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Editorial on the Research Topic 
Gene regulation mediated by competing RNA: From benchside to bedside


In addition to DNA methylation and chromatin structure, another important level of epigenetic regulation for gene expression is non-coding RNA (ncRNA) (Luo et al., 2019). NcRNAs facilitate post-transcriptional gene regulation via competitively interacting with the regulatory elements of target genes (Zhang et al., 2022). The course of various biological processes, the development of diseases, and the susceptibility to therapy are all significantly influenced by competitive ncRNA gene regulation (Panni et al., 2020). Numerous studies have demonstrated that important functional genes could be regulated by these ncRNAs via competing endogenous RNA (ceRNA) network (Salmena et al., 2011; Tay et al., 2011; Tay et al., 2014). Moreover, a large number of therapeutic means have been developed based on these mechanisms (Luo and Zhu, 2014). Thus, competitive RNA is expected to be used not only for basic research but also as a promising tool for applications in therapy. In this Research Topic, the essential functions and mechanisms of ncRNAs are further identified and investigated.
Circular RNAs (circRNAs) are ncRNAs that play a regulatory role in many biological processes, such as cell proliferation, senescence, and apoptosis (Visci et al., 2020). Many studies have found that circRNAs can play their regulatory role as microRNA (miRNA) sponges in human physiological and pathological processes (Peng et al., 2021). Whether as a diagnostic biomarker or as a therapeutic target, circRNAs have important values for studying the pathogenesis of diseases owing to their unique properties.
Aberrant alterations in nucleus pulposus cells (NPCs) are the most significant aspect of the pathological process of intervertebral disk degeneration (IDD) (Fontana et al., 2015; Oichi et al., 2020). In this context, Li et al. investigated circRNAs and miRNAs associated with NPC metabolism under the IDD condition. They identified that circ_0040039 might aggravate IDD by stabilizing miR-874-3p and thus upregulate the miR-874-3p-ESR1 pathway, which lead to NPC degeneration and worsen IDD. In another study, Duan et al. demonstrated that circMTO1 could accelerate the progression of polycystic ovary syndrome (PCOS) by increasing MCL1 expression through interaction with miR-320b, offering novel insights into the development of diagnosis and treatment for PCOS. Furthermore, Cai et al. revealed that hsa_circRNA_0001400 is substantially expressed in cervical cancer tissues and promotes tumor progression via the circRNA_0001400-miR-326-Akt pathway. Knockdown of circRNA_0001400 by siRNA might potentially developed as a new method for cervical cancer therapy.
Long non-coding RNAs (lncRNAs), like circRNAs, can serve as miRNA sponges to provide indirect regulation of gene expression (Zhang et al., 2018). Besides, artificial lncRNAs have recently drawn a lot of interest as novel disease therapy tools to be utilized in gene regulatory activities (Tang et al., 2016).
Atrial fibrillation (AF), the most prevalent kind of arrhythmia, poses a great challenge in patient diagnosis and therapy (Hindricks et al., 2021), and further research into the pathophysiology of AF is of urgent need. Liu et al. constructed a ceRNA network associated to AF susceptibility and persistence, and then prioritized the selected lncRNAs using an innovative application of the improved RWR-M algorithm. Myocardial infarction-associated transcripts (MIAT) and LINC00964 were identified as featured lncRNAs in the network. These discoveries are in line with a prior study (Deshmukh et al., 2015), and they also suggested that ceRNA network analysis might shed light on the basic mechanisms underlying AF and offer promising therapeutic and diagnostic tools. In another study, kidney stones are hypothesized to be caused by Randall’s plaque (RP) (Daudon et al., 2015). Xia et al. investigated the rate of immune cell infiltration as well as the ceRNA network in RPs from renal stone patients and validated the results both in vivo and in vitro. They then found that the lncRNA-associated differentially expressed mRNAs were significantly associated with renal interstitial fibrosis in extracellular matrix tissues, regulatory cell responses to growth factor stimulation, and collagen-containing extracellular matrices. In addition, Wu et al. summarized the recent research progress of LINC00467, detailing its biological mechanisms as an oncogene and clinical values as a prognostic predictor in various types of cancers.
MiRNAs as a class of small ncRNAs play a crucial role in downregulating gene expression by competitively interacting with the mRNA 3′UTR region and mediating RNA degradation through the RISC complex (Zhou et al., 2022). MiRNAs have two main applications. On the one hand, artificial miRNAs are often developed as genetic tools based on their downregulation mechanism to affect gene expression (Zhu et al., 2018). On the other hand, miRNAs are often utilized in targeted gene therapy due to the characteristic that miRNA targets can be used to attain tissue or cell-type specific transgene expression (Luo et al., 2015a).
MiRNAs have important roles in the emergence of epilepsy due to their capacity to regulate a variety of mRNAs. Previous studies have shown that miRNAs could alter neuronal excitability, which has an impact on the incidence of epilepsy (Henshall et al., 2016). Su et al. constructed a miRNA-mRNA regulation network that regulates ion channel genes in the mesial temporal lobe epilepsy (mTLE). They identified that miR-27a-3p might control a number of ion channel genes associated with mTLE, pointing to the possibility of using it as a diagnostic biomarker for mTLE.
In addition, the human induced pluripotent stem cells (hiPSCs) and embryonic stem cells (hESCs) are powerful tools for genetic studies in the recent years (Luo et al., 2021a). Some previous studies have illustrated the roles of several lncRNA-miRNA-mRNA circuits in regulating the pluripotent genes in hESCs (Wang et al., 2013; Xu et al., 2016). In this Research Topic, Chen et al. systematically reviewed the current progress in applying iPSC-derived models to study the regulatory role of miRNAs in developmental processes.
As sequencing technologies advance quickly, the expression profiles of different classes of ncRNAs are feasible to be characterized simultaneously in disease models, such as dilated cardiomyopathy (DCM) (Lin et al., 2021). Based on sex differences in DCM, Liu et al. constructed an immune-related ceRNA network including 5 lncRNAs, 6 miRNAs, and 29 mRNAs that might regulate several immune-related signaling pathways. Among these genes, CBL, CXCL12, and IL6ST were found to be connected to immune cell infiltration.
Here we assembled a compendium of 11 manuscripts including nine original researches and two reviews that cover the scope of this Research Topic, summarizing the critical aspects of the gene regulation mediated by competing RNAs in various diseases.
Additionally, we would also like to highlight other novel forms of competing RNA-mediated gene regulation that are yet to be included in the above compendium. Guide RNA (gRNA) is an important class of artificial small ncRNA that competitively bind with elements on the genome with the CRISPR/Cas complex (Luo et al., 2015b). Besides genome editing, the RNA-guided gene targeting technology has also been exploited quickly and extensively for diverse purposes, including gene regulation (Luo et al., 2016).
Recently, RNA viruses, such as SARS-CoV-2, have been found to act as exogenous competing RNAs and thus regulate endogenous gene expression, which may contribute to the disease progression (Bertolazzi et al., 2020). And in the current COVID-19 pandemic, it is of great interest to focus on the role of SARS-CoV-2 in competing RNA-mediated gene regulation (Luo et al., 2021b).
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The functional alteration of nucleus pulposus cells (NPCs) exerts a crucial role in the occurrence and progression of intervertebral disk degeneration (IDD). Circular RNAs and microRNAs (miRs) are critical regulators of NPC metabolic processes such as growth and apoptosis. In this study, bioinformatics tools, encompassing Gene Ontology pathway and Venn diagrams analysis, and protein–protein interaction (PPI) network construction were used to identify functional molecules related to IDD. PPI network unveiled that ESR1 was one of the most critical genes in IDD. Then, a key IDD-related circ_0040039-miR-874-3p-ESR1 interaction network was predicted and constructed. Circ_0040039 promoted miR-874-3p and repressed ESR1 expression, and miR-874-3p repressed ESR1 expression in NPCs, suggesting ESR1 might be a direct target of miR-874-3p. Functionally, circ_0040039 could enhance NPC apoptosis and inhibit NPC growth, revealing that circ_0040039 might aggravate IDD by stabilizing miR-874-3p and further upregulating the miR-874-3p-ESR1 pathway. This signaling pathway might provide a novel therapeutic strategy and targets for the diagnosis and therapy of IDD-related diseases.

Keywords: circular RNA, ESR1, apoptosis, intervertebral disk degeneration, miR-874-3p


INTRODUCTION

The intervertebral disk (IVD), especially the nucleus pulposus (NP) tissue in its center, plays a crucial role in harboring complex mechanical stress and maintaining spine stability (Humzah and Soames, 1988). NP cell (NPC) degeneration is often regarded as the initiating factor of intervertebral disk degeneration (IDD). The abnormal increase in the degradation of NPC extracellular matrix (ECM) components, such as aggrecan and collagen II (Roughley, 2004; Fontana et al., 2015; Oichi et al., 2020); NPC apoptosis (Ding et al., 2013; Fontana et al., 2015; Oichi et al., 2020); and levels of proinflammatory cytokines, such as tumor necrosis factor α (TNF-α) and interleukin 1β (IL-1β) secreted by NPCs (Risbud and Shapiro, 2014; Fontana et al., 2015; Oichi et al., 2020; Wang et al., 2020), are the most important pathological characteristics during IDD. The functional changes in NPCs can trigger the loss of IVD function and further facilitate the progression of IDD (Roughley, 2004; Ding et al., 2013; Risbud and Shapiro, 2014; Fontana et al., 2015; Oichi et al., 2020; Wang et al., 2020). Thus, exploring the specific pathomechanism of IDD at the level of NPCs is of far-reaching significance.

Non-coding RNAs (ncRNAs), such as circular RNAs (circRNAs) and microRNAs (miRNAs, miRs), are vitally important regulatory elements encoded by the genome. Accumulating studies have constantly uncovered that the dysfunction of NPCs induced by proinflammatory cytokines or compression or other inducers can be recovered by differentially expressed circRNAs and miRNAs in IDD (Cheng et al., 2018; Wang et al., 2018; Xie et al., 2019; Cazzanelli and Wuertz-Kozak, 2020; Xiang et al., 2020). Mechanistically, circRNA-mediated alteration in the expression levels of miRNAs can be divided into two modes. One is the canonical sponge mechanism, in which circRNAs repress or do not affect miRNA expression (Piwecka et al., 2017; Cheng et al., 2018; Wang et al., 2018; Xie et al., 2019; Xiang et al., 2020); another is the stabilization mechanism, in which circRNAs elevate miRNA expression (Piwecka et al., 2017; Chen et al., 2019). MiRNAs are small, single-stranded, ncRNAs, which inhibit mRNA expression by inhibiting mRNA translation or inducing mRNA degradation through forming an RNA-induced silencing complex with argonaute 2 protein and directly interacting with the 3′- untranslated region (UTR) of the target mRNA (Pasquinelli, 2012; Piwecka et al., 2017; Cheng et al., 2018; Ji et al., 2018; Wang et al., 2018; Chen et al., 2019; Xie et al., 2019; Xiang et al., 2020). Circ-VMA21 (Cheng et al., 2018), circ-CIDN (Xiang et al., 2020), circ-4099 (Wang et al., 2018), circ-ERCC2 (Xie et al., 2019), and miR-141 inhibitor (Ji et al., 2018) were reported to be involved in regulating NPC apoptosis and ECM metabolism and also alleviate IDD in vitro and in vivo. However, the current treatment of IDD remains a challenge. Therefore, novel key molecules to maintain the normal physiological function of NPCs and block the pathological process of IDD are urgently needed.

In this study, IDD-related circRNA (GSE67566), miRNA (GSE63492/GSE116726), and mRNA (GSE56081) microarray datasets downloaded from the Gene Expression Omnibus (GEO) database1, which reposits publicly available gene expression and other functional genomic datasets, were reanalyzed (Clough and Barrett, 2016). Then, a circ_0040039-miR-874-3p-ESR1 interaction network was constructed by bioinformatics analysis, and it was confirmed that circ_0040039 could upregulate the miR-874-3p-ESR1 pathway. Finally, the overexpression of circ_0040039 was found to promote NPC degeneration.



MATERIALS AND METHODS


Selection and Analysis of GEO Datasets

After Lan et al. (2016); Ji et al. (2018), and Wan et al. (2014) sequenced normal and degenerative NP tissues, respectively, they uploaded circRNA (GSE67566), miRNA (GSE63492/GSE116726), and mRNA (GSE56081) microarray datasets to GEO database. Detailed information for each dataset is shown in Table 1. In terms of GSE67566/GSE63492/GSE116726, the raw data were read and analyzed using the limma package in R (Ritchie et al., 2015), as well as normalized and log2-transformed. By default, the false-positive results of adjusted P-value were corrected using Benjamini and Hochberg false discovery rate (FDR). We identified differentially expressed miRNAs (DEMs) with the criterion of the absolute value of log2 fold change (FC) > 2 and −log10 (FDR) > 2 based on the analysis of GSE116726. The GSE56081 dataset was obtained from Lan et al. (2016) analytical result (FC > 2 or < −2, P < 0.05).


TABLE 1. Basic information of the microarray datasets.
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Venn Analysis

The upstream miRNAs of ESR1 were predicted by Targetscanhuman 7.22 (Agarwal et al., 2015), mirDIP3 (Tokar et al., 2018), starBase4 (Li et al., 2014), miRTarBase5 (Chou et al., 2018), miRDB6 (Chen and Wang, 2020), and miRWalk 3.07 (Dweep and Gretz, 2015) databases, and GSE63492/GSE116726 datasets. Targetscanhuman 7.2 (Agarwal et al., 2015), starBase (Li et al., 2014), miRTarBase (Chou et al., 2018), miRDB (Chen and Wang, 2020), miRWalk 3.0 (Dweep and Gretz, 2015), and miRanda8 (John et al., 2004), and GSE56081 dataset were used to predict miR-874-3p targets genes. Additionally, the upstream circRNAs of miR-874-3p were predicted via circbank9 (Liu et al., 2019), starBase (Li et al., 2014) databases, and GSE67566 dataset to select IDD-related circRNAs.



Gene Ontology Enrichment Analyses and Protein–Protein Interaction Network Construction

Based on the miR-874-3p targets genes predicted by miRTarBase database (Chou et al., 2018), the Cytoscape software was utilized to display these genes (Otasek et al., 2019). Furthermore, Gene Ontology (GO) enrichment analyses was conducted using the Search Tool for the Retrieval of Interacting Genes (STRING)10 (Szklarczyk et al., 2019), and the predominant enrichment pathways were further visualized by SangerBox tool11. The P < 0.05 was regarded as statistically significant. In addition, protein–protein interaction (PPI) network was constructed, and the degree centrality of the nodes in the PPI network was speculated through the cytoHubba plug-in in Cytoscape software (Chin et al., 2014; Szklarczyk et al., 2019), of which the higher nodes degrees were considered as the hub genes (Zotenko et al., 2008).



Acquirement, Culture, and Treatment of Human NPCs

The specific method was described in our previous study (Li et al., 2021). Human NPCs were purchased from ScienCell Research Laboratories (ScienCell, Cat. #4800, United States), which were isolated from the NP of human intervertebral disc. NPCs were cultured in Nucleus Pulposus Cell Medium (Cat. #4801, ScienCell, United States) containing 10 mL fetal bovine serum, 5 mL NPC growth supplement, and 5 mL penicillin/streptomycin solution and then were incubated at 37°C in a humidified environment with 5% CO2. The medium was changed every 2 days. The NPCs were passaged once a week, and well-grown NPCs were taken for subsequent experiments. To simulate the microenvironment of IDD, TNF-α, and IL-1β (10 ng/mL, Proteintech) were employed to stimulate NPCs for 24 h.



Plasmids Construction and NPC Transfection

The miR-874-3p mimic, miR-874-3p inhibitor, and their corresponding negative controls (NCs) were obtained from JIAMAY BIOLAB (Beijing, China). The empty vector: pcDNA3.1 + Circ Mini (5,607 bp) and overexpression vector: pcDNA3.1 + Circ Mini-circ_0040039 (6,333 bp) and pcDNA3.1 + Circ Mini- circ_0004354 (5,765 bp) were designed and synthesized by HyCell Biotechnology (Wuhan, China). As for NPC transfection, culture plates were incubated at 37°C in a humidified environment with 5% CO2. CircRNAs plasmids or miR-874-3p mimic or inhibitor or corresponding NCs were transfected into NPCs with Lipofectamine 8000 (Beyotime, China) based on the manufacturer’s protocols. After 48-h transfection, NPCs were collected to conduct the next experiments.



Quantitative Real-Time Reverse Transcriptase–Polymerase Chain Reaction

Total RNAs was extracted from NPCs using TRIzol Reagent (Life Technologies, Thermo Fisher Scientific, United States) according to the manufacturer’s protocols. First, 1 μg total RNA and 1 μL Geneseed® Enzyme Mix (Geneseed, Guangzhou, China) were used to reverse into 20 μL complementary DNA (cDNA) through Geneseed® II First Strand cDNA Synthesis Kit (Geneseed, Guangzhou, China). Next, 10 μL Geneseed® quantitative polymerase chain reaction (qPCR) SYBR® Green Master Mix (Geneseed, Guangzhou, China), 0.5 μL forward (F) primer (10 μM), and 0.5 μL reverse (R) primer (10 μM) were made up and used to conduct quantitative reverse transcriptase (RT)–PCR on ABI7500 system (Applied Biosystems, CA, United States). All specific primers were shown as follows: (1) GAPDH: F1: AGAAGGCTGGGGCTCATTTG, R1: GCAGGAGGCATTGCTGATGAT; (2) ESR1: F2: 5′-ACCCTCC ATGATCAGGTCCA-3′, R2: 5′-AGATCTCCACCATGCCCT CT-3′; (3) miR-874-3p: F3: ATGGTTCGTGGGCTGCCCTGGC, Com R3: GTGCAGGGT CCGAGGT, RT3: GTCGTATCCAG TGCAGGGTCCGAGGTATTCGCACTGGATA.

CGACCtcggtccc; (4) U6: F4: CTCGCTTCGGCAGCACA, R4: AACGCTTCACGA ATTTGCGT, RT4: GTCGTATC CAGTGCAGGGTCCGAGGTATTCGCACTGGATA CGACCAAATATGGAAC. Among them, GAPDH was used as circ_0040039, circ_0004354, and ESR1 control, whereas U6 was used as miR-874-3p control. Their relative expression levels were measured based on the 2–ΔΔ Ct method described by Livak and Schmittgen (2001).



Cell Counting Kit-8

The well-grown NPCs were inoculated into six-hole cell culture plates at a density of 5 × 105 cells per well. Then, 200 μL diluted RNAs–Lipofectamine 8000 (Beyotime, China) complex was added to the cell wells that had been replaced with 800 μL serum-free medium. The NPCs were then cultured for 0, 1, 2, and 3 days at 37°C incubator. For Cell Counting Kit-8 (CCK8) assay, 10 μL CCK8 solution was added to each well and for incubation for another 1.5 h. The NPC growth was evaluated by CCK8 detection kit according to manufacturer’s protocols (Yeasen, Shanghai, China). The absorbance was determined at OD 450 nm. NPC growth rates were calculated based on the formula: Dayn OD value/Day0 average OD value (same processing sample).



Flow Cytometry

The well-grown NPCs were inoculated into 6 hole cell culture plates at a density of 5 × 105 cells per well. After circ_0040039 or circ_0004354 overexpression vector were transfected into NPCs using Lipofectamine 8000 (Beyotime, China), the NPC apoptosis rates were evaluated by annexin V–APC apoptosis detection kit according to manufacturer’s protocols (keyGEN, KGA1024, China). Annexin V–APC is matched with 7-AAD to distinguish NPCs in different stages of apoptosis. The NPCs were stained with 5 μL annexin V–APC and 5 μL 7-AAD, and then the data were analyzed with FlowJo VX10 software. On the scatterplot of the bivariate flow cytometry (FCM), annexin V + /7-AAD + (Q2) represented the late apoptotic and necrotic NPCs; annexin V + /7-AAD- (Q3) represented the early apoptotic NPCs, whereas annexin V–/7-AAD− (Q4) represented living NPCs.



Dual-Luciferase Reporter Assays

MiRanda database (John et al., 2004) was used to predict the potential binding sites of miR-874-3p with ESR1 mRNA 3′-UTR. Luciferase reporter vectors: psiCHECK2–Firefly luciferase–Renilla luciferase containing ESR1–700-bp wild-type (WT) sequences or corresponding mutant (MUT) sequences, were constructed by Geneseed Biotech Co. (Guangzhou, China). Human embryonic kidney (HEK) 293T cells were plated on 24-well plates at a density of 1 × 105 cells per well. Subsequently, 1 μg vector and 100 μL miR-874-3p mimic or mimic NC were cotransfected into HEK-293T cells using 2 μL Lipofectamine 8000 (Beyotime, China). After 48-h transfection, the relative luciferase activity was measured using the Dual Luciferase Assay Kit (Promega E1910, Madison, WI, United States) according to the manufacturer’s directions. The activation degrees of the target reporter genes were calculated between different samples according to the obtained ratio of the relative light unit (RLU) value measured by Renilla luciferase divided by the RLU value measured by Firefly luciferase.



Western Blotting Assay

The specific method was described in our previous study (Li et al., 2021). RIPA lysis buffer containing phenylmethanesulfonyl fluoride (Beyotime, Shanghai, China) was used to extract the total protein from NPCs. The protein concentrations were quantified using the Micro Bicinchoninic Acid Protein Assay kit (Beyotime, Shanghai, China). After making sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS-PAGE) gels, the proteins were isolated through SDS-PAGE and then transferred to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, CA, United States) at 350 mA for 70 min. Subsequently, the PVDF membranes were blocked by 5% non-fat milk and incubated overnight at 4°C with primary antibody, including anti-ESR1 antibody (diluted 1:1,000; Abcam, ab32063) and anti–β-actin antibody (diluted 1:5,000; Proteintech, 66009-1-Ig), followed by incubation with a secondary antibody. Phosphate-buffered saline with Tween-20 was utilized to wash the PVDF membranes. Finally, the signals were tested by BeyoECL Star Luminescence kit (Beyotime, Shanghai, China) and a chemiluminescence system (Bio-Rad, CA, United States).



Statistical Analysis

All the experiments were performed at least three times. GraphPad Prism software 6 version was used to analyze the data. The statistical significances between the two groups were compared using unpaired Student’s t-test, where the differences among more than two groups were assessed using one-way analysis of variance followed by Tukey multiple-comparisons test. The P < 0.05 was considered as statistically significant.



RESULTS


Prediction of ESR1 Was One of the Most Critical Differentially Expressed Genes in IDD

A large number of studies have indicated the involvement of a multitude of DEMs in regulating IDD via repressing their target genes. However, which target genes were the most important remains unanswered. To address this question, the key differentially expressed genes (KDEGs) of these DEMs were summarized and are listed in Supplementary Table 1. A total of 97 different target genes were reported as IDD-related KDEGs. Given that the STRING website can provide experimental and predicted PPI information, and PPI is the most appropriate tool for studying the potential interrelationship among multiple genes, this study mapped the 97 KDEGs into the STRING website, followed by the analysis of their interaction using cytoHubba plug-in in Cytoscape software. The results unveiled that estrogen receptor α (ESR1) ranked the highest and was a hub gene, suggesting that ESR1 could regulate a series of IDD-related genes, encompassing protective factors, such as SIRT1, Sox9, HIF-1α, and IGF1R, as well as catabolic factors, such as IL-6, MMP2/9, and CASP3 (Figures 1A,B). The Kyoto Encyclopedia of Genes and Genomes analysis of the estrogen signaling pathway revealed that ESR1 might regulate the expression of related genes (Figure 1C) to mediate various signaling pathways, including canonical mitogen-activated protein kinase, PI3K-Akt, and estrogen pathways, thereby affecting cell cycle progression, growth, apoptosis, and other pathological processes (Figure 1D). Furthermore, Cai et al. (2020) demonstrated that the mRNA and protein expression levels of ESR1 were significantly decreased in patients with IDD diseases. Collectively, these results predicted that ESR1 might be one of the most KDEGs in IDD.
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FIGURE 1. ESR1 was identified as one of the most critical genes in IDD. (A) PPI network showing IDD-related miRNA target genes. The line between the circle nodes indicates the interaction between the two genes. Red indicates the most key hub genes; the depth of the color is related to the association of other genes in the PPI network. (B) Top 10 genes in the PPI network ranked by the maximal clique centrality method, of which ESR1 ranked the highest. (C) Other genes regulated by ESR1 were predicted and visualized using the SangerBox tool. (D) Kyoto Encyclopedia of Genes and Genomes analysis of estrogen signaling pathway displayed that ESR1 might be involved in regulating various pathways.




Prediction of the Upstream MiRNAs of ESR1

MiRNAs can degrade mRNAs and inhibit their translation via directly binding to the 3′-UTR of their target mRNAs (Pasquinelli, 2012; Ji et al., 2018). The upstream miRNAs of ESR1 were predicted and analyzed by bioinformatics analysis. The datasets used in this study were obtained from human NP specimens. Two overlapped IDD-related miRNAs were predicted by merging miRDB, TargetScan, miRTarBase, mirDIP, and miRwalk databases and GSE116726/63492 datasets (Figure 2A). Volcano plots revealed two DEMs in GSE116726; the expression of miR-874-3p was lower than that of miR-130b-3p in IDD (Figure 2B). Conversely, ESR1 was predicted to the target gene of miR-874-3p by intersecting different algorithms, including the GSE56081 dataset (Figure 2C). The potential binding sites of miR-874-3p with ESR1 mRNA 3′-UTR were predicted using the miRanda database (John et al., 2004). An ESR1 fragment with WT or MUT complementary binding sites for miR-874-3p was established and inserted into psiCHECK2 luciferase reporter vectors to confirm further the interaction between miR-874-3p and ESR1 (Figure 2D). MiR-874-3p mimic significantly repressed the luciferase activity of the ESR1-WT vector, whereas such overexpression could not change the activity of the ESR1-MUT vector, revealing that miR-874-3p could directly bind to the 3′-UTR of ESR1 (Figure 2E). Moreover, miR-874-3p mimic repressed and miR-874-3p inhibitor increased the mRNA level of ESR1 (Figure 2F). Thus, miR-874-3p was determined as a key miRNA in this study.
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FIGURE 2. MiR-874-3p was predicted to be the upstream miRNA of ESR1. (A) Upstream miRNAs of ESR1 were predicted using different algorithms. (B) Volcano plot shows the predicted upstream miRNAs of ESR1 based on the analysis of GSE116726. Green points represent downregulated miRNAs (left side), and red points represent upregulated miRNAs (right side); miR-874-3p and miR-130b-3p are presented. (C) Venn analysis of miR-874-3p downstream target genes using different algorithms. (D) ESR1 expression level was measured in NPCs after transfected with miR-874-3p mimic or miR-874-3p inhibitor or corresponding NCs using the qRT-PCR assay. (E) Binding site of miR-874-3p and ESR1. (F) Luciferase reporter vectors carrying ESR1 WT or MUT sequences were cotransfected into HEK-293T cells with miR-874-3p mimic or mimic negative control (NC). Relative luciferase activity was detected in HEK-293T cells. Data are represented as the mean ± SD. **P < 0.01, ***P < 0.001.




Bioinformatics Analysis of miR-874-3p Target Genes Predicted Using the miRTarBase Database

miRTarBase: The experimentally (luciferase reporter assay, Western blot, microarray, and next-generation sequencing experiments) validated miRNA–target interaction database (Chou et al., 2018) was used to predict the target genes of miR-874-3p. The 77 miR-874-3p target genes predicted using the miRTarBase database were then visualized using Cytoscape software (Figure 3A). As shown in Figure 3B, the analysis result of PPI revealed that ESR1 was the most key hub gene of the miR-874-3p target genes. Subsequently, GO functional enrichment analysis for these target genes was conducted using the STRING website, which predominantly included three aspects: biological process (BP), molecular function (MF), and cellular component (CC). The bubble diagram (Figure 3C) and GO chord diagram (Figure 3D) of the GO analysis of BP indicated that miR-874-3p might be mainly involved in regulating different signaling pathways through targeting ESR1/signal transducer and activator of transcription 3 (STAT3)/poly(ADP-ribose) polymerase 1 (PARP1)/cyclin-dependent kinase 9 (CDK9)/histone deacetylases 1 (HDAC1), encompassing negative regulation of macromolecule metabolic process, negative regulation of gene expression, negative regulation of cellular metabolic process, and cell population growth. MF included organic cyclic compound binding, heterocyclic compound binding, RNA binding, nucleic acid binding, and single-stranded RNA binding (Figure 3E). The most enriched in CC were nucleoplasm, intracellular organelle, membrane-bound organelle, cytoplasmic ribonucleoprotein granule, and protein-containing complex (Figure 3F). These results indicated that miR-874-3p might modulate NPC growth and apoptosis to mediate IDD through binding to ESR1 or other mRNAs in the cytoplasm.
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FIGURE 3. Bioinformatics analysis of miR-874-3p target genes predicted using the miRTarbase database. (A) Cytoscape software was used to visualize the miR-874-3p target genes, of which miR-874-3p and ESR1 were indicated with red ellipse and purple triangles, respectively. (B) ESR1 was identified as a key hub gene in the PPI network using the Cytoscape plug-in cytoHubba, of which ESR1 is indicted with a red diamond. (C–F) GO analysis of miR-874-3p target genes through the STRING website. FDR < 0.05 was regarded as statistically significant. (C) Bubble diagram shows the main biological process. The x-axis represents the FDR, the left y-axis represents the GO terms, and the right y-axis represents the gene ratio (up) and gene count (down). (D) GO chord diagram shows the five hub genes involved in the main biological process. The left outside of the circle represents the genes, whereas the left inside of the circle represents the FDR. (E) Bubble diagram shows the enrichment of molecular function. (F) Enrichment of the cellular component is shown by bubble diagram.




Prediction and Verification of the Upstream CircRNAs of MiR-874-3p

Accumulating evidence has uncovered that miRNAs can be adsorbed or even repressed by circRNAs via a ceRNA-dependent mechanism (Piwecka et al., 2017; Cheng et al., 2018; Wang et al., 2018; Xie et al., 2019; Xiang et al., 2020). The upstream circRNAs of miR-874-3p were predicted and analyzed to explore further the novel unidentified circRNAs affecting miR-874-3p function. Circbank is a comprehensive database of human circRNAs containing beyond 140,000 annotated circRNAs from different sources, which can be used to predict the upstream circRNAs of miRNAs (Liu et al., 2019). Eight overlapped circRNAs were predicted by intersecting starBase and circbank databases and the GSE67566 dataset (Figure 4A). Furthermore, a circRNA-miR-874-3p-ESR1 interaction network was constructed and visualized using Cytoscape software (Figure 4B). The two most upregulated IDD-related circRNAs circ_0040039 and circ_0004354, both derived from the syntrophin β2 gene, were predicted to bind to miR-874-3p together (data not shown). Thus, circ_0040039 and circ_0004354 were selected for further investigation. Subsequently, the empty vector (Figure 4C) and overexpression vector of circ_0040039 (Figure 4D) and circ_0004354 (Figure 4F) were constructed. The expression levels of circ_0040039 (Figure 4E) and circ_0004354 (Figure 4G) significantly increased after transfecting their overexpression vector into NPCs. Unexpectedly, both circ_0040039 and circ_0004354 elevated (but not repressed) the miR-874-3p expression level; the role of circ_0040039 was more significant (Figure 4H). In addition, circ_0004354 slightly elevated ESR1 expression without any statistically significant difference, whereas circ_0040039 remarkably repressed the ESR1 expression level (Figure 4I). Figure 4J displayed that circ_0040039 was the most upregulated circRNA in IDD group through the analysis of GSE67566. Furthermore, Western blotting assay demonstrated that circ_0040039 inhibited the protein expression level of ESR1 (Figure 4K). Taken together, these data suggested that circ_0040039 might regulate the miR-874-3p-ESR1 pathway via a stabilization mechanism rather than a canonical ceRNA mechanism, as previously reported (Piwecka et al., 2017; Chen et al., 2019).
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FIGURE 4. Prediction and verification of the upstream circRNAs of miR-874-3p. (A) Venn diagram was used to select the overlapping upstream circRNAs of miR-874-3p through the intersection of circbank and starBase databases, and the GSE67566 dataset. (B) CircRNAs-miR-874-3p-ESR1 interaction network was established using Cytoscape software. Light red represents upregulated circRNAs, and light green represents downregulated circRNAs. Circ_0040039, circ_0004354, and ESR1 were exhibited with a red ellipse, whereas miR-874-3p was represented by purple triangles. (C) CircRNA empty vector atlas. (D) Circ_0040039 overexpression vector atlas. (E) Overexpression effect of circ_0040039 was validated in NPCs using the qRT-PCR assay. (F) Circ_0004354 overexpression vector atlas. (G) qRT-PCR assay corroborated that the expression of circ_0004354 significantly increased in circ_0004354-transfected NPCs. (H) qRT-PCR assay confirmed that the expression level of miR-874-3p was elevated in NPCs after transfection with circ_0040039 or circ_0004354. (I) ESR1 expression level was measured in NPCs after transfection with circ_0040039 or circ_0004354 or corresponding NC using the qRT-PCR assay. (J) Volcano plot shows the predicted circ_0040039 based on the analysis of GSE67566. Green points represent downregulated circRNAs (left side), and red points represent upregulated circRNAs (right side); circ_0040039 is presented. (K) Western blotting assay demonstrated that circ_0040039 inhibits the protein expression level of ESR1. Data are represented as the mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.




Demonstration of the Expression Levels of Circ_0040039, Circ_0004354, MiR-874-3p, and ESR1 in Proinflammatory Cytokine-Treated NPCs

Considering that the elevated expression of TNF-α and IL-1β is a hallmark trait during NPC degeneration (Risbud and Shapiro, 2014; Fontana et al., 2015; Oichi et al., 2020; Wang et al., 2020), many researchers used them to simulate the microenvironment of IDD in vitro (Cheng et al., 2018; Wang et al., 2018, 2020). Consistent with the predicted result, the expression level of circ_0040039 significantly increased in proinflammatory cytokine–treated NPCs (Figure 5A). On the contrary, circ_0004354 expression significantly decreased in IL-1β–treated NPCs (Figure 5B). The expression level of miR-874-3p significantly increased but not decreased under the treatment of IL-1β, whereas its expression was not altered in response to TNF-α alone or both TNF-α and IL-1β treatments (Figure 5C). Surprisingly, only IL-1β remarkably enhanced ESR1 mRNA expression, whereas using TNF-α and IL-1β at the same time slightly inhibited its expression without reaching statistically significant differences (Figure 5D). However, this result was inconsistent with previous study. Recently, Song et al. (2021) validated that TNF-α can inhibit ESR1 expression in NPCs. Another literature has indicated that ESR1 silencing can elevate IL-1β and TNF-α expression (Sheng et al., 2018). The difference in experimental results may be related to the state of the NPCs and the different experimental conditions. We cannot rule out that IL-1β might act as a buffer to transiently enhance miR-874-3p and ESR1 expression, thereby delaying the development of IDD. The specific mechanisms of TNF-α and IL-1β do not affect or even increase ESR1 mRNA levels in NPCs, and its biological significance needs future investigation to elucidate. Based on these results, IL-1β was used to simulate the IDD microenvironment for further investigation.
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FIGURE 5. Demonstration of the expression levels of circ_0040039, circ_0004354, miR-874-3p, and ESR1 in proinflammatory cytokine–treated NPCs. (A–D) Expression levels of circ_0040039, circ_0004354, miR-874-3p, and ESR1 in NPCs were detected using the qRT-PCR assay in response to different proinflammatory cytokine treatments. Among these, circ_0040039, miR-874-3p, and ESR1 expression levels increased in IL-1β–treated NPCs. Data are represented as the mean ± SD. *P < 0.05, **P < 0.01.




Biofunction of Circ_0040039 in NPCs

CCK8 and FCM detection assays were performed in circ_0040039-overexpressing NPCs to validate the biofunction of circ_0040039 in NPCs. Compared with empty vector and control, circ_0040039 significantly promoted NPC apoptosis (Figures 6A,B) and repressed NPC growth (Figure 6C) in response to 20 ng/mL IL-1β treatments. Given that circ_0040039 promoted miR-874-3p (Figure 4H) but repressed ESR1 expression (Figures 4I,J), and miR-874-3p repressed ESR1 expression in NPCs (Figure 2D), it was speculated that circ_0040039 promoted NPC degeneration possibly via activating the miR-874-3p-ESR1 signaling pathway.
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FIGURE 6. Circ_0040039 promoted NPC degeneration. (A,B) Circ_0040039 overexpression vector or empty vector was transfected into NPCs, and then 20 ng/mL IL-1β was added to each group to treat NPCs. (A) NPC apoptosis was evaluated using the flow cytometry detection assay. (B) Quantitative analysis of the NPC apoptosis rate. (C) CCK8 assay was used to detect the growth rate of NPCs. **P < 0.01, ***P < 0.001.




DISCUSSION

Yang et al. (2020) summarized that estrogen can inhibit NPC apoptosis and ECM degradation by repressing proinflammatory cytokines expression and oxidative damage, as well as promoting the PI3K/Akt pathway, autophagy, and integrin expression. Esr1 gene, which encodes the estrogen receptor α, can be activated by estrogen. Sheng and colleagues validated that ESR1 silencing or the decreased expression of ESR1 induced by miR-221 overexpression can weaken the protective effects of estrogen on IDD via inhibiting ECM synthesis, as well as elevating NPC apoptosis and IL-1β and TNF-α expression (Sheng et al., 2018). Upregulation of ESR1 was demonstrated to protect TNF-α–induced NPC degeneration through the activation of CCN5 by binding to its promoter (Song et al., 2021). Moreover, ESR1 has a negative correlation with the severity of IDD, and its mRNA and protein levels are downregulated in the NP tissues of patients with high-grade IDD compared with patients with low-grade IDD (Song et al., 2014; Cai et al., 2020). A series of studies demonstrated that the activity and biofunction of ESR1 could be regulated by circRNAs and miRNAs (Sheng et al., 2018; Cai et al., 2020; Taheri et al., 2020). The available evidence showed the interactions between ESR1 and miRNAs were implicated in the pathomechanism of IDD. For example, miR-221 (Sheng et al., 2018) and miR-203-3p (Cai et al., 2020) were reported to promote IDD via directly repressing ESR1 expression. Additionally, ESR1-associated circRNAs also have been identified in patients with cancer (Yuan et al., 2019; Xiao et al., 2020). Yuan et al. (2019) demonstrated that circ_0087378 was downregulated in patients with ER+ breast cancer. ESR1 was proven to inhibit circRNA-SMG1.72 expression by directly binding to the 5′ promoter region of its host gene SMG1, thereby suppressing hepatocellular carcinoma progression (Xiao et al., 2020). However, the ESR1-associated circRNAs in IDD have not been investigated. The present study found that circ_0040039 repressed whereas circ_0004354 promoted ESR1 expression. Under the stimulation of IL-1β, the expression of circ_0040039 and ESR1 was elevated in NPCs. The gain-of-function experiments revealed that circ_0040039 hindered NPC survival. Given that Lan et al. (2016) predicted and demonstrated that the expression level of circ_0040039 was remarkably upregulated in IDD, it was hypothesized that the upregulation of circ_0040039 might disrupt the normal function of IVD by inhibiting ESR1 expression and functions during IDD. The participation of circ_0040039-ESR1 pathway in regulating the ECM metabolism and the production of proinflammatory factors by NPCs, as well as the biological significance of the circ_0004354-ESR1 pathway in IDD, need further investigation.

MiR-874-3p has been implicated in regulating the apoptosis and growth of various cells. Dai et al. (2020) recently found that miR-874-3p aggravated renal podocyte apoptosis by directly inhibiting MsrB3. Leong et al. (2017) demonstrated that the activation of the miR-874-3p-PIN1 pathway promoted the apoptosis of hepatocellular carcinoma cells and repressed growth. Xia et al. (2018) also uncovered that the upregulation of miR-874-3p enhanced the apoptosis of epithelial ovarian cancer cells and inhibited growth. Huang et al. (2018) found that silencing circ_0000977 promoted the apoptosis of pancreatic ductal adenocarcinoma cells by stimulating miR-874-3p and inhibiting PLK1 expression. However, miR-874-3p has been confirmed to inhibit the apoptosis of brain tissue (Jiang et al., 2019; Xie et al., 2020) and cavernosal smooth muscle cells (Huo et al., 2020). The different roles of miR-874-3p may be related to cell state and type. This study verified that circ_0040039 and circ_0004354 promoted miR-874-3p expression, and ESR1 might be a direct target of miR-874-3p. It seemed whether miR-874-3p promoted or inhibited NPC apoptosis was not important; it might play a role as a bridge.

The cross-talk between circRNAs and miRNAs is not single. A growing body of evidence has revealed that circRNAs are widely involved in the regulation of the occurrence and progression of various chronic diseases by acting as miRNA sponges, encompassing IDD (Cheng et al., 2018; Wang et al., 2018; Xie et al., 2019; Xiang et al., 2020), osteoarthritis (Zhou et al., 2019; Chen et al., 2020), and cancers (Huang et al., 2018; Chen et al., 2019; Zhao et al., 2020), as well as cardiovascular (Garikipati et al., 2019) and neurodegenerative (Zhang et al., 2020) diseases. For instance, circ-VMA21 was demonstrated to mitigate proinflammatory cytokine–induced NPC apoptosis and ECM degradation by suppressing the miR-200c-XIAP signaling pathway (Cheng et al., 2018). Our group previously also reported that circ-FAM169A might modulate the pathological process of IDD through downregulating miR-583 (Li et al., 2021). In addition, circRNA involved in compression-induced damage of NPCs (circRNA-CIDN) (Xiang et al., 2020), circ-4099 (Wang et al., 2018), and circ-ERCC2 (Xie et al., 2019) were all corroborated to mediate the progression of IDD via negatively regulated miRNA expression. Besides adsorbing miRNA, circRNAs can also stabilize and upregulate miRNA expression. CircCSNK1G3 can positively regulate miR-181b/d expression levels to promote prostate cancer cell growth, as reported by Chen et al. (2019). Piwecka et al. (2017) found that the miR-7 expression level was downregulated and miR-7 targets were upregulated in CDR1as, a gene encoding circRNA Cdr1as, in knockout mouse brains. The present study also showed that circ_0040039 could enhance miR-874-3p and repress ESR1 expression levels, further supporting the existence of miRNA stabilization mechanism. However, the underlying stabilization mechanisms remain to be clarified in the future.

However, the present study also had several limitations. First, the data were obtained only from the GEO database, and hence the verification of clinical samples was lacking. Second, the study was devoid of rescue experiments and in vivo investigation. Third, whether circ_0040039 regulated miR-874-3p expression through a stabilization mechanism still remained unclear.



CONCLUSION

Taken together, the results uncovered that circ_0040039 might inhibit ESR1 expression via upregulating miR-874-3p, thereby facilitating NPC apoptosis and inhibiting NPC growth. The findings might enhance the understanding of the pathogenesis of IDD and provide a new treatment strategy against IDD diseases in the future. The precise role and mutual regulatory mechanism of the circ_0040039-miR-874-3p-ESR1 pathway in IDD need further investigation.
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Background: Atrial fibrillation (AF) is the most common arrhythmia. We aimed to construct competing endogenous RNA (ceRNA) networks associated with the susceptibility and persistence of AF by applying the weighted gene co-expression network analysis (WGCNA) and prioritize key genes using the random walk with restart on multiplex networks (RWR-M) algorithm.

Methods: RNA sequencing results from 235 left atrial appendage samples were downloaded from the GEO database. The top 5,000 lncRNAs/mRNAs with the highest variance were used to construct a gene co-expression network using the WGCNA method. AF susceptibility- or persistence-associated modules were identified by correlating the module eigengene with the atrial rhythm phenotype. Using a module-specific manner, ceRNA pairs of lncRNA–mRNA were predicted. The RWR-M algorithm was applied to calculate the proximity between lncRNAs and known AF protein-coding genes. Random forest classifiers, based on the expression value of key lncRNA-associated ceRNA pairs, were constructed and validated against an independent data set.

Results: From the 21 identified modules, magenta and tan modules were associated with AF susceptibility, whereas turquoise and yellow modules were associated with AF persistence. ceRNA networks in magenta and tan modules were primarily involved in the inflammatory process, whereas ceRNA networks in turquoise and yellow modules were primarily associated with electrical remodeling. A total of 106 previously identified AF-associated protein-coding genes were found in the ceRNA networks, including 16 that were previously implicated in the genome-wide association study. Myocardial infarction–associated transcript (MIAT) and LINC00964 were prioritized as key lncRNAs through RWR-M. The classifiers based on their associated ceRNA pairs were able to distinguish AF from sinus rhythm with respective AUC values of 0.810 and 0.940 in the training set and 0.870 and 0.922 in the independent test set. The AF-related single-nucleotide polymorphism rs35006907 was found in the intronic region of LINC00964 and negatively regulated the LINC00964 expression.

