136. doi:10.14336/AD.2014.0500126
 Suthanthiran, M. (1989). Transmembrane Signalling via the T Cell Antigen Receptor Heterodimer and the Cd2 Antigen. Transplantation 47 (2), 348–350. doi:10.1097/00007890-198902000-00033
 Trapnell, C., Roberts, A., Goff, L., Pertea, G., Kim, D., Kelley, D. R., et al. (2012). Differential Gene and Transcript Expression Analysis of RNA-Seq Experiments with TopHat and Cufflinks. Nat. Protoc. 7 (3), 562–578. doi:10.1038/nprot.2012.016
 Unsinger, J., McGlynn, M., Kasten, K. R., Hoekzema, A. S., Watanabe, E., Muenzer, J. T., et al. (2010). IL-7 Promotes T Cell Viability, Trafficking, and Functionality and Improves Survival in Sepsis. J.I. 184 (7), 3768–3779. doi:10.4049/jimmunol.0903151
 van der Poll, T., van de Veerdonk, F. L., Scicluna, B. P., and Netea, M. G. (2017). The Immunopathology of Sepsis and Potential Therapeutic Targets. Nat. Rev. Immunol. 17 (7), 407–420. doi:10.1038/nri.2017.36
 Wei, J. L., Wu, C. J., Chen, J. J., Shang, F. T., Guo, S. G., Zhang, X. C., et al. (2020). LncRNA NEAT1 Promotes the Progression of Sepsis-Induced Myocardial Cell Injury by Sponging miR-144-3p. Eur. Rev. Med. Pharmacol. Sci. 24 (2), 851–861. doi:10.26355/eurrev_202001_20069
 Xie, C., Mao, X., Huang, J., Ding, Y., Wu, J., Dong, S., et al. (2011). KOBAS 2.0: a Web Server for Annotation and Identification of Enriched Pathways and Diseases. Nucleic Acids Res. 39, W316–W322. doi:10.1093/nar/gkr483
 Yan, S., Yang, X.-F., Liu, H.-L., Fu, N., Ouyang, Y., and Qing, K. (2015). Long-chain Acyl-CoA Synthetase in Fatty Acid Metabolism Involved in Liver and Other Diseases: an Update. Wjg 21 (12), 3492–3498. doi:10.3748/wjg.v21.i12.3492
 Yang, Y., Yang, L., Liu, Z., Wang, Y., and Yang, J. (2020). Long Noncoding RNA NEAT 1 and its Target microRNA-125a in Sepsis: Correlation with Acute Respiratory Distress Syndrome Risk, Biochemical Indexes, Disease Severity, and 28-day Mortality. J. Clin. Lab. Anal. 34 (12), e23509. doi:10.1002/jcla.23509
 Zhang, Q., Chao, T.-C., Patil, V. S., Qin, Y., Tiwari, S. K., Chiou, J., et al. (2019). The Long Noncoding RNA ROCKI Regulates Inflammatory Gene Expression. Embo j 38 (8). doi:10.15252/embj.2018100041
 Zhang, T.-N., Goodwin, J. E., Liu, B., Li, D., Wen, R., Yang, N., et al. (2019). Characterization of Long Noncoding RNA and mRNA Profiles in Sepsis-Induced Myocardial Depression. Mol. Ther. - Nucleic Acids 17, 852–866. doi:10.1016/j.omtn.2019.07.020
 Zhang, Y., Li, Y., Wang, Q., Zhang, X., Wang, D., Tang, H. C., et al. (2017). Identification of an lncRNA-miRNA-mRNA Interaction Mechanism in Breast Cancer Based on Bioinformatic Analysis. Mol. Med. Rep. 16 (4), 5113–5120. doi:10.3892/mmr.2017.7304
 Zheng, M., Hu, Y., Gou, R., Nie, X., Li, X., Liu, J., et al. (2020). Identification Three LncRNA Prognostic Signature of Ovarian Cancer Based on Genome-wide Copy Number Variation. Biomed. Pharmacother. 124, 109810. doi:10.1016/j.biopha.2019.109810
Conflict of Interest: Author DC was employed by the company of ABLife BioBigData Institute.The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Cheng, Cao, Zhang, Chen, Zhu, Xu and Qin. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-12-678256-t001.jpg
Characteristic Sepsis Control p value

Number 23 19
Age, years, mean (SD) 7030 (12.36)  27.58 (257) < 0.0001°
Male, 1 (%) 15 (65) 12 (63) >0.9999°
Patients with preuronia n (%) 18 (78) -
APACHE Il score, median (QR) 20 (17, 24) -
SOFA score, mean (SD) 7.04 (389) -

SD, standard deviation; IQR, interquartile range; APACHE, acute physiology and chronic:
health evaluation; SOFA, sequential organ failre assessment.

" value of Student's t test.

be value of Fisher's exact test.





OPS/images/fphar-12-678256-t002.jpg
LncRNA/mRNA

CTB-61M7.2
RP11-284N8.3
LINC00861
ACSL1

CD2

IL7R

Forward primer

5'-GTCTTGAACTCCTGGTCTC-3"
5'-GTCCTCCACTAATCACAGAAT-3"
5'-TGCTCTACTCCTTGGCTAT-3'
5'-GCAGCAAGTAGCAGACAT-3'
5'-AAGAGCCCACAGAGTAGC-3"
5'-GATTCTCTTGCTGCTACCA-3'

Reverse primer

5'-TGCCTGTATTCCTTGTATGA-3'
5'-TCACTTGATGTCAGAATGCT-3
5'-ACTACGGTAACTCCTATTGC-3"
5'-GAAGGAAGCGTTCGTGTT-3"
5'-GTGGTGGAGGAGGATGTT-3'
5'-CGTCTCTTCCGTATATCTTCA-3'






OPS/images/fphar-12-678256-g003.gif





OPS/images/fphar-12-678256-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Dysregulated lncRNAs are Involved in the Progress of Sepsis by Constructing Regulatory Networks in Whole Blood Cells		Introduction

		Materials and Methods		Retrieval and Processing of Public Data

		Reads Alignment and Differentially Expressed Gene Analysis

		LncRNA Prediction and Direction Identification

		WGCNA and Co-Expression Analysis

		Functional Enrichment Analysis

		Other Statistical Analysis

		Validation of Gene Expression in RNA-Seq by qRT-PCR Analysis





		Results		Genome-wide Profiling of the lncRNA Expression Associated with Sepsis

		Co-Expression Analysis Between lncRNAs and mRNAs Revealed the Regulation Functions in a Trans Manner

		Validation of lncRNA-Regulated Gene Expression Network by qRT-PCR

		WGCNA Analysis of lncRNA–mRNA Co-expression Modules

		Cis-Acting Analysis of lncRNA Regulation in Sepsis





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Fundings

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
* frontiers
in Pharmacology

Dysregulated IncRNAs are
Involved in the Progress of Sepsis
by Constructing Regulatory
Networks in Whole Blood Cells





OPS/images/fphar-12-678256-g001.gif





OPS/images/fphar-12-678256-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers
in Pharmacology





