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Editorial on the Research Topic 
Protein-RNA interplay-regulated signaling in stem cells and cancer


The RNA-protein interplay has been proven to be essential for precise regulation of both RNA and protein, which has many implications in various biological processes including stem cell maintenance, differentiation, carcinogenesis and so on (Ye and Blelloch, 2014; Pereira et al., 2017). More specifically, RNA binding proteins (RBPs) have been shown to regulate RNA metabolism ranging from transcription, modification, processing, nuclear export, translation to RNA decay (Hentze et al., 2018; He et al., 2023). On the other hand, RNA molecules have also been shown to regulate RBP functions such as protein stability, enzymatic activity, translocations (Ni et al., 2019; Deng et al., 2020; Huppertz et al., 2022). In this Research Topic, we focused mainly on the RNA-protein interplay in specific physiological (e.g., stem cell and neurogenesis) and pathological (e.g., cancer or heart diseases) contexts, with emphasis on the RNA modifications in cancer.
Mammalian development begins with a fertilized egg. This process is associated with proper organ or tissue formation with precise cell fate determination. Deng et al. reviewed how RNA degradation machinery selectively clears specific transcripts during early cell fate determinations including maternal-to-zygotic transition, pluripotency maintenance, as well as somatic cell reprogramming Deng et al. Moreover, Chan et al. reviewed the function of many RBPs (e.g., CPEB3, FXR2) in later-stage adult neurogenesis. The authors also discussed that RBPs are involved in many aspects of neurogenesis including cell proliferation, migration, and differentiation (Chan et al., 2022).
The dysregulation of RNA-protein interplay leads to diseases including neuronal diseases, learning defects as discussed by Chan and colleagues (Chan et al., 2022). Moreover, its dysfunction can also cause many other diseases including various cancers and heart diseases. In this Research Topic, Xu et al. demonstrated that 13 out of 14 5-methylcytosine (m5C)-associated RBPs are generally amplified in ovarian cancer, suggesting a direct role of m5C and its associated RBPs in cancer development or therapy. Moreover, the authors established a prognostic prediction model based on several of the m5C regulators including ALYRER, NOP2, and TET2 for overall survival prediction Xu et al.. Besides m5C modification and its associated RBPs, other types of RNA modifications are also involved in cancer development or cancer therapy through various mechanisms (Deng X. et al., 2023). Liu W. et al. conducted a comprehensive analysis on one of the N6-methyladenosine (m6A) readers, YTHDF2, across various cancers. They showed that YTHDF2 might be a biomarker for tumor detection or prognostic analysis Liu W. et al. Chen et al. summarized m6A and its associated protein partners in regulating cancer stemness properties Chen et al. Cancer stem cells are a small subpopulation of cancer cells with the capacity of self-renewal or contributing to the spread of cancer cells, the understanding of m6A and its associated RBPs in cancer stemness provides potential therapeutic strategies for future cancer treatment.
ADAR-mediated A-to-I editing is a more traditional RNA modification to modulate RNA structure, coding sequences on RNAs, which plays critical roles in regulating tumorigenesis and has many implications in therapeutics or prognosis (Jiang et al., 2017; Liu J. et al.) discussed both the editing-dependent and editing-independent roles of ADAR1 in mature mRNA and non-coding RNA (e.g., microRNA, long non-coding RNA and circular RNA) during cancer development. They also discussed the A-to-I editing events in intron or untranslated region, and their effect on translation or mRNA stability in cancer Liu J. et al.
Besides the roles of RNA-protein interplay in cancer, Liu et al. explored the m6A pattern in heart failure with preserved ejection fraction (HFpEF), compared with the HFpEF plus exercise mouse model. They showed that HFpEF plus exercise mouse model displays higher total m6A level and reduced FTO level. Further investigation demonstrated that FTO can promote myocyte apoptosis, myocardial fibrosis, and hypertrophy, which could be a therapeutic target for HFpEF Liu K. et al.
In this Research Topic, we also included two papers focusing on the specific cellular processes regulated by RNA-protein interplay. Chen et al. summarized the enhancer RNA and its partners in regulating gene transcription. The authors also discussed the involvement of RNA modifications and liquid phase condensates in gene transcription Chen et al. Cheung et al. reviewed the roles of RNA modifications and their associated proteins in the regulation of ferroptosis, a new type of programmed cell death. Moreover, they also discussed their potential applications for therapeutic manipulation in cancer Cheung et al.