Conclusion: Our study constructed AF susceptibility- and persistence-associated ceRNA networks, linked genetics with epigenetics, identified MIAT and LINC00964 as key lncRNAs, and constructed random forest classifiers based on their associated ceRNA pairs. These results will help us to better understand the mechanisms underlying AF from the ceRNA perspective and provide candidate therapeutic and diagnostic tools.

Keywords: atrial fibrillation, susceptibility, persistence, ceRNA, WGCNA, RWR-M


INTRODUCTION

Atrial fibrillation (AF) is the most common type of cardiac arrhythmia and poses a significant burden to patients and physicians (Hindricks et al., 2020). The currently estimated global prevalence of AF is between 2 and 4% (Hindricks et al., 2020; Virani et al., 2020), and by the middle of the 21st century, AF will be diagnosed in an estimated 72 million individuals in Asia, 16 million in America, and 14 million in Europe (Kornej et al., 2020). Well-known risk factors contribute to AF susceptibility, including aging, male sex, alcohol consumption, obesity, and smoking as well as comorbidities such as heart failure, diabetes, obstructive sleep apnea, and inflammatory disease (Chung et al., 2020). AF is also heritable (Weng et al., 2017), and two large-scale genome-wide association studies (GWAS) identified more than 100 loci associated with AF (Nielsen et al., 2018; Roselli et al., 2018). AF increases the risk of stroke, dementia, and depression and contributes to a 1.5–3.5-fold increase in mortality (Hindricks et al., 2020). Despite its epidemiological importance, the fundamental mechanisms that underlie AF remain poorly understood.

The basic mechanisms that underlie AF include ectopic firing and reentry circuits, both of which are associated with atrial electrical and structural remodeling (Iwasaki et al., 2011). Electrical remodeling refers to changes in the expression or function of the ion channels that affect the electrical activity of cardiomyocytes, whereas structural remodeling refers to alterations that occur in the tissue architecture, such as atrial fibrosis and dilation (Nattel and Harada, 2014). Both electrical and structural remodeling provide the substrates for ectopic firing and reentry circuits. Some newly proposed physiological processes, including oxidative stress, inflammation, and mitochondrial damage, have the potential to trigger atrial remodeling and represent promising therapeutic targets in AF (Nattel et al., 2020).

Depending on the presentation, duration, and spontaneous termination of AF, five patterns have been classified, including first-diagnosed, paroxysmal, persistent, long-standing persistent, and permanent AF (Hindricks et al., 2020). The self-perpetuating nature of AF represents a major challenge that has limited the success of pharmacological or ablation therapies and might serve as the leading mechanism that contributes to the development of paroxysmal to persistent to permanent AF (Nattel et al., 2014). Rapid, irregular pacing causes abnormalities to develop in the underlying electrical or structural properties of the atria, and these remodeling events can further promote AF development (Nattel et al., 2014), leading to a vicious cycle of “AF begetting AF.” Therefore, identifying the regulators that mediate the pathogenic biological processes that underlie atrial remodeling has become a primary goal in AF-related clinical and experimental studies. The recent discovery of a new group of mediators, known as competing endogenous RNAs (ceRNAs), offers a unique opportunity for deciphering this complex heart rhythm disorder.

Numerous microRNA (miRNA) binding sites have been identified on messenger RNAs (mRNAs), long non-coding RNAs (lncRNAs), circular RNAs, and pseudogenes (Tay et al., 2014), leading to the hypothesis that RNA transcripts containing miRNA-binding sites can “communicate” or regulate each other by competing for shared miRNAs, acting as ceRNAs (Salmena et al., 2011). This hypothesis has been widely adopted in investigations of the roles played by non-coding RNAs in disease pathogenesis, especially lncRNAs. A great example is cardiac apoptosis–related lncRNA (CARL), which competitively binds to miR-539, preventing the miR-539-dependent downregulation of prohibitin 2 (PHB2), allowing PHB2 to inhibit mitochondrial fission and apoptosis in cardiomyocytes (Wang et al., 2014). However, the functions of ceRNA pairs in AF have not yet been well-illustrated. As the “language” of ceRNAs, many miRNAs have been demonstrated to promote AF development by causing atrial electrical and structural remodeling (Luo et al., 2015), suggesting the existence of ceRNA crosstalk in AF pathogenesis. Previous research has attempted to identify ceRNA pairs associated with AF by identifying differentially expressed lncRNAs/mRNAs between patients with AF and those with sinus rhythm (SR) (Qian et al., 2019). However, differentially expressed gene (DEG) analysis ignores the interconnections between ceRNAs and may filter out genes with high centralities that engage in high levels of ceRNA crosstalk. In addition, DEGs were identified by comparing the expression patterns between a persistent AF and an SR group; however, these genes could be associated with either increased susceptibility or persistence, and the distinction between susceptibility- and persistence-associated ceRNA pairs is not possible in comparisons of AF and SR genes.

The characteristics and underlying molecular mechanisms associated with AF susceptibility might differ from those associated with AF persistence. A previous microarray study (Deshmukh et al., 2015) compared the transcriptomic profiles of left atrial appendages from three types of patients (no AF history, AF history in SR at surgery, AF history in AF at surgery) and found that AF susceptibility was associated with changes in the activities of several transcription factor targets related to inflammation, oxidation, and cellular stress responses, whereas AF persistence was associated with the remodeling of ion channel expression. Many of these changes corroborate the findings of previous clinical and electrophysiology studies of AF. On the one hand, inflammatory disease, cardiovascular comorbidities, and increased serum inflammatory biomarkers have been associated with an increased risk of AF (Chung et al., 2020; Li and Brundel, 2020), which supports the idea that inflammation and oxidative stress contribute to AF susceptibility. On the other hand, GWAS studies and gain and loss of function studies have identified various genes related to ion channel expression that are associated with AF persistence (Roselli et al., 2020). Drugs that target ion channel currents represent the current pharmacological strategies used to treat AF patients. However, the application of anti-inflammatory agents for AF prevention has generally failed to establish AF-specific indications, and the efficiency of anti-arrhythmia drugs in AF treatment remains relatively unsatisfactory (Chung et al., 2020). Therefore, the identification of new regulators to prevent the initiation and progression of this complex arrhythmia could provide new therapeutic and diagnostic targets.

In this study, we introduce a method known as the weighted gene co-expression network analysis (WGCNA), which can cluster highly correlated genes into association modules and then relate each module to external clinical traits (Langfelder and Horvath, 2008). The construction of a ceRNA network within a disease-related module ensures that the identified nodes are highly co-expressed and enhances the reliability and significance of the network. Our present study used a large cohort (n = 235) of left atrial tissue samples derived from patients from three types of atrial rhythm. By analyzing the relationships between the modules and the various phenotypes, we were able to identify AF susceptibility- and persistence-associated ceRNA networks, which will inform future research. We also applied a newly proposed algorithm, known as the random walk with restart on multiple networks (RWR-M), to prioritize lncRNAs by analyzing the “proximity score” of each lncRNA to known disease-related genes. Moreover, by applying the random forest classification algorithm, we demonstrate that key lncRNA-associated ceRNA pairs could distinguish AF from SR patients in both training and independent test sets. In general, our study generates a state-of-the-art pipeline for the construction of disease-associated ceRNA networks and the prioritization of newly identified disease-associated genes (Figure 1). These results provide information to promote a better understanding of the mechanisms that underlie AF from the ceRNA perspective and identify new candidate therapeutic and diagnostic targets.


[image: Figure 1]
FIGURE 1. Study workflow.




MATERIALS AND METHODS


Data Acquisition and Preprocessing

The GSE69890 data set was used to obtain the RNA sequencing results generated from left atrial appendage (LAA) tissue samples derived from 235 subjects of European descent (Hsu et al., 2018). These 235 subjects were divided into three groups according to their atrial rhythm phenotypes: no history of AF and in SR at the time of surgery (SR/SR, n = 43), a history of AF but in SR at the time of surgery (AF/SR, n = 74), and a history of AF and flutter at the time of surgery (AF/AF, n = 118). The raw count file was downloaded from the NCBI Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/). We annotated the Ensemble ID identifier with the Ensembl Release 99 (https://www.ensembl.org/index.html), retaining rows that (1) had an official symbol name and (2) belonged to the lncRNA or mRNA category and removing rows that had duplicated gene names. Genes with counts of <10 in more than 80% of samples were filtered out, and the remaining data were variance-stabilized and transformed using the R package DESeq2 (Love et al., 2014). Surrogate variables (SVs) were calculated using the sva package (Leek et al., 2012), and the expression of each gene was adjusted by the sex covariate and the identified SVs. Finally, the top 5,000 genes with the highest variance were selected for the construction of a gene co-expression network.

For validation, the GSE41177 data set (Yeh et al., 2013), which includes microarray data from a total of 38 left atrial tissues from 6 persistent AF and 32 SR patients, was downloaded from the GEO database. The raw CEL files were obtained and preprocessed using a robust multiarray average (RMA) algorithm with the affy package (Gautier et al., 2004) for background correction and quantile normalization. The median expression values among all multiple probe IDs were selected to represent the corresponding gene.



Construction of a Weighted Gene Co-Expression Network

WGCNA is one of the most widely used methods for the construction of a gene co-expression network (Langfelder and Horvath, 2008). In this study, we focused only on positive gene correlations; therefore, a signed network was constructed. First, a signed adjacency matrix was generated between genes based on their correlation. The adjacency value, signed aij, for genes i and j, is defined as

[image: image]

where cor(xi, xj) is the Pearson's correlation coefficient between gene i and gene j, and β is an integer to let the network display a scale-free topology property. A value of β = 12 was selected in this study because this satisfied a degree of independence of 0.9 with the minimum value. Then, a topological overlap measure (TOM) was created to reduce the network sensitivity to spurious connections or random noise (Ravasz et al., 2002). Hierarchical clustering was performed on the matrix 1 – TOM and the dynamic tree cut method was applied to generate modules of highly co-expressed genes with parameters set to a deepSplit of 2, minModuleSize of 30, and height cutoff of 0.25 as recommended (Zhang and Horvath, 2005). The module eigengene (ME) is defined as the first principal component of a given module and can, therefore, present the gene expression profiles in a module (Langfelder and Horvath, 2008).



Association Between Modules and Clinical Information

Pearson's correlation analysis was applied to correlate the atrial rhythms with the MEs from each module. Associations between modules and AF susceptibility were determined by evaluating the correlations between the MEs and the atrial rhythm phenotypes in the 117 AF/SR and SR/SR samples (AF/SR was assigned one and SR/SR was assigned zero). Similarly, associations between modules and AF persistence were determined by evaluating the correlation between MEs and atrial rhythm phenotypes in the 192 AF/AF and AF/SR samples (AF/AF was assigned one and AF/SR was assigned zero). To reduce the probability of statistical error, we only chose the four most significant modules associated with AF (two for susceptibility and two for persistence) for further analysis.



Preparation of miRNA Targets Database

DIANA-LncBase v2.0 (http://www.microrna.gr/LncBase) is a reference repository that contains experimentally supported non-coding RNA–miRNA pairs (Paraskevopoulou et al., 2016). DIANA-TarBase v8 (http://www.microrna.gr/tarbase) is a reference database with experimentally supported mRNA-miRNA pairs (Karagkouni et al., 2018). We annotated the Ensemble ID identifiers in the two data sets, as described above, and retained only the identified lncRNA–miRNA and mRNA–miRNA pairs, resulting in 26,178 lncRNA–miRNA pairs and 418,758 mRNA–miRNA pairs, which were used for further ceRNA pair prediction.



ceRNA Network Construction

For each of the selected modules, the mRNAs and lncRNAs were co-expressed and closely related to AF. Thus, we predicted their communications by identifying shared miRNAs between lncRNAs and mRNAs. We used a strict prediction and selection method as follows: (a) prediction of lncRNA–miRNA interactions; (b) prediction of mRNA–miRNA interactions; (c) hypergeometric test: for each lncRNA–mRNA pair with shared miRNAs, we calculated the pair's significance by performing a hypergeometric test using the phyper function in the stata packages in R software. The p-values were calculated as follows:

[image: image]

where N represents the total number of miRNAs in the prepared lncRNA–miRNA and mRNA–miRNA pairs (N = 923), t represents the number of shared miRNAs between the given lncRNA and mRNA, n represents the number of miRNAs that target the lncRNA, and M represents the number of miRNAs that target the mRNA. Those pairs with p < 0.05 were selected to construct the ceRNA network. We also calculated an adjusted p-value using the Benjamini–Hochberg (BH) method. Those pairs with adjusted p < 0.05 were used in the following sensitivity analysis.



Enrichment Analysis

For a given gene list, a gene ontology biological process (GO BP) enrichment analysis was conducted using the ClusterProfiler (Yu et al., 2012) package in R software.



Random Walk With Restart on Multiplex Networks

RWR-M is a state-of-the-art algorithm in network computational biology (Valdeolivas et al., 2019). It can be applied to prioritize candidate disease genes by calculating the proximity score of other nodes to known disease genes (seed nodes) in multiple interaction networks. Consider a multiplex graph G of L undirected graphs that share the same sets of n nodes. Each layer α = 1,…L, is defined by its n × n adjacency matrix [image: image], where A[α](i, j) = 0 if nodes i and j are not directly connected on layer α and one otherwise. Specifically, A[α](i, i) = 0, i = 1, …n. The multiplex graph is then defined as G = (V, E), where [image: image]; [image: image]

For each iteration, an imaginary particle can walk from its current node [image: image] to its neighbors within a layer or jump to [image: image] (α ≠ β) in another layer. An nL × nL matrix M can be defined as

[image: image]

where I is the n × n identity matrix. The parameter δ ∈ [0, 1] is the probability of staying in a layer or jumping to another layer and was set as 0.5 in this study. The RWR-M equation can be defined as

[image: image]

where M is the column normalization transition matrix of M; [image: image] and [image: image] are n × L vectors with each element representing the probability of the walking particle in G; r ∈ [0, 1] is the restart probability that the particle can restart by jumping to seed nodes at each iteration in the graph and was set as 0.7. The [image: image] is defined as [image: image] = τ [image: image], where [image: image] represents the initial probability distribution. The seed nodes are assigned 1/k (k is the number of seeds), and other nodes are assigned zero. τ = [τ1,., τL] is the measurement of each layer's weight. After enough iterations, the difference between [image: image] and [image: image] becomes negligible, and the stationary probability distribution is reached. The elements in the distribution matrix then represent a proximity measure from every node to the seed(s). Nodes with a high “global proximity score” were, therefore, prioritized as new disease genes.

First, the lncRNA–mRNA pairs in the four ceRNA networks were aggregated into a single large network, which was set as the first layer. We then used the top 50% of evidence-supported gene–gene interactions with the highest confidence scores from the cardiac muscle data identified by the GIANT project (Greene et al., 2015). The GIANT project collected genome-wide, functional interaction networks in tissue- and cell-specific manners for more than 100 human tissues and cell types. We only extracted those edges for which the two nodes both existed in the aggregated ceRNA network. Then, we conducted the RWR-M algorithm with two layers (L = 2, aggregated ceRNA network, and GIANT-guided network) using the RandomWalkRestartMH package (Valdeolivas et al., 2019). For the RWR-M analysis, seed nodes must first be defined. We searched the DISEASE (Pletscher-Frankild et al., 2015), DisgeNET (Piñero et al., 2017), and MALACARD (Rappaport et al., 2017) databases to identify known AF protein-coding genes, and those presented in the network were set as seed nodes. For RWR-M, the layer weight was set to [image: image]where R is the ratio of the number of ceRNA-guided interactions in the first layer to the number of GIANT project-guided interactions in the second layer. After performing the RWR-M algorithm, the top two scoring lncRNAs were selected as the key lncRNAs associated with AF.



Gene Set Variation Analysis

To further investigate the function of the prioritized lncRNAs and eliminate the effects of atrial rhythm, we conducted a GSVA. GSVA (Hänzelmann et al., 2013) is an unsupervised method that computes the enrichment score of a given gene set in each sample. We downloaded the latest GO BP gene sets from the Molecular Signatures Database v7.2 (https://www.gsea-msigdb.org/) (Mootha et al., 2003) and excluded those with gene sizes smaller than 10 or larger than 500. For each gene set, we identified the correlation with the prioritized lncRNAs by fitting a linear model as the GSVA score–atrial rhythm + expression value of lncRNA. The regression coefficient and p-value for each lncRNA were calculated using the stata package.



Construction of Random Forest Classifiers and Validation

For each prioritized lncRNA, the expression values of the lncRNA and its mRNA pairs were used to construct a random forest classifier using the randomForest package (Liaw and Wiener, 2002) in R. The performance of the classifier was first validated in the training set using a six-fold cross-validation method and was further evaluated using an independent test data set. First, because RNA sequencing and microarray results can be characterized by substantial heterogeneity, the expression values of selected features in 118 AF/AF samples, 43 SR/SR samples, and 38 microarray samples were merged, and batch effects were removed using the combat function of the sva package in R, without specifying the covariate of interest (AF or SR). The RNA sequencing samples were used as the training set, and the remaining 38 microarray samples were used as the test set. The performance of the established classifier was evaluated using the receiver operating characteristic curve and the value of the area under the curve (AUC).




RESULTS


Data Preparation

After data preprocessing, we obtained a large gene expression matrix consisting of 16,905 unique genes (1,994 lncRNAs and 14,911 mRNAs) rows by 235 sample columns (AF/AF, n = 118; AF/SR, n = 74; and SR/SR, n = 43). An SV analysis was performed to identify potential large effectors of gene expression that might potentially introduce spurious correlations between genes, including technical variables, such as batch effects and read depths; genetic variables; and environmental variables, such as any history of structural heart disease and age (Leek and Storey, 2007; Leek et al., 2010; Parsana et al., 2019). Two SVs were identified when specifying the interest of atrial rhythm and covariate of sex. We then fit the gene expression matrix with a linear model that included atrial rhythm, sex, and the identified SVs (expression–atrial rhythm + sex + SVs) and regressed out the sex variable and the SVs. The cleaned expression matrix was used for further analyses, and the GSE41177 data set was used for validation.



Construction of Co-Expression Modules and the Identification of Key Modules

The top 5,000 genes with the highest variation (including 460 lncRNAs and 4,540 mRNAs) were selected for the construction of a gene co-expression network. The β value was set to 12. A total of 21 modules were generated using dynamic tree cutting (Figure 2A). We then analyzed the correlation between each module and the clinical traits by calculating the correlation coefficient between each ME and the atrial rhythm phenotype. As shown in Figure 2B, the magenta (r = 0.42, p = 3e−6) and tan (r = 0.35, p = 9e−5) modules represent the top two AF susceptibility-associated modules, whereas the turquoise (r = −0.54, p = 1e−15) and yellow (r = 0.6, p = 6e−20) modules represent the top two AF persistence-associated modules. In addition, the magenta and tan modules did not significantly correlate with AF persistence, and the turquoise and yellow modules did not significantly correlate with AF susceptibility, indicating that the selected modules each have specificity for either AF susceptibility or persistence. Supplementary Table 1 summarizes the basic and functional information for all 21 modules. Figures 2C–F show the top 10 GO BP enrichment results for the four selected modules. The magenta module is primarily associated with the type I interferon signaling pathway, and the tan module is primarily associated with T cell activation. Both the turquoise and yellow modules are associated with muscle contraction and the regulation of membrane potential. These results indicate that immune system activation is closely associated with AF susceptibility, and electrical remodeling is more closely associated with AF persistence.


[image: Figure 2]
FIGURE 2. Construction of the weighted co-expression network and module analysis. (A) Cluster dendrogram. The two colored rows below represent the original and merged modules. (B) Heat map of the correlation between AF susceptibility/persistence and module eigengenes. Each row corresponds to a different module eigengene, and each column corresponds to a different AF trait. Each cell contains the corresponding correlation (first line) and p-value (second line). (C–F) Top 10 enriched biological processes associated with the AF-related modules.




Construction of ceRNA Networks in a Module-Specific Manner

The key design of our study was the construction of the ceRNA network among highly co-expressed genes. We reasoned that, if two genes exist in different modules, their ceRNA interactions would likely be less strong. Thus, we did not consider any intermodule ceRNA pairs. For each of the four AF modules, we identified the intramodule lncRNA–mRNA ceRNA pairs through the prediction and selection methods described in section Association between modules and clinical information. We obtained four independent ceRNA networks, two associated with AF susceptibility and two associated with AF persistence (Figure 3). The GO BP enrichment analysis (Figure 4) shows that the magenta ceRNA network was primarily associated with the defense response to virus and type I interferon signaling pathway, the tan ceRNA network was associated with T cell differentiation and T cell activation, the turquoise ceRNA network was primarily associated with synapse organization and regulation of membrane potential, and the yellow ceRNA network was primarily associated with cardiac muscle tissue development and muscle contraction.


[image: Figure 3]
FIGURE 3. ceRNA networks for each module. Note: the yellow color represents lncRNAs, whereas the red color represents known AF protein-coding genes identified from DISEASE, DisgeNET, and MALACARD databases. (A–D) lncRNA-mRNA ceRNA networks identified using a module-specific manner in AF susceptibility-associated magenta (A) and tan (B) modules, and AF persistence-associated turquoise (C) and yellow (D) modules.



[image: Figure 4]
FIGURE 4. Gene ontology biological process enrichment analysis for each ceRNA network. (A–D) Top 20 enriched gene ontology biological process terms of protein-coding genes in AF susceptibility-associated magenta (A) and tan (B) ceRNA networks, and AF persistence-associated turquoise (C) and yellow (D) ceRNA networks.


We successfully constructed two inflammation-associated ceRNA networks related to AF susceptibility and two cardiac conduction or electrical remodeling-associated ceRNA networks related to AF persistence. Based on Figure 3, the majority of the nodes in each network appear to be able to communicate with each other through ceRNA language-guided interactions, either directly (lncRNA–mRNA) or indirectly (an mRNA–lncRNA–mRNA–lncRNA axis). These lncRNAs and mRNAs represent valuable therapeutic targets to prevent AF progression as they were not only co-expressed but also functionally correlated. Moreover, a total of 106 previously identified AF protein-coding genes were included in the established ceRNA networks (Figure 3, red nodes), including 49 in the turquoise ceRNA network, 32 in the yellow ceRNA network, 15 in the magenta ceRNA network, and 10 in the tan ceRNA network. The hypergeometric test showed a p-value of 8e−10 for the AF enrichment. These findings further demonstrate the significance of the constructed networks. More interestingly, 16 of the identified protein-coding genes have been implicated in the GWAS of AF conducted by Roselli et al. (2018, 2020) and Nielsen et al. (2018), including AGBL4, COG5, DGKB, HSF2, KCND3, KCNN2, SLC27A6, SYNE2, and SYNPO2L in the turquoise ceRNA network and MYH7, MYOCD, MYO18B, NAV2, PHLDB2, RPL3L, and SMAD7 in the yellow ceRNA network. These results indicate that the roles of these GWAS-related genes in AF are likely associated with atrial electrical remodeling. Detailed information for each ceRNA network, including shared miRNAs between any lncRNA–mRNA pair, can be found in Supplementary Table 2.



Prioritizing Key lncRNAs Associated With AF Using the RWR-M Algorithm

We then aimed to prioritize key lncRNAs associated with AF (Figure 5). We defined the hub lncRNAs with high graphical proximity to known AF genes. We applied the latest RWR-M algorithm with two different layers (the aggregated ceRNA network and the GIANT project-guided network; Figure 5A). The calculated RWR-M score can be considered a measure of the proximity between the seed(s) and all other nodes in the graph. Those genes with high RWR-M scores are then identified as hub genes. After performing the RWR-M algorithms, MIAT and LINC00964 were identified as the genes with the top two highest RWR-M scores and were identified as hub genes associated with AF (Figure 5A; scores for all lncRNAs in the network and their diagnostic efficiency for distinguishing AF from SR are described in Supplementary Table 3). We also tested whether using BH-adjusted p-values in step 2.5 would substantially change the results. After filtering lncRNA–mRNA pairs with an adjusted p < 0.05 and conducting the subsequent protocols, MIAT and LINC00964 remained among the top five high RWR-M scoring lncRNAs. The lncRNA MIAT belongs to the AF susceptibility-associated tan module, whereas the lncRNA LNIC00964 belongs to the AF persistence-associated turquoise module. The miRNA partners of MIAT-mediated ceRNA pairs include 19 miRNAs (Supplementary Table 2), some of which have previously been implicated in AF, such as miR-27b-3 (Lv et al., 2019) and miR-23b-3p (Yang et al., 2019). The miRNA partners of LINC00964-mediated ceRNA pairs only included miR-34a-5p. Interestingly, a previous study has demonstrated that miR-34a promoted atrial electrical remodeling by enhancing intracellular Ca2+ signaling (Zhu et al., 2018). These results revealed that these miRNA-mediated ceRNA pairs likely served critical roles during AF development.


[image: Figure 5]
FIGURE 5. RWR-M algorithm and the performance of random forest classifiers in the test set. (A) Process of RWR-M. (B) MIAT-related ceRNA pairs (left) and LINC00964-related ceRNA pairs (right). Yellow color represents lncRNAs and red color represents known AF protein-coding genes. (C) Performance of the MIAT-related ceRNA pairs-based classifier (left) and the LINC00964-related ceRNA pairs-based classifier (right), as reflected by their respective receiver operating characteristic curves.




Identifying Biological Processes Correlated With MIAT and LINC00964

The lncRNA MIAT has 23 direct mRNA targets in the tan module, including six known AF genes. GO BP enrichment analysis identified the 23 genes associated with MIAT as being primarily involved in lymphocyte differentiation and T cell activation (data not shown). The lncRNA LINC00964 has 89 direct mRNA targets in the turquoise module, including 13 known AF genes. No significant term was enriched among these 89 mRNAs based on Fisher's exact test with BH adjustment, indicating that the 89 direct targets of LINC00964 have multiple biological functions. These genes are significantly associated with atrial electrical remodeling because they (1) were co-expressed with atrial electrical remodeling-related genes in the turquoise ceRNA network and (2) co-interacted with atrial electrical remodeling-related genes in the turquoise ceRNA network through ceRNA-guided interactions. To further investigate the biological functions of MIAT and LINC00964, we conducted a GSVA and correlated the GSVA score of each pathway (a total of 5,348 gene sets) with the expression value of each lncRNA while adjusting for the AF phenotype (Supplementary Table 4 for MIAT and Supplementary Table 5 for LINC00964). For MIAT, all of the top 10 positively correlated pathways were identified as T cell activation–related pathways, with T_Helper_17_Cell_Lineage_Commitment having the highest regression coefficient of 0.384. For LINC00964, the top 10 positively correlated gene sets were primarily involved in rhythm control-related processes. In addition, nearly all of the cardiac conduction–associated pathways were significantly positively correlated with LINC00964. For example, the Atrial_Cardiac_Muscle_Cell_Membrane_Repolarization pathway was correlated with LINC00964 with a regression coefficient of 0.178 and a p-value of 0.015. Taken together, these findings suggest that MIAT was closely associated with T cell activation, whereas LINC00964 was closely associated with atrial electrical remodeling.



Establishing a Classifier Based on Key lncRNA–mRNA Pairs

We reasoned that if MIAT and LINC00964 were important in AF, the expression values of their related ceRNA pairs would have the ability to discriminate persistent AF from SR. For each of the two lncRNAs, we extracted related ceRNA pairs in the network (Figure 5B) and constructed a classifier based on their expression values, using random forest algorithms. Before the random forest algorithm, we removed the batch effects associated with the microarray samples and the RNA sequencing samples that did not fit the interest (AF or SR) into the model to increase the power of the classifier as the microarray data and RNA sequencing data have high heterogeneity. The classifiers were first validated in the training set using a six-fold cross-validation method. Both MIAT-based and LINC00964-based classifiers showed a strong ability to discriminate AF from SR in the training set with AUC values of 0.810 and 0.940, respectively. We then evaluated their performances in the independent microarray data set. Promisingly, high AUC values were obtained for both classifiers, including 0.870 for the MIAT-based classifier and 0.922 for the LINC00964-based classifier (Figure 5C). These results further indicate the importance of these ceRNA pairs in AF pathogenesis and might provide new diagnostic tools for AF. In the sensitivity analysis, we determined the effects of retaining the batch effects, which resulted in the AUC values of the MIAT- and LINC00964-based classifiers for the independent test set being reduced to 0.75 and 0.70, respectively. This result highlights the importance of removing batch effects before constructing classifiers.




DISCUSSION

To our knowledge, this is the first study to identify AF susceptibility- and persistence-specific gene modules and ceRNA networks. The large sample size ensures that these results are more reliable than most previously conducted AF bioinformatic studies. By comparing the MEs from patients in SR who differed according to a history of previous AF (AF/SR vs. SR/SR), we identified two co-expression modules associated with AF susceptibility, both of which were primarily associated with inflammatory processes. By comparing the MEs from patients in AF rhythm with those from patients with a history of AF but in SR (AF/AF vs. AF/SR), we identified two co-expression modules associated with AF persistence, both of which primarily associated with the processes of electrical remodeling. These results were consistent with those of a previous study that compared the genome-wide mRNA microarray profiling of LAA tissues between AF/AF, AF/SR, and SR/SR patients (Deshmukh et al., 2015), in which altered transcriptional activity associated with inflammation and the remodeling of ion channel expression were also associated with AF susceptibility and persistence, respectively.

Our next goal was to construct ceRNA networks based on gene co-expression modules, which differed from a previous study (Qian et al., 2019) that used identified DEGs to predict AF-associated ceRNA pairs, which does not account for any interactions between genes. For each ceRNA network, the nodes were not only co-expressed, but also interacted functionally, and most of the nodes could communicate either directly or indirectly. The function of each network was closely associated with a specific feature of atrial remodeling, which could provide a better understanding of gene functions. For example, the identification of a gene in the turquoise ceRNA network could indicate a role in AF through the regulation of genes involved in electrical remodeling. This information might also help to relate genetics with epigenetics and disease phenotypes as 16 AF-GWAS-related genes were identified in the currently constructed electrical remodeling-related networks.

Another innovation of the present study was the application of the state-of-the-art RWR-M algorithm, which is an improvement on the RWR algorithm, to prioritize lncRNAs. Most previous studies (Song et al., 2016; Qian et al., 2019; Wang et al., 2020) use the RWR algorithm to identify new disease genes based on a single network. However, this approach ignores functional interactions, such as co-expression networks and co-annotation networks, and each type of network has different relationships, advantages, and biases (Lee et al., 2019). One should note that the RWR-M algorithm differs from the simple aggregation of various types of interactions into an aggregated network, which would dismiss the individual features and topologies of each network and has been shown to be less effective for prioritizing new disease genes than the RWR-M algorithm (Valdeolivas et al., 2019). By applying the RWR-M algorithm based on ceRNA language-guided and evidence-supported interactions identified by a previously published data set (Greene et al., 2015), MIAT and LINC00964 were identified as the top two genes with the highest proximities to known AF genes. After adjusting for the covariate of atrial rhythm, MIAT was significantly correlated with T cell activation, especially T helper 17 cells, whereas LINC00964 was correlated with rhythm control. Moreover, LINC00964 was also significantly correlated with the atrial electrical remodeling–related process. Using the random forest algorithm, we further demonstrated that their associated ceRNA pairs could distinguish persistent AF from SR patients in both the training set and an independent test set, further indicating the importance of MIAT and LINC00964 in AF susceptibility and persistence, respectively.

MIAT has been shown to promote cardiac fibrosis through the MIAT/miR-24/Furin/transforming growth factor (TGF)-beta 1 axis (Qu et al., 2017), promote cardiac hypertrophy through the miR-150/P300 axis (Zhu et al., 2016) and miR-93/TLR4 axis (Li et al., 2018), promote extracellular matrix deposition through the miR-29/COL1A1 and COL3A1 axes (Chuang et al., 2020), and regulate vascular endothelial cell function through the miR-150-5p/VEGF axis (Yan et al., 2015). Our study indicates that MIAT is a T cell activation–associated lncRNA, especially Th17 cells, and is closely associated with AF susceptibility. This corroborates a recent study that found that cinnamaldehyde can ameliorate ulcerative colitis through the suppression of Th17 cells and the regulation of MIAT (Qu et al., 2020). The knockdown of MIAT has been shown to alleviate the inflammatory response and reduce intracellular oxidative stress in LPS-stimulated atrial HL-1 cells (Xing et al., 2020) and attenuate AF and AF-induced atrial fibrosis by targeting miR-133a-3p (Yao et al., 2020). Th17 cells are also suggested to contribute to AF susceptibility. Elevated plasma levels of Th17-related cytokines have been associated with a high risk of AF (Wu et al., 2016), and serum IL-17A levels are associated with AF recurrence (Xu et al., 2019). Experiments have also shown that Th17-produced IL-17A contributes to the development of AF by promoting inflammation and cardiac fibrosis (Fu et al., 2015). Other types of T cells, such as Th1, Th2, and Tregs, have also been implicated in AF (Liu et al., 2018). These studies are consistent with our finding and suggest the involvement of MIAT in AF through the mediation of T cell activation and inflammation. Targeting MIAT might prevent AF occurrence and recurrence.

We also identified LINC00964 as a central AF persistence-related lncRNA that is closely associated with atrial electrical remodeling. The function of LINC00964 has not previously been investigated. However, by searching the results of GWAS, we found that an AF-related single-nucleotide polymorphism (SNP), rs35006907, exists in the intronic region of LINC00964. The presence of SNPs in the promoter, intronic, or exonic regions of lncRNAs can affect transcription, structure, or function (Castellanos-Rubio and Ghosh, 2019). For example, the SNP rs11672691, located in the promoter region of lncRNA PCAT19, modulates the function and expression of PCAT19, promoting prostate cancer progression through the upregulation of cell cycle gene expression (Hua et al., 2018). By searching the expression quantitative trait loci (eQTLs) results from the Genotype-Tissue Expression (GTEx) consortium database (http://www.gtexportal.org/home/) version 8 (GTEx Consortium, 2015), rs35006907 was identified as being negatively correlated with LINC00964 expression levels, in both heart-atrial appendage tissue (normalized effect size = −0.28, p = 2.7e−8) and heart-left ventricle tissue (normalized effect size = −0.35, p = 4.3e−13). This direct evidence between SNP and gene expression indicates that the r35006907 SNP could promote AF persistence by negatively regulating the expression of LINC00964. The downregulation of LINC00964 expression would promote AF electrical remodeling by affecting the expression of ion channel–related genes in the turquoise ceRNA network.

Several limitations should be acknowledged in this study. First, the RNA sequencing technique that was used for GSE68868 was not specialized for the identification of lncRNAs; thus, only a small number of lncRNAs were available after filtering out low-expression genes. Second, lncRNAs can affect protein-coding gene function through diverse pathways, and we only considered the effects of the ceRNA mechanism. Third, lncRNAs or mRNAs can also communicate with each other through the ceRNA language, which was not analyzed. Finally, no attempt was made to validate the functions of the identified ceRNA pairs using an experimental model, and the causal relationships remain unclear.

In conclusion, our study constructed AF susceptibility- and persistence-associated ceRNA networks, identified relationships between genetic and epigenetic pathways, prioritized MIAT and LINC00964 as key lncRNAs, and constructed random forest classifiers based on their associated ceRNA pairs. These results will help us to better understand the mechanisms underlying AF from the ceRNA perspective and provide candidate therapeutic and diagnostic tools.
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Polycystic ovary syndrome (PCOS), one of the most common types of endocrine diseases, is characterized by a high prevalence among women of reproductive-age. However, its pathogenesis and molecular mechanisms remain unclear. CircMTO1 has been reported to participate in numerous biological processes, but, its role in PCOS progression remains unknown. In the current study, we elucidated the expression and circRNA characterization of circMTO1 in human granulosa-like tumor cells. We found that circMTO1 knockdown promoted human granulosa-like tumor cell proliferation and inhibited its apoptosis rate. Next, we explored the underlying molecular mechanisms by using a series of experiments. Our results revealed the effect of the novel circMTO1/miR-320b/MCL1 axis in human granulosa-like tumor cells. Furthermore, we found that the expression of circMTO1 was induced by Snail family transcriptional repressor 2 (SNAI2) in human granulosa-like tumor cells. Our results may provide potential targets for PCOS research and a novel direction for the diagnosis and treatment of PCOS.
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INTRODUCTION

Polycystic ovary syndrome (PCOS),one of the most common types of endocrine diseases, occurs in about 5–10% of women of reproductive age worldwide (Azziz et al., 2004). Multiple risk factors, such as hyperinsulinemia, polycystic ovaries, and dysfunction of the ovulatory cycle (Azziz et al., 2006; Diamanti-Kandarakis and Dunaif, 2012) lead to its high prevalence and considerable burden for clinical management. However, the pathogenesis and molecular mechanisms of PCOS remain poorly understood. Therefore, finding new potential targets for understanding the progression of PCOS is urgently needed.

Previous studies have demonstrated that granulosa cells (GCs) may play an essential role in PCOS development. In comparison with GCs from women with normal ovulatory cycles, GCs from PCOS patients have lower proliferation and apoptosis ability than GCs from women with normal ovulatory cycles (Das et al., 2008). Human granulosa-like tumor cells (KGN and SVOG) have similar pathological features to GCs, and could be well-cultured (Nishi et al., 2001); therefore, KGN and SVOG cells have been widely used in PCOS research (Zhang et al., 2010; Han et al., 2018; Li M. et al., 2019; Chen et al., 2020). Indeed, human granulosa-like tumor cells represent a promising research direction for PCOS therapeutic targets.

With the technological innovations in high-throughput sequencing (RNA-seq) over the past two decades, the structure and biological functions of circular RNAs (circRNAs) have been intensely studied (Patop et al., 2019). CircRNA is a covalently closed RNA without polyadenylation (Jeck and Sharpless, 2014) and is abundantly expressed and conserved in eukaryotic organisms (Jeck et al., 2013). Mechanistically, circRNAs are mainly considered as post-transcriptional regulators that act as sponges for microRNAs (miRNAs) and affect the binding capability of messenger RNAs (mRNAs) to downstream factors (Hansen et al., 2013; Memczak et al., 2013). Circular RNAs interact with proteins and even translate proteins (Hentze and Preiss, 2013; Legnini et al., 2017; Yang et al., 2017). Biologically, the essential roles of circRNAs in multiple cellular processes have been widely reported, including proliferation, apoptosis, migration, invasion, and angiogenesis (Bian et al., 2018; Liu et al., 2018; Ouyang et al., 2019; Song et al., 2019; Zhou et al., 2019).

CircRNA expression profiles have been studied in detail in PCOS (Che et al., 2019; Wang et al., 2019; Zhang C. et al., 2019). Lu et al. (2020) found that CiRS-126 acts as a sponge for miR-21 to inhibit ovarian granulosa cell viability. Deng et al. (2020) reported that circPUM1 regulates PCOS development by interacting with miR-760. These studies indicate the crucial role of circRNAs in PCOS progression. CircRNA mitochondrial translation optimization 1 (MTO1 homolog; hsa_circRNA_0007874/hsa_circRNA_104135) has been found to participate in the progression of multiple diseases, including hepatocellular carcinoma, cervical cancer, rectal cancer, and acute kidney injury (Han et al., 2017; Chen et al., 2019; Shi et al., 2020). Several studies have reported the modulation of circMTO1 of cell proliferation behavior (Ge et al., 2018; Zhang X. et al., 2019; Wang N. et al., 2020). However, the involvement of circMTO1 in the cellular progression of human granulosa-like tumor cells remains unclear.

In this study, we aimed to elucidate the function of circMTO1 in human granulosa-like tumor cells. Our study revealed the expression and circRNA characterization of circMTO1 in human granulosa-like tumor cells. We performed CCK8 and flow cytometry to elucidate the cellular effects of circMTO1 on human granulosa-like tumor cells. Further, we explored the underlying molecular mechanisms and subsequently demonstrated a novel snail family transcriptional repressor 2 (SNAI2)/circMTO1/miR-320b/MCL1 axis in PCOS cellular progression.



MATERIALS AND METHODS


Cell Culture and Transfection

Human granulosa-like tumor cell lines (KGN and SVOG cells) and 293T cells were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). DMEM high glucose (HyClone, Logan, UT, United States) supplemented with 10% FBS (BI, Israel) was used to culture cells in an environment containing 5% CO2 at 37°C. All lentiviruses, siRNAs, and plasmids were synthesized by GeneChem (Shanghai, China). Lipofectamine 3,000 (Invitrogen) was used to perform all transfections according to the manufacturer’s instructions.



RNA Isolation and Quantitation and RNase R Treatment

We used TRIzol reagent (Invitrogen) was used to harvest RNA from the cells. A superscript RT Kit (TOYOBO) was used to reverse transcribe cDNA following the manufacturer’s protocol. For miRNA detection, a TaqMan MicroRNA Assay (Applied Biosystems, United States) using a specific TaqMan miRNA probes hsa-miR-320b (ID 002844) (Applied Biosystems, United States) was applied following the manufacturer’s protocols. RNA quality was assessed using a NanoDrop 2,000 spectrophotometer (Thermo Fisher Scientific, United States). GAPDH and U6 were used as the internal controls. RNA levels were detected using a 7,500 Fast PCR instrument (Applied Biosystems, United States). RNA expression fold change level was presented by the 2–ΔΔCt method. For RNase R treatment, 3 U/mg of RNase R (Epicenter, United States) was used to digest 1 μg of RNA for 30 min at 37°C, following the manufacturer’s instructions. The stability of mMTO1 and circMTO1 was assessed by RT-PCR assay. Target values were assessed using the 2-ΔΔCT method. The primer sequence information was as follows: circMTO1; 5′-GAGCTGTAGAAGATCTTATTC-3′(F), 5′-CACAGGCCATCCAAGGCATC-3′(R), miR- 320b; RT primer: 5′GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGA TACGACTTTTCGAC 3′, 5′ TCCGAAACGGGAGAGTTGG 3′(F), 5′ GTGCAGGGTCCGAGGT 3′ (R); MCL1; 5′-GCTGC ATCGAACCATTAGCA-3′(F), 5′-ATGCCAAACCAGCTCCT ACT-3′(R), SNAI2; 5′-GTATCTCTATGAGAGTTACTCCATGC CTG-3′ (F), 5′-TTACATCAGAATGGGTCTGCAGATGAGC-3′ (R); GAPDH; 5′ GCACCGTCAAGGCTGAGAAC 3′(F), 5′ TGGTGAAGACGCCAGTGGA 3′(R), U6; 5′ TCCGA TCGTGAAGCGTTC 3′(F), 5′ GTGCAGGGTCCGAGGT 3′(R).



Western Blot

Total proteins were isolated using radioimmunoprecipitation assay buffer (Thermo Scientific). Protein quantification was performed using a BCA protein concentration assay kit (Solarbio). Proteins were separated by SDS-PAGE on a 10% gel and transferred onto polyvinylidene fluoride membranes (Millipore, United States). Subsequently, the membranes were subjected to 5% non-fat milk (Sangon, China) for 45 min. The membranes were then incubated with primary antibodies for 12 h at 4°C. The membranes were washed 3 times with TBS-T and then incubated with secondary antibodies for 1.5 h at 23°C. The experimental results were visualized using an image analysis system (WD-9413B, Liuyi, Beijing, China). The antibodies used in this study were as follows: MCL1 (1:1,000, CST, 94296S), GAPDH (1:1,000, CST, 5174S).



RNA Fluorescence in situ Hybridization (FISH) Assay

A fluorescent in situ hybridization (FISH) kit (RiboBio, China) was used to conduct our RNA FISH experiment following the manufacturer’s protocol. The probes used in this study were purchased from GeneChem (Shanghai, China). The experimental results were visualized using confocal microscopy.



Cell Viability Detection

Cell Counting kit-8 (CCK8, Dojindo, Japan) was used to measure cell viability following the manufacturer’s protocol. A 96-well plate was used to seed the cells (2 × 104 cells per well). 2 days later, we added 10 μl CCK-8 solution was added to the culture cells for 120 min. The OD values of the cells were measured at a wavelength of 450 nm.



Cell Apoptosis Measurement

The apoptosis rate of the cells was assessed using flow cytometry (BD Biosciences, United States). First, the cells were collected and resuspended in a binding buffer. Second, cells were cultured with 0.25 mg/ml Annexin V-FITC (Dojindo, Japan) and 10 mg/ml propidium iodide (Dojindo, Japan) in a dark environment at room temperature for 30 min. Finally, the treated cells were subjected to flow cytometry for apoptosis analysis.



Biotinylated RNA Pull-Down

Biotinylated RNA probes were obtained from GenePharma (Shanghai, China). After transfection for 2 days, the cells were washed with PBS and cultured on ice for 10 min. Total RNA was isolated from the cells pre-transfected with biotinylated RNA. RNA was purified by centrifugation, and 100 ml purified RNA was collected as input. We added M-280 streptavidin magnetic beads (Sigma) to the cell lysates. Trizol was used to purify the bound RNA for analysis.



RNA Immunoprecipitation

We used a Magna RIPTM RNA-Binding Protein Immunoprecipitation Kit (Millipore, Bedford, MA, United States) for the RNA immunoprecipitation assay, following the manufacturer’s instructions. AGO2 and IgG antibodies were used. We then conducted a qRT-PCR experiment to analyze the bound RNA.



Dual-Luciferase Reporter Gene Assay

The pmirGLO plasmids harboring the sequences of circMTO1 WT/MUT and MCL1 WT/MUT were synthesized and commercially procured from GenePharma (Shanghai, China). All the transfection processes were performed using Lipofectamine 3,000 (Invitrogen). After transfection, the luciferase activity was measured and recorded.



Statistical Analysis

We used IBM SPSS Statistics for Windows, Version 21.0 (IBM Corp., Armonk, NY) to analyze data from the experiment results. All data are presented as the mean ± standard deviation (SD). For the measurement of data from two groups, we used Student’s t-test, and for data from three or more groups, we employed a one- way analysis of variance. All experiments were repeated at least 3 times unless otherwise stated. Differences were considered statistically significant at P < 0.05.



RESULTS


Characterization and Biological Behavior of CircMTO1 in Human Granulosa-Like Tumor Cells

Initially, we assessed the expression levels of circMTO1 in human granulosa-like tumor cells after insulin treatment. As shown in Figures 1A1,A2, the levels of circMTO1 in KGN and SVOG cells were upregulated upon insulin treatment. Next, we verified circRNA characterization of circMTO1 in human granulosa-like tumor cells. Upon ActD treatment, MTO1 mRNA was obviously degraded, but not circMTO1 (Figures 1B1,B2). Our results also suggested that the level of MTO1 mRNA, but not its circular form (circRNA), in human granulosa-like tumor cells was significantly decreased by RNase R treatment (Figures 1C1,C2). We found that circMTO1 was mainly located in the cytoplasm of human granulosa-like tumor cells (Figures 1D1,D2,E).
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FIGURE 1. Characterization of circMTO1 in Human granulosa-like tumor cells. (A1,A2) Relative circMTO1 expression in insulin-treated Human granulosa-like tumor cells was detected by qRT-PCR. (B) Relative expression level of circMTO1 and liner MTO1 (mMTO1) in KGN (B1) and SVOG (B2) cells after treated with ActD were evaluated by qRT-PCR. (C) Relative expression of circMTO1 and mMTO1 in KGN (C1) and SVOG (C2) after treatment with RNase R were assessed by qRT-PCR. (D) The distribution of circMTO1 in KGN (D1) and SVOG (D2) cells was measured using qRT-PCR. (E) The location of circMTO1 in Human granulosa-like tumor cells was detected using the FISH assay. All assays were repeated 3 times, *P< 0.01.


Subsequently, we evaluated the biological function of circMTO1 in human granulosa-like tumor cells. CircMTO1 knockdown cell models were constructed (Figure 2A). Using CCK-8 and EdU assays, we verified that circMTO1 knockdown promoted PCOS cell proliferation (Figures 2B,C1,C2). The flow cytometry experiment results indicated that circMTO1 knockdown inhibited the apoptotic rate of human granulosa-like tumor cells (Figures 2D1,D2). These results suggest that circMTO1 is involved in the cellular processes of human granulosa-like tumor cells.
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FIGURE 2. Biological behavior of circMTO1 in Human granulosa-like tumor cells. (A) The statistical circMTO1 knockdown cell models were constructed, expression level of circMTO1 in indicated cells was measured by qRT-PCR. (B) The proliferation level of circMTO1 knockdown cells was assessed by CCK-8 assay. (C) EdU assay was conducted to evaluate the effect of downregulated circMTO1 on the proliferation abilities of human granulosa-like tumor cells (C1); statistical analysis was showed (C2). (D) Flow cytometry experiment was conducted to measure cell apoptotic rate of circMTO1 knockdown human granulosa-like tumor cells (D1), statistical results were analyzed (D2). All experiments were conducted 3 times. *P< 0.05, **P< 0.01.




CircMTO1 as an Efficient Molecular Sponge for miR-320b

We used the Miranda dataset1 to predict the downstream targets of circMTO1 (CLIP-seq data: strict stringency ≥ 5). Further, we conducted biotinylated RNA pull-down and qRT-PCR assays to measure the expression of putative miRNAs in biotinylated probes. MiR-320b was found to be highly enriched in Bio-circMTO1 probes in human granulosa-like tumor cells (Figure 3A). Subsequently, we found that circMTO1 and miR-320b were abundantly enriched in anti-AGO2 purified complexes compared with anti-IgG (Figures 3B1,B2). The predicted binding sites are shown in Figure 3C. The luciferase activities in miR-320b mimic and vectors containing circMTO1 WT sequence co-transfected cells were significantly decreased (Figures 3D1,D2). Furthermore, circMTO1 suppressed miR-320b expression in human granulosa-like tumor cells (Figure 3E). MiR-320b expression in human granulosa-like tumor cells decreased after insulin treatment (Figure 3F).
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FIGURE 3. CircMTO1 as an efficient molecular sponge for miR-320b. (A) Relative expression of putative miRNAs was measured by qRT-PCR in human granulosa-like tumor cells after biotinylated RNA pull-down. (B) Relative enrichment of circMTO1 and miR-320b in anti-IgG and anti-AGO2 incubated KGN (B1), and SVOG (B2) cells were assessed by qRT-PCR. (C) The binding sites between circMTO1 and miR-320b were presented. (D) Relative luciferase activities in 293T (D1) and KGN (D2) co-transfected with circMTO1 WT or MuT and miR-320b mimics were measured. (E) Relative expression of miR-320b in OE-NC and OE-circMTO1 transfected Human granulosa-like tumor cells. (F) Relative expression of miR-320b in insulin treated Human granulosa-like tumor cells. All experiments were performed 3 times, **P< 0.01, ***P< 0.001.




MiR-320b Directly Targeting MCL1

We investigated the mRNA targets of miR-320b using the starBase dataset2. We selected 8 potential targets of miR-320b for biotinylated RNA pull-down assays (data were supported by the maximum number of Ago CLIP-seq). MCL1 was found to be highly enriched in bio-miR-320b probes in human granulosa-like tumor cells (Figures 4A,B). The predicted binding sites between miR-320b and MCL1 are shown in Figure 4C. Luciferase reporter assays confirmed the association between miR-320b and MCL1 in 293T and KGN cells (Figures 4D,E). MCL1 mRNA and protein expression was found to be increased under insulin treatment in human granulosa-like tumor cells (Figures 4F,G). CircMTO1 promoted MCL1 expression in human granulosa-like tumor cells and was reversed by the miR-320b mimic (Figures 4H,I).
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FIGURE 4. MiR-320b directly targeting MCL1. (A,B) Relative expression of putative mRNA targets for miR-320b in biotinylated miR-320b (Bio-miR-320b) and its normal control (Bio-NC) probes infected KGN (A), and SVOG (B) cells were evaluated by qRT-PCR. (C) The binding sites between miR-320b and MCL1 were showed. (D,E) Relative luciferase activities in 293T (D) and KGN (E) co-transfected with circMTO1 WT or MuT and miR-320b mimics were assessed. (F,G) Expression level of MCL1 in insulin-treated human granulosa-like tumor cells was measured by qRT-PCR (F) and western blot assays (G). (H,I) Expression of MCL1 in OE-NC, OE-circMTO1, OE-circMTO1 + NC-mimic, and OE-circMTO1 + miR-320b-mimic transfected Human granulosa-like tumor cells were measured by qRT-PCR (H) and western blot (I). All experiments were applied 3 times, *P< 0.05, **P< 0.01, ***P< 0.001.




CircMTO1 Regulation of Human Granulosa-Like Tumor Cell Behaviors via miR-320b/MCL1 Axis

Cell models were constructed by transfecting OE-NC, OE-circMTO1, OE-circMTO1 + si-NC, and OE-circMTO1 + si-MCL1 into human granulosa-like tumor cells to elucidate the role of the circMTO1/miR-320b/MCL1 axis. Next, we then evaluated the transfection conditions (Figure 5A). The promotive effects of OE-circMTO1 on cell proliferation were rescued by si-MCL1 (Figures 5B,C1,C2). Moreover, si-MCL1 reversed the inhibitory effect of OE-circMTO1 on cell apoptosis (Figures 5D1,D2). The results showed that circMTO1 facilitated human granulosa-like tumor cell behavior by regulating MCL1 expression via miR-320b.
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FIGURE 5. CircMTO1 regulation of human granulosa-like tumor cell behaviors via miR-320b/MCL1 axis. Cell models were generated by infecting OE-NC, OE-circMTO1, OE-circMTO1 + si-NC, OE-circMTO1 + si-MCL1 into KGN cells. (A) Relative expression of MCL1 in OE-NC, OE-circMTO1, OE-circMTO1 + si-NC, and OE-circMTO1 + si-MCL1 transfected KGN cells were assessed by qRT-PCR. (B) The proliferation of KGN cells under indicated transfections was measured by CCK-8. (C) EdU assay was used to evaluate the proliferation level of indicated KGN cells (C1), statistical results were analyzed (C2). (D) Cell apoptosis of GCs upon different transfections were detected by flow cytometry (D1), comparative statistics were shown (D2). All assays were performed 3 times, *P< 0.05.




Induction of CircMTO1 Expression in Human Granulosa-Like Tumor Cells Is Induced by SNAI2

The aforementioned results revealed the novel circMTO1/miR-320b/MCL1 axis in the cellular process of human granulosa-like tumor cells. However, the upstream regulator of circMTO1 requires further investigation. By utilizing the databases of the National Center for Biotechnology Information (NCBI),3 Genomics Institute at the University of California, Santa Cruz (UCSC),4 and JASPAR,5 we determined that SNAI2 is a promising putative transcription factor of MTO1.

We generated SNAI2 overexpression and knockdown cell models were generated (Figure 6A). SNAI2 positively regulated circMTO1 expression in human granulosa-like tumor cells (Figure 6B). Subsequently, the DNA motif of SNAI2 was obtained from the JASPAR dataset (Figure 6C). We separated the promoter sequence of MTO1 into five parts (S1–S5) (Figure 6D). The predicted binding sites between SNAI2 and MTO1 were located in S2 and S3 fragments (P1-P3) (Figure 6E). The association between SNAI2 and the S2 (P1) or S3 (P2/P3) region of the MTO1 promoter was verified using the ChIP assay (Figure 6F) and further confirmed by a luciferase reporter gene assay (Figures 6G,H) in human granulosa-like tumor cells. Therefore, our results revealed that the expression of circMTO1 in human granulosa-like tumor cells was facilitated by SNAI2.
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FIGURE 6. Induction of circMTO1 expression in Human granulosa-like tumor cells is induced by SNAI2. (A) Relative expression level of SNAI2 in SNAI2 knockdown or overexpressed Human granulosa-like tumor cells was measured using qRT-PCR. (B) Relative expression of circMTO1 in SNAI2 knockdown or overexpressed Human granulosa-like tumor cells was assessed using qRT-PCR. (C) The DNA motif of SNAI2 was showed. (D) The promoter of MTO1 was fragmented into S1-S5 regions. (E) The predicted binding sites between SNAI2 and MTO1 promoter. (F) The association between SNAI2 and S2/S3 region of MTO1 promoter was assessed by ChIP assays. (G) The association between SNAI2 and predicted P1 binding sites of MTO1 promoter were confirmed by luciferase reporter assays. (H) The association between SNAI2 and predicted P2/P3 binding sites of MTO1 promoter was proven by luciferase reporter assays. All experiments were conducted 3 times, **P< 0.01, ***P< 0.001.




DISCUSSION

Despite of the fact that PCOS is one of the most common endocrine diseases in women, and with an incidence of 6–12% (Yau et al., 2017), the etiology of PCOS is still poorly understood. On the one hand, the diagnosis and clinical intervention strategies for PCOS are inefficient and poorly improved. On the other hand, PCOS patients suffer varied presentations of PCOS clinical features including hyperandrogenism, oligomenorrhea, ovarian polycystic disorder, anovulation, infertility, and are facing multiple additive risks such as type II diabetes mellitus, metabolic diseases, hypertension and cardiovascular events (Azziz, 2018; Zhang J. et al., 2019). To improve the quality of life of PCOS patients, and reduce the economic burden of the world health care system, novel diagnosis or therapeutic targets for PCOS are urgently needed.

In this study, we verified that the expression and circRNA characterization of circMTO1 in human granulosa-like tumor cells. We also found that circMTO1 knockdown promoted cell proliferation and the inhibited the apoptotic cell rate in human granulosa-like tumor cells. Our results suggest that circMTO1 plays a role in the cellular processes of human granulosa-like tumor cells. Subsequently, the underlying molecular mechanisms are investigated. CircMTO1 sponged miR-320b in 293T cells and human granulosa-like tumor cells and negatively regulated miR-320b expression. We also identified MCL1 as a downstream target of miR-320b. Thus, CircMTO1 mediated human granulosa-like tumor cell progression through the miR-320b/MCL1 axis. Furthermore, we confirmed SNAI2 as an upstream transcription factor of circMTO1 in human granulosa-like tumor cells. We found a novel SNAI2/circMTO1/miR-320b/MCL1 axis in human granulosa-like tumor cell progression.

Evidence has revealed the biological functions of miR-320b in many diseases, such as osteosarcoma, psoriasis, osteoporosis, non-small cell lung cancer, and colorectal cancer (Wang et al., 2015; Lv et al., 2018; Wang Y. et al., 2018; Zhang L. et al., 2019; Zhang S. et al., 2019). Our findings revealed that miR-320b is a downstream factor of circMTO1 in human granulosa-like tumor cells. Its expression is suppressed by circMTO1. A previous study reported decreased miR-320b expression in ovarian cancer tissues, indicating that it might be a useful target for distant metastasis in ovarian carcinoma (Cha et al., 2017). Similarly, our results revealed that circMTO1 significantly downregulated miR-320b expression. However, the dysregulated expression of miR-320b in the ovary has different outcomes. The potential role and molecular mechanisms of miR-320b in ovarian disease require further study.

We also conducted biotinylated RNA pull-down and dual-luciferase gene assays, which confirmed that miR-320b directly targeted to MCL1. MCL1 has been found to be involved in the development of ovarian disorders in multiple ways, such as by deubiquitinating and interacting with miRNAs (Li C. et al., 2019; Wu et al., 2019). In this study, we transfected OE-NC, OE-circMTO1, OE-circMTO1 + si-NC, and OE-circMTO1 + si-MCL1 into human granulosa-like tumor cells, we found that the downregulation of MCL1 reversed the effects of circMTO1 on human granulosa-like tumor cell proliferation and apoptosis. Thus, circMTO1 exerts its functions in PCOS by regulating MCL1 expression.

Several studies have reported that transcriptional factors regulate circRNA expression in multiple cells (Wang R. et al., 2018; Li H. et al., 2019; Wang W. et al., 2020; Liu et al., 2021). Using the UCSC and JASPAR datasets of interest, we found that SNAI2 might be a promising transcription factor for the MTO1 promoter. We assessed and confirmed the association between SNAI2 and MTO1 promoters was assessed and confirmed using ChIP and luciferase reporter gene assays. Additionally, circMTO1 expression in human granulosa-like tumor cells was positively regulated by SNAI2.



CONCLUSION

In conclusion, our findings suggest that circMTO1 could aggravate PCOS progression by upregulating MCL1 expression through interaction with miR-320b. Meanwhile, SNAI2 also induced the expression level of circMTO1 in human granulosa-like tumor cells. Our results provide new insights for human granulosa-like tumor cell research and may be a promising direction for PCOS intervention.
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Background: Prostate cancer (PCa) is the most common malignant male neoplasm in the American male population. Our prior studies have demonstrated that protein phosphatase 1 regulatory subunit 12A (PPP1R12A) could be an efficient prognostic factor in patients with PCa, promoting further investigation. The present study attempted to construct a gene signature based on PPP1R12A and metabolism-related genes to predict the prognosis of PCa patients.

Methods: The mRNA expression profiles of 499 tumor and 52 normal tissues were extracted from The Cancer Genome Atlas (TCGA) database. We selected differentially expressed PPP1R12A-related genes among these mRNAs. Tandem affinity purification-mass spectrometry was used to identify the proteins that directly interact with PPP1R12A. Gene set enrichment analysis (GSEA) was used to extract metabolism-related genes. Univariate Cox regression analysis and a random survival forest algorithm were used to confirm optimal genes to build a prognostic risk model.

Results: We identified a five-gene signature (PPP1R12A, PTGS2, GGCT, AOX1, and NT5E) that was associated with PPP1R12A and metabolism in PCa, which effectively predicted disease-free survival (DFS) and biochemical relapse-free survival (BRFS). Moreover, the signature was validated by two internal datasets from TCGA and one external dataset from the Gene Expression Omnibus (GEO).

Conclusion: The five-gene signature is an effective potential factor to predict the prognosis of PCa, classifying PCa patients into high- and low-risk groups, which might provide potential novel treatment strategies for these patients.
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INTRODUCTION

Prostate cancer (PCa) is the most common male malignancy in the developed world and is predicted to account for ∼26% of new cancer diagnoses among US men and 14.1% worldwide in 2021 (Ferlay et al., 2020; Siegel et al., 2021). In cases with early detection, radical prostatectomy (RP), in which local malignant prostate tissue is resected, is the preferred method to treat PCa patients. However, the high recurrence rates of PCa contribute to the risks of progression to castration-resistant PCa (CRPC), giving rise to the second-leading cause of cancer deaths (Ward et al., 2003; Roehl et al., 2004; Ferlay et al., 2018; Matsumoto et al., 2018). Potent diagnostic and prognostic biomarkers are necessary to predict the course of disease and the medical therapeutic efficacy in personalized medicine (Huber et al., 2015). It is demonstrated that the most commonly used clinicopathological factors used to provide important prognostic information for monitoring disease progression in PCa are serum prostate-specific antigen (PSA) level, the Gleason score, the pathological tumor stage, and the surgical margin (Quinn et al., 2001). Nevertheless, because of the great heterogeneity of PCa, the prediction power of these conventional markers is often not satisfactory, and the prognostic markers have not been fully explored yet. Therefore, identification of novel biomarkers for PCa to enhance the accuracy of PCa aggressiveness prediction still is a significant task.

Protein phosphatase 1 regulatory subunit 12a (PPP1R12A), also named myosin phosphatase targeting subunit 1 (MYPT1), is a member of the myosin phosphatase-targeting (MYPT) protein family and participates in the regulation of smooth muscle contraction (Murthy, 2006; Rattan et al., 2010; He et al., 2013; Qiao et al., 2014). In addition, the functions of PPP1R12A in cell development (Weiser et al., 2009), the cell cycle (Yamashiro et al., 2008; Dumitru et al., 2017), and cell adhesion and migration (Joo and Yamada, 2014) have been observed recently in accumulating studies. Importantly, PPP1R12A could inhibit angiogenesis and tumor growth and predict aggressive outcomes in PCa (Lin et al., 2017). Moreover, its expression in PCa, combined with CD31, could be a significant prognostic factor (Liang et al., 2018). Therefore, it is essential to explore more biomarkers that interact with PPP1R12A for the early effective prognosis, and effective treatment of PCa.

After the discovery of the Warburg Effect (Warburg, 1956), metabolic reprogramming drew increased attention in the cancer field and has since become a novel hallmark of cancer (Hanahan and Weinberg, 2011). Anabolic and catabolic metabolism are indispensable to cancer cells in metabolic reprogramming, ensuring that the biomass synthesis and energy supply of cancer cells are adequately supplied (Ward and Thompson, 2012; Pavlova and Thompson, 2016; Sun et al., 2018; Cardoso et al., 2021). Previous studies have revealed a tremendous difference in metabolic statues between tumors and normal tissue due to the unlimited proliferative nature of cancer cells (El Hassouni et al., 2020). However, little is known about the metabolic microenvironment and its prognostic value in PCa. It is particularly significant to recognize biomarkers with high specificities and sensitivities in consideration of the prognosis of PCa at the metabolic level.

In the present study, we extracted five genes related to PPP1R12A interaction and metabolism and developed a robust five-gene signature to predict the prognosis of PCa. Our findings provide a new perspective for the development of therapeutical strategies and personalized treatment approaches.



MATERIALS AND METHODS


Collection of Human Tissue Samples

The patient cohorts and tissue samples in this study were the same as those used in our previous study (Lin et al., 2017; Liang et al., 2018). In total, 225 consecutive PCa patients that underwent radical prostatectomy were included in the human PCa tissue microarrays (TMA). Related clinicopathological data were included.



UALCAN Analysis

The UALCAN database, a publicly accessible web portal that is easy to operate,1 includes clinical data from 31 cancer types and is commonly used to investigate relative transcriptional expression levels between tumor and normal samples. PPP1R12A expression was identified using the “prostate adenocarcinoma” dataset with the “Expression Analysis” module. Expression levels of PPP1R12A across PCa and normal samples as well as the relationships between PPP1R12A and different Gleason scores were analyzed. p < 0.05 was regarded significant.



Direct PPP1R12A Protein Interactor Analysis

The PCa cell line LNCaP, obtained from the American Type Culture Collection (United States), was maintained in RPMI 1640 medium (Hyclone, United States) supplemented with 10% fetal bovine serum (Gibico, United States) and 1% penicillin–streptomycin at 37°C in 5% CO2. LNCaP cells were transfected with a PPP1R12A-encoding vector construct and screened with puromycin. After clone selection, using full-length PPP1R12A protein as bait, we performed tandem affinity purification–mass spectrometry (TAP-MS) (Li et al., 2016) to identify direct PPP1R12A interactors on a proteomic scale. We utilized the Protein Pilot 5.0 software and MASCOT software to identify putative PPP1R12A-binding motifs in interaction partners (Perkins et al., 1999).



Data Processing

The Cancer Genome Atlas (TCGA)2 contains both sequencing and pathological data for 30 different cancers (Cancer Genome Atlas Network, 2012). We acquired the FPKM data of TCGA RNA-seq datasets for PCa from the UCSC Xena browser.3 We changed the type of gene expression profiles from log2(FPKM + 1) to log2(TPM + 1) to obtain a more precise data of differentially expressed genes (DEGs). The clinical information for PCa was acquired from cBioPortal.4 Moreover, gene expression profiles from the Taylor (GSE21034) (Taylor et al., 2010) and GSE6956 (Wallace et al., 2008) datasets were retrieved from GEO.5 The expression profiles data from the Taylor dataset were standardized through RMA and data from the GSE6956 dataset were standardized through MAS5.



Differentially Expressed Gene and Metabolism-Related Genes Analysis

DEGs were identified among the 499 tumor samples and 52 normal prostate gland tissues after normalization. Based on the expression levels of PPP1R12A, the patient samples were ranked from high to low. Thereafter, we used the median expression of PPP1R12A (4.3584) as cut-off value, and the samples data were classified into two groups, the high expression group and the low expression group. We utilized the “Limma” package (Ritchie et al., 2015) in R (version 3.6.0) to screen the DEGs related to PPP1R12A using the screening criteria of adjusted p < 0.01 (Benjamini and Hochberg; Madar and Batista, 2016) and | log2(fold change)| ≥ 1. The “pheatmap” package was applied for clustering analyses and heatmaps plotting.

We acquired metabolic pathway gene sets from the Molecular Signatures Database6 (MSigDB) (Subramanian et al., 2005) and the Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al., 1999). Using the software of GSEA v4.0.3 for Windows and the “c2.cp.kegg.v7.0.symbols.gmt” gene set, the metabolism-related genes were defined as the genes that were enriched in metabolic pathways by calculating the PCa-related activity levels.



Functional Enrichment Analysis

The elemental biological functions of PPP1R12A-related DEGs in PCa can be assessed by performing Gene Ontology (GO) (The Gene Ontology Consortium, 2019) enrichment analysis in three categories (biological processes, cellular component, and molecular function) and KEGG pathway enrichment analysis, which were conducted using the by R package (version 3.6.0) “clusterProfiler” (Yu et al., 2012; Kanehisa and Sato, 2020) with conditions of adjusted p < 0.05.



Prognostic Gene Signature Screening and Generation

We utilized the open source toolkit scikit-learn7 in Python libraries (version 3.6.0) to select the most promising genes to establish and optimize the predictive random forest model. While constructing the random forest, we conducted sequencing for a total of 10 times, identifying the top five genes of the sequencing results. Subsequently, the genes whose occurrence frequency was greater than or equal to 5 were selected as genes of interest (Hastie et al., 2004).



Construction and Validation of Prognostic Signature

The impact of each promising gene on disease-free survival (DFS) was explored by utilizing the univariate Cox regression analysis. According to the expression levels of screened genes, the risk score (RS) model was developed through Cox univariate analysis as the following formula: RS = (–0.4619 × expression value of PTGS2) + (–0.141 × expression value of PPP1R12A) + (–0.2915 × expression value of NT5E) + (–0.6051 × expression value of AOX1) + (0.3527 × expression value of GGCT). On the basis of the matching median RS, PCa patients were split into high- or low-risk groups. Using the RS-model formula, we calculated the RS for each patient in the TCGA internal validation cohort and one more external validation cohort to confirm the robustness of the prognostic gene signature. The elementary endpoint was DFS and the secondary endpoint was biochemical relapse-free survival (BRFS). Kaplan–Meier curve analysis was performed in the training set and validation set to assess the relationship between the RS and DFS as well as BRFS. We used receiver operating characteristic (ROC) curves to analyze the specificity and sensitivity of the constructed survival prediction classifier. The area under the ROC curve (AUC) value was calculated and compared to assess the classifier performance. p < 0.05 was considered to be statistically significant.



Validation of Expression Levels and Subgroup Analysis of Screened Genes

To validate the expression characteristics of the five promising genes between the PCa and control groups, we analyzed the expression levels of the five genes obtained from the TCGA, Taylor, and GSE6956 datasets and depicted these using boxplots. Subgroup analysis in the TCGA cohort was conducted to validate the predictive superiority of the five-gene signature.



Immunohistochemistry Analysis

Protein expression levels of PPP1R12A protein in PCa and benign tissues were tested by immunohistochemistry (IHC) as previously described.



Statistical Analysis

All statistical analyses used were conducted using R software (version 3.6.0). Differential mRNA expression of PPP1R12A in PCa tissues from the TCGA database was tested using Student’s t-test. Functional enrichment of PPP1R12A-related DEGs in GO terms or KEGG pathways was analyzed using a hypergeometric test. To establish the risk assessment formula, Cox’s regression coefficient was obtained through univariate regression analyses. Survival curves were generated and compared by the log-rank test. p < 0.05 was considered statistically significant.




RESULTS


PPP1R12A Expression Was Downregulated in PCa

The overall design of our study is shown in Figure 1. In our previous study (Lin et al., 2017; Liang et al., 2018), we demonstrated that the combination of miR-30d/PPP1R12A and the combination of PPP1R12A/CD31 could be effective prognostic factors for human PCa. In order to analyze the expression profiles of PPP1R12A in PCa, mRNA expressions levels of PPP1R12A were analyzed by UALCAN, as revealed in 497 PCa samples in TCGA. As shown in Figure 2A, mRNA expression levels of PPP1R12A were significantly downregulated in PCa tissues compared to normal samples (p < 0.001). Furthermore, mRNA levels of PPP1R12A in PCa were significantly lower compared to the normal tissues in the subgroup analysis based on the Gleason score (Figure 2B). To further validate the level of PPP1R12A in PCa, we conducted IHC to explore the protein expression level of PPP1R12A in PCa and benign tissues. As shown in Figure 2C, the immunostaining of PPP1R12A protein in benign prostate tissues was markedly stronger than that in PCa tissues, indicating that the protein expression of PPP1R12A was lower in PCa than in normal prostate tissues. These results suggested that PPP1R12A was significantly downregulated in PCa relative to associated normal tissues.
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FIGURE 1. Flow chart of the study.
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FIGURE 2. PPP1R12A was downregulated in PCa. (A) Relative levels of PPP1R12A in normal prostate and PCa samples based on the UACLAN database. (B) Boxplot showing the relative expression of PPP1R12A in healthy controls and PCa patients with different Gleason scores based on the UACLAN database. (C) IHC results for MYPT1 in benign and PCa tissues.




Identification of Direct PPP1R12A Protein Interactors and PPP1R12A-Related Differentially Expressed Genes

To obtain the direct human PPP1R12A protein interactome, we performed TAP-MS analyses with full-length PPP1R12A protein as bait. We further analyzed our dataset using Protein Pilot 5.0 software and MASCOT software to analyze PPP1R12A interactors, generating a final list of 51 PPP1R12A interactive proteins (Supplementary Table 1).

Analysis of PPP1R12A-related DEGs was conducted between the high expression group (higher than median) and low expression group (lower than median) based on the predefined cut-off values (4.3584). With the screening criteria of p < 0.01 and | log (fold change) | > 1, we identified 340 PPP1R12A-related DEGs in the TCGA database after screening, which included 338 upregulated genes and two downregulated genes (Figure 3A). The heatmaps of these top differentially upregulated and downregulated PPP1R12A-related DEGs are shown in Figure 3B.
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FIGURE 3. Differentially expressed genes in PCa tissues and GO and KEGG pathway analysis of PPP1R12A-related DEGs. (A) Volcano plot for the 340 DEGs from the TCGA PRAD dataset. Red indicates upregulation while blue indicates downregulation. (B) Heatmap plot of the top 340 DEGs from the TCGA PRAD dataset. The red shade represents high PPP1R12A expression tissue; the blue shade represents low PPP1R12A expression tissue. (C,D) GO functional enrichment analysis (C) and KEGG pathway analysis (D) of PPP1R12A-related DEGs. *P < 0.05, **P < 0.001.




Gene Functional Enrichment Analysis

GO molecular function enrichment analysis and KEGG pathway enrichment analysis were performed to analyze functional enrichment in PPP1R12A-related DEGs. The top 10 (∗p < 0.05; ∗∗p < 0.001) most significant GO terms are shown in Figure 3C, which reveals that the most common biological processes among the DEGs were negative regulation of cytosolic calcium ion concentration, positive regulation of fibroblast migration, tumor necrosis factor biosynthesis, endothelial cell morphogenesis, regulation of nitric oxide-mediated signal transduction, prostatic bud formation, prostate glandular acinus development, prostate gland epithelium morphogenesis, bleb assembly, and osteoclast development. Costamere, microfibril, complex of collagen trimers, platelet dense tubular network, integrin complexes, extracellular matrix (ECM) components, protein complexes involved in cell adhesion, basement membrane, fascia adherens, and dystrophin-associated glycoprotein complex were the most significantly enriched cellular components. The most common molecular functions among the DEGs were heparan sulfate proteoglycan binding, intracellular chloride channel activity, intracellular calcium-activated chloride channel activity, proteoglycan binding, EMC structural constituent, transforming growth factor beta binding, nitric-oxide synthase binding, fibronectin binding, ankyrin binding, and calcium-release channel activity.

The results of the KEGG enrichment analysis demonstrated that ECM-receptor interaction, focal adhesion, vascular smooth muscle contraction, proteoglycans in cancer, the cGMP-PKG signaling pathway, the PI3K-Akt signaling pathway, regulation of the actin cytoskeleton, human papillomavirus infection, pathways in cancer, and several other associated KEGG biological pathways were significant to the progression of PCa (Figure 3D).



Extraction of Metabolism-Related Genes From the GSEA Website

We acquired 41 metabolic pathway gene sets from MSigDB and KEGG (Supplementary Table 2). To identify the metabolism-related genes in PCa, we examined the enrichment scores of 41 metabolic pathway gene sets by using GSEA, extracting 948 metabolism-related genes (Supplementary Table 3).



Identification of the Candidate Genes and Confirmation of the Five Optimal Genes

To identify common genes among those we extracted above, all three gene groups, including direct PPP1R12A protein interactors, PPP1R12A-related DEGs, and metabolism-related genes, were compared. Although we failed to identify a candidate gene among all three parts of independent gene sets, we selected overlapping candidate genes from the intersection of every two independent gene sets, respectively. In total, 15 overlapping elements in total were identified between the PPP1R12A-related DEGs and the metabolism-related genes (Supplementary Figure 1A). In the comparison of the PPP1R12A-related DEGs and the interactive genes, two overlapping genes were identified. Seven overlapping elements were found in the comparison between the metabolism-related genes and the interactive genes (Supplementary Table 4). To construct the prognostic signature efficiently, we identified four optimal genes (PTGS2, GGCT, AOX1, and NT5E) from the candidate genes we extracted previously through Scikit-learn’s random forest classifier (Supplementary Figure 1B). These five genes (including PPP1R12A) were used to build a predictive signature.



Construction and Verification of the Prognostic Model Based on the Five-Gene Signature

We calculated the RS for each PCa patient in the TCGA training set and ranked them to thoroughly analyze the relevance of the five promising genes in prognosis in these patients. The regression coefficients of the five optimal genes in the Cox regression analysis are shown in Supplementary Table 5. Thus, those patients were classified into a low-risk group (n = 167) and a high-risk group (n = 166) based on median RS (cut-off = –2.7737) (Figure 4A, middle). The survival status in the training set is shown in Figure 4A, top. Additionally, the five promising genes were differentially expressed in the high- and low-risk groups, as shown in the heatmap in Figure 4A, bottom. Utilizing data from the TCGA validation set, the entire TCGA set, and the Taylor database, the RS was calculated in each cohort with the same formula as in the TCGA training set. We confirmed the prognostic value of the five-gene signature by confirming our findings from the TCGA training set (Figures 4B–D).
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FIGURE 4. Prognostic model analysis based on the five-gene signature. Analysis of the survival status distribution, risk score, and heatmap based on the five-gene signature in (A) the TCGA training set, (B) the TCGA validation set, (C) the entire TCGA cohort, and (D) the Taylor cohort.


Next, we conducted Kaplan–Meier analysis. In the TCGA training set, patients in the high-risk group exhibited significantly worse DFS than those in the low-risk group (Figure 5A) (p = 0.00507). Similar analyses of the Kaplan–Meier curve (Figure 5B) showed that compared to the high-risk group, patients in the low-risk group exhibited a significantly better DFS in the internal validation set (p = 0.0454). In the entire TCGA set of 475 patients, patients in the high-risk group suffered worse DFS than patients in the low-risk group (p = 0.00059, Figure 5C). Consistently, patients in the low-risk group generally had a better BRFS than patients in the high-risk group in the Taylor external validation cohort (p = 0.00149, Figure 5D). Time-dependent ROC curve analysis revealed that the five-gene signature had a strong predictive ability in internal and external datasets (Figures 5E–H).
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FIGURE 5. Survival analysis and predictive value validation of the five-gene signature. Comparison of DFS stratified by risk group in the TCGA dataset and comparison of BRFS between the low- and high-risk groups in the Taylor dataset. ROC curves testing the predictive value of the risk score in the following four cohorts: (A,E) TCGA training set, (B,F) TCGA validation set, (C,G) entire TCGA cohort, (D,H) Taylor cohort.




Expression Profiles of the Five-Gene Signature and Subgroup Analysis

Utilizing the data concerning different tissues in three databases, we explored the five genes’ expression profiles. As shown in Figure 6A, GGCT expression was significantly upregulated in tumor tissues, while AOX1, NT5E, PPP1R12A, and PTGS2 were significantly downregulated compared to normal tissues in the TCGA cohort. Similar results were obtained in the Taylor and GSE6956 datasets (Figures 6B,C). Subgroup analysis showed that the five-gene signature-based RS had a good predictive ability for DFS in different subgroups, including tumor-free patients (p = 0.00825), patients with tumor (p = 0.0322), patients aged < 65 years (p = 0.0238), patients aged ≥ 65 years (p = 0.00866), patients with a Gleason score of < 8 (p = 0.0173), patients with a Gleason score of ≥ 8 (p = 0.0488), patients with stage T1/T2 PCa (p = 0.000615), patients with stage N0 PCa (p = 0.000604), and patients with stage M0 PCa (p = 0.00107), in the TCGA cohort (Supplementary Figure 2).
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FIGURE 6. Expression profiles of the five-gene signature. Boxplots presenting the expression levels of the five promising genes (AOX1, GGCT, NT5E, PPP1R12A, and PTGS2) in the tumor and tumor-free groups from (A) the TCGA cohort, (B) the Taylor cohort, and (C) GSE6956.





DISCUSSION

PCa is one of the most common malignant urinary tumors, threatening human health globally. Few effective therapeutic strategies are available for patients with advanced or metastatic diseases, especially CRPC. Consequently, potential biomarkers of PCa that can be used to improve prognostic assessment are urgently needed. We previously identified that PPP1R12A could inhibit angiogenesis and tumor growth, and has been identified as a promising prognostic factor for human PCa. Moreover, previous studies (Dong et al., 2017) showed that cancer metabolism is an essential process in tumorigenesis, while research about the relation between metabolism and the tumor microenvironment in PCa is limited. Therefore, it is important to explore new biomarkers that interact with PPP1R12A for early effective prognosis and personalized treatment of PCa. Thus, we performed a TAP-MS analysis to identify direct PPP1R12A interactors on a proteomic scale, using full-length PPP1R12A protein as bait. We identified 51 direct human PPP1R12A interactors.

First, we conducted an integrated analysis of TCGA datasets to investigate the underlying biomarkers interacting with PPP1R12A in metabolism in PCa. Then, a total of 340 PPP1R12A-related DEGs, including 338 upregulated and 2 downregulated genes, were obtained between 52 normal tissues and 499 PCa tissues. Next, GO analysis and KEGG pathway enrichment analysis were conducted. Calcium-activated chloride channel and chloride channel activity are related to the regulation of cell proliferation, cell migration, and metastasis and are proposed to contribute to tumor growth and invasion in several cancers, including PCa (Lang and Stournaras, 2014; Hu et al., 2019). In addition, EMC (Walker et al., 2018) and cell adhesion (Odero-Marah et al., 2018) are connected to progression and metastasis of PCa. Beyond that, KEGG pathway analysis revealed that these DEGs were primarily involved in vital signaling pathways, including the MAPK signaling pathway, the PI3K-AKT signaling pathway, ECM-receptor interaction, focal adhesion, the cGMP-PKG signaling pathway, and actin cytoskeleton regulation. It was reported that PI3K-AKT signaling is upregulated in PCa, and CRPC is associated with excessive activation of the PI3K-AKT pathway (Carver et al., 2011; Crumbaker et al., 2017). As for the ECM, a vital structural element of the tumor microenvironment, dysregulation of the ECM–receptor interaction signaling pathway was related to the regulation of tumor invasion and metastasis (Zhang et al., 2016; Yeh et al., 2018). Moreover, another study implied that focal adhesion was related to tumor occurrence and metastasis (Eke and Cordes, 2015). Wang et al. (2020) found that the cGMP-PKG signaling pathway also has a tight relationship with proliferation, migration, and invasion in PCa.

After overlapping and Scikit-learn’s random forest classifier analysis, PTGS2, GGCT, AOX1, NT5E, and PPP1R12A were selected as optimal genes. Prostaglandin-endoperoxide synthase 2 (PTGS2), also known as cyclooxygenase-2(COX-2), a crucial enzyme in the process of arachidonic acid conversion to prostaglandins and other eicosanoids, was reported to promote malignant metastasis in colorectal tumor cells (Fenwick et al., 2003). In addition, Guo et al. (2020) demonstrated that PKM2 upregulates COX-2 expression, leading to epithelial-mesenchymal transition (EMT) and metastasis of PCa, by promoting the phosphorylation of ERK1/2. More studies on the role of COX-2 in the regulation of PCa metastasis are required. According to a previous study (Kageyama et al., 2018), γ-glutamylcyclotransferase (GGCT), an indispensable enzyme in connection with glutathione metabolism, is upregulated in most cancers, including PCa. GGCT deficiency leads to the suppression of proliferation, invasion, and migration of cancer cells. It has been demonstrated that downregulation of aldehyde oxidase 1 (AOX1) in PCa is related to shorter times until biochemical recurrence (Li et al., 2018). Of note, 5′-nucleotidase ncto (NT5E), also called CD73, whose expression levels can be used to effectively distinguish between aggressive types and indolent forms of PCa, was demonstrated to be a potential independent prognostic marker (Leclerc et al., 2016). The present study provides a direction for further research on the biological functions and clinical characteristics of the five genes in PCa.

Finally, a five-gene prognostic model was established using the TCGA training cohort, and patients were divided into high-risk and low-risk groups. The AUC values for predicting the 1–, 2–, 3–, 4–, and 5-year DFS rates were 0.578, 0.643, 0.601, 0.606, and 0.561 in the TCGA training cohort, respectively, demonstrating that the model is a reliable predictor of prognosis. We used the data from the TCGA validation cohort and the external Taylor cohort to confirm the prognostic superiority of the five-gene signature. Survival analysis in the validation set confirmed our results from the training set, demonstrating that our five-gene risk model was robust. Additionally, the prognostic significance of the signature was analyzed in different subgroups in the TCGA cohort. The signature also showed a good predictive ability for DFS in different PCa patient subgroups (based on TNM stage, Gleason score, age, or patient status), verifying that the five-gene signature is a functional marker independent of other clinicopathological features.

Despite the merits of the present study, certain limitations should be acknowledged to avoid its overinterpretation. First, it is difficult to fully evaluate the quality of the data used in the study because the number of samples acquired from the databases was relatively low, and part of the gene expression data and clinical data involved were retrieved from open databases. Secondly, further in-depth experimental studies should be conducted to investigate the biological functions and clinical characteristics of the five genes identified in this study.



CONCLUSION

In conclusion, based on publicly available data and our experimental results, we established a robust five-gene signature to predict the prognosis of PCa by stratifying PCa patients into high-risk and low-risk groups. Its prognostic value was validated in an internal cohort from the TCGA database and an external cohort from GEO. Subgroup analysis confirmed that the signature is a functional marker independent of other clinical features. We hope that the signature will guide treatment strategies for PCa patients.
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6
https://www.gsea-msigdb.org/gsea/index.jsp
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Synpolydactyly (SPD) is a hereditary congenital limb malformation with distinct syndactyly designated as SPD1, SPD2, and SPD3. SPD1 is caused by mutations of HOXD13, which is a homeobox transcription factor crucial for limb development. More than 143 SPD patients have been reported to carry HOXD13 mutations, but there is a lack of genotype–phenotype correlation. We report a novel missense mutation of c. 925A > T (p.I309F) in an individual with atypical synpolydactyly inherited from her father with mild clinodactyly and three other different alanine insertion mutations in HOXD13 identified by whole exome sequencing (WES) in 12 Chinese SPD families. Unlike polyalanine extension, which tends to form α-helix and causes protein aggregation in the cytoplasm as shown by molecular simulation and immunofluorescence, the c. 925A > T mutation impairs downstream transcription of EPHA7. We compiled literature findings and analyzed genotype–phenotype features in 173 SPD individuals of 53 families, including 12 newly identified families. Among the HOXD13-related individuals, mutations were distributed in three regions: polyalanine, homeobox, and non-homeobox. Polyalanine extension was the most common variant (45%), followed by missense mutations (32%) mostly in the homeobox compared with the loss-of-function (LOF) variants more likely in non-homeobox. Furthermore, a more severe degree and classic SPD were associated with polyalanine mutations although missense variants were associated with brachydactyly and syndactyly in hands and feet and LOF variants with clinodactyly in hands. Our study broadens the HOXD13 mutation spectrum and reveals the profile of three different variants and their severity of SPD, the genotype–phenotype correlation related to the HOXD13 mutation site provides clinical insight, including for genetic counseling.

Keywords: synpolydactyly, HoxD13, polyalanine extension, transcription regulation, genotype and phenotype


INTRODUCTION

Synpolydactyly (SPD) is a rare congenital limb deformity characterized by a fusion of adjacent digits and partial or complete digital duplication within the webs. In most patients, synpolydactyly affects the 3/4 fingers and the 4/5 toes (Malik and Grzeschik, 2010). Other features include brachydactyly or camptodactyly of the fifth finger and the fourth–fifth toes, clinodactyly, contraction and flexion of the interphalangeal joint, middle phalanx dysplasia of the second to fifth toes, and syndactyly of the 2/3 finger’s etc., (Brison et al., 2012b).