Altogether, our Research Topic included relevant work or reviews on RNA-protein interplay in both development and diseases. We hope that our topic will be helpful for improving the understanding of RNA-protein interplay at both cellular and molecular level.
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5-Methylcytosine (m5C) is an abundant and highly conserved modification in RNAs. The dysregulation of RNA m5C methylation has been reported in cancers, but the regulatory network in ovarian cancer of RNA m5C methylation-related genes and its implication in metabolic regulation remain largely unexplored. In this study, RNA-sequencing data and clinical information of 374 ovarian cancer patients were downloaded from The Cancer Genome Atlas database, and a total of 14 RNA m5C regulators were included. Through unsupervised consensus clustering, two clusters with different m5C modification patterns were identified with distinct survivals. According to enrichment analyses, glycosaminoglycan and collagen metabolism–related pathways were specifically activated in cluster 1, whereas fatty acid metabolism–related pathways were enriched in cluster 2, which had better overall survival (OS). Besides the metabolism heterogeneity, the higher sensitivity to platinum and paclitaxel in cluster 2 can further explain the improved OS. Ultimately, a least absolute shrinkage and selection operator prediction model formed by ALYREF, NOP2, and TET2 toward OS was constructed. In conclusion, distinct m5C modification pattern exhibited metabolism heterogeneity, different chemotherapy sensitivity, and consequently survival difference, providing evidence for risk stratification.
Keywords: ovarian cancer, 5-methylcytosine, RNA modification, metabolism heterogeneity, LASSO cox regression
INTRODUCTION
Ovarian cancer (OVC) is the most lethal gynecological cancer (Siegel et al., 2021). Because of asymptomatic onset and lack of efficient screening tests, more than 75% of patients are diagnosed at an advanced stage with a 5-year survival rate of 29%, in contrast to 92% for early stage (Singer et al., 2003). The standard frontline care is the debulking surgery to no tumor residual and platinum-based adjuvant chemotherapy, with antiangiogenic therapy applied in patients who have suboptimal tumor reduction and stage IV disease (Lheureux et al., 2019). The poly-ADP-ribose polymerase (PARP) inhibitors have been applied in frontline care for maintenance therapy and in patients with recurrence (Kristeleit et al., 2017; Pujade-Lauraine et al., 2017; Moore et al., 2018). However, the moderate activity of PARP inhibitors was found in patients with homologous recombination dysfunction, and a worse therapeutic effect was observed in homologous recombination–proficient patients (Kaufman et al., 2015). Despite initial response to the first-line treatment, 25% of patients have a relapse within 6 months (Jemal et al., 2003), and more than 80% of patients eventually have a recurrence (Kim et al., 2020). Immunotherapy has demonstrated modest response rates of 10% to 15%, despite a large proportion of OVCs with high expression of programmed death ligand 1 (Pujade-Lauraine, 2017). Facing those challenges in diagnosis and treatment, seeking predictive biomarkers could enable early diagnosis, survival prediction, and identification of patient subgroups who would maximally benefit from those treatments (Lheureux et al., 2019). Consequently, investigations are devoted to molecular and function profiling of OVC for optimal biomarkers.
Dysregulation of RNA expression profile is an important hallmark of tumors (Chai et al., 2019a). RNA 5-methylcytosine (m5C) modification, the methylation of the fifth carbon in cytosine base in RNA sequences, has emerged as one of the critical posttranscriptional regulators of gene expression and has been identified in tRNA, rRNA, and mRNA (Nombela et al., 2021). The distribution of m5C site in mRNA has been reported to be mainly deposited in the coding sequences and enriched around the translation initiation codon (Amort et al., 2017; Yang et al., 2017; Yang et al., 2019; Tang et al., 2020). RNA m5C modification is a reversible and dynamic process mediated by a group of proteins named “writers,” “erasers,” and “readers,” which work as methyltransferases (NSUN, DNMT, and TRDMT families), demethylases (TET family), and binding proteins (ALYREF and YBX1), respectively. RNA m5C modification has been involved in the regulation of gene expression (Roundtree et al., 2017; Chai et al., 2019b) and thus has participated in a series of physiological and pathological processes including cancers (Chen et al., 2021).