SPD is usually autosomal dominant with variable expressivity (Goodman et al., 1997). Most non-syndromic synpolydactyly cosegregates with a mutation in the HOXD13 gene on chromosome 2q31 and is categorized as Synpolydactyly type 1 (SPD1, OMIM 186000), which is also known as syndactyly type II (SD II), according to the nomenclature of Temtamy and McKuisck (Temtamy and McKusick, 1978). Other rare genetic synpolydactyly comprises SPD2 (OMIM608180) caused by FBLN1 gene mutation on chromosome 22q13.31 and SPD3 (OMIM610234), which is mapped to locus 14q11.2-q12 (Malik et al., 2006; Malik and Grzeschik, 2010).

HOXD13 is a member of the HOX gene family (Laufer et al., 1994; Deng et al., 2015) expressed in the trunk, limb buds, and genital tubercles. The HOX gene cluster encodes a highly conserved transcription factor that plays an important role in morphogenesis during embryonic development (Von Allmen et al., 1996; Goodman, 2002). In humans, there are 39 HOX genes arranged in four different gene clusters (HOXA-HOXD) on chromosomes 7p14, 17q21, 12q13, and 2q31. The HOXD13 gene is located at the 5’ end of the HOXD gene cluster and expressed later than the ones at the 3′ end of the clusters. It is involved in the regulation of distal and posterior regions of the emerging limb bud (Dolle et al., 1991; Brison et al., 2012a,b, 2014; Zhou et al., 2013). The HOXD13 gene consists of two exons and encodes a protein of 343 amino acids (NM_000523.3). The functional domain of HOXD13 consists of a 45 bp imperfect trinucleotide repeat, which encodes a 15-residue polyalanine tract within exon 1, a highly conserved 180 bp homeobox in exon 2, and a DNA-binding motif in the protein’s C-terminal region. The reported mutations in the HOXD13 gene comprise three groups: polyalanine tract expansion, truncated mutations, and missense variants. Those mutations have distinct molecular pathogenic mechanisms: (1) polyalanine tract expansion or contraction mutations lead to cytoplasmic retention and aggregation of mutant HOXD13 protein. In vitro studies reveal that the mutant protein acts in a dominant-negative manner as it leads to cytoplasmatic aggregates that consist of not only wild-type HOXD13 proteins, but also other polyalanine-containing proteins, such as HOXA13 or RUNX2 (Albrecht et al., 2004). (2) Loss-of-function (LOF) mutations, including frameshift and nonsense mutations, affect the functional domains, including the DNA-binding homeodomain. (3) Missense mutations within the homeobox region affect the transcriptional activation ability of HOXD13 (Dai et al., 2014). Heterozygote and homozygote HOXD13 mutations are reported, and homozygote carriers manifest severe phenotype with a complex type of SPD (Muragaki et al., 1996; Ibrahim et al., 2016).

Considering the heterogeneous malformations, molecular diagnosis, and treatment need of SPD, we investigate the clinical manifestation of HOXD13 mutations and their underlying pathogenic mechanisms. We analyzed phenotypes of 53 hereditary SPD families with HOXD13 mutations, including 12 Chinese non-syndromic SPD families, to explore genotype–phenotype correlation. Furthermore, we investigated the pathogenic mechanisms of aggregate formation within the cells, polymerization-free energy changes, and transcription regulation caused by the HOXD13 mutations.



MATERIALS AND METHODS


Patient Recruitment and Sample Collection

Patients with non-syndromic SPD and their relatives were recruited. The hands and feet of all probands were radiographed. Phenotypes of family members were acquired by either orthopedist diagnoses or descriptions from the proband’s parents (Ni et al., 2018). After informed consent was obtained, peripheral blood samples of patients and their parents were collected for genomic DNA extraction using the DNeasy Blood and Tissue kit (Qiagen, CA 69506, Germany). This study was approved by the ethics committee of the Ninth People’s Hospital Affiliated to Shanghai Jiao Tong University (No. SH9H-2018-T50-2).



Trio Whole Exome Sequencing

The genomic DNA samples were processed following the protocol of the SureSelectXT Target Enrichment System for the Illumina Paired-End Sequencing Library (Agilent, CA 95051, United States). Prepared samples were performed by next-generation sequencing (NGS) on a HiSeq system (Illumina). The average coverage was above 20×.



Next-Generation Sequencing Data Analysis

The sequencing data were transformed into Fastq format, and the quality was evaluated by FastQC program. We used the BWA software (0.7.12) for sequence alignment with hg19 genomic reference. The single nucleotide variants and insertions and deletions (InDels) were detected by HaplotypeCaller. The variants were annotated by ANNOVAR software after filtering the variants with AF ≥ 1% and intronic and synonymous variants without splicing effects (Ni et al., 2018).



Verification by Sanger Sequencing

The variants of the HOXD13 gene identified in probands were validated and confirmed in the affected individuals by Sanger sequencing. The PCR system was performed using a PCR kit (Toyobo, CA KFX-101, Japan) in the reaction solution and condition referring to the manufacturer’s instructions. The primers were as follows: 1-1F GCGCAGCCAATGGCAC; 1-1R CTTCTCCACGGGAAAGCCTC; 1-2F CCTCTTCTGCCGTTG TAGCG; 1-2R TTAACCCTGGTCACGTGTGG; 2-1F ACT GTCCTCATGAACGTGCC; 2-1R GGCCTGGAGGGAGAAA CAAA.



Genotype–Phenotype Relationship Analysis

A systematic review of literature and variant databases (ClinVar, Mastermind, HGMD, LOVD, DECIHPER) was conducted to curate the HOXD13 variations. We selected relevant studies based on the following criteria: (1) having a HOXD13 mutation site without other gene mutations, (2) having limb malformation phenotypes, (3) having a complete description of the clinical features of malformation. We used “SPD,” “polysyndactyly,” “synpolydactyly,” or “HOXD13” as keywords in searching PubMed. A total of 191 studies with HOXD13 mutations and 84 studies with phenotype and HOXD13 mutations were retrieved. After excluding 75 duplicates in the two groups and removing those missing photographs of relevant phenotypes, the previously reported mutations and the findings in our study of 12 families were used for statistical analysis (Supplementary Material 1).

To evaluate the severity of SPD, we defined an SPD severity score, which is a summary of the frequency of syndactyly, polydactyly, clinodactyly, camptodactyly, and brachydactyly in one patient. One point was assigned to per trait except for synpolydactyly, which was given a score of two points due to its combination of syndactyly and polydactyly. A higher SPD severity score means more limb defects. The statistical analysis was performed on the relationship between the SPD severity score and the HOXD13 variant type and location.



Plasmid Construction and Transfection

HOXD13 wild type and c.925A > T (p.I309F) DNA fragments were amplified by PCR and cloned into pcDNA3.1(+) using the LIC ligase system (NEB system). HOXD13 poly-Ala mutant plasmid with + 7A, + 8A, and + 9A (p.A65_A71dup, p.A64_A71dup, p.A63_A71dup) were constructed by inserting synthesized oligo nucleotides encoding the additional alanines (Generay Biotech Co., Ltd., Shanghai) and confirmed by Sanger sequencing. A 660bp fragment of EPHA7 gene promoter containing a HOXD13 binding site (from −580 to + 80) was obtained from human genomic DNA by PCR and inserted into the XhoI and HindIII sites of a pGL3-basic vector (Promega, E1751, United States) to generate a pGL3-EPHA7 reporter construct (Zhao et al., 2007; Dai et al., 2014). COS-7 cells were cultured in DMEM/high-glucose medium (Hyclone, CA SH30022.01, United States) supplemented with 1% penicillin/streptomycin and 10% fetal bovine serum (6 × 105 cells per well in a six-well plate, 1 × 105 cells per well in a 24-well plate). After the cells were incubated at 37°C for 24 h, 50 μL of DNA-lipid complex (DNA: Lipofectamine® 2000 Reagent, 250ng: 1μL) (Invitrogen, Lipofectamine® 2000 Reagent, United States) was added per well in a 24-well plate for immunofluorescence detection, and 250 μL DNA-lipid complex was added per well in a six-well plate for luciferase assay.



Immunofluorescence Assay

COS-7 cells transfected with pcDNA3.1-HOXD13WT, pcDNA3.1-HOXD13I309F, pcDNA3.1-HOXD13+7A, pcDNA3.1- HOXD13+8A, or pcDNA3.1- HOXD13+9A were incubated for 1 day at 37°C. Cells were treated as follows: washed with PBS and fixed with 4% paraformaldehyde for 10 min, permeabilizied with 0.2% Triton X for 10 min, and blocked with 1% bovine serum albumin for 0.5 h; the cells were incubated with anti-HOXD13 primary antibody for 1 h at 37°C (Abcam, CA ab19866, United States) (1:100 dilution) and FITC conjugated secondary antibody for half an hour at 37°C (Abcam, CA ab6717, United States) (1:200 dilution). The nuclei were stained by DAPI and observed under the fluorescent microscope in the darkroom after mounting.



Luciferase Assay

PcDNA3.1-HOXD13WT and pcDNA3.1-HOXD13I309F were cotransfected with Renilla and pGL3-EPHA7 luciferase reporter plasmid into 293T cells and incubated for 24 h at 37°C. The cells were lysed following the protocol of the Dual-Luciferase® Reporter Assay (Promega, CA E1960, United States): 100 μl of LAR II was predispensed into the luminometer tube before programming the GloMax 20/20 single tube luminometer, 20 μl of PLB lysate was transferred into a tube, and firefly luciferase activity was measured. Then, 100 μl of Stop and Glo® Reagent was dispensed, and renilla luciferase activity was measured. The assay was repeated three times.



Protein Structure Prediction and Molecular Simulation

I-TASSER online software1 was used to simulate the 3-D structure of HOXD13 homeodomain. The amino acid residues between 276 and 335 were entered to cover the location of the I309F mutation. In addition, we performed molecular dynamics (MD) simulation of the + 0A, + 7A, + 8A, and + 9A monomer using the Gromacs (V5.1.2) software with Charmm36 force field parameter and TIP3P model to figure out the binding energy between two dimers.2 The initial structure model of dimer and steered molecular dynamics (SMD) simulation were carried out based on the stable conformation of MD simulation equilibrium. Umbrella sampling following SMD simulation and the weighted histogram analysis method were employed to obtain the potential mean force (PMF) during the depolymerization of the polyalanine dimer, which was used to indicate the polymerization-free energy.



Statistical Analyses

Statistical analyses were performed with the GraphPad Prism 8 software. The differences in the relative luciferase activity were assessed by unpaired t-test, which was also applied to analyze the differences in severity scores between polyA and homeobox, offspring and parents, among different expansion sizes of polyalanine tract. The statistical differences in severity scores between homeobox and non-homeobox and between polyA and non-homeobox were assessed by Mann–Whitney test due to the unequal variances. P < 0.05 was considered statistically significant.




RESULTS


Clinical Features and HOXD13 Mutations

A total of 12 families with HOXD13 variants were collected from our clinical center. The pedigree investigation and imaging or X-ray of hands or feet are described in Figures 1, 2, including one pedigree (No 32 in Supplementary Table 1), which was reported previously (Ni et al., 2018). Besides synpolydactyly as the typical manifestation, the patients were often accompanied with other phenotypes, including syndactyly (3/4 fingers, 1/2 or 2/3 or 4/5 toes), polydactyly (1/2 fingers, 1/2 or 5/6 toes), clinodactyly (2nd or 4th or 5th finger, 1st or 2nd or 4th or 5th toe), camptodactyly (all five fingers, 1st or 3rd or 4th toe), and brachydactyly (all five fingers, 1st or 2nd or 3rd or 4th toe). Syndactyly presented in an SPD patient was cutaneous or bony. The well-developed duplicated toe could be found at the tibial or fibular side. Clinodactyly can be represented as delta or trapezoidal phalanx.
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FIGURE 1. Pedigrees and clinical phenotypes in SPD families with HOXD13 polyalanine extension. (A) The relationship charts of 10 families with synpolydactyly. (B) Clinical manifestations of the limbs in affected individuals, including synpolydactyly, syndactyly, syndactyly, clinodactyly, camptodactyly, brachydactyly.



[image: image]

FIGURE 2. Pedigrees and clinical phenotypes in SPD families with HOXD13 c.925A > T mutation. (A) The relationship chart of the family with atypical synpolydactyly. (B) Clinical manifestations of the limbs in affected individuals, including postaxial and preaxial polydactyly, camptodactyly.


The major mutations of HOXD13 observed in this study were polyalanine expansions in exon 1. We identified c.192_212 alanine insertion mutation of HOXD13 in five families (Family A/B/C/D/E), c.189_212 alanine insertion mutation in Family F and c.186_212 alanine insertion mutation in four families (Family H/I/J/K) (Supplementary Material 1). We also found a frameshift mutation of c.610delC inherited from the affected father, which led to a truncated protein (p.P204fs*61) reported previously (Ni et al., 2018). Another novel missense mutation of c.925A > T (p.I309F) was identified in the proband of Family K (Figure 2), which was inherited from her father with mild camptodactyly of the fifth digit of right foot.



Genotype–Phenotype Relationship Analysis

To expand our genotype–phenotype analysis, we compiled literature findings and included 53 families with HOXD13 mutations in this study. Of these HOXD13 mutations, polyalanine tract expansion was observed in 11 reports, missense mutations in 12 reports, nonsense mutations in 13 reports, and deletion and insertion mutations in five reports. Among the 53 families, polyalanine extension was the most common form of mutation (24/53, 45%) in HOXD13. The second most common form of variants was missense mutation (17/53, 32%). The loss of function variants was identified in 10 families (10/53, 19%). Of 10 variants located in the homeobox domain of HOXD13, eight of them (8/10, 80%) were missense mutations, and of 12 variants located in the non-homeobox domain of HOXD13, eight of them (8/12, 67%) were truncating mutations.

The 27 curated variants from our expanded data set were mapped to different regions of the HOXD13 gene (Figure 3A). In patients with HOXD13 polyA mutations, synpolydactyly was observed in 155 affected hands and feet (Figure 3B) and especially in feet (> 35%) (Figure 3C). We further compared the clinical features of patients with variants in three functional regions of HOXD13 (polyA, homeobox, and non-homeobox). We observed that the patients with HOXD13 mutations in the homeobox region had the tendency to present brachydactyly, especially in hands. The patients with non-homeobox mutations in HOXD13 mostly presented clinodactyly in hands (Figures 3B,C). Due to anatomical differences between hand and foot, clinodactyly was often observed in fingers with a greater range of motion and less often in toes.
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FIGURE 3. The genotype–phenotype relationship in SPD patients with HOXD13 mutation. (A) The mutation sites in HOXD13. (B) The number of affected limbs with different phenotypes in different domains with HOXD13 mutation. (C) Heat map of the phenotype:genotype ratios in different HOXD13 mutation regions in hands and feet separately. (D) The scores of severity in different domains with HOXD13 mutation. (E) The scores of severity with different HOXD13 expansion sizes of polyalanine tract. (F) The scores of severity in the offsprings and parents who both have polyA mutations in the HOXD13 gene.


Statistical analysis was performed on the correlation between the SPD severity scores and HOXD13 variation types. A statistically significant difference in severity scores between polyA mutation and the variants in homeobox (P < 0.001) or non-homeobox (P < 0.05) was observed, and no significant difference was found between homeobox and non-homeobox variations (Figure 3D). The severity scores between polyalanine tract with + 7A expansion and + 8A or + 9A were statistically different (P < 0.001) although the difference between + 8A and + 9A was insignificant (Figure 3E). When we examined the transmission effect of poly-Ala expansion, there was no statistically significant difference in severity scores between the offspring and their parents (p > 0.05) (Figure 3F), suggesting that their clinical manifestation severity remains the same.



Cytoplasmic Aggregation Effect of HOXD13 Variants

To investigate the effect of HOXD13 mutation on protein aggregation in the cytoplasm, we transfected COS-7 cells with plasmids carrying the wild type, polyalanine extension (+ 7A, + 8A, + 9A), or I309F variation of the HOXD13 gene. We found the polyalanine expansion mutant (+ 7A, + 8A, + 9A) was partially localized in the cytoplasm, and the wild type and I309F mutant were localized in the nucleus. This indicates that I309F mutant protein did not interfere with nuclear transport of the protein, but the polyalanine extension mutant proteins resulted in cytoplasmic aggregates (Figure 4).


[image: image]

FIGURE 4. Subcellular location of HOXD13 protein. The blue color in the nucleus shows DAPI staining, and the green color shows HOXD13 staining. WT and I309F mutated HOXD13 protein are localized in nucleus only. Mutants with + 7A, + 8A, + 9A inserted in the polyalanine fragment partially entered the nucleus.




Polyalanine Extension Led to Structural Change

Molecular simulation shows that the dimer with alanine insertion mutations (+ 7A, + 8A, + 9A) had conformation changes at the distances of 1.0, 3.0, and 5.5 nm, respectively, and presented varying degrees of α-helix (Figure 5A) compared with the one without alanine insertion (+ 0A), which remained free as β-sheet or random coil structure. The polymerization energy of polyalanine dimer with alanine insertion mutation was higher than the wild type, suggesting that proteins with alanine insertion could not depolymerize easily and tended to aggregate (Figure 5B).
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FIGURE 5. Molecular simulation of mutant HOXD13 and the transcriptional activity of I309F. (A) The simulated conformation of the polyalanine fragment dimer. Gray: 15 alanine (+ 0A), Red: 22 alanine (+ 7A). Blue: 23 alanine (+ 8A). Purple: 24 alanine (+ 9A). (B) The polymerization energy of alanine dimer. The PMF of 15, 22, 23, 24 alanine was 1.15, 11.71, 3.15, 4.58 kcal/mol, respectively. (C) I309 is located in the second α-helix of the homeobox domain. (D) The computed 3-D structure of the HOXD13 homeobox domain was generated by the I-TASSER online software. (E) Transactivation activity of the pGL3-EPHA renilla luciferase reporter plasmid by HOXD13 I309F mutants and WT. The results of the luciferase assay are presented as relative luciferase activity.




I309F Reduced the Transcriptional Activation of HOXD13

Based on the computed 3-D structure of HOXD13, I309F is located in the second α-helix of the homeobox domain, which is directly involved in DNA binding (Figure 5C). Because the parallel localization of the first and second α-helices is important for DNA binding to the third helix and N-terminal tail (Figure 5D), the replacement of isoleucine with a larger phenylalanine residue may disrupt its interaction with the L291 residue of the second α-helix, which results in dysfunction of HOXD13.

We performed luciferase assays of the luciferase reporter gene driven by the promoter of EPHA7, which is a downstream gene of HOXD13. The transcriptional activation ability of HOXD13 was examined to understand the regulation effect of the HOXD13 I309F variation. In comparison with the wild-type HOXD13, we observed that the luciferin signal of EPHA7 was significantly decreased in the I309F transfectants. This indicates an impaired transcription factor activity of I309F mutant on the downstream target gene EPHA7 (Figure 5E).




DISCUSSION

SPD is a rare limb deformity showing a special combination of polydactyly and syndactyly (Malik and Grzeschik, 2010). HOXD13 is an important genetic factor of SPD. There is variable and asymmetrical expressivity of clinical phenotypes caused by HOXD13 mutations (Malik and Grzeschik, 2010; Al-Qattan, 2020) and studies on genotype–phenotype correlation are limited.

The alanine insertion mutations at c.192_212, c.189_212, and c.186_212 identified in this study are located in the protein-coding region of the first exon of HOXD13. So far, a total of nine kinds of human diseases were reported to be associated with alanine repeat mutations, including SPD (HOXD13) (Goff and Tabin, 1997), blepharophimosis syndrome (FOXL2) (Baere et al., 2003), cleidocranial dysplasia (RUNX2) (Mundlos et al., 1997), congenital central hypoventilation syndrome (PHOX2b) (Jeanne et al., 2003), holoprosencephaly type 5 (ZIC2) (Brown et al., 2001), hand-foot-genital syndrome (HOXA13) (Boris et al., 2002), growth hormone deficiency (SOX3) (Laumonnier et al., 2002), Paddington syndrome (ARX) (Petter et al., 2002), and oculopharyngeal muscular dystrophy (OPMD, PABPN1) (Brais et al., 1998). All polyalanine repeats are believed to disrupt protein folding, leading to intracellular aggregation (Albrecht et al., 2004). The alanine expansion in HOXA13, RUNX2, and SOX3 resulted in the accumulation of protein in the cytoplasm with interaction with heat shock proteins (Albrecht et al., 2004; Villavicencio-Lorini et al., 2010). Therefore, the protein aggregation due to the alanine extension mutation could prevent the translocation of transcription factor HOXD13 protein into the nucleus resulting in the dysregulation of downstream genes. The length of Ala expansions was previously reported to correlate with the HOXD13 aggregation, and the mutant protein with + 14 Ala and + 21 Ala were exclusively found in the cytoplasm (Albrecht et al., 2004). The alanine repeat expansions resulted in reduced HOXD13-dependent transcriptional activity without affecting DNA binding (Basu et al., 2020). We observed that the alanine extension mutant HOXD13 proteins (+ 7A, + 8A, + 9A) were partially localized in the cytoplasm (Figure 4). Furthermore, the molecular simulation of the alanine fragment dimer showed that the molecular structure and polymerization energy were changed when the extra alanine residues were inserted to the 15 alanine polypeptides, and the dimer was more likely to form α-helical structures and aggregation (Figures 5A–D). This indicates that the repeat expansion changed the biophysical properties of HOXD13 protein.

We identified a novel missense mutation c. 925A > T (p.I309F) in the homeodomain of HOXD13. The mutant protein was localized in the nucleus with no aggregation in the cytoplasm. The homeobox domain contains 60 residues and is the key region for HOXD13 to bind to DNA as a transcription factor (Scott et al., 1989; Johnson et al., 2003; Burglin and Affolter, 2016). The amino acid sequence of the homeobox domain is highly conserved among different genes in many organisms (Scott et al., 1989; Kissinger et al., 1990). We investigated the effect of a I309F mutation on the transcription activation of the EPHA7 gene, which is one of the downstream genes of HOXD13 and plays an important role in limb development (Valentina and Vincenzo, 2006). Reduced transcription activation of EPHA7 was observed in cells transfected with c. 925A > T HOXD13, indicating that the I309F mutation in the homeobox region resulted in impaired transcriptional activation (Figure 5E). This is consistent with other studies that report the effect of other missense mutations in the homeobox domain, such as c.940A > C (p.I314L) and c.893G > A (p. R298Q) (Johnson et al., 2003; Wang et al., 2012). In this study, the girl who carried the c. 925A > T mutation had polydactyly L5/6 toes, and this was inherited from the affected father who had a mild phenotype with camptodactyly at his right foot. In this four-generation family, there were seven affected individuals who had variable expressivity of atypical SPD at B5/6 or L5/6 toe in feet with HOXD13 c. 925A > T mutation. Considering the segregation evidence of the family (Figure 2), the variant c. 925A > T (p.I309F) is pathogenic according to ACMG Guidelines [PM2_P, PS3_M (reduce the transcription of EPHA7), PP1_M (6 affected segregations), PM1 (in homeodomain), PP3 (REVEL score 0.95)].

It is shown that the mutations of HOXD13 led to variable expressivity and a broad spectrum of clinical features (Brison et al., 2014). We summarized the phenotypes of affected individuals in 53 families with the HOXD13 mutation spectrum to understand the potential correlation (Supplementary Table 1). Although the variable phenotypes were observed in the individuals with HOXD13 heterozygous mutations, the defects were only related to limbs, a single organ system, and seldom syndrome although HOXA13 mutations were associated with hand-foot-genital syndrome (Mortlock and Innis, 1997). Among all the clinical features, six of them were common limb abnormalities (synpolydactyly, syndactyly, polydactyly, clinodactyly, camptodactyly, and brachydactyly), and synpolydactyly in the 3/4 fingers and the 4/5 toes were the primary phenotypes. In addition, abnormal flexion crease, stiff joint, broad halluce, symphalangism, oligodactyly, and other features are also described. The cortical bone morphology was abnormal in the individuals with HOXD13 mutations (Villavicencio-Lorini et al., 2010), resulting in the irregular shape of the long bones in the hand and foot.

The 27 variants from our compiled data set were mapped to the HOXD13 gene (Figure 3A) and categorized into three types of mutations based on the molecular pathogenic mechanisms: polyananine extension, missense mutation, and LOF mutation. The most common mutations, i.e., the polyalanine extension, were frequently associated with classic SPD (Zhao et al., 2007). According to the severity evaluation in this study, patients with polyalanine tract expansion mutations had more severe manifestations than the ones with LOF or missense mutations. In patients with HOXD13 polyalanine tract expansion mutations, synpolydactyly was observed in 155 affected hands and feet (Figure 3B) and especially in feet (> 35%) (Figure 3C). Meanwhile, they were also likely to present with syndactyly, brachydactyly, and camptodactyly in hands (> 20%). The misfolding and cytoplasmic aggregation of polyalanine expansion mutants were conferred as dominant negative phenotypes. The missense mutants tend to localize in the homeobox region although the LOF (frameshift or nonsense) mutants usually reside in the non-homeobox region. The patients with LOF mutations in the non-homeobox region had a priori clinodactyly (> 40%) in hands as joints have a wider range of motion than feet. The LOF mutations in the homeobox region could be dominant LOF of transcription activity of HOXD13 owing to the truncated proteins produced. The missense mutations in the homeobox region were often presented as brachydactyly and syndactyly in hands and feet. The missense mutations, such as the c. 925A > T (p.I309F) mutation, had a deleterious effect on the transcriptional activation of the human EPHA7 promoter without forming aggregates in the cytoplasm. For missense variants outside the homeobox region of HOXD13, the expression of the HOXD13 G220V mutant was studied in chick limb by Fantini et al. and also presented LOF with the impaired capability to bind DNA and to activate the downstream target of HOXD13 (Fantini et al., 2009). Another G11A missense mutation at the position 32 of the coding region where HOXD13 binds with GLI3R resulted in the same phenotype as the depletion of GLI3R (Chen et al., 2004), suggesting a new molecular mechanism of HOXD13.

We thoroughly evaluated the correlation of SPD phenotype with genotype of HOXD13 in this study. Previous reports show that homozygous patients may present severe phenotypes but not all (Ibrahim et al., 2016). We created a severity score for the evaluation of synpolydactyly. By comparing the clinical features in the SPD patients with different HOXD13 mutations (PolyA, homeobox, and non-homeobox), we found a statistically significant difference in the severity scores between polyA mutation and homeobox or non-homeobox (P < 0.05) although no significant difference was observed between the variants in homeobox and non-homeobox (Figure 3D). In addition, a difference was statistically significant between the polyalanine tract with + 8A or + 9A expansion or + 7A (P < 0.001) (Figure 3E). It suggests that the individuals with polyA mutations, especially + 8A or + 9A expansion, might have more severe phenotypes, and the ones carrying the missense mutations might have atypical SPD. Penetrance of these variants could not be evaluated due to the lack of genotype in the unaffected.