Cancer is considered as a disease characterized by the accumulation of genetic or epigenetic alterations of different oncogenes and tumor suppressors (Nombela et al., 2021). Metabolism reprogramming is another indispensable hallmark of cancer. Mutation of oncogene and tumor suppressors drives the reprogramming of metabolism and rewiring of epigenetic modification. Cancer cell fate can also be modified by epigenetic modification and alteration of metabolites. m5C regulator dysregulation has been reported in multiple cancers such as breast cancer, leukemia, bladder cancer, and skin squamous cell carcinoma (Freeman et al., 1991; Blanco et al., 2016; Cheng et al., 2018; Chen et al., 2019). It has also been demonstrated that RNA m5C modification could promote glucose metabolism through enhancing PKM2 mRNA stability in bladder cancer (Wang et al., 2021). However, the role of RNA m5C regulators-mediated m5C methylation modification, as well as its effect on metabolism reprogramming in OVC, remains unclear.
In this study, we revealed the landscape of genetic variation and gene expression of m5C regulators in OVC and established a prognostic prediction model formed by ALYRER, NOP2, and TET2 for overall survival (OS). We also dissected the potential roles of m5C modification in metabolism heterogeneity and altered chemotherapeutic drug sensitivity, which could result in survival differences of OVC patients.
MATERIALS AND METHODS
Data Resources
The workflow of our study is shown in Supplementary Figure S1A . The fragments per kilobase of exon model per million mapped fragments (FPKM) files of RNA-seq transcriptome data, as well as clinical information of 374 cases of OVC, were downloaded from The Cancer Genome Atlas (TCGA) database. The SOFT formatted matrix files of three Gene Expression Omnibus (GEO) datasets (GSE27651, GSE52037, GSE54388, and GSE19829) (Clough and Barrett, 2016) were downloaded using R package getGEO. The Masked Copy Number Segment data of DNA copy number variation (CNV) data of OVC were downloaded from the Genomic Data Commons (https://portal.gdc.cancer.gov).
RNA m5C Regulators
Fourteen m5C regulators including eight writers (NOP2, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7, TRDMT1); four erasers (TET1, TET2, TET3, ALKBH1); and two readers (YBX1, ALYREF) were enrolled in this study (Chen et al., 2021). DMNT3A and DMNT3B were excluded because they have only been reported in Arabidopsis thaliana for now.
m5C Regulators Mutation and CNV Analysis
The somatic mutation investigation of m5C regulators in pan-cancer and the CNV analysis in OVC were performed using cBioPortal website (www.cbioportal.org) (Gao et al., 2013). The Pan-Cancer Project of TCGA was enrolled for somatic mutation evaluation in pan-cancer. The Pan-Cancer Project of TCGA-OV with both somatic mutation and mRNA data was enrolled for CNV analysis in OVC.
Differentially Expressed Gene Analysis
Principal component analysis (PCA) using R package FactoMineR and differential gene expression analysis using R package limma (Ritchie et al., 2015) were conducted, in order to display the different profiles of m5C regulators between human ovarian surface epithelium (HOSE) and OVC. Differential analysis was also utilized in seeking DEGs that were specifically up-regulated in each cluster. DEGs were defined as genes with p < 0.05 and |fold change| >1.2.
Interaction Between 14 m5C Regulators
The protein–protein interaction (PPI) network plot was constructed using the STRING 11.0 b website (https://string-db.org/). The correlation analysis of the m5C regulators among mRNA expression and CNV level and between them was conducted by R package corrplot.
Clustering Analysis of 14 m5C Regulators
The ConsensusClusterPlus package (Wilkerson and Hayes, 2010) was performed to identify distinct m5C phenotype based on the expression of 14 m5C regulators, and 1,000 times repetitions were conducted to ensure the stability of the classification.
Cluster Function Annotation and Exploration of Cluster Metabolism Heterogeneity
The cluster function annotation was conducted using R package Gene Set Variation Analysis (GSVA) to explore the Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment among different m5C clusters. GO hallmark and KEGG hallmark gene sets were downloaded from MsigDB dataset (http://www.gsea-msigdb.org/gsea/msigdb). Further functional annotation of each m5C cluster was performed by R package ClusterProfiler (Yu et al., 2012) using the top 500 expressed genes and DEGs in each cluster for GO and KEGG pathways. Then, Gene Set Enrichment Analysis (GSEA) was performed using cluster DEGs by ClusterProfiler package to further identify up-regulated pathways in the individual cluster. The up-regulated pathways identified in multiple methods were finally visualized in circos plot using R package circlize. Then, metabolic pathways were downloaded from KEGG database including 1,653 human genes assigned to 91 pathways. The GSVA scores of metabolic pathways were calculated using the GSVA package for further correlation with mRNA level of m5C regulators.