Our study analyzed the clinical characteristics and inheritance of SPD caused by HOXD13 mutations and confirmed that the HOXD13 abnormality plays an important role in SPD. We first revealed correlations between the location and types of mutations of HOXD13 and severities of the phenotypes by the overview of 173 affected individuals with HOXD13 mutations. We compared the mechanism of different types of mutations in HOXD13 and indicate that the alanine insertion mutations lead to protein aggregation in the cytoplasm, and the mutations in the homeobox decreased downstream transcriptional activity. The finding is of value for a better understanding of the variable phenotypes and clinical utility of HOXD13-related disease.
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Purpose: Kidney stones is a common medical issue that mediates kidney injury and even kidney function loss. However, the exact pathogenesis still remains unclear. This study aimed to explore the potential competing endogenous RNA (ceRNA)-related pathogenesis of kidney stones and identify the corresponding immune infiltration signature.
Methods: One mRNA and one long non-coding RNA (lncRNA) microarray dataset was obtained from the GEO database. Subsequently, we compared differentially expressed mRNAs (DE-mRNAs) and lncRNAs between Randall’s plaques in patients with calcium oxalate (CaOx) stones and controls with normal papillary tissues. lncRNA-targeted miRNAs and miRNA–mRNA pairs were predicted using the online databases. lncRNA-related DE-mRNAs were identified using the Venn method, and GO and KEGG enrichment analyses were subsequently performed. The immune-related lncRNA–miRNA–mRNA ceRNA network was developed. The CIBERSORT algorithm was used to estimate the rate of immune cell infiltration in Randall’s plaques. The ceRNA network and immune infiltration were validated in the glyoxylate-induced hyperoxaluric mouse model and oxalate-treated HK-2 cells.
Results: We identified 2,340 DE-mRNAs and 929 DE-lncRNAs between Randall’s plaques in patients with CaOx stones and controls with normal papillary tissues. lncRNA-related DE-mRNAs were significantly enriched in extracellular matrix organization and collagen-containing extracellular matrix, which were associated with kidney interstitial fibrosis. The immune-related ceRNA network included 10 lncRNAs, 23 miRNAs, and 20 mRNAs. Moreover, we found that M2 macrophages and resting mast cells were differentially expressed between Randall’s plaques and normal tissues. Throughout kidney stone development, kidney tubular injury, crystal deposition, collagen fiber deposition, TGF-β expression, infiltration of M1 macrophages, and activation of mast cells were more frequent in glyoxylate-induced hyperoxaluric mice compared with control mice. Nevertheless, M2 macrophage infiltration increased in early stages (day 6) and decreased as kidney stones progressed (day 12). Furthermore, treatment with 0.25 and 0.5 mM of oxalate for 48 h significantly upregulated NEAT1, PVT1, CCL7, and ROBO2 expression levels and downregulated hsa-miR-23b-3p, hsa-miR-429, and hsa-miR-139-5p expression levels in the HK-2 cell line in a dose-dependent manner.
Conclusion: We found that significant expressions of ceRNAs (NEAT1, PVT1, hsa-miR-23b-3p, hsa-miR-429, hsa-miR-139-5p, CCL7, and ROBO2) and infiltrating immune cells (macrophages and mast cells) may be involved in kidney stone pathogenesis. These findings provide novel potential therapeutic targets for kidney stones.
Keywords: kidney stones, ceRNA, immune cell infiltration, calcium oxalate, glyoxylate
INTRODUCTION
Kidney stones are common and have high incidence and recurrence rates. Kidney stone prevalence in China is 6.4% and increases annually worldwide (Zeng et al., 2017; Kittanamongkolchai et al., 2018), inducing a heavy burden on the healthcare system. Calcium oxalate (CaOx) kidney stones, the most common type of kidney stone, can induce urinary tract obstruction, renal tubular injury, interstitium inflammation and fibrosis, and even chronic renal disease (Rule et al., 2011). However, the process of kidney stone formation is complex, and the exact mechanism remains unclear. Currently, Randall’s plaque (RP), the calcium phosphate crystal deposition at the tip of the renal papillae, is considered to be the origin of kidney stones (Daudon et al., 2015). Crystals in supersaturated urine nucleates deposit in the renal papillae and grow gradually, eventually forming kidney stones (Khan and Canales, 2015). Evidence from endoscopic images demonstrated that stones attach to RP, which appeared in approximately half of patients with kidney stones (Pless et al., 2019). Moreover, renal papillae biopsies have shown that RP formation was associated with high urinary calcium levels, acidic urine, and metabolic diseases (Marien and Miller, 2016). Thus, studying RP to explore the potential pathogenesis of kidney stones and effective therapeutic targets is essential.
Non-coding RNAs (ncRNAs) include long non-coding RNAs (lncRNAs), microRNAs (miRNAs), and circular RNAs, which regulate gene expression at transcriptional and post-transcriptional levels without coding proteins (Beermann et al., 2016). Accumulating evidence has shown that the regulation of mRNAs and ncRNAs is essential for kidney stone-induced renal injury, including apoptosis, oxidative stress, inflammation, and interstitial fibrosis (Liu et al., 2019; Li et al., 2020; Zhu et al., 2020). In recent years, a competing endogenous RNAs (ceRNAs) network hypothesis has been proposed. This hypothesis states that RNAs communicate with each other using miRNA response elements (MREs). LncRNAs regulate the function of mRNAs by competitively binding to the corresponding miRNAs through MREs (Salmena et al., 2011). Given their complexity, the dysregulation of lncRNA–miRNA–mRNA networks is closely related to the pathogenesis of acute and chronic kidney injuries, including ischemia-reperfusion injury and unilateral ureteral obstruction (Cheng et al., 2019; Ren et al., 2019). Nevertheless, few studies have concentrated on the ceRNA regulatory network in patients with kidney stones.
Conventionally, the immune system plays a crucial role in the formation and pathogenesis of kidney stones. Throughout kidney stone development, CaOx crystals promote the secretion of inflammatory cytokines and chemokines, possibly recruiting various immune cells to renal interstitium, including neutrophils, macrophages, and T cells (Zhu et al., 2019; Taguchi et al., 2021). The dysfunction of the immune microenvironment in the kidney could not only initiate adverse factors, but also further exacerbate kidney stone formation (Khan et al., 2021). Previous studies have revealed that M2 macrophages can phagocytize and degrade crystals to suppress stone formation and prevent CaOx inflammatory damage (Taguchi et al., 2021). However, the polarization of M1 macrophages induces cell damage and increases stone burden (Taguchi et al., 2021). In this context, another study has shown that aberrant γδT cells were activated and accumulated in CaOx kidney stones in a mouse model (Zhu et al., 2019). Despite the importance of maintaining immune microenvironmental homeostasis, in patients with kidney stones, the landscape of immune cell infiltration has not been fully clarified.
In this study, we compared differentially expressed (DE) mRNAs and lncRNAs between RPs in patients with CaOx stones and controls with normal papillary tissues based on the Gene Expression Omnibus (GEO) database and constructed an immune-related ceRNA network. Subsequently, to the best of our knowledge, we were the first to estimate the rate of immune cell infiltration in RPs. Moreover, we validated the ceRNA network and immune infiltration in vivo and in vitro. This study aimed to explore the potential ceRNA-related pathogenesis of kidney stones and identify its corresponding immune infiltration signature.
MATERIALS AND METHODS
Data Acquisition and Differential Expression Analysis
The mRNA microarray dataset GSE73680 (Taguchi et al., 2017) and lncRNA microarray dataset GSE117518 (Zhu et al., 2021) were obtained from the GEO database (https://www.ncbi.nlm.nih.gov/geo/). The GSE73680 dataset included 24 RPs from patients with CaOx stones and six controls with normal papillary tissues. The GSE117518 dataset included three RPs from patients with CaOx stones and three controls with normal papillary tissues. The details of both datasets are presented in Table 1. Probe names were transformed into gene symbols according to platform annotation information. Moreover, immune-related genes were obtained from the Immunology Database and Analysis Portal (IMMPORT) database (http://www.immport.org/) (Bhattacharya et al., 2014).
TABLE 1 | Details of lncRNA and mRNA datasets of patients with calcium oxalate kidney stones.
[image: Table 1]Subsequently, DE-mRNAs and lncRNAs were analyzed and compared between RPs and normal–papillary tissue controls using the “limma” package (Ritchie et al., 2015) in the R software (http://www.r-project.org). mRNAs that met the criteria of |log2FC|>1 and p < 0.01 were considered as DE-mRNAs, and lncRNAs that met the criteria of |log2FC|>0.58 and p < 0.01 were considered as DE-lncRNA. The “ggplot2” package was used to draw heatmaps and volcano plots for data visualization.
Prediction of lncRNA–miRNA and miRNA–mRNA Interactions
Potential DE-lncRNA-targeted miRNAs were predicted using the miRcode database (http://mircode.org/) (Jeggari et al., 2012). Subsequently, miRNA–mRNA pairs were analyzed using TargetScan (http://www.targetscan.org/vert_72/) (Agarwal et al., 2015), miRTarBase (https://mirtarbase.cuhk.edu.cn/php/index.php) (Huang et al., 2020), and miRDB (http://mirdb.org/) (Chen and Wang, 2020) databases. mRNAs that were found in at least two databases were considered as candidate targets of miRNAs.
Venn Method
The Venn method was used to analyze overlapping genes. Intersections between DE-mRNA and DE-lncRNA-targeted mRNAs, as well as lncRNA-related DE-mRNAs and immune-related genes were identified using the Venny version 2.1 online tool (https://bioinfogp.cnb.csic.es/tools/venny/index.html).
Functional Enrichment and Protein–Protein Interaction Analysis
To explore the functions of lncRNA-related DE-mRNAs, gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were conducted using the “org.Hs.eg.db” and “ClusterProfiler” packages (Yu et al., 2012) in the R software. An adjusted p < 0.05 was considered statistically significant. Subsequently, the STRING database (https://string-db.org/) (Szklarczyk et al., 2019) was used to determine the relationship between the DE-mRNAs, and Cytoscape software (https://cytoscape.org) was used to develop the PPI network.
Construction of the Immune-Related ceRNA Network
After identifying immune-related and lncRNA-related DE-mRNAs, the interaction between lncRNAs, miRNAs, and mRNAs was confirmed as described in item 3.2. Subsequently, the immune-related lncRNA–miRNA–mRNA ceRNA network was developed using the R software. The “ggalluvial” package was used to draw a sankey diagram for data visualization.
Analysis of Immune Cell Infiltration
To estimate the abundance of 22 types of immune cell types in Randall’s plaques and normal–papillary tissue controls, the mRNA microarray dataset GSE73680 was uploaded to the platform of CIBERSORT (http://cibersort.stanford.edu/) (Newman et al., 2015). Only samples that had a CIBERSORT algorithm output of p < 0.05 were considered for further analysis. Histograms and heatmaps were drawn to show the rate of immune cell infiltration in different samples. Co-expression patterns in immune-related DE-mRNAs and infiltrating immune cells were analyzed using Pearson’s correlation coefficient. Subsequently, the Wilcoxon rank-sum test was performed to compare differentially infiltrating immune cells between RPs in patients with CaOx stones and controls with normal papillary tissues. The relationship between DE-mRNA expression and the fractions of macrophages and mast cells was also investigated using the Wilcoxon test. Results were visualized using the “heatmap” and “vioplot” packages in the R software.
Animal Experiments
Thirty male C57BL/6J mice weighing 22–25 g and aging 6–8 weeks were acquired from the Center of Experimental Animals at the Renmin hospital of Wuhan University, Hubei, China. The mice were acclimatized in the animal house of our institution at a steady temperature of 22 ± 2°C and humidity of 40–70% on a 12/12-h light–dark cycle and with free access to water and feed. The animal experiments were conducted according to the Guide for the Care and Use of Laboratory Animals, and the study protocol was approved by the Laboratory Animal Welfare and Ethics Committee of the Renmin hospital of Wuhan University (approval number: WDRM-20200604).
According to previous publications (Okada et al., 2007; Usami et al., 2018), the mice were intraperitoneally injected with 80 or 120 mg/kg of glyoxylate (Sigma–Aldrich; St. Louis, MO, United States) daily for 6 or 12 days to establish a CaOx kidney stone model. Mice were randomly assigned to the five following dosage groups (n = 6): control, 80 mg/kg of glyoxylate for 6 days, 120 of mg/kg glyoxylate for 6 days, 80 mg/kg of glyoxylate for 12 days, and 120 mg/kg of glyoxylate for 12 days groups. After 6 or 12 days, the mice were sacrificed, and kidneys were removed for analyses.
Cell Culture and Treatment
Human renal tubular epithelial cell line (HK-2) cells were provided by Stem Cell Bank, Chinese Academy of Sciences, Shanghai, China. HK-2 cells were cultured in an MEM medium supplemented with 10% fetal bovine serum (Gibco, Waltham, MA, United States) and 1% antibiotics (penicillin/streptomycin). The cells were maintained at 37°C under a humidified atmosphere with 5% CO2. Oxalate was purchased from Sigma–Aldrich and dissolved in the culture medium. Subsequently, the cells were cultured in six-well plates, and 0.25 mM or 0.5 mM of oxalate were added for 48 h.
Hematoxylin and Eosin, Von Kossal, and Masson Staining
After fixation in 4% paraformaldehyde, kidneys were imbedded in paraffin and were cut into 5-μm slices. HE staining was performed to assess the histopathological kidney tubular injuries as previously described (Dong et al., 2019). Injuries were scored as follows: 0, no tubular injury; 1, <10% tubular damage; 2, 10–25% tubular damage; 3, 25–50% tubular damage; 4, 50–74% tubular damage; and 5, >75% tubular damage. Subsequently, crystals were detected using Von Kossal staining, as previously described (Wang et al., 2019). The crystal deposition area was quantified using Image J software. Renal fibrosis was verified using Masson trichrome staining, and the collagen fiber deposition area on kidney sections was quantified using Image J software.
Immunohistochemistry and Immunofluorescence Staining
The protein expression levels of TGF-β, iNOS, and CD206 were analyzed using immunohistochemical and immunofluorescence staining. Antibodies (i.e., TGF-β [21898-1-AP], iNOS [18985-1-AP], and CD206 [60143-1-Ig]) were purchased from Proteintech (Chicago, IL, United States). All procedures were conducted according to the recommendations of the manufacturer. By comparing the positive area between groups using microscopy, figures were analyzed using Image J software.
Toluidine Blue Staining
Mast cells were detected using Toluidine blue staining as previously described (Zhang et al., 2017). Mast cells were identified using purple granules, and activated mast cells were characterized by disgorged and loosely packed granules. Activated mast cells per field were counted at a magnification of 400 ×.
Quantitative Real-Time PCR
Total RNA was extracted from HK-2 cells using TRIzol reagent (Invitrogen Life Technologies, Carlsbad, CA, United States), and RNA purity was measured using spectrophotometry. RNAs were reverse transcribed into cDNAs using the Takara RNA PCR kit (Takara Biotechnology, Shiga, Japan) according to the instructions of the manufacturer. Subsequently, cDNA was amplified by RT-qPCR using an Applied Biosystems SYBR Green mix kit (Applied Biosystems, Foster City, CA, United States). GAPDH was used as an internal reference for lncRNAs and mRNAs, while U6 was used as a reference for miRNA. The primers used for these reactions are shown in Supplementary Table S1. The reactions were measured on the ABI 7900 Real-Time PCR system (Applied Biosystems Life Technologies), and the 2−ΔΔCT method was used for analysis.
Statistical Analysis
All data are presented as the mean ± SD. Statistical analysis was conducted using SPSS version 19.0 (SPSS Inc., Chicago, IL, United States). Student’s t-test was used to compare differences between groups. A p-value of <0.05 was considered statistically significant. All experiments were performed at least three times.
RESULTS
Identification of DE mRNAs and lncRNAs
To clarify the process of this research, a schematic representation is presented in Figure 1. Original data were downloaded from the GSE73680 and GSE117518 datasets in the GEO database. In the GSE73680 dataset, RNA-seq data of 24 RPs from patients with CaOx stones and from six controls with normal papillary tissues were analyzed using criteria of |log2FC|>1 and p < 0.01. A total of 2,340 DE-mRNAs (2,098 upregulated and 242 downregulated) were compared between RPs and normal papillary tissues. In the GSE117518 dataset, the RNA-seq data of three RPs from patients with CaOx stones and three normal papillary tissues were analyzed using criteria of |log2FC|>0.58 and p < 0.01. A total of 929 DE-lncRNAs (587 upregulated and 342 downregulated) were identified. Corresponding heatmaps and volcano plots are shown in Figure 2. Details of datasets are presented in Table 1.
[image: Figure 1]FIGURE 1 | Schematic representation of our analytic process.
[image: Figure 2]FIGURE 2 | Heatmaps and volcano plots of differentially expressed genes between the Randall’s plaques of patients with CaOx kidney stones and normal–renal papillary tissue controls: (A,B) mRNA and (C,D) lncRNA.
Function Enrichment Analysis of lncRNA-Related DE-mRNAs
To establish the ceRNA network, DE-lncRNAs were further analyzed. Potential DE-lncRNA-targeted miRNAs were predicted using the miRcode database. Subsequently, miRNA–mRNA pairs were analyzed using the TargetScan, miRTarBase, and miRDB databases. A total of 197 miRNAs and 8,457 mRNAs were predicted. Subsequently, the Venn method was used to analyze the intersection between DE-mRNA and DE-lncRNA-targeted mRNAs (Figure 3A). Consequently, 278 overlapping lncRNA-related DE-mRNAs were identified. To determine the functions of lncRNA-related DE-mRNAs, GO and KEGG enrichment analyses were conducted (Figures 3B,C). A biological process analysis showed that lncRNA-related DE-mRNAs were significantly enriched in extracellular matrix organization, cellular calcium ion homeostasis, and regulation of cellular response to growth factor stimulus. A cellular component analysis showed that lncRNA-related DE-mRNAs were mostly enriched in collagen-containing extracellular matrix and endoplasmic reticulum lumen. A molecular function (MF) analysis showed that lncRNA-related DE-mRNAs were mostly enriched in channel activity and extracellular matrix structural constituent. The KEGG pathway enrichment analysis showed that lncRNA-related DE-mRNAs were significantly enriched in PI3K-Akt signaling pathway, focal adhesion, and extracellular matrix-receptor interaction. Details of GO and KEGG enrichment analyses are presented in Tables 2, 3. The PPI network of lncRNA-related DE-mRNAs is shown in Supplementary Figure S1.
[image: Figure 3]FIGURE 3 | Identification and analysis of lncRNA-related DE-mRNAs. (A) Intersection between DE-mRNAs and DE-lncRNAs predicted mRNAs. (B) GO enrichment analysis of lncRNA-related DE-mRNAs. (C) KEGG enrichment analysis of lncRNA-related DE-mRNAs. DE-mRNAs, differentially expressed mRNAs; DE-lncRNAs, differentially expressed lncRNAs; GO, gene ontology; and KEGG, Kyoto Encyclopedia of Genes and Genomes.
TABLE 2 | Top 10 GO enrichment terms of differential expression genes.
[image: Table 2]TABLE 3 | KEGG pathway enrichment analysis of differentially expressed genes.
[image: Table 3]Construction of the Immune-Related ceRNA Network
To construct the immune-related ceRNA network, the Venn method was used to analyze the intersection between lncRNA-related DE-mRNAs and immune-related genes obtained from the IMMPORT database. Consequently, 20 overlapping immune-related DE-mRNAs (12 upregulated and eight downregulated) were identified (Figure 4A). A co-expression analysis of immune-related DE-mRNAs was performed (Figure 4B). Subsequently, immune-related DE-mRNAs and their paired miRNAs and lncRNAs were chosen to develop the ceRNA regulatory network (Figure 4C). In total, the immune-related ceRNA network contained 10 lncRNAs, 23 miRNAs, and 20 mRNAs.
[image: Figure 4]FIGURE 4 | Construction of immune-related ceRNA network in kidney stones. (A) Intersection between lncRNA-related DE-mRNAs and immune-related genes. (B) Co-expression analysis of immune-related DE-mRNAs. (C) Immune-related ceRNA regulatory network.
Composition of Infiltrating Immune Cells
The composition of 22 infiltrating immune cells in RPs in patients with CaOx stones and controls with normal papillary tissues were estimated using the CIBERSORT algorithm (Figures 5A,B). The relationships among these 22 immune cells are presented in Figure 5C. M1 macrophages were positively correlated with resting dendritic cells (R = 0.70). M2 macrophages were positively correlated with eosinophils (R = 0.52). Activated mast cells activated were positively correlated with neutrophils (R = 0.59). Resting mast cells were positively correlated with activated NK cells (R = 0.55) and negatively correlated with resting dendritic cells (R = –0.45). The differential proportion of infiltrating immune cells between RPs in patients with CaOx stones and in controls with normal papillary tissues was analyzed. As shown in Figure 5D, compared with the RPs in controls, M2 macrophages (p = 0.038) and resting mast cells (p = 0.019) were significantly downregulated and M1 macrophages (p = 0.49) and activated mast cells (p = 0.296) were significantly upregulated in the RPs in patients with kidney stones.
[image: Figure 5]FIGURE 5 | Composition of infiltrating immune cells assessed using the CIBERSORT algorithm in kidney tissues. (A) Distribution of immune cell infiltration in each sample. (B) Heatmap of immune cell types. (C) The correlation among infiltrating immune cells. (D) Violin plot of infiltrating immune cells.
Co-Expression Patterns of Infiltrating Immune Cells and DE-mRNAs
For further analysis, DE-mRNAs were divided to the high expression and low expression groups. The correlation between infiltrating immune cells and DE-mRNAs expression was estimated using the Wilcoxon test, and significantly correlated pairs with p < 0.05 are shown in Figure 6. Results indicated that the expression of IL-13, OGN, and VEGFC was significantly negatively correlated with the proportion of M1 macrophages (p = 0.011, p = 0.002, and p = 0.05, respectively), whereas the expression of VAV2 was significantly positively correlated with proportion of M1 macrophages (p = 0.038). The expression of ADM2, CCL7, FGF18, FGF21, CCR9, LEP, ROBO2, and VAV2 was significantly negatively correlated with the proportion of resting mast cells (p = 0.011, p = 0.049, p = 0.001, p = 0.002, p < 0.001, p = 0.016, p = 0.007, p = 0.02, and p = 0.002, respectively).
[image: Figure 6]FIGURE 6 | Co-expression patterns of differential infiltrating immune cells and DE-mRNAs. (A) Significantly correlated pairs between M1 macrophages and DE-mRNAs. (B) Significantly correlated pairs between mast cell resting and DE-mRNAs.
Validation in a Glyoxylate-Induced Hyperoxaluric Mouse Model
To validate the aforementioned pathway and differentially infiltrating immune cells, kidney tubular injury, crystal deposition, fibrosis level, and macrophage and mast cell infiltration were evaluated in a glyoxylate (Gly)-induced hyperoxaluric mouse model. As shown in Figure 7, kidney tubular injury and crystal deposition were aggravated as treatment concentration and time of glyoxylate increased. Tubular injury and crystals were markedly worse in the day–12 Gly-treated groups than in the day–6 Gly-treated groups. Moreover, tubular injury and crystals were markedly worse in the 120–mg/kg Gly-treated mice than in the 80–mg/kg Gly-treated mice in both day-6 and day-12 groups. Fibrosis and collagen fiber deposition were evaluated using Masson staining and immunohistochemical staining of TGF-β. Results have shown that collagen fiber depositions and TGF-β-positive areas were significantly more frequent in the Gly-treated groups than in the control group in a dose- and time-dependent manner; these results are consistent with those shown in Figure 3B.
[image: Figure 7]FIGURE 7 | Evaluation of kidney tubular injury, crystal deposition, fibrosis level, macrophage, and mast cell infiltration in a glyoxylate-induced hyperoxaluric mouse model. (A) Representative pictures of HE staining, Von Kossal staining, Masson staining, immunohistochemical staining, immunofluorescence staining, and Toluidine blue staining (magnification, 400×). (B) Quantification of kidney tubular injury score, CaOx crystal deposition area, collagen fiber deposition area, and TGF-β positive area. (C) Quantification of macrophage-related molecules in the iNOS (M1) and CD206 (M2) positive areas, and quantification of activated mast cell per field. Gly, glyoxylate. The arrow indicates activated mast cells. *p < 0.05.
Subsequently, the immunofluorescence staining of macrophage-related molecules iNOS (M1) and CD206 (M2) showed that M1 macrophage infiltration significantly increased as kidney stones aggravated, whereas M2 macrophage infiltration increased in the early stages (day 6) and decreased as kidney stones progressed (day 12). Toluidine blue staining showed that activated mast cell infiltration significantly increased in the kidneys of mice with stone formation. As treatment concentration and time of Gly increased, activated mast cells concomitantly increased. These immune cell infiltration results are consistent with our findings shown in Figure 5.
Construction of Immune-Related hub ceRNA Network and Validation in HK-2 Cells Stimulated With Oxalate
Through literature review and co-expression analysis of infiltrating immune cells, we established the immune-related hub ceRNA network, comprising 2 lncRNAs, 3 miRNAs, and 2 mRNAs (Figure 8A). Details of the immune-related hub ceRNA network developed from the GSE73680 and GSE117518 datasets are presented in Table 4. To validate the immune-related hub ceRNA network in kidney stones, RT-qPCR was used to detect the expression levels of the hub genes. As shown in Figure 8B, treatment with 0.25 and 0.5 mM oxalate for 48 h significantly upregulated the expression levels of NEAT1, PVT1, CCL7, and ROBO2 but downregulated the expression levels of hsa-miR-23b-3p, hsa-miR-429, and hsa-miR-139-5p in the HK-2 cell line in a dose-dependent manner. These results are consistent with the findings of GEO datasets.
[image: Figure 8]FIGURE 8 | RT-qPCR validation of the immune-related hub ceRNA network in HK-2 cells treated with oxalate. (A) The immune-related hub ceRNA network. (B) Quantification of the relative expression levels of NEAT1, PVT1, hsa-miR-23b-3p, hsa-miR-429, hsa-miR-139-5p, CCL7, and ROBO2 using RT-qPCR. *p < 0.05.
TABLE 4 | The details of hub ceRNA network from GEO datasets.
[image: Table 4]DISCUSSION
Kidney stones are among the most common urological diseases and have a high recurrence rate. In the GEO database, several datasets assessed gene expression profiling by RNA-sequencing in kidney stones. However, most experiments were based on animal models (GSE72135, GSE36446, and GSE75543 datasets) or cell lines (GSE110509, GSE75111, and GSE56934 datasets), rather than patient samples. RPs are considered as the origin of kidney stones (Daudon et al., 2015). Thus, analysis based on the gene expression profiling of RPs may provide more convincing results to reveal kidney stone pathogenesis. In this study, for the first time, an immune-related ceRNA network was constructed and the composition of infiltrating immune cells was estimated based on gene expression profiling in RPs from patients with CaOx kidney stones.
Kidney stones mediate kidney injury and even kidney function loss (Rule et al., 2011). A recent study has found that symptomatic patients with kidney stones have an increased risk off chronic kidney disease compared with the risk of normal individuals (Rule et al., 2009). A retrospective clinical study has demonstrated that 6.01% of patients with kidney stones experience renal atrophy 2 years after percutaneous nephrolithotomy; kidney stones lasting more than 12 months and multiple calyces stone are independent risk factors (Xiangrui et al., 2020), indicating the serious outcomes of kidney stones. The underlying mechanisms may be associated with urinary tract obstruction, infection, and crystal-induced injury and fibrosis (Uribarri, 2020). Convento et al. (2017) demonstrated that the expression levels of TGF-β and epithelial-mesenchymal transition-associated proteins increased in hyperoxaluric mice and HK-2 cells treated with oxalate and CaOx, accompanied by progressive renal failure. In this study, we found that lncRNA-related DE-mRNAs are significantly enriched in extracellular matrix organization, regulation of cellular response to growth factor stimulus, and collagen-containing extracellular matrix, which were associated with kidney interstitial fibrosis. Moreover, we revealed that, throughout kidney stone development, collagen fiber deposition and TGF-β expression were significantly increased in glyoxylate-induced hyperoxaluric mice in a dose- and time-dependent manner. Hence, we speculated that more attention should be paid to kidney stone-induced fibrosis and that lncRNAs may play a crucial role on the corresponding process.
miRNAs, as transcription regulators, are essential in various physiological and pathological processes, including kidney stone-induced renal injury (Jiang et al., 2020; Su et al., 2020). Su et al. (2020) indicated that miR-21 expression increased in hyperoxaluric mice, which promoted CaOx-induced renal tubular injury by PPARA. Jiang demonstrated that miR-155-5p upregulated and promoted oxalate and that CaOx induced oxidative stress injury in HK-2 cells (Jiang et al., 2020). In recent years, the lncRNA–miRNA–mRNA ceRNA network has been proved to be involved in various kidney diseases, including kidney stones (Liang et al., 2019; Liu et al., 2019; Ren et al., 2019). Liu et al. (2019) determined that the interaction between lncRNA H19 and miR-216b facilitated CaOx-induced kidney injury via the HMGB1/TLR4/NF-κB pathway. Moreover, Liang et al. (2019) identified the lncRNA–miRNA–mRNA expression variation profile in the urine of patients with CaOx stones. In this study, we constructed an immune-related ceRNA network based on gene expression profiling in RPs, including 10 lncRNAs, 23 miRNAs, and 20 mRNAs, which are potential therapeutic targets. Subsequently, the immune-related hub ceRNA network was established and validated in vitro. Treatment with 0.25 and 0.5 mM of oxalate significantly upregulated NEAT1 and PVT1 expression levels and downregulated hsa-miR-23b-3p, hsa-miR-429, and hsa-miR-139-5p expression levels in the HK-2 cell line in a dose-dependent manner. The interaction between NEAT1, PVT1, miR-429, miR-139-5p, and miR-23b-3p may regulate CaOx-induced kidney injury via CCL7 and ROBO2.
The CCL7 gene encodes C-C motif chemokine 7, which can attract monocytes to meditate inflammation and fibrosis (Klein et al., 2009). Inaba et al. (2020) demonstrated that CCL7 increased in a murine model of folic acid-induced acute kidney injury and that the blockade of CCL7 expression reduced monocyte recruitment and ameliorated injury. Sun et al. (2018) reported that CCL7 expression increased in the papillary and urine of patients with nephrolithiasis. The ROBO2 gene encodes the roundabout homolog 2, which is a receptor of slit homolog proteins (SLITs) and is associated with cellular migration guidance (Daehn and Duffield, 2021). ROBO2 dysfunction has been considered to cause congenital kidney and urinary tract abnormalities (Daehn and Duffield, 2021). Moreover, the SLITs/ROBO2 pathway was found to meditate inflammation and acute kidney injury (Chaturvedi and Robinson, 2015). In this study, treatment with 0.25 and 0.5 mM of oxalate significantly upregulated the expression levels of CCL7 and ROBO2 in the HK-2 cell line in a dose-dependent manner, yet the underlying mechanism still needed further investigation.
The polarization of macrophages has been recognized to be involved in the pathogenesis of kidney stones (Taguchi et al., 2021). Taguchi et al. (2016) found that M1-macrophage transfusion promoted kidney stone formation in hyperoxaluric mice and that M2-macrophage transfusion suppressed stone formation. Moreover, Xi et al. (2019) demonstrated that Sirtuin 3-overexpression suppressed crystal deposition through the promotion of the polarization of M2 macrophages. Mast cells have been considered as important components in kidney disease development (Vibhushan et al., 2020). Summers et al. (2012) demonstrated that mast cell activation and degranulation promoted renal fibrosis in mice with unilateral ureteric obstruction, while mast cell-deficient mice showed decreased collagen deposition. Moreover, it has been reported that mast cells can mediate cisplastin-induced acute kidney injury through the recruitment of leukocytes and secretion of TNF (Summers et al., 2011). However, the role of mast cells in the development of kidney stones has not been reported. Consistent with the aforementioned studies, we found that the proportion of M2 macrophages and resting mast cells decreased in the RPs of patients with CaOx stones. Furthermore, throughout kidney stone development, the infiltration of M1 macrophages and activated mast cells increased in mice with glyoxylate-induced hyperoxaluria. M2-macrophage infiltration increased in the early stage and decreased as kidney stones progressed. Together, these results indicate that the polarization of macrophages and recruitment of mast cells may play crucial roles in the development of kidney stones.
This study has several limitations. First, although we analyzed two microarray datasets of kidney stones, the sample size was still limited; this was partly due to the low biopsy rate and low morbidity of kidney stones. Second, no miRNA microarray dataset of patients with kidney stones was available from an open database, thus potential target miRNAs were predicted by online tools. Third, the analysis of infiltrating immune cells only included 22 types; accordingly, the subtypes of macrophages and mast cells require further investigation. Fourth, HK-2 cell line was the only cell line for in vitro validation, other renal tubular epithelial cell lines should be studied in the further research. Finally, further functional experiments are needed to demonstrate the mechanisms of the immune-related ceRNA network and their relationship with immune cell infiltration.
In conclusion, in this comprehensive study, we construct an immune-related ceRNA regulatory network and estimate the composition of immune cell infiltration in the RPs of patients with kidney stones. Based on one mRNA and one lncRNA microarray datasets, we identified the DE-mRNA and DE-lncRNA present in RPs and normal papillary tissues and used them for the construction of the ceRNA network. Subsequently, we estimated DE infiltrating immune cells between RPs and normal papillary tissues and their correlation with immune-related DE-mRNAs. Among these cells, macrophages and mast cells were considered to be important immune cells associated with kidney stone formation. Moreover, we validated the ceRNA network and immune infiltration in vivo and in vitro. These findings provide new insights on the pathogenesis of kidney stones and novel potential therapeutic targets.
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Background: In recent years, circular RNAs (circRNAs) have been reported to serve as essential regulators in several human cancers. Nevertheless, the function and mechanism of circRNAs in cervical cancer remain elusive.
Methods: Flow cytometry assays were performed to measure cell apoptosis and cell cycle. Colony Formation and transwell chamber were performed to measure cell migration and invasion. Double luciferase reporter for gene analysis was used to detect the interaction between hsa-circRNA_0001400, miR-326, and Akt. Relative protein levels were determined by immunoblotting and relative gene levels were determined by quantitative real-time PCR. Tumor Xenograft Modeling was used to evaluate the effect of hsa_circRNA_0001400_siRNA in vivo.
Results: In the present study, we showed that hsa_circRNA_0001400 was highly expressed in cervical cancer tissues relative to in matched normal tissue. We found that hsa_circRNA_0001400_siRNA significantly promoted the apoptosis of cervical cancer cells and arrested the cell cycle and migration of cervical cancer cells. We showed that hsa_circRNA_0001400_siRNA can inhibit the protein expression of Akt and that the inhibition of miR-326 could rescue the inhibition of Akt in cervical cancer cells. We found that has-miR-326 was downregulated in cervical cancer tissues and hsa_circRNA_0001400_siRNA could increase the gene expression of has-miR-326. We also observed that hsa_circRNA_0001400_siRNA inhibited the growth and angiogenesis of SiHa xenografts in nude mice.
Conclusion: In conclusion, this study provides evidence that the hsa_circRNA_0001400–miR-326–Akt network promotes cervical cancer progression. Notably, our findings demonstrate the novel antitumor effects of hsa_circRNA_0001400_siRNA in cervical cancer.
Keywords: circRNA, cervical cancer, apoptosis, phosphatidylinositol-3 kinase, Akt
BACKGROUND
Cervical cancer is the fourth leading cause of cancer death in women worldwide and is second only to lung cancer in developed regions (Small Jr et al., 2017). The 2017 American Cancer Society Guidelines noted that 12,820 women in the United States were diagnosed with invasive cervical cancer in 2016 and predicted that 4,210 of those women would die from the disease (Sawaya et al., 2019). Infection by human papillomavirus (HPV) is a major cause of cervical cancer in women. However, though HPV vaccines exist for the prevention of cervical cancer in women, they are still not widely available in developing countries and, as a result of the persistent lack of screening, a large number of cervical cancer cases in the next 50 years can be expected (Wang et al., 2020). For early cancer patients, the 5-year survival rate is 100% with surgery and, in recent years, the incidence of cervical cancer has trended toward affecting women of youngers age, making the need to retain fertility a concern. In addition, statistics show that 10–15% of patients with cervical cancer after treatment experience recurrence or metastasis, which is the main reason for the failure of cervical cancer treatment. Therefore, there is an urgent need to clarify the mechanism of cervical cancer metastasis, develop new antitumor drugs, improve the quality of life of patients with cervical cancer, and improve the 5-year survival rate (Canfell, 2019).
Circular RNAs (circRNAs) are noncoding RNAs that covalently join the 5’ and 3’ ends of linear RNA precursors via reverse splicing and play a regulatory role in many biological processes, such as cell proliferation, senescence, and apoptosis (Visci et al., 2020). CircRNAs may play an important role in tumorigenesis and development (Zhou et al., 2018). Several reports have demonstrated that the circRNA–microRNA (miRNA)–messenger RNA (mRNA) signaling pathway is involved in tumorigenesis (Zhou et al., 2018; Xu et al., 2020). In a study of tumor metastasis, circRNA had unique advantages and its ring structure was shown to determine its stability, which can greatly reduce the possibility of a mistargeting effect in clinical treatment. At the same time, many studies have also found that there are many kinds of circRNA in human body fluid, suggesting that circRNAs may be a new target for noninvasive disease diagnosis and prognosis (Zhang et al., 2018; Lu et al., 2020). Several studies to date have evaluated the roles of circRNAs and their possible mechanisms in cervical cancer andavailable research findings have indicated that circRNAs are involved in cervical tumor progression by various mechanisms, among which miRNA sponging is the most important (Kristensen et al., 2018). The study of circRNAs potentially represents a new promising strategy for diagnosis and treatment of cervical cancer.
In this study, we used RNA sequencing to analyze the differential expression of circRNA in human cervical cancer and found that hsa_circRNA_0001400 exhibited high expression in cervical cancer tissue. By silencing circRNAs with small interfering RNA (siRNA) interference, the molecular mechanism of hsa_circRNA_0001400–miR-326–Akt sponge in cervical cancer migration was elucidated from the cytological and zoological levels.
MATERIALS AND METHODS
Cell, Reagents, and Antibodies
Human cervical cancer SiHa cells, HeLa cells, and VK2/E6E7 cells were obtained from our laboratory. Fetal bovine serum and Dulbecco’s modified Eagle’s medium culture medium were purchased from Gibco Laboratories (Gaithersburg, MD, United States). Additionally, Transwell Cell (8.0 μM; Corning, Corning, NY, United States); Crystal Violet (Beijing Regan Biotechnology Co., Ltd. Beijing, China); and primary antibodies including glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (cat.#5174), Akt (cat.#4691), Phospho-Akt (Ser473) (cat. #4060), Phospho-PI3 Kinase p85 (Tyr458) (cat.#17366)and PI3K (cat.#4249) as well as the second antibody (Anti-rabbit IgG, cat.#7074) were purchased from Cell Signaling Technology (Danvers, MA, United States). Lipofectamine 2000 was purchased from Invitrogen Corporation (Carlsbad, CA, United States). We designed hsa_circRNA_0001400 primer and siRNA according to the has_circRNA_0001400 sequence listed in the CircRNA database using the methods described in a previous study (Dalmer and Clugston, 2019). The primers of hsa_circRNA_0001400, miR-326, and hsa_circRNA_0001400_siRNA were synthesized by Genecfps Corporation (Shanghai, China). Finally, the microRNA kit used to analyze microRNAs was purchased from FulenGene Biology Co., Ltd. (Shanghai, China). The sequences of the primers were as follows:
hsa_circRNA_0001400-F:ATGTCTGTTAGTGGGGCTGA;
hsa_circRNA_0001400-R:TATCTGCTACCATCGCCTTT;
miR-326 mimic: CCUCUGGGCCCUUCCAG;
miR-326 inhibitor: CTG​GAG​GAA​GGG​CCC​AGA​GG
has-miR-326-F: CCT​CTG​GGC​CCT​TCC​TCA​G;
has-Akt2-F:CTCAGCATCAACTGGCAGGA;
hsa-Akt2-R: GTG​ATG​GAC​TGG​GCG​GTA​AA;
hsa_circRNA_0001400_siRNA-F:5′-AGUAGCAGCGAAUGCUGAUGUUU-3’;
hsa_circRNA_0001400_siRNA-R: 5′-ACA​UCA​GCA​UUC​GCU​GCU​ACU​UU-3’
CircRNA Sequencing
In this study, six cervical cancer tissue samples were collected from January 2019 to December 2019 at Foshan Maternity and Child Healthcare Hospital. All samples were collected after receiving signed informed consent forms from patients and their families and the approval of the Ethics Committee of Foshan Maternity and Child Healthcare Hospital (No. FSFY-MEC-2018-061). Specimens from patients were diagnosed by pathological examination with carcinoma in situ of the cervix. The patient did not receive any radiation, chemotherapy, or other anticancer treatment prior to the operation. The tumor tissue was removed and transferred to the laboratory in an icebox at a low temperature. After cleaning three times with phosphate-buffered saline (PBS), the tumor tissue was stored in liquid nitrogen for further extraction of total RNA. Additionally, specimens collected from 2 cm away from the edge of tumor tissue were confirmed to be normal tissue by pathological examination. There was no atypical hyperplasia or infiltration of cancer tissue.
The sample library was built an ILUMIMA kit (Illumina, Inc. San Diego, CA, United States) and the original data were sequenced using HiSeq 4000 (Illumina, Inc. San Diego, CA, United States). The simple procedure used was as follows: the sample RNA was reverse-transcribed into complementary DNA; then, poly-A was added at the 3’ end, then the sample was connected to the sequencing connector of the kit, and polymerase chain reaction (PCR) amplification was performed. Finally, HiSeq 4000 was used to detect the fault. The original image files of Illumina high-throughput sequencing were base-called and transformed into original sequence sequences (sequenced reads) for subsequent analysis—that is, a collection of original sequences, called raw data. The analysis results are presented in FASTQ files (FQs for short). Based on the long noncoding RNA length threshold, potential assembled transcripts shorter than 200 bp were filtered out. For the assembled transcripts with only one exon, the transcripts with FPKM values of at least 2, and those with multiple exons, the transcripts with FPKM values of at least 0.5 were kept. When more than three samples were present, at least two samples were required to meet the screening criteria. The unknown transcripts were assembled by the Stringtie software for further coding ability filtering and the CPC, CNCI, and HMMER software programs were used for coding ability prediction, while FASTQC (version 0.11.2), fastp (version 0.14.0), Top Hat (version 2.0.13), Lemma (version 3.32.10) and Edger (version 3.18.1) were used for quality-control analysis.
Kyoto Encyclopedia of Genes and Genomes (KEGG) Analysis
Cluster analysis based on the functional enrichment of varying groups of differentially expressed circRNA was performed to investigate the potential associations and differences in specific functions (KEGG pathway) (Xia et al., 2020a). We first collected functional classification information enriched by circRNA grouping and the corresponding enriched p-values, then filtered out functional classifications that were significantly enriched (p < 0.05) in at least one circRNA grouping. First, the p-value data matrix was transformed using the log10 logarithm; then, the transformed data matrix was transformed by Z transformation for each function classification. Finally, hierarchical clustering (Euclidean distance, average join clustering) was used to analyze the data set after Z transformation. Clustering relationships were visualized using heat maps drawn by the function heatmap 2 in the R language package gplots (R Foundation for Statistical Computing, Vienna, Austria).
Cell Cycle
According to the methods described in a previous study (Xia et al., 2020b), when the cell density of HeLa and Siha cells was up to 70%, fresh medium was used. In preparing for transfection, 10 μL of siRNA (10 μL of negative control or 5 μL of siRNA + 5 μL of inhibitor) was diluted in 250 μL of Opti-MEM, while 10 μL of Lipofectamine 2000 transfection reagent was diluted in another 250 μL of Opti-MEM, with the transfection reagent left to rest for 5 min. The mixed solution was added into the holes for transfection and the complete medium was changed after 12 h. After being cultured for 48 h, the cells were removed from the incubator, the medium was discarded, the cells were rinsed with PBS, 0.25% trypsin was added, and the cells were digested at 37°C for 1–2 min. Then, 1–2 ml of medium was added to complete digestion and the cells were blown down with a pipette gun, transferred to a 15-ml centrifuge tube at 1,000 rpm, and centrifuged for 5 min and the supernatant was discarded. The cells were then resuspended and transferred to a sterile Eppendorf enzyme-free tube at 1.5 ml, then centrifuged for 2 min at 4°C and 500 g, and the supernatant was discarded. Precooled PBS was added again, under the same conditions of centrifugation, and the supernatant was discarded. We added 250 μL of precooled PBS, then 750 μL of precooled anhydrous ethanol, which were gently blown on and mixed at 4°C overnight, then fixed. Cells were centrifuged at 4°C and 500 g for 2 min, and then, the supernatant was discarded and washed with precooled PBS. Cells were centrifuged again at 4°C and 500 g for 2 min; then, the supernatant was discarded and cells were washed again. After washing, the cells were resuspended by PBS with 300–500 μL of supernatant; the final concentration of propidium iodide (PI) and RNaseA was 50 g/ml. Finally, the cells were warmed at 37°C for 30 min and cell-cycle distribution was measured and analyzed by flow cytometry. The flowcytometry in our laboratory is FACS CantoTM II (Becton, Dickinson and Company, United States). The software we applied to process apoptotic data is called DIVA (Version 8.0).
Cell Apoptosis
As described in the methods of a previous study (Xia et al., 2018), HeLa and Siha cells (1 × 106) were planted in six-well plates. When the cell density was 70%, the fresh medium was changed. In preparing for transfection, 10 μL of siRNA (10 μL of negative control or 5 μL of siRNA + 5 μL of inhibitor) was diluted in 250 μL of Opti-MEM, while 10 μL of Lipofectamine 2000 transfection reagent was diluted in another 250 μL of Opti-MEM, with the transfection reagent left to rest for 5 min. The mixed solution was added into the holes for transfection and the complete medium was changed after 12 h. The cells were incubated for 48 h, then digested with trypsin free of EDTA, gently beaten and transferred to a 1.5-ml Eppendorf tube, and centrifuged for 5 min at 1,000 rpm. We used Dead Cell Apoptosis Kit with Annexin V FITC and PI (ThermoFish, V13242) to measure cell apoptosis. FITC-Annexin V was Soluted in 25 mM HEPES, 140 mM NaCl, 1 mM EDTA, pH 7.4, 0.1% bovine serum albumin (BSA). The supernatant was discarded and cells were rinsed gently with an appropriate amount of PBS for 5 min at 1,000 rpm three times, then gently stirred with 500 μL of binding buffer and mixed with 5 μL of annexin V-FITC and incubated at room temperature under light for 15 min. Finally, they were mixed with 1 μL of the 100 μg/ml PI under light for 5 min and apoptosis was detected by flow cytometry.
Cell Migration
According to the methods described in a previous study (Abere et al., 2020), when the cell density of HeLa and Siha cells was 70%, the fresh medium was changed. In preparing for transfection, 10 μL of siRNA (10 μL of negative control or 5 μL of siRNA + 5 μL of inhibitor) was diluted in 250 μL of Opti-MEM, while 10 μL of Lipofectamine 2000 transfection reagent was diluted in another 250 μL of Opti-MEM, with the transfection reagent left to rest for 5 min. The mixed solution was added into the holes for transfection and the complete medium was changed after 12 h. After 24 h, the supernatant was discarded, cells were rinsed again with 2 ml of PBS and digested with 1 ml of trypsin for 2 min. Next, 1 ml of complete medium was added to stop digestion, cells were transferred to an Eppendorf tube and centrifuged at 500 g at room temperature for 2 min, and the supernatant was discarded. Then, we added 2 ml of basic medium, blew with spearhead, prepared the cell suspension, and counted the cells. Next, 500 μL of basal medium was added into a Transwell pore plate (Corning Inc. Corning, NY, United States) and the membrane was soaked for 30 min, then activated. After activation, the basal medium was discarded, and 400 μL of complete medium was added in the lower chamber, gently placed into the upper chamber, and 1 × 105 cells were added. We cultured the cells for 36 h, discarded the plate of upper-chamber culture medium, and rinsed it gently twice with PBS. The medium in the lower chamber was also discarded, 600 μL of formaldehyde was added, 200 μL was added in the upper chamber and fixed at room temperature for 15 min. After fixation, the formaldehyde was discarded, washed gently three times with PBS, and then dyed with 1% crystal violet.
Colony Formation
Cell suspension was prepared according to a previous study (Abere et al., 2020), where the concentration of cells was adjusted by the cell culture medium. A total of 1,000 cells were placed into the cell culture medium and inoculated with 5 ml of cell culture medium; then, hsa_circ_0001400_siRNA and its control siRNA were added and incubated at 37°C and 5% CO2 for10 days, withthe medium replaced with fresh medium followingany pH changes. When visible clones appeared in the dish, we discarded the culture medium and used PBS solution to carefully soak and wash the cells twice. The colony was fixed with methanol for 20 min. Then the methanol was discarded and the colony was allowed to air-dry. Only then were the counts performed. Then, Giemsa solution was used to dye the colony for 30 min beforebeing washed off slowly with running water. The percentage of colony formation was calculated according to the following equation: % colony = (the number of colonies/total cells number) × 100%.
RNA Extraction and Quantitative Real-Time PCR
We discarded the cell culture solution, washed with PBS twice, added 1 ml of TRIzol reagent, blew gently until the cells fell off, inhale a 1.5-ml Eppendorf tube, and rested for 5 min. Then, we added 200 μL of chloroform, shook vigorously by hand for 15 s, left at room temperature for 23 min, and centrifuged at 4°C and 12,000 g for 15 min. We carefully transferred the upper aqueous phase to a new Eppendorf tube, without excessive volume (about 400–500 μL). We added isopropanol of equal volume into the upper aqueous phase mixture, gently mixedisopropanol and the upper aqueous phase mixture five times, and left the mixture at room temperature for 10 min. After 12,000 g of centrifugation at 4°C for 10 min, and 1 ml of 75% ethanol (0.75 ml of anhydrous ethanol + 0.25 ml of diethylpyrocarbonate water, now mixed) were added, then cells were washed twice, swirled, and mixed completely. Finally, we removed the supernatant, air-dried the RNA for 10 min, added 20 μL of diethylpyrocarbonate water, blew several times, and measured the concentration.
The all-in-one miRNA qRT-PCR kit (no. AOMD-Q020; GeneCopoeia, Guangzhou, China) was used. The reaction conditions were set according to the standard procedure given by the kit. The specific procedures were as follows: the components were mixed according to the configuration table, followed by instant centrifugation, incubation at 37°C for 60 min, incubation at 85°C for 5 min, reverse transcription, predenaturation at 95°C for 1 minute, denaturation at 95°C for 10 s, annealing at 53°C for 10 s, and acceptance at 72°C for 10 s, then repeat for 40 cycles, with analysis using the Roche LC96 default melting curve (Roche Holding, Basel, Switzerland). The amplification specificity of the miRNA in each sample was analyzed by the melting curve. The comparative cycle threshold (2−ΔΔT) was used to evaluate the miRNA expression of the target. For mRNA detection, qRT-PCR was reverse-transcribed using the Bestar qPCR RT Kit (No. 2220, DBI Bioscience) and Bestar SYBR Green qPCR Mix Master (No. 2043, DBI Bioscience) for gene detection. The reaction conditions were set according to the standard procedure given by the kit as follows: the components were mixed according to the configuration table, followed by instant centrifugation, incubation at 37°C for 15 min, incubation at 98°C for 5 min, reverse transcription, predenaturation at 95°C for 2 min, denaturation at 95°C for 10 s, annealing at 53°C for 30 s, and acceptance at 72°C for 30 s, then repeat for 40 cycles, with analysis using the Roche LC96 default melting curve. The specificity of the mRNA amplification in each sample was analyzed by the melting curve. The comparative period threshold (2−ΔΔCt) was used to assess target mRNA expression.
Double Luciferase Reporter for Gene Analysis
According to the methods described in a previous study (Abere et al., 2020), 293T cells (37°C, 5% CO2) were inoculated into a 24-well plate with 1.5 × 105 cells per well for a total volume of each well of 500 ml, then cultured in a 37°C incubator for 24 h. Dilution of 1.5 μL of miR-Mimic (inhibitor, negative control) with 25 ml of Opti-MEM medium diluted with 0.6 μg of the target gene 3’UTR double-report gene vector (50 ml) was performed. Also, Opti-MEM medium was diluted with 2 ml of Lipofectamine 2000 reagent and the mixture was mixed for 5 min, shaken gently, and left to rest for 20 min. Before the transfection mixture was added into cells, 100 μL of medium was sucked out per hole; then, the 100 ml mixture was added and, finally, the total volume of each hole was 500 ml, with three double holes in each group. The fresh medium of 500 μL was changed after 8 h. After the lysate of reporter cells had been thoroughly thawed and mixed, 200 μL of lysate of reporter cells was added to lyse the cells. Next, centrifugation at 4°C and 10,000 g for 1 minute was performed, keeping the supernatant. For each sample, 100 μL of serum was taken from the top of the sample and 100 μL of Firefly luciferin was added to the mixture to determine the relative light unit. Reporter gene cell lysate was used as a blank control. After completion of the above Firefly luciferin procedure, the relative light unit value was determined by adding 100 μL of harennin luciferase detection working fluid and mixing it in. The relative fluorescence expression of each group was calculated.
Western Blotting
According to the methods described in a previous study (Abere et al., 2020), the samples were taken from −80°C, and 4× volume cracking buffer solution (8 m urea, 1% protease inhibitor) was added to the samples. RIPA containing protease inhibitors was used to extract protein and cells were lysed for 30 min. Centrifugation was performed at 4°C and 12,000 g for 10 min, the cell fragments were removed, the supernatant was transferred to a new centrifuge tube, and the protein concentration was determined by bicinchoninic acid (BCA) protein assay kit (Novagen, Madison, WI, United States). The prepared buffer was poured into the electrophoresis tank and the precooled protein sample and protein maker were slowly added into the gel pore. We ran the gel at 80 volts (V), then switched to 110 V until the bromophenol blue dye moved to the bottom of the gel and stopped electrophoresis. The sandwich splint was placed in the electrophoresis tank at 4°C and 250 mA of constant current was applied for 60 min; then, 5% skimmed milk powder was sealed at room temperature for 2 h, the first reactant was added and incubated overnight at 4°C, and the second reactant was incubated at room temperature for 1.5 h. The PVDG membrane was incubated with electro-chemiluminescence for 3 min at room temperature and imaged using the Bio-Rad gel system. We use ImageJ to analyze immunoblot lane intensity. Calculation results from each independent experiment were presented by folds to control group.
Tumor Xenograft Modeling and In Vivo Experiments
BALB/C nude mice (3–4 weeks old) were purchased from the Laboratory Animal Center of Guangdong Province. Weighing about 15–17 g, the mice were injected with 0.1 ml of Siha single-cell suspension (containing about 5×106 cells) in serum-free medium to disinfect the skin near the armpit of the left forelimb. When a rice-size nodule appeared (1–2 mm3) in nude mice (about 1 week after injection), the xenograft model of cervical cancer was believed to be successfully established. The subcutaneous tumors of the left forelimb of nude mice were measured with electronic Vernier calipers. When the diameter of the tumor was about 0.3–0.5 cm, the nude mice were numbered using a random number table method and randomly divided into five groups (model group, negative control group, high-dose group, medium-dose group, and low-dose group), with six mice in each group. The growth of nude mice and their tumors were closely observed every day, focusing on whether the tumors were inflamed or ulcerated, whether the skin of nude mice had luster, and whether their mental state was good were observed. The maximum and minimum diameters of subcutaneous tumors in nude mice were measured with the Vernier scale every 2 days and the tumor volume was calculated according to the following: V = 0.5 × A × B2 (where V = tumor volume, A = tumor maximum diameter, and B = tumor minimum diameter). In this experiment, the hsa_circRNA_0001400_siRNA was given once a day for 4 days. After drug treatment, the nude mice were killed by cervical dislocation and the subcutaneous tumor was quickly peeled off on ice. The weight of each tumor was weighed by electronic balance and some tumor tissue was cut and placed into a cryopreservation tube and stored in liquid nitrogen for subsequent experimental analysis.
Statistical Analysis
Using the Statistical Package for the Social Sciences version 16.0 statistical software (IBM Corporation, Armonk, NY, United States) for data analysis, data were compared between two groups using an independent t-test, while comparisons between more groups were made using multifactor analysis of variance. p < 0.05 indicated a significant difference, while p < 0.01 suggested a very significant difference.
RESULTS
The Differential Expression of circRNA in Cervical Cancer
In order to explore the role of circRNA in the pathogenesis of cervical cancer, we used an RNA sequencing method to search for differential circRNA. Specifically, we used the differential expression multiple of more than 1.2-fold as the standard for screening and found that, as compared with the adjacent tissues, a total of 48 circular RNAs were expressed, of which 28 were upregulated and 20 were downregulated. Notably, hsa_circRNA_0001400, hsa_circ_0085362, hsa_circ_0001103, and hsa_circ_0001306 were significantly increased, while hsa_circ_0078398, hsa_circ_0014866, hsa_circ_0003501 were significantly decreased (Figure 1A).
[image: Figure 1]FIGURE 1 | Differential expression levels of circRNA in cervical cancer: (A) The expression levels of hsa_circRNA_0001400, hsa_circRNA_0085362, hsa_circRNA_0001103, and hsa_circRNA_0001306 were significantly increased and those of hsa_circRNA_0078398, hsa_circRNA_0014866, and hsa_circRNA_0003501 were significantly decreased. B) KEGG was used to analyze the signal pathway involved in the differential expression of circRNA. Data are expressed as mean ± standard deviation, n = 3, *p < 0.05 and **p < 0.01 vs. control group.
We first used bioinformatics to analyze the results of RNA sequencing. GO is an important bioinformatics analysis method and tool used to express the attributes of genes and gene products. GO notes can be divided into three categories: biological process, cellular components, and molecular function, which explain the biological function of proteins from different perspectives. We analyzed the distribution of differentially expressed circRNA in GO secondary annotation. According to the classification results of biological processing, we found that these circRNAs are mainly involved in the apoptosis signal pathway through death receptors (Supplementary Figure S1A); according to the classification results of cellular components, these circRNAs mainly belong to the interleukin complex and protein kinase complex (Supplementary Figure S1B), while, according to the classification results from molecular function, these circRNAs mainly have binding functions (Supplementary Figure S1C). KEGG is an information network connecting known molecular interactions, such as metabolic pathways, complexes, and biochemical reactions. The KEGG pathway mainly includes metabolism, genetic information processing, environmental information processing, cell processes, human diseases, drug development, and so on. Protein domain refers to some components that appear repeatedly in different protein molecules. The similar sequence, structure, and function of proteins is the unit in evolution. The length of the domain is usually between 25 and 500 amino acids. From the enrichment of the KEGG pathway, we found that the differentially expressed circRNA mainly regulates the tumor necrosis factor signaling pathway (Figure 1B). These results suggest that circRNA can regulate the apoptosis signaling pathway and combine with downstream signaling molecules to participate in the pathogenesis of cervical cancer.
Hsa-circRNA_0001400_siRNA promotes cervical cancer cell apoptosis and arrest of thecell cyclein the G2 phase.
Our sequencing results showed that hsa_circRNA_0001400 is a highly expressed circRNA in tumor tissues. Previous studies showed that hsa_circ_0001400 was up-regulated upon Kaposi’s sarcoma herpesvirus (KSHV) infection in the microarray expression profiling (Takanobu Tagawa, et al., 2018). Thus, we selected hsa_circRNA_0001400 for follow-up study. We confirmed hsa_circRNA_0001400 to be highly expressed in cervical cancer cell lines (Figure 2A). Unlimited proliferation and permanent cell division are the characteristics of tumor cells. Therefore, it is an important strategy to inhibit tumor growth by inhibiting tumor cell proliferation, promoting tumor cell apoptosis, and blocking tumor cell division. We used hsa_circRNA_0001400_siRNA to trigger interference expression of hsa_circRNA_0001400 by flow cytometry. We found that hsa_circRNA_0001400_siRNA can significantly promote the apoptosis of SiHa and HeLa cells and arrest the division of both cell types in the G2 phase (Figures 2B,C). We also analyzed the colony formation of cervical cancer cells under the presence of hsa_circRNA_0001400_siRNA. We found that hsa_circRNA_0001400_siRNA can significantly suppressthe colony formation of SiHa and HeLa cells (Figure 2D). The PI3K-Akt signaling pathway is an important signal pathway of tumor proliferation. Akt is at the center of the signal pathway network, responsible for a variety of signal transduction functions, and is a key molecule in the PI3K–Akt signaling pathway. We analyzed the effect of hsa_circRNA_0001400_siRNA on PI3K, Phospho-PI3 Kinase p85 (Tyr458), Akt and Phospho-Akt (Ser473) in cervical cancer cells. Our results showed that hsa_circRNA_0001400_siRNA can inhibit the expression of p-Akt in SiHa and HeLa cells. The expression of p-PI3K was not affected by hsa_circRNA_0001400_siRNA. Interestingly, these results showed that the target gene of microRNA adsorbed by hsa_circRNA_0001400 might be Akt and not to be PI3K (Figure 2E).
[image: Figure 2]FIGURE 2 | Hsa-circRNA_0001400_siRNA promotes the apoptosis of cervical cancer cells and causes G1-phase arrest of the cell cycle. (A) hsa_circRNA_0001400 in human vaginal epithelial, cervical cancer SiHa, and HeLa cell lines. (B) The effect of hsa_circRNA_0001400_siRNA on the apoptosis of cervical cancer cells. (C) The effect of hsa_circRNA_0001400_siRNA on the cell cycle of cervical cancer cells. (D) The effect of hsa_circRNA_0001400_siRNA on cervical cancer colony formation. (E) The effects of hsa_circRNA_0001400_siRNA on Akt, Phospho-Akt (Ser473), PI3K, and Phospho-PI3 Kinase p85 (Tyr458) protein expression in cervical cancer cells. Data are expressed as mean ± standard deviation, n = 3, *p < 0.05 and * *p < 0.01 vs. control group.
The Direct Interaction Between hsa-circRNA_0001400, miR-326, and Akt
Because of its spongy function, circRNA can adsorb microRNA and regulate the function of microRNA target genes (Liu et al., 2019; Zhou et al., 2019; Yang et al., 2021). We first predicted the binding sites of miR-326, Akt, and hsa_circRNA_0001400 by bioinformatics. Our prediction results showed that the binding sites of hsa_circRNA_0001400 and miR-326 were located at 241 to 247 of the 5′ end of the circular RNA, while the binding target of mir-326 with AKT2 was located at positions 2,224 to 2,234 in the AKT2 mRNA 3′UTR region (www.https://circinteractome.nia.nih.gov/) (Figures 3A,B). We then verified the direct interaction between hsa_circRNA_0001400 and miR-326, miR-326 and Akt by luciferase reporter gene analysis. In addition, we mutated the region from position 241 to 247 at the 5′ end of the circular RNA and position 2,224 to 2,234 at the AKT2 3′UTR region in 293T cells. Our results showed that direct interaction between hsa_circRNA_0001400 and miR-326, as well as miR-326 and Akt, has disappeared (Figures 3C,D).
[image: Figure 3]FIGURE 3 | Direct interaction of hsa-circRNA_0001400, miR-326, and Akt. (A) Bioinformatics prediction of the direct interaction sites of hsa_circRNA_0001400 and miR-326. (B) Bioinformatics prediction of the direct interaction of miR-326 and Akt. (C) The direct interaction between hsa_circRNA_0001400 and miR-326 was analyzed by double luciferase reporter gene analysis. (D) The direct interaction between miR-326 and Akt was analyzed by double luciferase reporter gene analysis. Data are expressed as mean ± standard deviation, n = 3, *p < 0.05 and * *p < 0.01 vs. control group.
miR-326 Rescues the Action of hsa-circRNA_0001400_siRNA
CircRNAs have a variety of biological characteristics (Hong et al., 2019). The mechanism of action of circRNAs is mainly focused on the sponge adsorption of miRNA. The results show that there are miRNA binding sites on circRNAs, which act as miRNA sponges by adsorbing miRNAs (Stanley et al., 2014; An et al., 2017). CircRNA contains a large number of miRNA response elements, which can bind miRNAs competitively to prevent complementary pairing with the 3′UTR region of downstream target mRNA and regulate mRNA gene expression (Tsikouras et al., 2016). We next verified that hsa_circRNA_0001400 was able to adsorb miR-326 on the sponge. When hsa_circRNA_0001400 was silenced by hsa_circRNA_0001400_siRNA, the sponge of hsa_circRNA_0001400–miR-326 was destroyed and miR-326 was transformed from hsa_circRNA_0001400–miR-326 sponge and was released. Also, the target of miR-326 was inhibited, the apoptosis of tumor cells increased (Figure 4A), migration was inhibited (Figure 4B), the number of G1-phase cells increased, and the cell division rate was slowed down (Figure 4C). When we used miR-326 inhibitor at the same time, the antitumor effect of free miR-326 released from the sponge was inhibited and tumor cell apoptosis decreased again (Figure 4A), cell migration increased (Figure 4B), the number of G1-phase cells decreased, and cells entered a rapid division and proliferation phase (Figure 4C). We also detected the protein expression of Akt and found that Akt expression decreased when hsa_circRNA_0001400 was silenced alone by hsa_circRNA_0001400_siRNA. Once miR-326 inhibition was combined with hsa_circRNA_0001400_siRNA, the Akt expression increased, which was consistent with the conclusion of flow cytometry (Figure 4D). Furthermore, we measured the expression of hsa_circRNA_0001400 under the condition of hsa_circRNA_0001400_siRNA or miR-326 inhibition. Our results showed that the expression of hsa_circRNA_0001400 decreased when hsa_circRNA_0001400_siRNA was used alone. The expression of hsa_circRNA_0001400 increased when hsa_circRNA_0001400_siRNA was combined with miR-326 inhibition (Figure 4E). We also tested the expression of miR-326 under the condition of hsa_circRNA_0001400_siRNA or miR-326 inhibition. Our results showed that the expression of miR-326 increased when hsa_circRNA_0001400_siRNA was used alone. The expression of miR-326 decreased when hsa_circRNA_0001400_siRNA was combined with miR-326 inhibition (Figure 4F). These results suggest that hsa_circRNA_0001400_siRNA could destroy the sponge of hsa_circRNA_0001400–miR-326. When the hsa_circRNA_0001400–miR-326 sponge was damaged, miR-326 was released from the sponge and suppressed the expression of Akt following the inhibition of p-Akt.
[image: Figure 4]FIGURE 4 | Hsa_circRNA_0001400 targeting miR-326 rescue experiment. (A) Apoptosis recovery test; (B) cell migration recovery test; (C) cell cycle recovery test; and (D) Akt and Phospho-Akt (Ser473) expression. (E) The effect of miR-326 inhibitor rescue of hsa_circRNA_0001400_siRNA on hsa_circRNA_0001400. (F) The effect of miR-326 inhibitor rescue of hsa_circRNA_0001400_siRNA on miR-326. Data are expressed as mean ± standard deviation, n = 3, *p < 0.05 and * *p < 0.01 vs. control group.
Hsa-circRNA_0001400_siRNA suppresses the growth of cervical cancer cell xenograft, decoying the hsa-circRNA_0001400–miR-326 sponge.
The animal model of xenotransplantation of tumor cells has been widely used in the screening and evaluation of antitumor drugs because of its easy construction, high tumor formation rate, and short experimental cycle (Xia et al., 2020a). To study the effect of hsa_circRNA_0001400_siRNA on tumors in vivo, we established a BALB/C nude mouse model of heterotopic tumor using SiHa cells. After successful modeling, 1, 5, and 10 nm of hsa_circRNA_0001400_siRNA were used in tumor mice. As compared with the model group, 10 nm of hsa_circRNA_0001400_siRNA was injected into the tumor-bearing mice for 7 days. The growth of tumors in the siRNA group was slower than that in the control group (Figures 5A,B). The expression of hsa_circRNA_0001400 and Akt decreased, while the expression of miR-326 increased (Figures 5C,D). These results suggest that hsa_circRNA_0001400_siRNA destroyed the hsa_circRNA_0001400–miR-326 sponge and may have inhibited the growth of cervical cancer xenograft in BALB/C nude mice (Figure 5E).
[image: Figure 5]FIGURE 5 | Hsa-circRNA_0001400_siRNA inhibits the growth of cervical xenograft tumors. (A) Tumor volume; (B) tumor growth curve; (C) the expression levels of hsa-circRNA_0001400 and miR-326; (D) the expression of Akt in tumor tissue; and (E) the pattern of action. Data are expressed as mean ± standard deviation, n = 3, *p < 0.05 and * *p < 0.01 vs. control group.
DISCUSSION
We found the expression levels of hsa_circRNA_0001400, hsa_circRNA_0085362, hsa_circRNA_0001103, and hsa_circRNA_0001306 were significantly increased in tumor tissues by RNA sequencing. We chose hsa_circRNA_0001400 to study further and found that hsa_circRNA_0001400_siRNA can promote the apoptosis of SiHa and HeLa cells and arrest the division of SiHa and HeLa cells in the G2 phase. Hsa_circRNA_0001400–miR-326–Akt sponge plays an important role in cervical cancer metastasis. Hsa_circRNA_0001400_siRNA destroys hsa_circRNA_0001400–miR-326 sponge, inhibiting Akt, promoting tumor cell apoptosis, and suppressing cervical cancer metastasis.
Although the main cause of cervical cancer is HPV infection, the availability of HPV vaccines can bring good news to patients with cervical cancer. At present, however, the HPV vaccine is mainly used to prevent tumors and a therapeutic vaccine has not yet come onto the market (Hu and Ma, 2018). At present, surgery and chemotherapy are still the main treatments. However, 10–15% of patients with cervical cancer relapse or experience metastasis after treatment, which are the primary reasons for the failure of cervical cancer treatment (Moldovan et al., 2019; Xu et al., 2019). With the development of high-throughput sequencing technology, a large number of circRNAs have been discovered and confirmed to have functions of posttranscriptional regulation (Arnaiz et al., 2019; Yu C. et al., 2019). CircRNAs have gradually attracted attention. Studies have confirmed that circRNAs affect the occurrence, development, invasion, and metastasis of tumors mainly through escaping growth inhibition and apoptosis; activating invasion, metastasis, and angiogenesis processes; and maintaining proliferation signals (Verduci et al., 2019; Vo et al., 2019). In this study, we first analyzed the differentially expressed circRNA in cervical cancer by RNA sequencing. We found that hsa_circRNA_0001400 was highly expressed in cervical cancer tissues and cervical cancer cells. It has been reported that hsa_circRNA_0001400 expression can be induced by viral infection. Therefore, we used hsa_circRNA_0001400_siRNA to interrupt the expression of hsa_circRNA. The cell apoptosis was tested by using flow cytometry. Hsa_circRNA_0001400_siRNA can significantly promote the apoptosis of SiHa and HeLa cells. In SiHa cells, when treated with hsa_circRNA_0001400_siRNA, the apoptosis rate increased from 2.01 to 8.71%, while, in HeLa cells, the apoptosis rate increased from 4.48 to 23.26%. We also analyzed the percentage of cells in each cell cycle. We found that among SiHa cells treated with hsa_circRNA_0001400_siRNA, the cell cycle of G2-phase cells decreased from 5.4 to 4.71%, while in HeLa cells, that of G2-phase cells decreased from 4.9 to 4.6%. In other words, Hsa_circRNA_0001400_siRNA arrested the division of SiHa and HeLa in the G2 phase. Moreover, we identified that hsa_circRNA_0001400_siRNA inhibited the expression of Akt in SiHa and HeLa cells. However, hsa_circRNA_0001400_siRNA did not affect the expression of PI3K. These results suggested that the target gene of miRNA adsorbed by hsa_circRNA_0001400 was not PI3K.
It is generally believed that one of the important functions of circRNA is to negatively regulate the corresponding miRNA through its binding site, thus affecting its downstream target molecules—namely, to provoke a spongy effect (Weng et al., 2017; Li et al., 2018; Xia et al., 2020b). Among them, the most representative is human circRNA cerebellar degeneration–associated protein 1 transcript (cdr1as)/cirs-7. As an miR-7 sponge, it contains more than 70 miR-7 binding sites, which bind to and regulate the function of miR-7 (Yao et al., 2019; Yin et al., 2019). This study is the first to prove that circRNA has the function of miRNA sponge. However, until 2017, only a few kinds of circRNAs had been proven to be spongy (Yu T. et al., 2019). To verify our hypothesis, we used bioinformatics tools to predict that hsa_circrRNA_0001400 and miR-326 have a sponge effect and we have confirmed the binding sites of hsa_circRNA_0001400 and mir-326 were located at 241 to 247 of the 5′ end of the circular RNA, while the binding target of miR-326 with AKT2 was located at positions 2,224 to 2,234 of AKT2 3′UTR region by luciferase reporter gene analysis. We further verified hsa_circRNA_0001400–miR-326–Akt by means of reversibility experimentation. When we first inhibited hsa_circRNA_0001400 by hsa_circRNA_0001400_siRNA, miR-326 was transformed from the hsa_circRNA_0001400–miR-326 sponge. Specifically, the target gene Akt of miR-326 was inhibited, the apoptosis rate of HeLa tumor cells increased from 3.83 to 15.59%, and the number of G1-phase cells decreased from 5.41 to 4.44%. When we used miR-326 inhibitor in combination with hsa_circRNA_0001400_siRNA, the antitumor effect of free miR-326 released from sponge was inhibited, the apoptosis rate of tumor cells decreased from 15.59 to 4.9%, and the number of G2-phase cells increased from 4.44%% to 5.16%. We also detected the protein expression of Akt in SiHa cells and found that, after hsa_circRNA_0001400 was silenced by hsa_circRNA_0001400_siRNA, the expression of Akt decreased, yet it increased when miR-326 inhibitor was added. MiR-326 inhibition can ameliorate the hsa_circRNA_0001400 reduction induced by hsa_circRNA_0001400_siRNA. However after hsa_circRNA_0001400 was silenced by hsa_circRNA_0001400_siRNA in HeLa cells, the expression of Akt increased, yet it decreased when miR-326 inhibitor was added. We did not explain this phenomenon. We also verified the inhibitory effect of hsa_circRNA_0001400_siRNA on the growth of cervical xenograft tumors. In conclusion, we found hsa_circRNA_0001400–miR-326–Akt to be a novel circular RNA sponge, which is involved in tumor metastasis. Hsa_circRNA_0001400_siRNA may be a new treatment for cervical cancer.
At present, most of our research on the role of circRNAs in tumorigenesis and development has been focused on the adsorption function of miRNA sponge by circRNA (Zang et al., 2020). In fact, the mechanism of circRNA in tumor progression is not only one or two aspects. CircRNAs can bind to both mRNA and proteins. Can they act as an intermediary bridge to bring mRNA or protein close to each other and promote the interaction between them, or do they have biological functions as a whole? What are the main components of this complex? The expression level of circRNAs is not high and how circRNAs can effectively compete to bind miRNAs or proteins is a problem that needs to be considered. Although a lot of circRNAs related to tumor metastasis have been identified, most existing studies are limited to including small sample groups or tumor phenotypes and long-term follow-up investigation of clinical information is urgently needed. Therefore, the in-depth and accurate study of circRNA will provide new ideas for researchers to comprehensively explain the molecular mechanism of tumor metastasis and then put forward related methods of tumor-metastasis prevention and treatment. To summarize, circRNAs have unique characteristics, which have significant research value for studying the pathogenesis of diseases, regardless of whether they can be used as diagnostic biomarkers or as therapeutic targets. We need to deepen our understanding of circRNAs and their important functions and mechanisms need to be discovered.
CONCLUSION
This study provides evidence that the hsa_circRNA_0001400–miR-326–Akt network promotes cervical cancer progression. Notably, our findings demonstrate the novel antitumor effects of hsa_circRNA_0001400_siRNA in cervical cancer. Since hsa_circRNA_0001400_siRNA play key roles in cervical cancer development and that hsa_circRNA_0001400 might be used as novel diagnostic and prognostic biomarkers as well as for targeted therapies. Furthermore, many studies which establishing circRNAs significance as biomarkers of early disease and clinical outcome indicators are on the way.
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Objective: It aimed to construct the miRNA-mRNA regulatory network related to ion channel genes in mesial temporal lobe epilepsy (mTLE), and further identify the vital node in the network.
Methods: Firstly, we identified ion channel-related differentially expressed genes (DEGs) in mTLE using the IUPHAR/BPS Guide to Pharmacology (GTP) database, neXtProt database, GeneCards database, and the high-throughput sequencing dataset. Then the STRING online database was used to construct a protein-protein interaction (PPI) network of DEGs, and the hub module in the PPI network was identified using the cytoHubba plug-in of Cytoscape software. In addition, the Single Cell Portal database was used to distinguish genes expression in different cell types. Based on the TarBase database, EpimiRBase database and the high-throughput sequencing dataset GSE99455, miRNA-mRNA regulatory network was constructed from selected miRNAs and their corresponding target genes from the identified DEGs. Finally, the rats were selected to construct chronic li-pilocarpine epilepsy model for the next stage experimental verification, and the miR-27a-3p mimic was used to regulate the miRNA expression level in PC12 cells. The relative expression of miR-27a-3p and its targeting mRNAs were determined by RT-qPCR.
Results: 80 mTLE ion channel-related DEGs had been screened. The functional enrichment analysis results of these genes were highly enriched in voltage-gated channel activation and ion transport across membranes. In addition, the hub module, consisting of the Top20 genes in the protein-protein interaction (PPI) network, was identified, which was mainly enriched in excitatory neurons in the CA3 region of the hippocampus. Besides, 14 miRNAs targeting hub module genes were screened, especially the miR-27a-3p deserving particular attention. miR-27a-3p was capable of regulating multiple mTLE ion channel-related DEGs. Moreover, in Li–pilocarpine-induced epilepsy models, the expression level of miR-27a-3p was increased and the mRNAs expression level of KCNB1, SCN1B and KCNQ2 was decreased significantly. The mRNAs expression level of KCNB1 and KCNQ2 was decreased significantly following PC12 cells transfection with miR-27a-3p mimics.
Conclusion: The hub ion channel-related DEGs in mTLE and the miRNA-mRNA regulatory networks had been identified. Moreover, the network of miR-27a-3p regulating ion channel genes will be of great value in mTLE.
Keywords: temporal lobe epilepsy, ion channel, microRNA, MiR-27a-3p, bioinformatics
INTRODUCTION
There were currently about 65 million patients affected by epilepsy worldwide. More than 80% of the patients with epilepsy occurred in low- and middle-income countries, about 15 per 1,000 people (GBD 2016 Epilepsy Collaborators, 2019). Temporal lobe epilepsy (TLE) was the most common type of adult epilepsy, and its prevalence rate was about 1.7 in 1000 (Englot et al., 2020). Although most TLE patients were treated with regular medication, about 40% of seizures cannot be controlled, which significantly decreased the quality of life for patients and placed a heavy burden on society (Englot et al., 2020). The pathogenesis of epilepsy was very complex. With the improvement of genetic screening techniques, the construction of large-scale genetic databases, and the popularization of gene sequencing, multiple genes closely related to brain network remodeling, neuronal death, inflammation, changes in the function of ionic channels and neurogenesis were identified for epileptogenesis (Henshall et al., 2016).
A systematic review summarized 977 epilepsy-related genes, in which ion channels and receptors occupied the major part (Wang et al., 2017). Furthermore, disruption of ion channels could cause a wide spectrum of human diseases, known as channelopathies (Palleria et al., 2015). Ion channels were not only the basis for generating and regulating the excitability of neurons but also involved in maintaining cellular ion homeostasis and membrane potential. Various ion channels associated with epilepsy had been identified, including voltage-gated ion channels, ligand-gated ion channels and other ion channels. Some of them were the molecular targets of antiepileptic drugs.
MicroRNA (miRNA) is one of the non-coding RNAs that are capable of regulating gene expression by affecting mRNA stability and inhibiting translation. Its role in epilepsy was becoming more prominent due to its ability to regulate multiple mRNAs simultaneously. In addition, miRNA may not only be involved in the pathological processes of epilepsy but also be considered a potential new therapeutic target to override drug resistance (Brennan and Henshall, 2018; Gross and Tiwari, 2018; Almeida Silva et al., 2020). Prior studies had also reported that miRNAs could alter the excitability of the neuron and effectively influence the incidence of epilepsy (Henshall et al., 2016). Over 1,000 miRNAs expression alterations in the hippocampus and other epileptic focus had been described in human epilepsy and models of epilepsy (Mooney et al., 2016). Manipulation of miRNAs may have powerful effects on seizures and epilepsy-induced neuronal cell death (Dogini et al., 2013). MiRNAs may affect epileptogenesis by altering the silencing and translation of ion channels.
In recent years, research on the molecular regulation mechanism of miRNA in mTLE-related genes had made tremendous progress. However, the details of the mechanism of ion channel-related genes that are mediated by miRNA are worthy of further analysis and investigation. Therefore, this study initially identified the key miRNAs and mRNAs and construct the miRNA-mRNA regulatory network related to ion channels genes in mTLE.
MATERIALS AND METHODS
Data Sources
The workflow of our study was shown in Figure 1. To identify ion channel-related genes associated with mTLE, including ligand-gated ion channel genes, voltage-gated ion channels genes and other ion channel genes, the IUPHAR/BPS Guide to Pharmacology (GTP) database (https://www.guidetopharmacology.org/) and neXtProt database (https://www.nextprot.org/) were searched. Then, the medical subject headings (MeSH) of epilepsy and its text words related to epilepsy were searched in GeneCards database: The Human Gene Database (https://www.genecards.org/), a comprehensive resource for gene-related information, which contains a total of gene-centric data from 150 web sources. Finally, we combined the results with the published high-throughput sequencing results of mTLE in the journal of Brain (Guelfi S et al., 2019) to screen expression profiles of mTLE-related ion genes. The study included temporal lobe cortical tissue samples from 85 patients who were neuropathologically confirmed as definite mTLE + HS and 75 neurologically healthy controls for whole-gene and exon-level transcriptome analysis. The data adjustment was performed using the residual method, and the false discovery rate (FDR) was set to less than 5% (Guelfi et al., 2019).
[image: Figure 1]FIGURE 1 | The flow chart.
DEGs Functional and Signaling Pathway Enrichment Analysis
The mTLE ion channel-related genes were extracted for GO functional enrichment and KEGG pathway enrichment analysis. The analysis method was based on the R clusterProfiler and pathview packages. The results were visually displayed by the online bioinformatics tool.
Construction of PPI Network and Identification of Hub Module
The PPI networks were produced by STRING (http://string-db.org/). The hub modules were then identified by the cytoHubba plug-in in Cytoscape software. CytoHubba was a topological network algorithm that assigned a value to each gene and sequentially discovered its hub genes and sub-network.
Single Cell Analysis of Hub Module Genes
Single cell analysis was done using the Single Cell Portal database (https://singlecell.broadinstitute.org/single_cell). The database collected the results of 390 single-cell sequencing studies and contained sequencing data for a total of 17061708 cells. Single-cell raw RNA sequencing data were retrieved under accession of brain tissue. The distribution of hub module genes in normal hippocampal tissue and their expression in different cell types were analyzed.
Prediction of miRNA-Targeting Hub Module Genes
Visualization and functional annotation of potential ion channels mRNA-miRNA interactions were performed using the miRNet website online tool (https://www.mirnet.ca/). Its miRNA-mRNA target pairs prediction was from the TarBase database, which is based on experimental validation (Chang et al., 2020).
Screening of Differentially Expressed miRNAs in mTLE
To screen for differentially expressed miRNAs in mTLE, we searched the NCBI Gene Expression Omnibus (GEO) database to retrieve any appropriate dataset associated with epilepsy. The inclusion criteria were 1) the specimens were from brain tissue; 2) the specimens included mTLE patients and normal control; 3) the species were limited to Homo sapiens; 4) the raw data or processed data were public and accessible. The GSE99455 dataset was selected as a candidate to study ultimately. The detailed information of GSE99455 was shown in Supplementary Table S1. We processed the Bioconductor software package Deseq2 to identify differentially expressed miRNAs. We selected those miRNAs using selection with |log2FC|> 0.5 and FDR<0.05.
Identification of the Regulatory Network of miRNA With Hub Module Genes
The miRNAs in the regulatory network were identified from differentially expressed miRNAs in mTLE, prediction result of miRNA targeting hub module genes and the EpimiRBase database. The EpimiRBase database (https://www.epimirbase.eu/epimirbase/), which contains differentially expressed miRNAs associated with epilepsy, including results from experimental studies in Homo sapiens, rats and mice. The miRNA with the most regulatory targets were selected for the next step of the study.
Establishment of the Lithium-Pilocarpine Chronic Epilepsy Model
Sixteen healthy male Sprague-Dawley (SD) rats, aged 8–9 weeks and weighing 150–180 g, were purchased from Beijing Vital Lihua Experimental Animals Co., Ltd.
All animals were raised in SPF level environment (circadian rhythm: 12 h/12 h, temperature: 22 ± 2°C; humidity: 50 ± 10%) and were allowed free access to food and water. Prior to initiation of experimental procedures, rats were acclimatized for at least a 3-day period. All procedures were in accordance with the Regulations of Experimental Animal Administration issued by the Ministry of Science and Technology of the People’s Republic of China (http://www.most.gov.cn). The rats were injected intraperitoneally with lithium chloride (127 mg/kg, Sigma L9650) on day 1 and administered scopolamine methyl bromide (1 mg/kg, Macklin S835305) injection 24 h later, Intraperitoneal injected of pilocarpine (TargetMol T0804) 30 min later. The first dose of pilocarpine was 30 mg/kg intraperitoneally. If there was no grade IV or above seizure grade after 30 min, an additional dose of 10 mg/kg would be given intraperitoneally at 30 min interval until there was grade IV or above Status epileptics (SE)-like seizure without obvious interval, and the extreme dose was 60 mg/kg. SE was terminated after 2 h by injecting diazepam (10 mg/kg). The rat seizure symptoms were graded based on the Racine grading criteria. Animals were video-monitored 8 h a day for general behavior and occurrence of spontaneous seizures by 2 weeks after SE. Rats showing spontaneous recurrent seizures were used as chronic epilepsy animals, which were randomly chosen for EEG recording.
Cell Culture and Transfection
PC12 cells were ordered from Zixiao Biological Technology Co., Ltd. (Wuxi, China). The above cells were grown in RPMI-1640 complete medium (Thermo Fisher Scientific, Shanghai, China) comprising 10% fetal bovine serum and 1% penicillin/streptomycin. They were then maintained at 37°C with 5% CO2 and saturated humidity, with the medium substituted once every 2–3 days. During the cells’ logarithmic growth phase, 0.25% trypsin (Thermo Fisher HyClone, Utah, United States) was adopted for trypsinization and passage. Afterward, the cells were trypsinized with 0.25% trypsin for subsequent experiments. The above cell lines were inoculated into 6-well plates and further cultured in an incubator. When the cells reached more than 80% confluence, they were transfected with miR-27a-3p mimics and miR-27a-3p negative controls, followed by 24 h of culturing. After trypsinization with 0.25% trypsin, the cells were used for subsequent experiments Real-time fluorescent quantitative PCR (RT-qPCR).
RT-qPCR
The hippocampus of brain tissue was removed after rapid decapitation of SD rats, and the tissue was isolated on ice. Total RNA was extracted using the miRcute miRNA Isolation Kit (DP501, Tiangen, China) and subsequently reversed transcribed using the miRcute Plus miRNA First-Strand cDNA Kit (KR211, Tiangen, China) and FastKing gDNA Dispelling RT SuperMix Kit (KR118, Tiangen, China). RT-qPCR was performed on the ABI QuantStudio5 System using miRcute Plus miRNA qPCR Kit (SYBR Green) (FP411, Tiangen, China) and Talent qPCR PreMix Kit (SYBR Green) (FP209, Tiangen, China). The primer design was completed by Sangon Biotech, and the primer list was shown in Supplementary Table S2.
Statistical Analysis
Most of the statistical results were completed through R software, log2FC > 0.5 and p-value <0.05 were considered statistically significant when performing gene expression differential analysis. GraphPad Prism 9 software was used for the t-test and the visual display was mainly based on Cytoscape software.
RESULTS
Genes Associated With Ion Channels in mTLE
A total of 405 ion channel-related genes were taken into account. These genes were classified into three types: ligand-gated ion channels, voltage-gated ion channels, and other ion channels. 3732 genes related to epilepsy were screened in the GeneCards database. Subsequently, a total of 80 differentially expressed mTLE-related ion genes were screened out with 20 high-expressed genes and 60 low-expressed genes. The results were shown in Figures 2A,B. For details, see Supplementary Table S3.
[image: Figure 2]FIGURE 2 | Ion channel-related genes of mTLE and functional enrichment analysis. (A,B) Venn diagrams of the screened ion channel-related DEGs in mTLE. The green part indicated the epilepsy-related genes screened in the GeneCards database, the yellow part indicated the ion channel-related genes, and the red and blue parts indicated the dysregulated genes with up and down expression in mTLE. (C) Functional enrichment analysis of mTLE ion channel-related genes. The chord diagram showed the Top10 analysis enrichment results.
Functional and Pathway Enrichment Analysis
80 DEGs related to mTLE were analyzed further by GO term and KEGG pathway analysis. The biological processes were concentrated in regulating membrane potential, regulation of ion transmembrane transport, and potassium ion transmembrane transport. The analysis result of the cellular component focused on ion channel complex, transmembrane transporter complex, transporter complex, and cation channel complex. Passive transmembrane transporter activity and ion channel activity were mainly enriched in molecular function. The result of the KEEG pathway analysis focused on neuroactive ligand-receptor interaction, GnRH secretion, GABAergic synapse and oxytocin signaling pathways. The functional enrichment analysis results of these genes mainly focused on a variety of voltage-gated channel activation, ion transport across the membrane, and other critical biological processes (Figure 2C).
Hub Module of mTLE Ion Channel-Related Genes
The PPI network was constructed based on the STRING database for ion channel-related genes in mTLE, which were broken down into four main modules (Figures 3A,B). The hub module (20 genes) had been screened in the PPI network (Figure 3C), which had higher linkage in the whole PPI network and might play a more important role in physiological processes. Information about the hub module genes were shown in Table 1.
[image: Figure 3]FIGURE 3 | PPI network of mTLE ion channel-related genes and hub module genes (A) The entire mTLE ion channel-related genes were divided into four main modules. (B) PPI network of mTLE ion channel-related genes, red dots represent the up-regulated mTLE ion channel-related genes, blue represents down-regulated mTLE ion channel-related genes, and black lines show the existence of interaction between those encoding proteins. (C) The hub module genes PPI network.
TABLE 1 | The hub module genes.
[image: Table 1]Single Cell Analysis of Hub Module Genes
Three studies were used to perform single-cell RNA-seq analysis (Habib et al., 2016; Ximerakis et al., 2019; Ding et al., 2020). In our study, we identified nine main clusters (Figure 4A). Based on the expression of ion channel markers, which were strongly and specifically marked regarding each major cell population, we noticed that most of the hub module genes were highly expressed in excitatory neurons, such as KCNQ3, KCNQ2, KCND3, KCNA2, CACNA1C, KCNJ9, KCND2, KCNB1, CACNA1G; Genes of KCNC1, SCN1A, KCNH2, CACNA1C, KCNC2, KCNC3, and GABRD were relatively abundantly expressed in inhibitory neurons; KCNH1 and KCNH2 were mainly expressed in cardiac progenitor cells (CPC), and KCNA1 was mainly located in oligodendrocytes (OLG) (Figures 4A,B). Moreover, we found that the distribution of most hub module genes in the hippocampus, such as SCN8A, SCN1B, SCN1A, KCNQ3, KCNQ2, KCNH2, KCNH1, KCND3, KCNC2, KCNC1, KCNA1, KCNA2, CACNA1C, CACNA1A, were enriched in CA3 region of the hippocampus; The expression of KCNJ9, KCND2, KCNC3, KCNB1, GABRD were relatively high in DG region; KCNB1, CACNA1G were mainly enriched in CA1 region (Figure 4C). Those revealed that the hub genes were mainly located in the CA3 region.
[image: Figure 4]FIGURE 4 | Single cell analysis results of hub module genes. (A) The proportion of diverse cell types across hub module genes in the brain; (B) the distribution of some ion channel genes in different cell types. (C) The expression of hub module genes in different areas of the hippocampus.
Differentially Expressed miRNAs and miRNAs Targeting of the Hub Module Genes
The prediction of miRNAs targeting the hub module genes based on the TarBase database. 451 miRNAs with possible regulatory relationships of hub module genes were predicted (Figure 5A). A total of 103 differentially expressed miRNAs were found in dataset GSE99455 (63 upregulated and 40 down regulated miRNAs) (Figure 5B). Differentially expressed miRNAs information was shown in Supplementary Table S4.
[image: Figure 5]FIGURE 5 | miRNA-mRNA regulatory network of hub module genes. (A) Predicted results of target-binding miRNAs based on the TarBase database for the screened hub module genes. Blue dots represented hub module genes in mTLE, red squares represented miRNAs with regulatory relationships. (B) The heat map of dataset GSE99455 differentially expressed miRNAs. The horizontal axis showed the sample information (mTLE group and the NC group), and the vertical axis showed the differentially expressed miRNAs. The red color represented the up-regulated miRNAs, and the blue color represented the down-regulated miRNAs. (C) Venn diagram of up-regulated expression miRNAs in dataset GSE99455, TarBase prediction results and EpimiRBase database. (D) The screened mTLE hub module genes and their target-binding miRNAs; the red color represented the up-regulated genes and the blue color represented the down-regulated genes.
miRNA-mRNA Regulatory Network
14 miRNAs with a significant regulatory relationship with hub module genes were found, which were proved to be up-regulated expression in mTLE in humans and animal models, the results shown in Figure 5C; Table 2. Figure 5D showed the visualization of the miRNA-mRNA regulatory network which contained 14 miRNAs and 20 mRNAs.
TABLE 2 | Hub module genes-targeting miRNAs.
[image: Table 2]The Network and Expression of miR-27a-3p With Targeted mRNA
The prediction regulated network of miR-27a-3p and mRNAs showed in Figure 6A. In the study, 62.5% (10/16) of rats displayed spontaneous seizures 60 days after SE. According to the Racine grading standard, epileptic seizures in rats reached grade III -V with obvious epileptic discharge in the hippocampus. The mortality rate was 25% (4/16). Then, it showed that the expression level of miR-27a-3p was increased and the mRNAs expression level of KCNB1, SCN1B and KCNQ2 were decreased in lithium–pilocarpine-induced epilepsy models compared with that in the control group (Figure 6B). The mRNAs expression level of KCNB1 and KCNQ2 were decreased using RT-qPCR following PC12 cells transfection with miR-27a-3p mimics (Figure 6C).
[image: Figure 6]FIGURE 6 | The network and expression of miR-27a-3p with targeted mRNA. (A) The miR-27a-3p with targeted mRNA regulatory network. (B) Relative expression of miR-27a-3p and mRNA in the hippocampus of lithium-pilocarpine rat epilepsy model. (C) Relative expression of KCNB1 and KCNQ2 in the PC12 cells after treating with miR-27a-3p mimics. *p value < 0.05, **p value < 0.01, ****p value < 0.0001.
DISCUSSION
A growing body of research suggested that large-scale alterations in the expression of genes that controlled ion channels, dendritic remodeling, neuroinflammation and neuronal death were involved in the pathogenesis of epilepsy (Thom, 2014; Srivastava et al., 2017; Bruxel et al., 2021). Ion channels were the basis of excitability regulation, and many human idiopathic epilepsies were currently considered to be ion channel-related disorders (Oyrer et al., 2018). With the gradual deepening of gene research, the role of regulatory networks involving multiple genes in disease has received increasing attention. In the study of temporal lobe epilepsy, genes related to ion channels, inflammation, gliosis, and synaptic structure were involved in the process of seizure and recurrence, and such alterations in differential gene expression affect the whole network (Johnson et al., 2015). The different ion channels were interconnected in time and space to work together. For example, Na+ channels worked dynamically in concert with K+ channels to generate action potentials (Smith and Walsh, 2020). Therefore, when studying the role of ion channels in temporal lobe epilepsy, we should not only focus on individual channel or a single gene but also the role of multiple channels or multiple genes in epilepsy together as a network are noteworthy and a concern. In this study, we identified 80 ion channel-related genes in mTLE, including 20 high-expressed genes and 60 low-expressed genes, which represented the possible interrelationship among those genes, and performed systematically investigating the contribution of ion channels in the development and formation of epilepsy.
MiRNA was a small non-coding, single-stranded small RNA, which was found in most eukaryotes and was an important mode of epigenetic modification. After processing, mature miRNAs mainly enter the complex by binding to the RNA-induced silencing complex (RISC), which in turn bind specifically to the 3′UTR region of the target gene mRNA in full or partial complementary pairing, thereby enabling regulation of the target gene expression, thus exerting their gene silencing function and ultimately leading to a reduction in the expression of the gene (Lu and Rothenberg, 2018). The miRNA can negatively regulate multiple target genes, and the same target gene can be regulated by multiple miRNAs. It was because miRNAs acted by regulating the expression of target genes, and miRNAs mediate interactions between genes and form complex miRNA-mRNA regulatory networks. Through the study of miRNAs, we can better reveal the important mechanisms of epileptogenesis and find a possible diagnostic marker for early stages and new safe and effective therapeutic targets for epilepsy. In this research, we identified 103 differentially expressed miRNAs with 63 up-regulation and 40 down-regulation in mTLE. miR-27a-3p deserve some attention. This miRNA was shown to regulate multiple ion channels genes. Raoof et al. suggested that miR-27a-3p may be potential diagnostic biomarkers for TLE, and the findings were further confirmed in animal models of epilepsy (Raoof et al., 2018). They found that inhibition of miR-27a-3p could inhibit hippocampal neuronal apoptosis, promote Bcl2 expression, and decrease Bax and Caspase 3 expression in the kainic acid-induced rat model of epilepsy, meanwhile effectively reducing the expression levels of interleukin-1β (IL-1β), IL-6, and tumor necrosis factor-α (TNF-α) in hippocampal tissues. Previous preliminary experiment data and other research results showed that miR-27a-3p inhibitors prevented epilepsy-induced inflammatory responses and hippocampal neuronal apoptosis by targeting MAP2K4 (Lu et al., 2019).