Prediction of Drug Sensitivity
The drug sensitivity was predicted using calcPhenotype function in R package oncoPredict (Maeser et al., 2021) based on Genomics of Drug Sensitivity in Cancer cell line dataset (https://www.cancerrxgene.org/). The prediction ability by drug sensitivity score calculation was validated in OVC clinical trial (GSE51373) with area under the curve (AUC) of 0.786. Imputed lower sensitivity score represents higher sensitivity of the drug.
Cell Culture and Cell Growth
OVCAR3 cells were cultured in Dulbecco modified eagle medium (GIBCO, United States) supplemented with 10% fetal bovine serum (GIBCO, United States), penicillin (GIBCO, United States), and streptomycin (GIBCO, United States) and maintained at 37°C in 5% CO2 cell culture incubator. The cells transfected with siRNA targeting TET2 or control (TsingkeBiotechnology, China) were seeded in 96-well plates for the cell viability test. CCK-8 reagent (DOJINDO, Japan) was added into the plate and incubated for 2 h. The cell absorbance at 450-nm wavelengths was measured by using the microplate reader (BioTek, United States) at 0, 1, 2, 3, and 4 days. All experiments were performed in triplicate.
Western Blot
Cells were collected and lysed with cell lysis buffer (Beyotime, China) on ice for 30 min, and the lysate was obtained by centrifugation at 12,000g for 10 min. Proteins were fractionated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and then transferred onto 0.22-μm NC membranes. The membranes were blocked with 5% nonfat milk in TBS/Tween-20 and blotted with the antibody (anti-TET2; ProteinTech) at 4°C overnight. Corresponding secondary antibodies (ZSGB-BIO, China) were added on the membrane at room temperature for 1.5 h. Immunoreactive bands were visualized using enhanced chemiluminescence detection reagent (Millipore, United States).
Statistical Analysis
Correlations among different m5C regulators were evaluated by Spearman correlation analyses using R package corrplot. Correlations between m5C regulators and clinicopathological parameters were evaluated by Spearman correlation analyses using SPSS 25.0. A χ2 test was conducted to compare the clinicopathological parameters of clusters. Kruskal–Wallis test was used to compare gene expression among different samples. R packages survival and survminer (Scrucca et al., 2007) were used to perform the univariate Cox proportional hazards analysis and Kaplan–Meier analysis for OS. R package forestplot and survminer were used for visualized the Cox analysis results and survival curves, respectively. Genes with p < 0.05 in univariate analysis were selected to the least absolute shrinkage and selection operator (LASSO) method regression analysis using R package glmnet. Patients with survival information were randomly divided into two groups (75% in the training group and 25% in the test group) by createDataPartition function from R package caret. Three gene signature and their corresponding coefficients were determined in the training group by glmnet package, and the risk score was calculated for each patient using the prediction function. The AUC of receiver operating characteristic (ROC) curve was calculated by R package survivalROC (Heagerty and Zheng, 2005). True positive (TP) and false positive (FP) of every patient in the training group were calculated through survivalROC function, and the minimum value of the formula (TP-1)*2 + FP*2 was determined as the best cutoff value. This cutoff value was used in the internal training set, internal testing set, and external testing set to divide the samples into the high-score group and the low-score group. R 4.0.3 was used for all the statistical analyses in this study. p < 0.05 is the significance threshold for all the data.
RESULTS
Profiles of Genetic Variation and Gene Expression of RNA m5C Regulators in Ovarian Cancer
First, we comprehensively studied the profile of the genetic variation frequency of m5C regulators in the pan-cancer cohort. The amplification is the prevalent variation pattern of m5C regulator genes in OVC, and 13 of 14 (92.9%) regulators were amplified (Figures 1A,B). Among those regulators, YBX1, NOP2, and NSUN4 genes exhibited the highest amplification frequencies of 7%, 6%, and 5%, respectively (Figure 1B). The significant positive correlation of CNV among regulators was demonstrated especially between ALYREF and writers, as well as TET2 and writers (Figure 1C). Then, we explored the correlation between CNV and mRNA levels of each regulator and found a significant positive correlation in all 14 regulators (Figure 1D). Differential analysis was further performed to profile the expressions of 14 m5C regulators between HOSE and OVC. Consistent with the CNV pattern, most regulators were significantly up-regulated in OVC compared with HOSE tissues, whereas TET2 expression was decreased in two GEO cohorts (Figures 1F,G). Besides, a significant distinction of m5C regulators’ expression profiles among HOSE and OVC was illustrated by PCA (Figure 1E).