In recent years, an increasing number of studies have shown that miRNA played an important role in regulating ion channel silencing. MiRNAs regulated the intrinsic excitability of neurons by targeting ion channels, thereby affecting the entire brain network. A microRNA that regulated voltage-gated potassium channels in the brain was first reported by Raab-Graham et al. They found that miR-129-5p inhibited the expression of the shaker-like potassium channel Kv1.1 (Sosanya et al., 2013). In the subsequent studies, miRNA-regulated ion channels attracted much attention (Zhang et al., 2018; Tiwari et al., 2019). In our study, we found that the expression level of miR-27a-3p was increased and the mRNAs expression level of KCNB1, SCN1B and KCNQ2 were decreased significantly in epilepsy models. In addition, miR-27a-3p could down-regulate mRNAs expression levels of KCNB1 and KCNQ2, which showed that miR-27a-3p could regulate multiple ion channel genes. Moreover, Single cell analysis results also revealed that KCNB1 and KCNQ2 were highly expressed in excitatory neurons. Potassium channels were the largest family of ion channel proteins that regulated changes in cell membrane currents. Their main function was to maintain the resting potential of the cell membrane and to control cell excitability by mediating the repolarization of the cell membrane through the outflow of potassium ions. The KCNB1 gene encoded the Kv2.1 channel protein, a major component of the somatodendritic delayed rectifier-type potassium channel in hippocampal and cortical neurons, with a high density of distribution in hippocampal neurons. Its physiological functions included mediating the efflux of potassium currents, being essential for apoptotic signaling cascades as well as maintaining membrane potential, and regulating the electrical excitability of neurons and muscles (Zhang et al., 2018). Torkamani et al. identified three different de novo heterozygous missense mutations in the KCNB1 gene in three unrelated patients with developmental and epileptic encephalopathies. All mutations affected the pore domain of the channel, and in vitro expression studies in CHO-K1 cells had shown that these mutations result in a loss of potassium ion selectivity while gaining depolarized cation inward conductivity (Torkamani et al., 2014). In animal models, KCNB1 knockout mice were found to be more excitable than normal mice, as well as to promote the development of epilepsy, thus reinforcing the important role of KCNB1 in epileptogenesis (Speca et al., 2014). The KCNQ2 gene encodes the Kv7.2 protein, together with its homologue KCNQ3, forms homo- and heterotetrameric ion channels in the neuronal plasma membrane, and is responsible for the M-current, thereby preventing neuronal hyperexcitability (Li et al., 2021). Abnormalities of KCNQ2 ion channel proteins may lead to benign familial neonatal epileps (Singh et al., 1998). Abnormalities in this channel could also cause epileptic encephalopathy. Many patients usually present with recurrent seizures. They have the characteristics of long seizure-free periods, and followed by seizure recurrences, along with severe intellectual impairment and language dysfunctions (Boets et al., 2021). KCNQ2 was also a very crucial target for antiepileptic drug research, and retigabine was an antiepileptic drug developed specifically for the KCNQ channel, but its treatment was sub-optimal, and miRNA may be a better therapeutic option.
Previous studies on the regulation of ion channel gene expression by miRNAs had focused on the effect of a particular miRNA on one ion channel gene, but there was growing evidence to support the involvement of numerous ion channel genes in the pathogenesis of epilepsy. In this study, to further investigate the regulatory network of ion channel genes and miRNAs in mTLE, we identified miRNAs that can regulate multiple important ion channels. Therefore, establishing the network of miRNAs regulating ion channels is of great significance in mTLE. In this study, we predicted the related network regulatory relationships by clustering the alterations of ion channel genes in the important pathological process of epilepsy pathogenesis, which is an important insight for the future exploration of other related pathological processes in epilepsy regarding the network regulation of miRNAs in their related expression genes, such as ion channel alterations, neuroinflammation and neuronal loss et al.
The miRNAs and their regulatory network study will have profound implications at the step of the drug development process for anti-seizures. Meanwhile, our study provides new insights into the understanding of miRNA-mediated alterations that may be critical for the onset and progression of epilepsy.
CONCLUSION
The hub mTLE ion channel-related genes and miRNAs that may regulate multiple important ion channels had been identified, while the network of miR-27a-3p regulating potassium ion channel genes was established in mTLE. Based on the miRNA-mRNA regulatory network, it is suggested that the above-mentioned ion channel genes have an important role in the pathogenesis of mTLE and the miRNA has a potential targeting role in its regulation.
Limitations
Although our study explores ion channel genes and their regulatory networks at the cellular and animal levels, it lacks phenotypic studies in epilepsy patients. In addition, how the above miRNAs are involved in the occurrence of ion channel gene expression downregulation in mTLE and the mechanisms of their involvement in regulation have not been elucidated, so it is worthwhile to investigate and explore in-depth the regulation of ion channel gene expression by miRNAs in mTLE.
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Advances in induced pluripotent stem cell (iPSC) techniques have opened up new perspectives in research on developmental biology. Compared with other sources of human cellular models, iPSCs present a great advantage in hosting the unique genotype background of donors without ethical concerns. A wide spectrum of cellular and organoid models can be generated from iPSCs under appropriate in vitro conditions. The pluripotency of iPSCs is orchestrated by external signalling and regulated at the epigenetic, transcriptional and posttranscriptional levels. Recent decades have witnessed the progress of studying tissue-specific expressions and functions of microRNAs (miRNAs) using iPSC-derived models. MiRNAs are a class of short non-coding RNAs with regulatory functions in various biological processes during development, including cell migration, proliferation and apoptosis. MiRNAs are key modulators of gene expression and promising candidates for biomarker in development; hence, research on the regulation of human development by miRNAs is expanding. In this review, we summarize the current progress in the application of iPSC-derived models to studies of the regulatory roles of miRNAs in developmental processes.
Keywords: microRNA, induced pluripotent stem cell, cellular model, develoment, gene regulaiton
INTRODUCTION
MiRNAs are short RNA molecules with 20–24 nucleotides that regulate the posttranscriptional silencing of target genes (Krol et al., 2010; Fabian and Sonenberg, 2012; Luo and Zhu, 2014; Lu and Rothenberg, 2018). MiRNAs exhibit a complex regulatory network resulting from a particular miRNA targeting multiple mRNAs and multiple miRNAs targeting the same mRNA, and affecting the expression levels of many protein-coding genes involved in functional pathways (Liu et al., 2014; Barwari et al., 2016; Luo et al., 2016; Rupaimoole and Slack, 2017). Over the past few decades, the role of miRNAs has been evaluated in a variety of biological processes (Ambros, 2004; Luo et al., 2015b; Lopez et al., 2017; Song et al., 2019). To date, numerous studies have delineated the regulatory role of miRNAs in development. For instance, miRNAs are regulating cell differentiation, proliferation, apoptosis and migration during B cell development by regulating a spectrum of signalling pathways, including BCR, MAPK/ERK, PI3K/AKT and NFκB pathways (Katsaraki et al., 2021). Thus, miRNAs have been characterized as valuable modulators of human development.
The investigation of miRNAs in development requires in vitro models derived from human pluripotent stem cells to simulate the tissue developmental procedures. Nevertheless, there are a number of shortages of human embryonic stem cell (hESC) techniques, such as ethical issues and complicated manipulation, thus preventing its wide application in clinical and basic research (Barker and de Beaufort, 2013; Luo et al., 2014). In 2006, studies were conducted to reprogram somatic cells into pluripotent stem cells with a cocktail of transcriptional factors, such as the combination of OCT4, KLF4, SOX2 and c-Myc (Takahashi and Yamanaka, 2006). This method avoids moral controversies and has led to the application of cellular programming techniques in human developmental research (Lo Sardo et al., 2017). Thus, the emergence of human induced pluripotent stem cells (hiPSC) has solved these problems (Luo et al., 2015a).
Remarkable progress has been created within the area of hiPSC over the past decade (Luo et al., 2018; Luo et al., 2021a). At present, hiPSCs can specifically differentiate into cardiomyocytes, endothelial cells, insulin-producing cells, germ cells, neuronal cells, osteoblasts, retinal pigment epithelium and so on (Figure 1). These cells could be ultilized for research of human development and diseases (Luo et al., 2021c). Hence, this review aims to systematically summarize the regulatory roles of miRNAs in development identified by iPSC-derived models.
[image: Figure 1]FIGURE 1 | Schematic representation of investigating the regulatory roles of miRNAs in iPSC-derived cellular models.
CARDIOMYOCYTES
Cardiovascular diseases (CVDs), such as myocardial infarction (MI) and cardiomyopathy, are recognized as the leading lethal causes around the world and are often associated with degeneration of cardiomyocytes (CMs). CMs are fully differentiated cells with minimal proliferative potential. Given the restricted effectiveness of drug therapy in treating myocardial injuries, the development of novel therapeutic approaches for curing these disorders is of urgency. HiPSC-derived CMs (iPS-CMs) introduce a new prospect for CVD treatment. However, the molecular mechanisms regulating the development of these cells is a pivotal problem that should be solved prior to clinical usage.
For instance, a study has compared the mRNA and miRNA expression profiles of iPS-CMs and biopsies from fetal, adult and hypertensive hearts to find out the core miRNA network, which revealed miRNAs associated with human heart development (Babiarz et al., 2012). Further studies profiled the miRNAs in human iPS-CMs and revealed 96 miRNAs that could promote CM proliferation (Diez-Cuñado et al., 2018). The CM proliferation-associated miRNAs in human were quite different from those of rodent (Eulalio et al., 2012). Most human CM proliferation-associated miRNAs function by targeting the Hippo pathway, an evolutionarily conserved pathway regulating organ size (Yu and Guan, 2013). Another study also confirmed that the mRNAs encoding most components of the Hippo pathway were recruited into the RNA-induced silencing complex (RISC) in iPS-CMs (Diez-Cuñado et al., 2018). In addition, some studies have demonstrated that miR-302d promoted CM proliferation by inhibiting LATS2 of the Hippo pathway (Xu F. et al., 2019).
Recently, miR-24 has been demonstrated as an important regulator for human heart development by using iPS-CM models (Guo et al., 2015). This is an execllent example of the complex regulatory roles of miRNAs in human development. On one hand, miR-24 has been demonstrated to suppress CM apoptosis. It is shown that delivery of miR-24 into CMs significantly alleviates cardiomyopathies, suggesting that modulating miRNA levels might be a novel therapeutic means for cardiac diseases (Qian et al., 2011; Guo et al., 2015). One study showed that miR-24 promoted functional implantation of cardiovascular progenitor cells (CPCs), in which miR-24 was utilized as a component of the antiapoptotic cocktail to enhance the survival of CPCs implantated into the MI heart tissues (Hu et al., 2011). Other studies have also identified other prosurvival roles of miR-24 in cardiac fibrosis and found that overexpression of miR-24 through lentivirus-mediated transduction reduces fibrosis and improves cardiac function in MI hearts, confirming the beneficial role of miR-24 (Guo et al., 2015). On the other hand, miR-24 has been demonstarted to exert proapoptotic effects. MiR-24 is characterized as a proapoptotic miRNA in cardiac endothelial cells, and blocking its function by injection of miR-24 antagonists can prevent apoptosis, enhance vascular distribution, and improve cardiac function after MI (Fiedler et al., 2011). However, these experiments in earlier studies were performed by viral transduction or polymeric transfection of miR-24 mimics or inhibitors, in which the protective effect observed might be partly caused by their off-target effects in non-CM cells (Guo et al., 2015).
In addition, some studies have also found that pri-miR-22/miR-22-3p is the top-ranked expressed primary miRNA transcript in heart tissues and iPS-CMs, and contributes to myocardial ischemia/reperfusion injury (Du et al., 2016; Sun et al., 2019). Some studies have confirmed the pro-apoptotic effect of miR-22 in iPS-CM (Pan and Zhu, 2018; Sun et al., 2019). Hypoxia-mediated apoptosis was augmented by miR-22 overexpression but resuced by miR-22 knockdown in iPS-CMs (Gidlöf et al., 2020). Meanwhile, this study also demonstrated that the long non-coding RNA Neat1 in the paraspeckles is the essential factor for pri-miR-22 processing in CMs. Knockdown of Neat1 could lead to significant accumulation of pri-miR-22 and consumption of mature ones in iPS-CMs (Gidlöf et al., 2020).
VASCULAR ENDOTHELIAL CELLS
MiR-199b is a highly conserved miRNA across species and capable of guiding the hiPSCs to differentiate into vascular endothelial cells (ECs) by regulating key molecular pathways, such as Notch signaling, in response to angiogenic signals. In particular, miR-199b regulates EC fate by targeting the Notch ligand JAG1, which leads to expression and secretion of VEGF via STAT3-mediated trascription (Chen et al., 2015). Nevertheless, the molecular mechanism underlying the upstream regulation remains unclear. Moreover, VEGF-induced miR-155 promotes angiogenesis by directly silencing E2F2, a E2F family transcriptional factor involved in cell proliferation, apoptosis and death (Dimova and Dyson, 2005), during EC differentiation from hiPSCs (Yang et al., 2016).
MiR-495 is a member of the DLK1-Dio3 miRNA cluster and exerts antiangiogenic effects. It is abundant in the non-EC portion while downregulated in the EC portion. It induces endothelial or angiogenic gene expression by downregulating VEZF1, a major transcriptional factor regulating EC genes, such as IGF1 and CD31, during EC differentiation and angiogenesis (Zou et al., 2010). In contrast, increasing VEZF1 expression via miR-495 blockage promotes angiogenesis post implantation of hiPSCs via enhancement of EC production. Studies have shown that the derived ECs significantly augmented the formation of new blood vessels in infarcted hearts, prevented functional deterioration and restricted the expansion of infarcted areas post transplantation in MI mice (Liang et al., 2017).
Additionally, miR-21 overexpression could enhance the Akt/TGF-β2 signal by downregulating PTEN on chromosome 10, thereby increasing the amount of ECs derived from hiPSCs (Zeng et al., 2018). Overexpression of miR-21 increased the mRNA and protein levels of TGF-β2, which is an essential cytokine for cell survival proliferation, migration and differentiation (Vargel et al., 2016). Neutralizing TGF-β2 by antibodies prohibits the expression of miR-21-induced EC markers, such as VE-CAD and CD31 (Di Bernardini et al., 2014).
INSULIN-PRODUCING CELLS
The generation of insulin-producing cells (IPCs) from hiPSCs is a promising approach to investigate the molecular mechanisms of pancreatic development and a potential source of treatment for type I diabetes (Zeng et al., 2018). MiRNAs are major posttranscriptional regulators of gene expression and thus might involve in the control of β cell development in the pancreas.
For examples, miR-375 is essential for pancreatic endocrine function as its blockage results in glucose imbalance, α cell increment and β cell reduction (Poy et al., 2009). MiR-375 and miR-186 overexpression in hiPSCs leads to differentiation into insulin-secreting β-like cells that expressing pancreatic endocrine markers, such as PDX1, GLUT2, NGN3, PAX4 and PAX6. Despite secreting less insulin than natural β cells, these hiPSC-derived β-like cells could rescue blood glucose levels after transplantation into diabetic mice (Shaer et al., 2014). In addition, miR-375 affects insulin secretion by regulating the expression of muscular dystrophy protein in MIN6 cells (Poy et al., 2004; Krek et al., 2005).
The development of organisms is a result of the reprogramming of gene regulatory networks (Hornstein and Shomron, 2006). Some studies have described miR-375 as a key regulator of pancreatic development in humans (Poy et al., 2004; Lynn et al., 2007; Bravo-Egana et al., 2008; Avnit-Sagi et al., 2012). Mice lacking miR-375 showed α/β cell imbalance and reduced β cell propagation in spite of insulin insufficiency (Avnit-Sagi et al., 2012). Studies have shown that miR-7, miR-9, miR-375 and miR-376 are dramatically upregulated throughout the islet development (Wei et al., 2013). Some studies have found that miR-186, miR-199a and miR-339 are also upregulated during the formation of IPCs in vitro. The target genes of these three microRNAs include LIN28, PRDM1, CALB1, GCNB2, RBM47, PLEKHH1, RBPMS2 and PAK6 mRNA. (Joglekar et al., 2009; Chen et al., 2011; Kredo-Russo et al., 2012).
Studies have shown that miR-181c-5p accumulates gradually during the derivation of IPCs from hiPSCs. Increased phosphorylation of Smad2/3 is observed in iPSC-derived cells, and treatment with a Smad2/3 inhibitor after overexpression of miR-181c-5p had the opposite effect on IPC formation (Li et al., 2020). Similarily, other studies have also shown that miR-181c-5p is abundant in the late differentiation steps of hESC-derived IPCs, fetal pancreas, and adult islets (Liao et al., 2013; Fogel et al., 2015). Furthermore, miR-181c-5p was differentially expressed between the pancreas and the liver despite the common developmental origin of both tissues, with upregulation in the former and downregulation in latter (Porciuncula et al., 2013). Therefore, it is speculated that miR-181c-5p might play a pancreatic-specific role.
On the other hand, miR-690 overexpression dramatically delayed iPSC-derived IPC maturation and reduced insulin secretion in vitro and in vivo. Bioinformatic analysis suggested that its putative targets, such as CTNNB1, STAT3 and SOX9, were essential factors for of pancreatic endocrine development. Elevated miR-690 expression levels disrupt IPC differentiation by directly binding to Sox9. Subsequent experimental studies suggest that miR-690 could negatively modulate the Wnt signalling pathway during the pancreatic developmental process (Xu Y. et al., 2019).
In conclusion, these findings may help us better understand the process of pancreatic differentiation of hiPSCs in vitro and the underlying mechanisms involving miRNAs. As miRNAs could modulate certain transcriptional factors throughout the pancreatic developmental process, they could serve as novel therapeutic targets for diabetes treatment.
NEURONAL CELLS
HiPSC-derived neurons and neural progenitor cells (NPCs) are important models for investigating neurogenesis and synaptogenesis as well as their disruption in disorder statuses. Moreover, they are promising therapeutic vectors for brain disorders in the future (Zhu et al., 2013; Zhu et al., 2014). HiPSC-derived cellular and organoid models serve as an important bridge between model organism research and human postmortem brain research by providing living human cells, consisting of hiPSCs and their derived NPCs and neurons, with the composite genetic background present in patients. Hence, there is a quickly growing body of research projects using patient-specific iPSC-derived neurons to investigate neurogenesis.
For instance, iPSCs with mutations in the LRRK2 and α synuclein gene families were used to generate dopamine (DA) neurons, which exhibited higher sensitivity to oxidative stress and susceptibility to apoptosis (Byers et al., 2011; Reinhardt et al., 2013). Such phenotypes were also observed in iPSC-derived DA neurons from idiopathic Parkinson’s disease (PD) patients (Sánchez-Danés et al., 2012); meanwhile, apoptotic markers were also detected in the postmortem brain of PD patients (Hartmann et al., 2000; Mogi et al., 2000). Apoptosis-related miRNAs are also associated with neuronal differentiation (Aranha et al., 2011). For examples, miR-14, let-7a and miR-34a are elevated during neural stem cell differentiation (Heman-Ackah et al., 2013).
A large number of investigations have demonstrated that miRNAs play important roles in neural development (Hsu et al., 2012; Jimenez-Mateos et al., 2012; Liu et al., 2012). In addition, abundant molecular evidences support the essential roles of miRNAs in development of schizophrenia and other neural diseases (Green et al., 2013). For instance, miRNA-seq analysis was performed to distinguish differentially expressed miRNAs in iPSC-derived neurons from schizophrenia patients with 22q11.2 deletions compared to those from healthy donors (Yang et al., 2010). They discovered that miRNA expression levels in the deleted region decreased to approximately half the normal levels, and the levels were also altered in several other miRNAs out of the deleted region. The functional annotations of the putative targets of these dysregulated miRNAs were enrich in neurological diseases, neuronal development, axon formation and other important pathways relevant with the nervous system (Zhao et al., 2015).
Finally, posttranscriptional modifications could be identified by transcriptome analysis. RNA editing is a posttranscriptional event. Adenosine to inosine (A-to-I) transition is the dominate RNA editing process and happens most frequently in RNA molecules relevant with neurotransmission (Sanjana et al., 2012), especially in a lot of brain-specific miRNAs (Nishikura, 2010). Intriguingly, comparing postmortem cerebellum of autism patients with the control ons discovered that RNA editing was more abundant in the autism samples (Eran et al., 2013). Total transcriptome analysis can also detect fusion genes (Zhang Y. et al., 2014), which is valuable for building coexpression networks that can help researchers discover gene networks and pathways that are disrupted in neuropsychiatric disorders.
MiRNAs are believed to exert key regulatory effects in a wide spectrum of neural developmental processes, such as neurogenesis, neuronal maturation, axon regeneration, synaptic development and brain plasticity (Giraldez et al., 2005; Weston et al., 2006). Let-7 family miRNAs are the highest expressed miRNAs in the mammalian brains (Lagos-Quintana et al., 2002). They were firstly identified in Caenorhabditis elegans (Roush and Slack, 2008) and highly conserved across species. They are the key regulators for organism development, such as cell proliferation, cell specification and terminal differentiation (Nishikura, 2010). In the developing brain, Let-7 miRNAs participate in control of various developmental processes, such as neuronal differentiation (Schwamborn et al., 2009), neuronal subtype specification (Weick et al., 2013), neuronal regeneration (Li et al., 2015) and synaptic formation (Edbauer et al., 2010). Albeit in silico models suggest that the Let-7 miRNAs are involved in modulating postsynaptic gene expression (Paschou et al., 2012), their direct functions in mature human neurons remain unclear.
One of the Let-7 members, Let-7c is located on chromosome 21; thus, it exists in an extra copy of trisomy 21 (T21) and is associated with the symptoms of mild to moderate mental retardatoin featured in this neurodevelopmental syndrome (Antonarakis, 2017). It has been reported that miRNAs encoded by chromosome 21 may be important for a comprehensive understanding of the pathophysiology of T21-related neural diseases (Izzo et al., 2017). Taken together, these investigations indicate that the Let-7 family plays an important role in modulating human neurodevelopment and provide clues to illustrating the complicated molecular aetiology of neurodevelopmental syndromes (McGowan et al., 2018).
GERM CELLS
In humans, genetic information is passed on to their offspring via germ cells (Luo et al., 2021b; Zhou et al., 2022). At present, ESCs, iPSCs and spermatogonial stem cells are the major cell sources used for generation of male germ cells expressing functional genes (Saito et al., 2015). However, their clinical utility is still challenged by several safety issues (Zhang D. et al., 2014). MiRNAs have recently emerged as important factors in translation regulation and the epigenetic control of stem cell self-renewal and pluripotent capacities (Gangaraju and Lin, 2009). Key roles of miRNA pathways in germline stem cell maintenance have been reported in vertebrate iPSCs (Gangaraju and Lin, 2009). In addition, miRNAs are very important in spermatogenesis and might play key roles in sperm mitosis, meiosis and postmeiotic stages (Wang and Xu, 2015).
The role of miRNAs in germ cell development has been functionally proven (Fernández-Pérez et al., 2018). For examples, RNA binding protein Lin28 blocks Let-7 and desuppresses Blimp1 translation in the initial stage of germ cell development (West et al., 2009). In addition, miR-125 posttranscriptionally suppress Oct4 during sperm meiosis in males (Medrano et al., 2013).
Further experimental evidence should be pursued to identify specific microRNAs that are regulating the three stages of human spermatogenesis, pachytene spermatocytes, spermatogonial cells and round spermatozoa cells (Liu Y. et al., 2015). For examples, miR-34c increased in pachytene spermatocytes and round sperm cells and prohibited survival by targeting the transcription factor ATF1 (Romero et al., 2011). In addition, miR-469 inhibited protamine and transition protein 2 (TP2) mRNA in pachytene spermatocytes and round sperm cells (Dai et al., 2011). Moreover, during spermatogenesis, miR-122a and miR-18 downregulate TP2 and heat shock factor 2, respectively (Chen et al., 2017).
RETINAL PIGMENT EPITHELIUM
The retinal pigment epithelium (RPE) is a special layer arranged at the rear of retina. Injury or RPE dysfunction can severely affect the health of photoreceptors and visual function, which is a result of potential RPE pathological blinding disease. Examples include age-related macular degeneration (AMD), Stargardt disease and retinitis pigmentosa (Greene et al., 2014). So far, there is no efficient therapy to rescue the vision; thus, iPSC-derived RPE (iPS-RPE) cells might be a source of cells to regenerate the disrupted RPE. However, before iPS-RPE cells can be used clinically, as much information as possible about the factors that modulate RPE development is of urgency to increase the production and quality of the cells for therapeutic use (Greene et al., 2014).
A study has identified 155 potential miRNA markers in iPS-RPE cells (Wang et al., 2014). Upregulated miRNAs, such as miR-181c and miR-129-5p, might drive cell specification (Naguibneva et al., 2006; Ryan et al., 2006), while downregulated miRNAs, including miR-367, miR-18b and miR-20b, are associated with mitotic division (Budde et al., 2010; Murakami et al., 2013). Putative targets of these miRNAs are relevant with cell survival, cell cycle and development.
It is of interest to evaluate the possible role of iPS-RPE miRNAs in tumorigenesis. On one hand, some iPS-RPE-upregulated miRNAs are tumour suppressors. For instance, miR-34 is a typicall tumour suppressor that prohibits tumor growth, metastasis, invasion and epithelial-mesenchymal transformation (EMT) via downregulating TP53 (Zhang et al., 2007; Nana-Sinkam and Croce, 2013). MiR-34 is generally silenced in multiple cancer types. MiR-34 expression was amplified in iPS-RPE cells by 5-fold, indicating an extremely low proliferative capacity in these terminally differentiated cells (Hermeking, 2012). Similarly, miR-16 is a tumour suppressive miRNA targeting multiple oncogenes, including EGFR, JUN and BCL2. In contrast, many iPS-RPE-downregulated miRNAs are oncogenic miRNAs (Wang et al., 2014).
MiRNAs in extracellular vesicles (EVs) derived from RPE cells might exert effects in the malignant inflammatory cycle. A specific enrichment of miR-494-3p was identified in EVs secreted from iPS-RPE cells after interaction with MPs, which might be a potential therapeutic target for the treatment of AMD (Mukai et al., 2021). AMD is the first and the third top causes of blindness in developed countries and around the world, respectively (Kuo et al., 2012). MiR-184 on chromosome 15q25.1 is a highly conserved miRNA across species (Nomura et al., 2008). MiR-137 is gradually upregulated during the differentiation of hiPSCs into RPE cells and it will downregulate PKBβ (also known as Akt2), the major downstream effector of rapamycin (mTOR) signalling pathway (Jiang et al., 2016). Hence, dysregulation of miR-137 is an important molecular event during the progression of AMD (Jiang et al., 2016).
OSTEOBLASTS
HiPSCs could provide a rich cell source for regenerative medicine and to create patient-specific cellular and organoid models to investigate both intracellular and extracellular agents in bone repair and osteoarthritis (Diekman et al., 2012). Several histone deacetylase (HDAC) inhibitors have been shown to promote osteoblast maturation and specific gene expression by upregulating Runx2 gene expression in bone marrow stem cells (Hu et al., 2013). HDAC1 changes the expression of many genes associate with cell growth, survival, subtype specification and genome integrity (Buurman et al., 2012). One miRNA, miR-449a, specifically interferes with HDAC1 expression (Jeon et al., 2012; Okamoto et al., 2012). Exogenous miR-449a silencing endogenous HDAC1 expression keeps histone acetylation, induces Runx2 expression, which is a regulator of osteoblast genes (Nishimura et al., 2012), and accelerates osteoblast derivation from iPSCs (Liu T. et al., 2015).
In addition, an independent study demonstrated that a group of six miRNAs, miR-10a/b, miR-19b, miR-9, miR-124a, and miR-181a, are key regulators of the iPSC differentiation into osteoblasts (Okamoto et al., 2012). Moreover, another study has shown that miR-211 promoted iPSC differentiation into osteoblast-like cells via upregulating the expression of autophagy-related genes like ATG14 (Ozeki et al., 2017).
DISCUSSION
MiRNAs are functioning within the RNA-protein complexes known as RNA-induced silencing complexes (RISC), which regulates gene expression posttranscriptionally in higher eukaryotes (Ameres and Zamore, 2013). Their roles in human development are rapidly being discovered (Table 1). MiRNAs are undoubtedly involved in many stages of normal cell development through their ability to block or promote development. They can be regulated by epigenetics, which may lead to other regulatory effects. In addition, they could serve as valuable markers for patient diagnosis and prognosis, as well as promising therapeutic targets. Although the multifaceted role of miRNAs in some diseases has been extensively studied over the past few years, important information is still missing, and no single molecule has been proven to be an effective regulator of the many pathogenic pathways of disease (Katsaraki et al., 2021).
TABLE 1 | Roles of miRNAs in development of various iPSC-derived cell lineages.
[image: Table 1]IPSC-derived models are promising tools for deepening the understanding of early developmental processes (Dvash and Benvenisty, 2004). The major advantage of iPSC-derived models over primary cells is their capacity of repeatly generating cells with specific genetic background of the donors. With this property along with their pluripotency, hiPSCs can serve as a powerful tool for human cell replacement therapies and as an in vitro platform for personalized drug screening and discovery (Pouton and Haynes, 2007; Stadtfeld and Hochedlinger, 2010).
The reprogramming of somatic cells derived from patients and healthy donors into iPSCs is an important step to establish human-relevant models for illustrating the molecular and cellular mechanisms underlying the disease pathology. Notably, iPSCs can also be used to develop and test new therapies in vitro. Here, we discuss the regulatory role of miRNAs in iPSC-derived models for human development. In the future, miRNA-related studies need to be further improved to utilize hiPSCs as powerful tools in research of developmental biology. To address this issue, new methods, such as employing ectopic miRNAs as epigenetic modulators, should also be developed to optimize existing cell reprogramming and differentiation protocols (Ferreira et al., 2018).
There is a need to more thoroughly explore the role of miRNAs in human developoment. Given their relevance, we expect miRNAs to be exploited as diagnostic markers and as therapeutic targets for developmental diseases soon.
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Intricate genetic mutations promote the progression of different cancer types. Long noncoding RNAs (lncRNAs) have been widely demonstrated to participate in the genomic activities of various human cancers. Long intergenic non-coding RNA 467 (LINC00467) is an upregulated lncRNA in diverse diseases, especially in several types of cancers. Functional experiments of LINC00467 revealed that LINC00467 overexpression enhanced cell chemoresistance, proliferation, migration, and invasion in several types of cancers. Moreover, overexpressed LINC00467 was associated with a poor clinical prognosis. The present evidence suggests that LINC00467 may serve as a promising prognostic indicator and become a novel cancer therapeutic target. In this review, we introduce the biologic functions of lncRNAs and describe the molecular mechanism and clinical significance of LINC00467 in detail.
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1 INTRODUCTION
Cancer, with high morbidity and mortality, has long been known as a primary life-threatening disease worldwide and imposes a huge economic and social burden on every country. (Sung et al., 2021) In recent years, the life expectancy of patients with cancer has greatly increased owing to the earlier detection and appropriate therapies. However, several cancer complications such as tumor metastasis, drug resistance, and cancer recurrence hinder the management of this disease and contribute to the high mortality associated with it. (Barik et al., 2021) Although traditionally most research about these processes has focused on the role of protein-coding RNAs (Slack and Chinnaiyan, 2019), recent efforts have focused on non-coding RNAs, which are now known to be regulatory molecules that mediate cellular processes and play an important role in tumorigenesis and cancer development. (Anastasiadou et al., 2018)
Long non-coding RNAs (lncRNAs) are RNA molecules longer than 200 nucleotides and comprise the main category of non-coding RNAs (Palazzo and Koonin, 2020) According to the latest release of the database NONCODE, the number of human lncRNAs is approximately 170,000, which is much larger than that of protein-coding RNAs. (Derrien et al., 2012; Zhao et al., 2021) Most lncRNAs are transcribed by RNA polymerase II, and then are capped at the 5′ end, ploy A tail added at the 3′ end, and edited to form biologically functional lncRNAs. (Statello et al., 2021) According to classification based on function, lncRNAs can be divided into activating ncRNAs, competing endogenous RNA (ceRNAs), and precursors for shorter functional RNA. (St Laurent et al., 2015) Most lncRNAs act as ceRNAs. The “competitive endogenous RNA hypothesis,” which was put forward by Salmena et al., in 2011, proposes that lncRNAs regulate mRNA expression by targeting miRNAs through homologous miRNA response elements (MREs). By binding to MREs present in miRNAs, lncRNAs inactive them, a process known as the “molecular sponge effect”, suppressing the inhibitory effect of the targeted miRNA on mRNA expression. (Salmena et al., 2011) Numerous posterior studies have confirmed the lncRNA-miRNA-mRNA axis established by this hypothesis, as well as the role of this axis in tumor development.
Long intergenic non-coding RNA (lincRNA) is defined as ‘lncRNA not overlapping a protein-coding transcript’. (Ransohoff et al., 2018) LINC00467, a newly defined lincRNA, is located at Chromosome 1: 211,382,736-211,444,093 (GRCh38/hg38) with the length of 61,358 bases (www.genecards.org). Moreover, it encodes 28 different transcripts (www.ensembl.org). In addition to being upregulated in normal human testis and kidney tissues (Fagerberg et al., 2014), recent studies have confirmed that LINC00467 is overexpressed in various types of human tumor tissues and plays an important role in regulating gene transcription, tumor initiation, and progression.
In this review, we comprehensively summarize the different functional roles of the newly found LINC00467 in the progression of various cancers. LINC00467 mainly functions as a ceRNA and leads to the overexpression of relevant genes by sponging the corresponding miRNAs. Additionally, we present the clinical significance of LINC00467 in several human cancers and discuss its potential clinical application as an early diagnostic and prognostic biomarker and novel therapeutic target.
2 FUNCTION OF LNCRNAS
Proteins are universally acknowledged to be the basis of life. However, “non-protein-coding” is not the same as being useless. Mounting studies have demonstrated the indispensable and promising role of lncRNAs in many diseases. Herein, we summarized the main functional mechanisms of lncRNAs in the following paragraphs. Moreover, we made a figure to illustrate the function of lncRNAs more graphically. (Figure 1).
[image: Figure 1]FIGURE 1 | Functional mechanisms of lncRNAs. lncRNAs can act as miRNAs sponges (A), binding with proteins (B), and templates for polypeptide translation (C). Abbreviations: lncRNA, Long non-coding RNA. miRNAs, microRNAs. RNP complex, ribonucleoprotein complex.
2.1 Acting as miRNA Sponges
The sponging of miRNAs is one of the most studied mechanisms of action of lncRNAs. As we know, some miRNAs could effectively bind to certain mRNAs in the presence of MRE, a “seed sequence” containing two to eight nucleotides. Interestingly, many lncRNAs, including lincRNAs, pseudogene transcripts, and circular RNAs share the same MRE with certain miRNAs. Then, a series of miRNAs were bound with these ceRNAs rather than mRNAs. As a result, the inhibitory effect of targeted binding of miRNA to mRNA was attenuated by lncRNAs. Through this regulatory mechanism, lncRNAs play an important role in the biological progression of many cancers. (Kazimierczyk et al., 2020) In prostate cancer, LINC01679 has been shown to inhibit cell proliferation, invasion, and tumor growth, and promote cell apoptosis in vivo and in vitro by competitively binding to miR-3150a-3p as well as by regulating the downstream gene SLC17A9. (Mi et al., 2021) What’s more, recent evidence indicates that one lncRNAs may have several MREs to sponge different miRNAs. In acute myeloid leukemia (AML), the lncRNA MIR17HG sponges miR-21 to further promote homoharringtonine-induced AML cell apoptosis. (Yan et al., 2022) Besides MIR17HG also inhibits non-small cell lung cancer via functioning as a ceRNA of miR-142-3p. (Wei et al., 2020) Through this regulatory mode, lncRNAs are widely involved in the course of various diseases, including thyroid cancer (Guo et al., 2021), renal fibrosis (Tang et al., 2021), atherosclerotic plaques (Ann et al., 2021), among others.
2.2 Interaction With Proteins
Due to their large size of hundreds, even thousands of nucleotides, lncRNAs have been shown to function as guides, signals, decoys, and scaffolds for many different proteins. (Kazimierczyk et al., 2020) Mounting evidence notes that many lncRNAs can directly bind or form complexes with some key proteins to play diverse regulatory roles including transcription and splicing, as well as gene expression. (Wu et al., 2018) A study on gallbladder cancer revealed that the lncRNA RP11-147L13.8 serves as a tumor-suppressing gene by interacting with c-Jun protein via binding to its bZIP domain (a DNA-binding and dimerization domain) and suppressing c-Jun-ser73 phosphorylation. (Zheng et al., 2021) Interestingly, another study on gallbladder cancer found that HuR protein specifically binds with lncRNAs-HGBC within the 1759–1906 nt-long region and enhances the stabilization of lncRNAs-HGBC (Hu et al., 2019) Moreover, the lncRNA AK137033 was found to interact with mRNA Sfrp2 and HuR, forming the AK137033-Sfrp2-HuR complex, which contributes to the inhibition of cardiac fibrosis. (Hao et al., 2019)
2.3 Encoding Polypeptides
LncRNA was named as ‘non-coding RNA’ for lack of an open reading frame. However, recent research has shown that some lncRNAs can encode polypeptides that are usually shorter than 100 amino acids and widely involved in tumorigenesis, metabolism, inflammation, and signal transduction pathways. (Ye et al., 2020) Pang et al (Pang et al., 2020) reported that the lncRNA Linc00998 encodes the micro peptide SMIM30, which facilitated HCC cell proliferation and migration and was associated with a poorer survival rate in HCC patients. Similarly, Linc00617 encodes BNLN, which maintains the stabilization of islet ß cells and raises insulin secretion in islets from humans. (Li M. et al., 2021) In addition, Niu et al (Niu et al., 2020) demonstrated that the lncRNA MIR155HG encodes another micro peptide, named miPEP155, which functions as an important regulator of antigen presentation as well as a suppressor of inflammatory diseases. This new functional mechanism of lncRNAs may become a new hotspot for future research on cancer biomarkers and drug development.
3 CLINICAL SIGNIFICANCE OF LINC00467 IN VARIOUS HUMAN CANCERS
Various studies have investigated the expression of LINC00467 in different tumor tissues and corresponding controls (mostly adjacent non-malignant tissues). All studies (except that by Cai et al. (2019)) indicated that the expression of LINC00467 was upregulated in a variety of cancer tissues compared to the control group. In addition, numerous studies of different tumor types have assessed the prognosis of patients with high or low LINC00467 expression level and its association with prognostic features such as TNM (Tumor, Node, Metastasis) staging, cell differentiation, disease-free survival, and overall survival. Patients with high expression of LINC00467 tend to have advanced TNM stage, poorer cell differentiation, and shorter disease-free survival and overall survival. The details of relevant studies have been summarized in Table 1.
TABLE 1 | Clinical significance of LINC00467 in various human tumors. (ANCTs: adjacent non-cancerous tissues).
[image: Table 1]4 MOLECULAR MECHANISM OF LINC00467 IN DIVERSE HUMAN CANCERS
To date, dozens of studies have reported the effects of LINC00467 in various human cancer cell lines, including its impact on tumor cell proliferation, invasion, migration, and apoptosis (Table 2). In the following sections, we elaborate on the functional roles and molecular mechanism of LINC00467 in various cancers. Additionally, another figure was made to illustrate these molecular mechanisms of LINC00467. (Figure 2)
TABLE 2 | Functional molecular mechanisms of LINC00467 in various cancers.
[image: Table 2][image: Figure 2]FIGURE 2 | Molecular mechanisms of LINC00467 in various tumors. Abbreviations: NB, Neuroblastoma; NSCLC, Non-small cell lung cancer; OS, Osteosarcoma; ESCC, Esophageal squamous cell carcinoma; AML, Acute Myeloid Leukemia; LUAD, Lung adenocarcinoma; CRC, Colorectal cancer; HNSCC, Head and neck squamous cell carcinoma; BCa, Bladder Cancer; CC, Cervical cancer; TGCT, Testicular germ cell tumor; GC, Gastric cancer; PCa, Prostate cancer; HCC, Hepatocellular carcinoma; BRCA, Breast Cancer; GBM, Glioblastoma.
4.1 Function as a ceRNA
Based on the currently published research, the most reported mechanism is that LINC00467 functions as a ceRNA of a series of miRNAs. LINC00467 forms the regulatory axis of LINC00467-miRNA-mRNA by regulating downstream targeted coding genes through competitive inhibition with some certain miRNA. Through this regulatory pattern, LINC00467 could participate in the initiation and development of cancers.
4.1.1 Acute Myeloid Leukemia
In the United States, AML accounts for approximately one-third of all leukemias diagnosed and 1.2% of all annual new cancer diagnoses (Pelcovits and Niroula, 2020) The role of LINC00467 in AML pathogenesis was recently researched by Lu et al. (2021) The results of this study showed that LINC00467 expression was associated with the malignant phenotypes of AML cells and that it acted as a ceRNA of miR-339. SKI is a gene regulated by miR-339 that has been reported to promote AML development. Further investigation of the underlying mechanism verified that treatment with a miR-339 inhibitor largely diminished the influence of LINC00467 knockdown on AML cells. These results suggest that targeting the LINC00467/miR-339/SKI axis could be a suitable approach for the treatment of AML.
4.1.2 Non-Small Cell Lung Cancer
NSCLC accounts for nearly 85% of lung cancers (Herbst et al., 2008; Yin et al., 2018) and is known to be the most common cause of cancer-related death worldwide. (Siegel et al., 2018) Most of the patients diagnosed with NSCLC are already in advanced stages for which effective treatment options are still lacking (Hayden and Ghosh, 2008; Saha et al., 2020) LINC00467 regulates ERK1/2 signaling in NSCLC. Inhibiting SIRT6 and blocking the ERK1/2 signaling pathway lead to the upregulation of miR-125a-3p and the downregulation of LINC00467 in NSCLC cells. Additionally, LINC00467 upregulation or miR-125a-3p downregulation exacerbated the malignant phenotypes and DDP resistance in NSCLC cells. (Xue et al., 2021).
4.1.3 Lung Adenocarcinoma
LUAD is the commonest histological subtype of NSCLC. Early diagnosis of LUAD is particularly difficult and it is prone to metastasize, as a result of which it is associated with a poor prognosis. (Yang et al., 2019) LINC00467 was found to be upregulated in human LUAD tumor tissues and its expression level was found to correlate with the clinical severity of LUAD. Functional in vitro experiments indicated that LINC00467 promoted LUAD cell proliferation, migration, and invasion and suppressed apoptosis. Furthermore, some miRNAs sponged by LINC00467 and their downstream targets, which play a role in LUAD development, have been reported. For instance, a study found that LINC00467 can suppress apoptosis and promote proliferation and stemness of LUAD cells by sponging cytoplasmic miR-4779 or miR-7978. (Chang and Yang, 2019) Additionally, Ding et al. (2019) reported that LINC00467 promotes proliferation in LUAD cells by upregulating the expression level of CCND1, a primary regulator of the cell cycle, via sponging miR-20b-5p.
Finally, Wang et al. reported that LINC00467 DNA copy number amplification contributed to its overexpression and was positively associated with distant metastasis, immune infiltration, and poor overall survival in LUAD. In addition, LINC00467 overexpression partly originated from its DNA demethylation. Based on microarray analysis and bioinformatics, this study revealed a comprehensive miRNAs-mRNAs network that included two microRNAs (hsa-miR-1225-5p, hsa-miR-575) and five mRNAs (BARX2, BCL9, KCNK1, KIAA1324, TMEM182) specific to LINC00467 in LUAD. Through bioinformatic analysis, two potential prognostic biomarkers (BARX2 and BCL9) for LUAD were revealed. (Wang et al., 2021) Based on the results of these reports, LINC00467 stands as a potential diagnostic and prognostic biomarker, as well as a suitable therapeutic target for LUAD.
4.1.4 Cervical Cancer
In the developing world, cervical cancer remains the second most common cancer among women, thereby placing a heavy economic burden on society.(Hillmann et al., 2013; Siva et al., 2015) It has been reported that cytoplasmic LINC00467 plays an important role in the progression of cervical cancer by competitively sponging miR-107 to downregulate the expression of the downstream gene KIF23. LINC00467 silencing or miR-107 overexpression inhibited cervical cancer cell proliferation, migration, invasion, epithelial-mesenchymal transition (EMT), and tumorigenic ability in vivo, further suggesting that targeting LINC00467 may be a novel therapeutic strategy for patients with cervical cancer. (Li et al., 2019).
4.1.5 Hepatocellular Carcinoma
HCC is a prevalent human malignancy with high morbidity and mortality worldwide.(Maluccio and Covey, 2012; Laursen, 2014) Exploring novel therapeutic targets for HCC remains a pressing challenge nowadays (Dhar et al., 2018; Andrade et al., 2019) LINC00467 expression is upregulated in HCC cells and is related to HCC progression. Additionally, miR-509-3p and platelet-derived growth factor receptor alpha (PDGFRA), which are targets of LINC00467, promoted proliferation and invasion, repressed apoptosis, and ameliorated the resistance to axitinib, the commonly-used drug for HCC (Chan et al., 2017; Li W. et al., 2021) Moreover, Zheng et al. described that silencing LINC00467 could modulate HCC cell growth and development by targeting the miR-18a-5p/NEDD9 axis. (Zheng et al., 2020) Interestingly, one study reported that the expression of LINC00467 was significantly decreased in HCC tissues, especially in metastatic HCC tissues, which is in contrast to the results of other relevant studies on LINC00467 in HCC. Furthermore, it was reported that LINC00467 exerted a tumor suppressor role by reducing cell viability, proliferation, migration, and invasion by regulating the miR-9-5a/PPARA signaling axis in HCC. (Cai et al., 2019).
4.1.6 Osteosarcoma
OS, which mainly occurs in children and adolescents, has a poor prognosis and low survival rate due to its rapid progression and metastasis ability.(Wycislo and Fan, 2015; Marko et al., 2016) Ma et al. reported that LINC00467 expression was increased in OS cell lines, and that overexpression of LINC00467 increased cell proliferation, migration, and invasion, and decreased cell apoptosis by upregulating the expression of high mobility group A1 (HMGA1) by targeting miR-127 in OS. (Ma et al., 2020) Additionally, it was reported that LINC00467-mediated sponging of miR-127 also regulated the expression of karyopherin subunit α 4 (KPNA4), contributing to OS progression. (Yan et al., 2021).
4.1.7 Colorectal Cancer
CRC is the second leading cause of cancer-related mortality worldwide, partly due to the lack of effective treatments.(Walsh and Terdiman, 2003; Sunkara and Hébert, 2015; Sung et al., 2021) LINC00467 expression level has been reported to be significantly increased in CRC tissues and cell lines. Silencing its expression resulted in the inhibition of CRC cell proliferation, invasion, and EMT. (He et al., 2019) Another study using data from 31 CRC patients further elucidated that LINC00467 upregulation was closely associated with metastasis and TNM stage in CRC. Moreover, the authors reported that overexpression of miR-451a reduced the level of LINC00467 in CRC cells. (Bai et al., 2020) Additionally, LINC00467 has also been suggested to play other biological roles in CRC cells, including mediating chemoresistance to 5-FU and metastasis, through the miR-133b/ferritin light chain (FTL) axis. (Li et al., 2020).
4.1.8 Prostate Carcinoma
PC, which is a heterogeneous disease, is the most common non-skin male malignancy in the Western world. (Haffner et al., 2021) LINC00467 expression is upregulated in PC tissues and cells. Meanwhile, LINC00467 knockdown reduced PC cell proliferation, migration, and invasion via regulation of the miR-494-3p/STAT3 axis. Additionally, it has also been shown that downregulation of LINC00467 inhibited M2 macrophage polarization and suppressed the migration and invasion of PC cells by activating the STAT3 pathway. These results suggest that inhibiting LINC00467 may be an effective therapeutic strategy for patients with PC. (Jiang et al., 2021).
4.1.9 Breast Cancer
Breast cancer is the most common type of malignancy among women and is associated with a high number of cancer-related deaths worldwide. (Jemal et al., 2011) Zhang et al. reported that silencing LINC00467 hindered the proliferation, migration, invasion, and EMT of breast cancer cell lines in vitro, whereas overexpression of LINC00467 predicted poor overall survival. Additional experiments have revealed that LINC00467 sponges miR-138-5p while directly interacting with LIN28B, a significant oncogene in breast cancer, to elevate its protein level. (Zhang et al., 2021).
4.1.10 Esophageal Squamous Cell Carcinoma
ESCC, an important subtype of esophageal carcinoma, is the most common primary gastrointestinal malignant tumor. It has a relatively low 5-years survival rate and a high incidence, with more than 400,000 newly-diagnosed cases annually worldwide (Luo et al., 2019; Sugimura et al., 2019) LINC00467 expression is upregulated in ESCC tissues and cell lines, and high LINC00467 expression is correlated with the promotion of cell proliferation and inhibition of cell apoptosis. More importantly, LINC00467 facilitated ESCC progression by sponging miR-485-5p and modulating DPAGT1 levels. (Liu et al., 2021).
4.1.11 Head and Neck Squamous Cell Carcinoma
HNSCC, which mainly affects the oral cavity, pharynx, and larynx, is among one the ten malignancies with more than 600,000 new cases worldwide annually (Siegel et al., 2017; Xu et al., 2020) The notable upregulation of LINC00467 in HNSCC promotes cell growth, cell migration, and EMT by sponging miR-299-5p, thereby upregulating the expression of the oncogene tumor ubiquitin specific protease-48 (USP48), ultimately leading to HNSCC progression. (Chen and Ding, 2020) Additionally, Liang et al. reported that LINC00467 over-expression in HNSCC patients promoted cell invasion and inhibited apoptosis by sponging miR-1285-3p and modulating the expression level of TFAP2A, a downstream target of miR-1285-3p. (Liang et al., 2021).
4.1.12 Gastric Cancer
GC is an aggressive malignant tumor with a high mortality rate that is often diagnosed at an advanced stage. (Abdi et al., 2020) A study found that LINC00467 knockdown inhibited proliferation, migration, and invasion of GC cells. Furthermore, researchers revealed that LINC00467 promotes GC progression by directly regulating miR-7-5p/EGFR (epidermal growth factor receptor) axis. (Deng et al., 2021).
4.1.13 Glioma
Gliomas are tumors derived from the neuroepithelial ectoderm that stand among the most prevalent intracranial tumors, accounting for approximately 40% of all brain tumors. (Chen et al., 2017) Gao et al. demonstrated that high LINC00467 expression is a distinctive feature of glioma cell lines compared with normal cell lines. Moreover, LINC00467 was shown to promote the viability, migration, and invasion of glioma cells, and its expression level was negatively correlated with that of miRNA-200a, but positively correlated with E2F3 expression. LINC00467 accelerated the progression of gliomas by regulating the miR-200a/E2F3 axis. (Gao et al., 2020) Zhang et al. showed that increased LINC00467 expression in glioma cell lines promoted tumor proliferation, invasion, and cell cycle progression, but inhibited cell apoptosis by binding to DNMT1 to inhibit the expression of the tumor suppressor P53. (Zhang et al., 2020) In addition, another study found that LINC00467 exerted its biological function, including accelerating the proliferation and invasion abilities of glioma cells, as well as attenuating apoptosis, by sponging miRNA-485-5p (Jiang and Liu, 2020).
Glioblastoma, which is considered an advanced stage of glioma, is associated with a lower overall survival rate than glioma. (Zhang et al., 2019; Pelcovits and Niroula, 2020) LINC00467 knockdown was demonstrated to hinder cell proliferation while promoting cell apoptosis in glioblastoma by sponging miR-339-3p and regulating its target downstream gene, IP6K2. (Liang and Tang, 2020).
4.2 Other Functional Mechanisms
Except for functioning as a ceRNA in the underlying mechanisms of various human cancers, LINC00467 can also play different biological roles by interacting with certain proteins, regulating classical signaling pathways, or encoding micro peptides.
4.2.1 Neuroblastoma
Neuroblastoma is a malignant embryonal tumor frequently diagnosed in children that usually occurs in the abdomen and has a high metastatic burden. (Park and Cheung, 2020) The role of LINC00467 in human cancers was first reported by Atmadibrata et al., who identified that LINC00467 transcription was regulated by N-Myc, a type of Myc oncoprotein that is associated with neuroblastoma occurrence. (Atmadibrata et al., 2014) In this study, it was demonstrated that N-Myc could reduce LINC00467 and RD3 gene promoter activity by directly binding to the Sp1-binding site-enriched region. Through this regulatory mechanism, N-Myc could downregulate the expression of LINC00467 and RD3. Moreover, LINC00467 could reduce the mRNA expression of its neighboring protein-coding gene RD3. To conclude, N-Myc-mediated suppression of RD3 mRNA expression could be blocked by N-Myc-mediated suppression of LINC00467. Furthermore, LINC00467 knockdown reduced the survival of neuroblastoma cells by inducing the expression of DKK1, a classic tumor suppressor gene. However, in this study, the specific roles of LINC00467 in neuroblastoma cells were not investigated in detail.
4.2.2 Bladder Cancer
Bladder cancer, which mainly occurs in men, is the most common malignancy of the genitourinary system. (Bray et al., 2018) A recent study on the underlying molecular mechanisms of bladder cancer validated that LINC00467 is highly expressed in bladder cancer tissues and cells. LINC00467 was also demonstrated to be a promotion of bladder cancer cell proliferation and invasion. Using the catRAPID algorithm, it was predicted that LINC00467 could bind to NF-kB p65 through several binding sites. Further functional experiments showed that LINC00467 binding to NF-kB p65 increased the stability of this transcription factor and its nuclear translocation, a subcellular process in which NF-kB p65 could be transported into the cell nucleus to regulate gene expression. Moreover, rescue assays demonstrated that LINC00467 could promote the progression of bladder cancer through the NF-κB signaling pathway, which is closely correlated with the occurrence and development of tumors. (Xiao et al., 2021)
4.2.3 LUAD
In LUAD, except for sponging miRNAs, LINC00467 could also exert its function through other molecular mechanisms. A study confirmed that LINC00467 inhibited the expression of HtrA serine peptidase 3 (HTRA3), a downstream gene of LINC00467, by recruiting EZH2 to the HTRA3 promoter, thereby regulating the characteristics of LUAD cells. (Wang et al., 2019) Yang et al. (2019) discovered that STAT1 (signal transducer and activator of transcription 1)-mediated upregulation of LINC00467 promoted LUAD cell proliferation and migration by recruiting enhancer of zeste homolog 2 (EZH2) to downregulate DKK1, which resulted in the inhibition of the Wnt/β-catenin signaling pathway.
4.2.4 NSCLC
In another study, Using the GEPIA and Kaplan–Meier Plotter databases, Zhu et al. found that LINC00467 is highly overexpressed in NSCLC tissues and is associated with advanced clinical stages and poor prognosis. Furthermore, functional experiments confirmed that LINC00467 upregulation was due to TDG (Thymine DNA Glycosylase)-mediated acetylation. Additionally, LINC00467 has been proven to promote NSCLC cell proliferation and metastasis by regulating the Akt signaling pathway. (Zhu et al., 2020).
4.2.5 HCC
LINC00467 can also regulate the initiation and development of HCC through interacting with certain proteins and participating in post-transcriptionally modification. Jiang et al. reported that upregulation of LINC00467 facilitated proliferation and metastasis but hindered cell apoptosis in HCC. A series of functional experiments revealed that the underlying mechanism relied on the direct binding between LINC00467 and insulin-like growth factor-2 messenger RNA-binding protein 3 (IGF2BP3), which increased the stability of the transcript encoding the tumor necrosis factor receptor-associated factor 5 (TRAF5). (Jiang et al., 2020) In addition, LINC00467 can post-transcriptionally reduce the expression of the tumor suppressor NR4A3 by regulating Dicer-dependent RNA splicing, which ultimately contributes to HCC tumorigenesis. (Wang et al., 2020)
4.2.6 CRC
To date, there has only been one article of LINC00467 working by encoding a micro peptide. A study focusing on the role of ATP synthase-associated peptide (ASAP), a micro peptide encoded by LINC00467, reported that ASAP facilitated tumor proliferation through the regulation of mitochondrial ATP production in CRC. Moreover, ASAP expression was negatively correlated with the prognosis of patients with CRC. (Ge et al., 2021).
4.2.7 Testicular Germ Cell Tumors
TGCTs, which can be classified as seminoma or non-seminoma tumors, mainly occur in men aged 20–40 years. In China, its incidence is one every 100,000 people. Furthermore, in China as well as worldwide, the incidence of this disease is gradually increasing (Chia et al., 2010; Greene et al., 2010; Shanmugalingam et al., 2013) Bo et al. reported that LINC00467 can promote TGCT cell migration and invasion by controlling the expression level of AKT3 and affecting the total AKT phosphorylation level. Interestingly, LINC00467 could also inhibit the infiltration of immune cells as well as their activation, indicating that it may be a potential target for anti-PD-1 immunotherapy. (Bo et al., 2021)
4.2.8 GC
In GC, Xu et al. reported that the upregulation of LINC00467 in patients with GC was positively associated with tumor differentiation and the TNM stage. Functional experiments revealed that overexpression of LINC00467 increases GC cell viability and proliferation while suppressing apoptosis by enhancing ITGB3 (integrin subunit beta 3) levels. (Xu et al., 2021)
5 DISCUSSION
Recent studies have shown that LINC00467 overexpression is associated with numerous diseases, especially with the progression of various types of tumors. However, the role of LINC00467 in HCC is controversial. In addition, several studies have confirmed that high expression of LINC00467 is associated with poor prognosis in various tumor types. Functional experiments on cancer cells showed that LINC00467 could promote the proliferation, invasion, migration, and inhibition of apoptosis of tumor cells, while silencing LINC00467 exerted the opposite effects. However, owing to the different sample sizes and procedures of each study, the results are non-concluding, and a larger study or multicentre joint studies are needed to further verify these conclusions. Additionally, studying LINC00467 expression levels in human blood or other body fluids would be beneficial for evaluating its clinical application as a promising biomarker for the early diagnosis and prognosis of various diseases. Moreover, silencing LINC00467 could be a suitable therapeutic strategy, but more studies are needed to verify this. In vivo studies of LINC00467 with cell-derived and patient-derived xenograft animal models are required to further assess the role of LINC00467 in tumor progression, avoid the limitations of in vitro studies, and test new treatment options. However, some of the studies referred to in this paper, such as those conducted for OS, CRC, TGCT, GC, glioma, esophageal cancer, and HNSCC, were performed only in vitro without further in vivo validation of their findings.
LINC00467 has been demonstrated to function through diverse regulatory mechanisms, mainly acting as a ceRNA of a series of miRNAs, including miR-339, miR-494-3p, miR-125A-3p, miR-4779, miR-7978, miR-20b-5p, miR-107, miR-509-3p, miR-18a-5p, miR-9-5p, miR-217, miR-451A, miR-138-5p, miR-485-5p, miR-299-5p, miR-1285-3p, miR-7-5p, miR-200a, miR-339-3p, and miR-485-5p. By sponging these miRNAs, LINC00467 alters the expression level of downstream genes and influences cell signalling pathways. Central signalling cascades have been found among the pathways regulated by LINC00467; for example, the Wnt/B-catenin pathway in LUAD. However, a few studies failed to fully elucidate the mechanism of action of LINC00467 in some diseases. For example, a study found that LINC00467 could competingly bind with miR-451a, but its downstream gene was not studied. (Bai et al., 2020) Additionally, Bo et al. reported that LINC00467 promotes TGCT cell invasion and migration by activating AKT3. However, the detailed regulatory mechanism between LINC00467 and AKT3 is not illustrated. (Bo et al., 2021) Herein, we expect more comprehensive and in-depth studies to advance the clinical application of LINC00467 in the future.
It is worth noting that studies on HCC have shown that LINC00467 expression is higher in HCC tissues than in controls (Jiang et al., 2020; Wang et al., 2020; Zheng et al., 2020) However, Cai et al. (2019) reported the opposite result in their clinical samples. Furthermore, they found that LINC00467 expression in HCC tissues with metastasis was lower than that in non-metastatic tissues. This contradiction needs to be assessed by further validation with more clinical samples of HCC. Meanwhile, several studies reported that LINC00467 plays a carcinogenic role in HCC by sponging miR-18a-5p or miR-509-3p (Zheng et al., 2020; Li W. et al., 2021), inhibiting NR4A3 (Wang et al., 2020), and binding to IGF2BP3. (Jiang et al., 2020) Cai et al. (2019) studied the LINC00467/miR-9-5p/PPARA axis and concluded that LINC00467 exerts a tumor-suppressive effect in HCC tissues. If the data is real, this contradiction on HCC indicates that LINC00467 plays different roles depending on the cell type.
In addition to regulating the expression level of downstream genes, LINC00467 also functions as a protein-coding RNA, as it encodes several short peptides. Before Andrews and Rothnagel (2014) and Bazzini et al. (2014) reported that ncRNAs could encode hundreds of functional micro peptides, lncRNAs had long been regarded as “transcriptional noise”. Soon afterward, Anderson et al. (2015) found a novel micro peptide myoregulin (MLN), encoded by a lncRNA, plays an important role in regulating skeletal muscle physiology. Similarly, in CRC, LINC00467 can encode a short peptide ASAP, which promotes CRC cell proliferation. Although current studies on LINC00467 and other lncRNAs mainly focus on their interaction with miRNA or proteins, further investigation into the function of these micro peptides encoded by short open reading frames is needed.
Exosomes are a subtype of extracellular vesicles with a diameter of 40–150 nm, secreted by almost all types of living cells (Cocucci and Meldolesi, 2015) An increasing number of studies have confirmed that exosomes are responsible for many biological functions as they transport a large number of functional units, such as DNA, RNA, and proteins. Data from the GEO databases shows that one of the LINC00467 transcripts (NONCODE ID: NONHSAT225914.1) is expressed in exosomes of some samples, such as those from tuberculosis patient serum and HepG2s (Hepatocellular Carcinoma Cell Line Exosomes). Further studies should be conducted to determine the role of exosome-mediated transport of LINC00467 in various diseases.
In this review, the latest research progress on LINC00467 is summarized, and its biological mechanisms and clinical application value in various tumors are detailed. The described studies highlight that LINC00467 plays a remarkable role as an oncogene. Further research on LINC00467 and its mechanism of action may contribute to its use for disease diagnosis, targeted therapy, and prognostic evaluation in the future.
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Background: Immune targeted therapy has become an attractive therapeutic approach for patients with dilated cardiomyopathy (DCM) recently. Genetic predisposition and gender play a critical role in immune-related responses of DCM. This study aimed to perform a bioinformatics analysis of molecular differences between male and female samples and identify immune-related ceRNA network in DCM.
Methods: The gene expression microarray and clinical features dataset of GSE19303 was downloaded from the GEO. The raw data were preprocessed, followed by identification of differentially expressed genes (DEGs) between male and female DCM samples. Crucial functions and pathway enrichment analysis of DEGs were investigated through GO analysis and KEGG pathway analysis, respectively. A lncRNA–miRNA–mRNA network was constructed and a central module was extracted from the ceRNA network.
Results: Compared with the female group, the male group benefits more from IA/IgG immunotherapy. Male patients of DCM had a significant positive correlation with the abundance of inflammatory cells (B cells, memory B cells, CD8+ Tem cells, and NK cells). Sex difference DEGs had a widespread impact on the signaling transduction, transcriptional regulation, and metabolism in DCM. Subsequently, we constructed an immune-related ceRNA network based on sex differences in DCM, including five lncRNAs, six miRNAs, and 29 mRNAs. Furthermore, we extracted a central module from the ceRNA network, including two lncRNAs (XIST and LINC00632), three miRNAs (miR-1-3p, miR-17-5p, and miR-22-3p), and six mRNAs (CBL, CXCL12, ESR1, IGF1R, IL6ST, and STC1). Among these DEGs, CBL, CXCL12, and IL6ST expression was considered to be associated with inflammatory cell infiltration in DCM.
Conclusions: The identified ceRNA network and their enriched pathways may provide genetic insights into the phenotypic diversity of female and male patients with DCM and may provide a basis for development of sex-related individualization of immunotherapy.
Keywords: dilated cardiomyopathy, immunotherapy, sex differences, ceRNA network, gene regulation, bioinformatics
INTRODUCTION
Globally, dilated cardiomyopathy (DCM) is one of the most common forms of cardiomyopathy, and it represents a leading cause of cardiac transplantation in children and adults (Martinez et al., 2021). Contemporary estimates of the DCM prevalence range from one in 2,500 to one in 250 people (Merlo et al., 2018). Theoretically, DCM is a heart muscle disease characterized by left or biventricular dilatation and systolic dysfunction in the absence of coronary artery disease, hypertension, valvular disease, or congenital heart disease (WJ et al., 2017). The important feature of DCM is the structural or functional abnormalities of the heart muscle, which leads to complications such as heart failure and arrhythmia and results in substantial morbidity and mortality (P et al., 1996). It is increasingly appreciated that DCM is more than a single-disease entity of “nonischemic” heart failure but rather represents a unique family of heart muscle diseases with complex interactions between genetic predisposition, infection, inflammation, autoimmune diseases, endocrine, and environmental precipitants (Asher et al., 2021).
Male sex is a key risk factor for progression to heart failure following a large number of cardiovascular conditions, including DCM (Cannata et al., 2020). Studies reported gender data for nongenetic DCM with an average overall sex ratio of 2.5:1, male to female (Jain et al., 2021). However, few clinical studies have specifically investigated gender-related differences in the incidence or pathogenic mechanisms of DCM. It was found that men with acute DCM had higher expression of apoptosis-related proteins than that of women and higher expression levels associated with lower left ventricular ejection fraction (LVEF; the fraction of the volume of fluid ejected from the left ventricle with each contraction) (Sheppard et al., 2005a).
The most common causes of DCM are infections and autoimmunity. Enteroviruses, adenoviruses, and herpesviruses are commonly found in patients with DCM (Maekawa et al., 2007). Virus infection triggers the recruitment of inflammatory cells including mast cells, macrophages, helper T cells, and B cells (Schultheiss et al., 2019). These immune cells release cytokines, such as transforming growth factor-β1 (TGFβ1), interleukin (IL), and tumor necrosis factor (TNF), and other mediators that promote remodeling, collagen deposition, and fibrosis (Epelman et al., 2015). In addition, a number of factors, including the components of innate immunity and profibrotic cytokines, have been identified in animal models as important pathogenic mechanisms that increase inflammation and susceptibility to chronic DCM (Elamm et al., 2012). Correspondingly, immunoadsorption with subsequent immunoglobulin substitution (IA/IgG) therapy could improve LVEF, LVIDD, and NYHA classes of DCM (Ameling et al., 2016).
With the rapid development of sequencing technologies, an increasing number of competing endogenous RNAs (ceRNAs), such as microRNA (miRNA), long noncoding RNA (lncRNA), and circular RNA (circRNA), have been found to be involved in DCM progression (Lin et al., 2021). The genes most commonly known to cause DCM, including TTN, LMNA, MYH7, BAG3, TNNT2, and others, were identified initially in large DCM pedigrees (Schultheiss et al., 2019). Interestingly, a number of circRNAs are generated from genes which are associated with cardiovascular diseases, such as TTN and RYR2 (Tan et al., 2017). In addition, emerging evidence reveals critical roles for lncRNAs in the development and progression of DCM (Chen et al., 2021). Moreover, downregulation of the miRNA-221/222 family associated with heart failure enables profibrotic TGF-β signaling in pressure-overloaded hearts (Verjans et al., 2018).
Historically, pharmacological therapy (ACE inhibitors and β-blockers) and cardiac resynchronization therapy (CRT) are standard treatments for heart failure in DCM, but they all have limitations. Recently, immunotherapies have become an attractive therapeutic strategy in DCM. Moreover, sex differences and gene expression influence the efficacy of immunotherapies (Jain et al., 2021). Therefore, to provide personalized immunotherapy for DCM patients, it is crucial to identify key genes and pathways that may be related to the phenotypic diversity of male and female patients. In our study, we used a GSE19303 gene expression microarray of the myocardial biopsy samples from DCM patients. First, we found that immunotherapy significantly improved the clinical outcome of male DCM patients. Furthermore, we identified the sex-related DEGs in DCM and constructed pathways and functional enrichment analysis. We identified sex difference immune–related ceRNA network with high reliability, and our results showed that the lncRNA–miRNA–mRNA network may provide a new understanding of the mechanisms and potential therapeutic targets for DCM.
MATERIALS AND METHODS
Data Source
The GSE19303 gene expression microarray and clinical features dataset was obtained from Gene Expression Omnibus (http://ncbi.nlm.nih.gov/geo/). The dataset contained a total of 81 endomyocardial biopsy samples, 40 baseline biopsies from patients with DCM, 33 of 40 patients had received immunotherapy (immunoadsorption with subsequent immunoglobulin substitution (IA/IgG) treatment), 33 follow-up biopsies of DCM patients collected 6 months after the treatment, and eight biopsies from individuals without DCM (Ameling et al., 2016). Among them, 40 baseline and 33 follow-up endomyocardial biopsy samples from DCM patients were utilized in our study and were divided into groups of different sexes. The male patient group contained 28 samples, and the female patient group included 12 samples. The platform for the gene expression profiles was GPL570 [HG-U133_Plus_2] Affymetrix Human Genome U133 Plus 2.0 Array (Affymetrix; Thermo Fisher Scientific, Inc., Waltham, MA, United States).
Research Design and Data Preprocessing
We retrieved the expression matrix from the GEO database and preprocessed it by using the robust multiarray analysis (RMA) method (http://www.bioconductor.org/). After log2 transformation and quantile normalization of the expression data, we annotated the converted probe ID for each gene to a gene symbol utilizing hgu133plus2. db, org. Hs.eg.db, and the annotate package in Bioconductor (http://www.bioconductor.org/). If a gene’s symbol corresponded with the multiple probe IDs, the expression level of that gene was represented by the mean of the probes.
Clinical Features Analysis
T-tests or paired t-tests were used to test for differences, and outlier samples were assessed using 1.5 times the interquartile range of the differences, and Shapiro–Wilk normality test was used for normality tests. A p-value less than 0.05 is considered statistically significant.
Immune Cell Infiltration Abundance Analysis
IOBR (Immuno-Oncology Biological Research) is a computational tool for immuno-tumor biology research (Zeng et al., 2021). Here, based on our expression profiles, we use the IOBR package in R to analyze the immune cell infiltration abundance of GSE19303 datasets. The xCell method was selected to calculate infiltration abundance of 64 kinds of immune cells, stem cells, and stromal cells in each sample (Aran et al., 2017). The DEGs of the ceRNA network were divided into the high-expression and low-expression groups by the median. The relationship between DEG expression and the fractions of immune cells was investigated by Wilcoxon test. The results were visualized using the ggplot packages in R software.
Identification of Sex Difference Differentially Expressed Genes
The Linear Models for Microarray Analysis (Limma) package in R software was applied to identify the differentially expressed genes (DEGs) in the male DCM samples compared with the female DCM ones, based on Student’s t-test. Adjusted p-values were calculated using the Benjamini–Hochberg method. The significant DEGs were selected with a threshold of p-value < 0.05 and fold change>1.5. We obtained the volcano plot utilizing the pheatmap package in R.
Moreover, we excluded the genes in the Y chromosomes and then compared the male and female DCM samples again using the Limma package. p-value < 0.05 and fold change>1.5 were selected to be the cutoff criteria of the significant DEGs. We obtained another volcano and heatmap plot. In order to plot the differentially expressed lncRNAs (DE-lncRNAs), we used the pheatmap package in R to construct a heatmap.
Functional Enrichment Analysis
In order to explore the potential functions and pathways that may be altered by the DEGs, we applied the clusterProfiler package in R to perform the functional and pathway enrichment analyses of the identified DEGs. The Gene Ontology (GO; http://www.geneontology.org/) database was used to determine the biological processes (BPs) that the DEGs may be involved in. In addition, according to the modified Fisher’s exact test, the Kyoto Encyclopedia of Genes and Genomes (KEGG; http://www.genome.jp/kegg/pathway.html) database was used for pathway enrichment analysis of the identified DEGs. The selection criteria for the significant GO terms and pathways were p < 0.05, and the number of enriched genes were (also called count) > 2. The plots were performed by the ggplot2 package in R.
Gene Set Enrichment Analysis
GSEA software (version 3.0) and c2. all.v7.4. symbols.gmt subcollection were obtained from the GSEA website (http://software.broadinstitute.org/gsea/index.jsp) (Subramanian et al., 2005). We divided the samples into two groups by sex. The minimum gene set was 5 and the maximum gene set was 5,000, with 1,000 resampling. p-value < 0.05 (as needed) or FDR <0.25 (as needed) were considered statistically significant.
Screening of Sex Difference Immune-Related Genes
Potential interactions between DE-lncRNAs and DE-miRNAs and between DE-miRNAs and DEGs were predicted using DIANA (https://diana.e-ce.uth.gr/lncbasev3) (Karagkouni et al., 2020) and ENCORI databases (https://starbase.sysu.edu.cn/index.php) (Li et al., 2014), respectively. Only the lncRNA–miRNA and miRNA-DEG interactors, that had an opposite expression trend, were used to construct the ceRNA network. The immune gene list was obtained from the Immunology Database and Analysis Portal (IMMPORT) database (http://www.immport.org/) (Bhattacharya et al., 2014). The Venny online tool was used to analyze the overlapping genes (http://jvenn.toulouse.inra.fr/app/example.html) (Bardou et al., 2014).
ceRNA Network Enrichment Analysis
Coexpression patterns in 29 immune-related DEGs were analyzed using Pearson’s correlation coefficient, and the results were visualized using the heatmap packages in R software. Cytoscape software (version 3.8.2, https://cytoscape.org) was used to develop the ceRNA network. For gene set functional enrichment analysis, we used the GO and KEGG annotations of genes in the R package org. Hs.eg.db (version 3.1.0) as the background to map the genes to the background set using the R package clusterProfiler (version 3.14.3) to perform enrichment analysis to obtain gene set enrichment results. p-value < 0.05 was considered statistically significant.
Predicted Protein–Protein Interaction Network Analysis
A protein–protein interaction (PPI) network, comprising 50 ceRNA network coexpression proteins, was constructed by GeneMANIA (http://genemania.org/) (Warde-Farley et al., 2010). These nodes represent genes that are closely related to the ceRNA network in terms of physical interactions, shared protein domains, predictions, colocalization, pathway, coexpression, and genetic interactions. We use NetworkAnalyst (version 3.0, https://www.networkanalyst.ca/) to carry out the heart (left ventricle)-specific PPI, TF-miRNA interactions, and protein–chemical interaction analysis on the ceRNA network coexpression module (Zhou et al., 2019). In these networks, the nodes represent individual genes/proteins/chemicals, while the edges which connect the nodes correspond to a known, curated interaction between a given pair of nodes.
Tool Usage
All the statistical analyses were performed using R (version 3.6.4) or SPSS (version 19.0), and a p-value less than 0.05 is considered statistically significant. The plots were performed by R, Cytoscape software (version 3.8.2, https://cytoscape.org), or SangerBox tools (version 3.0, http://www.sangerbox.com/tool).
RESULTS
Baseline Clinical Characteristics of Dilated Cardiomyopathy Patients
The RNA array data for a total of 40 DCM patients were acquired from the GES19303 dataset. The detailed baseline clinical features are listed in Supplementary Table S1. Among the 40 participants, 28 were male and 12 were female. DCM patient gender (male vs. female) was significantly correlated with age (52.2 ± 9.21 years vs. 45.42 ± 8.08 years, p = 0.032) and Epstein–Barr virus (EBV) infection (0/28 vs. 2/12, p = 0.027). However, gender was not significantly correlated with other clinical features such as LVEF, LVIDD, BMI, inflammation index, total virus infection, PVB19 infection, HHV6 infection, HSV1 infection, and IgG treatment.
Immunotherapy Significantly Improves the Clinical Outcome of Dilated Cardiomyopathy Patients
Moreover, we investigated the association between IA/IgG treatment and clinical outcome features in DCM patients. In female patients, immunotherapy was significantly correlated with LVEF (32.00 ± 7.44% vs. 40.00 ± 7.93%, p = 0.002) and LVIDD (67.20 ± 9.40% vs. 64.40 ± 9.79%, p = 0.047). For male patients, immunotherapy was more significantly correlated with LVEF (34.70 ± 5.43% vs. 43.22 ± 8.88%, p = 3.74E-04) and LVIDD (70.74 ± 6.72% vs. 65.70 ± 10.30%, p = 1.417E-04) (Figures 1A,B). However, IgG treatment was not significantly correlated with the inflammation index (Table 1). These results suggest that IA/IgG immunotherapy could significantly improve the outcome of DCM especially in male patients.
[image: Figure 1]FIGURE 1 | Correlations Between IgG immunotherapy and Clinical Outcome Features. (A) LVEF in paired baseline and IgG treatment DCM patients. (B) LVIDD in paired baseline and IgG treatment DCM patients. *, p < 0.05; **, p < 0.01; and ***, p < 0.001.
TABLE 1 | Correlations between IA/IgG immunotherapy and clinical features of DCM in male and female patients.
[image: Table 1]Sex is Correlated With Immune Infiltration Levels in Dilated Cardiomyopathy
To gain insight into potential target immune cells of DCM IA/IgG immunotherapy, we estimated the composition of the microenvironment in baseline DCM patients by using the xCell algorithm. Our result showed that the composition of the microenvironment of DCM was complex (Figure 2A). The top five abundant cell types were multipotent progenitors (MPPs), mesenchymal stem cells (MSCs), natural killer T cells (NKTs), immature dendritic cells (iDCs), and microvascular endothelial cells (mv endothelial cells) (Figure 2B). Moreover, when compared with the female DCM patients, male DCM patients had a significant positive correlation with abundance of B cells, memory B cells, effect memory CD8+ cells, and NK cells (Figure 2C). These results suggest that sex-differentiated microenvironments may contribute to differences in immunotherapy efficacy.
[image: Figure 2]FIGURE 2 | Correlations of gender with immune infiltration level in DCM tissues. (A) Distribution of immune cell infiltration in each sample. (B) Heatmap of immune cell types. (C) Violin plot of infiltrating immune cells.
Identification of Sex Difference Differentially Expressed Genes in Dilated Cardiomyopathy
A total of 1,138 DEGs were finally screened from the comparison of male DCM samples with female DCM samples, including 579 upregulated and 556 downregulated DEGs (Figure 3A). Considering that genes in the Y chromosome is few in number and misleading, we removed the genes in the Y chromosome in the subsequent analyses. After excluding the genes in the Y chromosomes, we obtained 1,071 DEGs, of which 542 were upregulated and 529 were downregulated in the male group (Figure 3B). The top 50 significant positive and negative sex-related DEGs correlated with DCM are shown in the heatmap (Figure 3C). Interestingly, there were 68 differentially expressed lncRNAs (DE-lncRNAs) and five differentially expressed miRNAs (DE-miRNAs) in DEGs, and the top 50 significant DE-lncRNAs are shown in the heatmap (Figure 3D).
[image: Figure 3]FIGURE 3 | Identification of sex difference DEGs in DCM. (A) The volcano plot of all DEGs of male and female DCM patient myocardial tissues. The differences are set as p value<0.05 and |log FC| >1.5. (B) The volcano plot of all DEGs of male and female DCM patients after excluding the genes on Y chromosomes. The differences are set as p value<0.05 and |log FC| >1.5. (C) Heatmap showing 50 significantly DEGs of male and female DCM patients after excluding the genes on Y chromosomes. (D) Heatmap showing 50 significant DE-lncRNAs of male and female DCM patients after excluding the genes on Y chromosomes.
Sex Difference Signaling Pathways and Functional Enrichment Analysis in Dilated Cardiomyopathy
The upregulated and downregulated DEGs were processed separately for the GO and KEGG pathway analyses. The significantly enriched biological processes (BPs) were negative regulation of cellular process, negative regulation of programmed cell death, cardiovascular system development, ncRNA metabolic process, and RNA modification (Figure 4A). The significantly enriched cellular components (CCs) were the cytoskeleton, endoplasmic reticulum part, extracellular matrix, complex of collagen trimers, and RNA polymerase I transcription factor complex (Figure 4B). The significantly enriched molecular functions (MFs) were molecular function regulator, signaling receptor binding, extracellular matrix structural constituent, core promoter binding, and antiporter activity (Figure 4C). The significantly enriched KEGG were focal adhesion, tight junction, amebiasis, ECM–receptor interaction, and amino-acid metabolism (Figure 4D). These results suggest that there is a widespread impact of sex difference on the signaling transduction, transcriptional regulation, and metabolism.
[image: Figure 4]FIGURE 4 | Functional enrichment analysis in GO and KEGG. (A) biological process, (B) molecular function and (C) cell composition of GO enrichment analysis. (D) Kyoto Encyclopedia of Genes and Genomes analysis results of differentially expressed gender-related genes between male and female. The words on the left indicates enriched terms, the size of the balls indicates the number of the genes enriched and the color indicates the level of the enrichment.
To confirm the abovementioned results, we performed GSEA on the sex-related DEGs to identify Gene Ontology and signaling pathways that were differentially activated in DCM. The top 20 significant positive and negative enrichment pathways are shown in Figure 5A. GSEA showed that significant positively enriched pathways in male are aminoacyl tRNA biosynthesis, TP53 targets apoptotic, protein repair, RNA polymerase I transcription initiation, and TRAIL signaling. (Figure 5B). Gene sets related to collagens, TGF-beta receptor signaling, epithelial-to-mesenchymal transition, degradation of the extracellular matrix, and IL6 signaling showed enrichment in the female DCM patients (Figure 5C).
[image: Figure 5]FIGURE 5 | Enrichment plots from GSEA. (A) Significantly enriched pathway annotations of DCM. (B) Significantly positive enriched pathways in male DCM patients. (C) Significantly positive enriched pathways in female DCM patients.
Construction of Sex Difference Immune-Related ceRNA Network
Among the 68 DE-lncRNAs and five DE-miRNAs, five DE-lncRNAs (ARHGEF7-IT1, LINC00632, LINC02135, TEX36-AS1, and X-inactive specific transcript (XIST)) were predicted to interact with four DE-miRNAs (miR-1-3p, miR-17-5p, miR-22-3p, and miR-146a-5p) by the DIANA database. The four DE-miRNAs were predicted to interact with a total of 7,747 genes by the ENCORI database (Figure 6A). To further construct the sex difference immune-related ceRNA network, the Venny method was used to analyze the intersection between DEGs, miR-related genes, and immune genes (Figure 6B). The coexpression plot among these 29 genes is presented in Figure 6C. These DE-lncRNA–miRNA–immune gene interaction pairs were integrated to construct the ceRNA network (Figure 6D). Furthermore, we extracted a central module from the ceRNA network, including two lncRNAs (XIST and LINC00632), three miRNAs (miR-1-3p, miR-17-5p, and miR-22-3p), and six mRNAs (Casitas B-Lineage Lymphoma Proto-Oncogene (CBL), C-X-C Motif Chemokine Ligand 12 (CXCL12), Estrogen Receptor 1 (ESR1), Insulin-like Growth Factor 1 Receptor (IGF1R), Interleukin 6 Cytokine Family Signal Transducer (IL6ST), and Stanniocalcin 1 (STC1)) (Figure 6E).
[image: Figure 6]FIGURE 6 | Construction of Sex difference Immune-related ceRNA Networks. (A) Intersection between four kinds of microRNAs. (B) Intersection between DEGs, miR-related genes and immune genes. (C) Co-expression analysis of immune-related DE-mRNAs. (D) ceRNA network among lncRNAs, miRNAs, and mRNAs, Circular, mRNAs; triangle, lncRNAs; square, miRNAs. (E) Central module from the ceRNA network.
GO and KEGG enrichment analyses were conducted to investigate the functions of the ceRNA network. GO_BP analysis showed that ceRNA network was significantly enriched in programmed cell death, immune system process, and heart development (Figure 7A). GO_CC analysis showed that the ceRNA network was significantly enriched in the cell surface, endoplasmic reticulum, and collagen-containing extracellular matrix (Figure 7B). GO_MF analysis showed that the ceRNA network was significantly enriched in molecular function regulator, cytokine activity, and RNA polymerase II transcription factor binding (Figure 7C). The KEGG pathway enrichment analysis showed that ceRNA network was significantly enriched in cytokine–cytokine receptor interaction, Ras signaling pathway, and natural killer cell–mediated cytotoxicity (Figure 7D).
[image: Figure 7]FIGURE 7 | Functional enrichment analysis of ceRNA Network. (A) biological process, (B) molecular function, (C) cell composition and (D) KEGG analysis results of differentially expressed immune-related genes between male and female.
Regulators of Sex Difference Immune-Related ceRNA Network in Dilated Cardiomyopathy
The protein–protein interaction (PPI) network was assembled based on the ceRNA network in the DCM cohort by GeneMANIA. The analysis showed that the 50 most significantly coexpressed genes play roles in peptidyl-tyrosine phosphorylation, leukocyte chemotaxis, and the vascular process in the circulatory system (Figure 8A). Next, the ceRNA network was assembled based on the heart (left ventricle)-specific data collected from the DifferentialNet database (Basha et al., 2018) by NetworkAnalyst (Figure 8B). The top five hub proteins were CBL, FYN Proto-Oncogene (FYN), Kinase Insert Domain Receptor (KDR), ESR1, and Histone Deacetylase 1 (HDAC1) (Supplementary Table S2). Furthermore, a graph of TF-miRNA coregulatory interactions of the ceRNA network was constructed based on the RegNetwork database (Liu et al., 2015) (Figure 8C). From this, the top five TFs identified were Myelocytomatosis Oncogene (MYC), Nuclear Factor Kappa B Subunit 1 (NFKB1), Specificity Protein 1 (SP1), MYC Associated Factor X (MAX), and Upstream Transcription Factor 1 (USF1) (Supplementary Table S3).
[image: Figure 8]FIGURE 8 | Significantly ceRNA networks in DCM. (A) 50 most significant co-expressed of protein-protein interaction (PPI) network by GeneMANIA. (B) heart-specific protein-protein interaction network by NetworkAnalyst. (C) transcription factor-miRNA (TF-miRNA) coregulatory interactions network by NetworkAnalyst. (D) Potential target drugs of sex difference immune-related ceRNA Network by NetworkAnalyst.
Identifies Potential Target Drugs of Sex Difference Immune-Related ceRNA Network
To gain insight into the potential target drugs based on our established ceRNA network, we examined protein–chemical interactions from the Comparative Toxicogenomics Database (CTD) (Davis et al., 2021) (Figure 8D). Excluding hazardous chemicals, the top five drugs were 4-fluorobenzoyl-TN-14003, polyphenon E, 3-(4-methylphenylsulfonyl)-2-propenenitrile, deoxyglucose, and arachidonic acid (Supplementary Table S4). 4-fluoro benzoyl-TN-14003(BKT140, motixafortide) is a high-affinity CXCR4 antagonist, which can inhibit the migration of prostate cancer cells (Peng and Kopecek, 2014). BKT140 has been tested in stimulating megakaryopoiesis and platelet production (Abraham et al., 2013). Polyphenon E is a green tea polyphenol preparation which possesses potent antioxidative and anti-inflammatory properties (Bornhoeft et al., 2012). 3-(4-methylphenylsulfonyl)-2-propenenitrile (BAY11-7,082) is an NF-kappaB inhibitor, which can protect the myocardial infarction heart from cardiac dysfunction in the mouse model (Martinez-Martinez et al., 2017). Moreover, BAY11-7,082 significantly reduced the TNF and IL-6 protein expression in atherogenesis (Vallejo et al., 2018). Deoxyglucose (2-DG) is a glucose molecule which cannot undergo further glycolysis. 2-DG can antagonize DOX-induced cardiomyocyte death, which is mediated through multiple mechanisms, including the preservation of ATP content, the activation of AMPK, and the inhibition of autophagy (Chen et al., 2011). Arachidonic acid (AA) is an essential fatty acid, which can be found in fish and certain plant oils. Higher in vivo circulating and tissue levels of AA were associated with lower risk of major cardiovascular events (Marklund et al., 2019). In addition, sex differences in the AA levels could be an important underlying mechanism for different effects of sex hormones and cardiovascular disease differences between males and females (Gerges and El-Kadi, 2021). Based on the previous research, these drugs show promising potential as novel therapies against DCM via the immune-related ceRNA network. However, further evaluation is still needed.
Correlation of Immune Cell Infiltration and ceRNA Network
For further analysis, the DEGs of the ceRNA network were divided to the high-expression and low-expression groups by median. The correlation between immune cell abundance and DEGs was analyzed by the Wilcoxon test. CBL expression had a significant positive correlation with macrophages (p = 0.03), neutrophils (p = 0.008), and fibroblasts (p = 0.02). Moreover, CBL expression had a significant negative correlation with CD8+Tem (p = 0.0096) and conventional DC (cDC, p = 0.0056) (Figure 9A). CXCL12 expression had a significant positive correlation with M1 macrophages (p = 0.03), activated DCs (aDC, p = 0.0035), MSCs (p = 0.02), lymphatic endothelial cells (ly endothelial cells, p = 0.04), and mv endothelial cells (p = 0.0032). Furthermore, CXCL12 expression had a significant negative correlation with B-cells (p = 0.01), Treg (p = 0.03), M2 macrophages (p = 0.04), hematopoietic stem cells (HSC, p = 0.04), and common lymphoid progenitor (CLP, p = 0.0067) (Figure 9B). IL6ST expression had a significant positive correlation with Tregs (p = 0.0014) and myocytes (p = 0.03). Moreover, IL6ST expression had a significant negative correlation with iDC (p = 0.02), ly endothelial cells (p = 0.0044), and mv endothelial cells (p = 0.01) (Figure 9C). However, ESR1, IGF1R, XIST, and LINC00632 expression had no significant correlation with most immune cells in DCM.
[image: Figure 9]FIGURE 9 | Correlations of low/high (A) CBL, (B) CXCL12 and (C) IL6ST expression with immune cells infiltration in DCM.
DISCUSSION
The etiology of DCM can be broadly categorized into genetic, acquired, or mixed (Martinez et al., 2021). Susceptibility in the model systems to an elevated innate immune response is dependent on at least two factors: 1) male sex (e.g., testosterone) and 2) genetic background (Elamm et al., 2012). Males significantly more often developed relevant reduction of LVEF, malignant ventricular arrhythmias, and end-stage heart failure compared with females, and the mortality was also higher in males (Meyer et al., 2014). For a reason, these so-called sex hormones bind to the nuclear-associated receptors in cardiac cells such as cardiomyocytes and fibroblasts, where they influence cell function (e.g., apoptosis and fibrosis) (Sheppard et al., 2005b). Moreover, sex hormone receptors are located on/in many cells of the immune system, including T cells, B cells, monocytes, macrophages, DCs, and mast cells in humans, which activate the sex-specific immune response (Jain et al., 2021). With the intent to gain new genetic insight to understand the phenotypic differences between female and male patients with DCM, we performed this study and identified a set of critical DEGs which may facilitate therapeutic individualization. In this study, we obtained a total of 1,071 DEGs (542 upregulated genes and 529 downregulated genes) between the male and female DCM samples. The DEGs were processed separately for GO and KEGG pathway analyses. The most significantly enriched terms included “regulation of programmed cell death,” “cardiovascular system development,” and “ncRNA metabolic process.”
Viral infections of the heart were considered to be possible triggers or contributors for the development of the disease in a large number of the DCM patients (Kuhl et al., 2005). The most common viruses that induced inflammatory cardiomyopathy include adenoviruses and enteroviruses; vasculotropic viruses; human immunodeficiency virus (HIV), hepatitis C virus (HCV), influenza A virus and influenza B virus; and viruses from the Coronaviridae family and the Herpesviridae family (Tschope et al., 2021). Epstein–Barr virus belonging to the Herpesviridae family is ubiquitous in population and causes a latent, life-long B lymphocyte infection in more than 90% adults worldwide (Macsween and Crawford, 2003). The identification of intramyocyte EBV genome in inflammatory cardiomyopathy patients was up to 6.3% (Chimenti et al., 2004). Moreover, high numbers of EBV-encoded RNA copies were found in the CD8+T cells from endomyocardial biopsies of a female patient with life-threatening perimyocarditis and caused a severe chronic active infection (Richter et al., 2013). We found that DCM patient gender was significantly correlated with EBV infection. Both the sexes have the same seroprevalence of EBV. Nonetheless, EBV antibody titers in females are generally higher than those in males (Keane et al., 2021). Gender and sex hormone estradiol have been demonstrated to alter EBV latency III functions and regulate multiple sclerosis (MS) risk genes differently among both sexes (Keane et al., 2021). However, whether gender and sex hormones affect EBV infection in the myocardium of DCM patients still warrants further research.
In addition to sex differences, genetic predisposition plays a crucial role in the DCM process. The ceRNA network has been proven to be involved in various heart diseases, including DCM (Tao et al., 2019). In this study, we constructed an immune-related ceRNA network based on sex difference in DCM, including five lncRNAs, six miRNAs, and 29 mRNAs. Furthermore, we extracted a central module from the ceRNA network, including two lncRNAs (XIST and LINC00632), three miRNAs (miR-1-3p, miR-17-5p, and miR-22-3p), and six mRNAs (CBL, CXCL12, ESR1, IGF1R, IL6ST, and STC1). Recent studies found that XIST protects the hypoxia-induced cardiomyocyte injury by regulating different kinds of miRNAs (Chen et al., 2018; Fan et al., 2020; Xiao et al., 2021). LINC00632 inhibits IL-13–induced inflammatory cytokine and mucus production (Yue et al., 2020). Li et al. (2018) indicated that miR-1-3p, which correlates with the left ventricular function of HCM, can serve as a potential target and differentiate HCM from DCM. Zhao et al. (2021) reported that miR-17-5p–mediated endoplasmic reticulum stress promotes acute myocardial ischemia injury. Serially measured circulating miR-22-3p is a biomarker for adverse clinical outcome in patients with chronic heart failure (van Boven et al., 2017). CBL (c-Cbl) is an adapter protein with intrinsic E3 ubiquitin ligase activity that targets the receptor and nonreceptor tyrosine kinases, resulting in their ubiquitination and downregulation. Yang et al. (2016). demonstrated that c-Cbl mediates the ubiquitination/degradation of integrin β1, which leads to DCM. Rafiq et al. (2014) reported that c-Cbl activation promotes myocyte apoptosis, inhibits angiogenesis, and causes adverse cardiac remodeling after myocardial infarction. CXCL12, also known as stromal cell–derived factor-1 (SDF-1), plays a role in many diverse cellular functions, including embryogenesis, immune surveillance, and inflammation response. SDF-1β inhibits palmitate-induced cardiomyocyte fibrosis through the activation of the p38β MAPK signaling pathway (Tian et al., 2021). Jorbenadze et al. (2014) demonstrated that platelet-bound SDF-1 is especially increased in patients with severe impairment of left ventricular systolic function in heart failure. IL6ST, also known as gp130, is a signal transducer shared by many cytokines, including IL-6, ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), and oncostatin M (OSM). Gp130 activation is sufficient to promote cardiomyocyte proliferation by activating Yap through Src during heart regeneration (Li et al., 2020). MiR-223-3p can directly combine with IL-6ST 3′ untranslatable regions (UTR) and hold back the IL-6 expression and decrease the expression of p-STAT3 and NF-κB p65 in Kawasaki-related heart disease (Wang et al., 2019).
Immune-targeted therapy has become an attractive therapeutic strategy in DCM recently. Damaged cardiac tissue and infections strongly induce the innate immune response, activating Toll-like receptors (TLRs) and the inflammasome, resulting in the release of the proinflammatory cytokines (Yajima and Knowlton, 2009). Immune cells needed for immune defense, such as macrophages, NK cells, and CD8 T cells, are also important in the early cardiac cellular response in the viral-related DCM models (Elamm et al., 2012). In the case of autoimmune DCM, B cells produce autoantibodies that form immune complexes with self-antigens and complement components (Liu et al., 2000). In addition, the proinflammatory markers, c-fos, IL-6, iNOS, and IL-1β, were upregulated only in the hearts of male but not female rats with autoimmune myocarditis (Barcena et al., 2021). Several clinical trials indicated that immunosuppressive therapies can significantly improve LVEF in patients with inflammatory DCM (Schultheiss et al., 2019). Ameling et al. (2016) demonstrated that immunoadsorption with subsequent immunoglobulin substitution (IA/IgG) improved LVEF, LVIDD, and NYHA classes and inflammation status in DCM patients, accompanied by lower expression of connective tissue growth factor, fibronectin, and collagen type I. However, the response rates to this therapeutic intervention are characterized by considerable interindividual variability (Ameling et al., 2013). Our results, partly in line with the findings of the previous studies, showed that the male sex was significantly positively correlated with inflammatory cell (B cells, memory B cells, CD8+Tem, and NK cells) infiltration.
In summary, in this comprehensive study, we found sex differences in the outcome of immunotherapy in DCM patients. In addition, male DCM patients had a significant positive correlation with the abundance of inflammatory cells (B cells, memory B cells, CD8+ Tem cells, and NK cells). Sex difference DEGs had a widespread impact on the signaling transduction, transcriptional regulation, and metabolism in DCM. Subsequently, we constructed an immune-related ceRNA network based on sex differences in DCM, including five lncRNAs, six miRNAs, and 29 mRNAs. This ceRNA network can regulate a variety of immune-related signaling pathways in DCM. Among this ceRNA network, CBL, CXCL12, and IL6ST were considered to be important DEGs associated with immune cell infiltration. Together, our findings suggest that the sex difference ceRNA network plays a crucial role in immune response regulation in DCM, yet the underlying mechanism still needed further validation.
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Encoding ASAP
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