[image: Figure 1]FIGURE 1 | Genetic variation and gene expression of RNA m5C regulators in ovarian cancer. (A) Genetic alteration frequencies of m5C regulators in pan-cancer. (B) Copy number variation of m5C regulators in ovarian cancer. (C) Correlation of copy number variations among m5C regulators. (D) Principal component analysis for the expression profile of m5C regulators to distinguish OVC from HOSE samples in GSE54388 cohort. OVC, ovarian cancer, HOSE, human ovarian surface epithelium. (E) The differential expression analysis of 14 m5C regulators between OVC and HOSE samples in three independent GEO cohorts. Up-regulated in OVC: orange; up-regulated in HOSE samples: blue. (F) Correlation between copy number variation and mRNA level of m5C regulators. (G) The boxplot of expression of 14 m5C regulators in OVC and HOSE samples in GSE27651 cohort.*p < 0.05, **p < 0.01, ***p < 0.001.
The Interaction and Correlation Analysis of RNA m5C Regulators in Ovarian Cancer
To testify whether m5C regulators have correlations among each other, Spearman correlation analysis of mRNA levels of 14 regulators indicated significant positive correlation among most regulators (Figure 2A). The comprehensive landscape of m5C regulators was depicted with the PPI network according to the STRING 11.0 b website (Figure 2B). The writers and erasers had remarkable interactions within each other except the readers (YBX1 and ALYREF). To further investigate the correlations of writers and erasers who work as methyltransferases and demethyltransferases and affect the amount and distribution of m5C modification, comparisons of writer gene expression were performed in patients with high and low eraser gene expression (Figures 2C–J) (Zhang et al., 2020). The results showed that writer genes exhibited different correlations with eraser genes. NSUN6 expression was positively correlated with TET1/2/3, whereas NSUN7 expression was negatively correlated with eraser genes TET1/2 (Figures 2H,I). As writer genes NOP2, NSUN4, and NSUN2 have relatively higher amplification (Figure 1B), we analyzed whether the CNV of those writer genes is correlated with eraser genes. Of these, only TET3 was significantly down-regulated in patients with NSUN2 amplification compared with wild type (Figures 2K-M). These data indicate the complex cross-talk among m5C regulators in OVC.
[image: Figure 2]FIGURE 2 | The interaction and correlation analysis between RNA m5C regulators in ovarian cancer. (A) Correlation of mRNA levels among m5C regulators. (B) Protein–protein interaction plot among the 14 m5C regulators. (C–J) Correlations between “writers” (NUSN1, NSUN2, NSUN3, NSUN4, NSUN5, NSUN6, NSUN7, TRDMT1) and “erasers” (TET1, TET2, TET3, ALHBK1) at mRNA level (RPKM). (K–M) Differential mRNA levels of “erasers” between amplified type and wild type of “writers” with the highest CNV frequencies (NOP2, NSUN4, and NSUN2).
Consensus Clustering of m5C RNA Methylation Regulators Identifying Two Clusters With the Distinct OS
Based on the expression profile of m5C regulators in 374 OVC patients (TCGA), we used unsupervised consensus clustering analysis to distinguish different m5C modification patterns, and two clusters were identified (Figures 3A–C). k = 2 is the optimal stable clustering when compared with k = 3–8 (Supplementary Figure S1B). Distinct expression profiles of m5C RNA methylation regulators, clinicopathological parameters, and log2 (fold change) of regulators are illustrated in Figure 3D. According to χ2 test results, no statistical differences were found in lymphatic invasion (p = 1), venous invasion (p = 0.60), tumor residual (p = 0.28), International Federation of Gynecology and Obstetrics stage (p = 0.59), and grade (p = 0.13) between two clusters. TET2 was significantly up-regulated in cluster 1; ALYREF, NOP2, NSUN4, NSUN5, and YBX1 were substantially up-regulated in cluster 2. Despite similar clinicopathological parameters, the OS of patients in cluster 2 was better than cluster 1 (p = 0.015) (Figure 3E). We also examined the correlations of m5C regulators and clinicopathological parameters, and the results showed weak correlation between them (Supplementary Figure S2A).
[image: Figure 3]FIGURE 3 | Unsupervised consensus clustering analysis of RNA m5C regulators. (A) Consensus clustering matrix for the most suitable k (k = 2). (B) Relative changes in the area under the clustering cumulative function (CDF) curve at k = 2–10. (C) Consensus clustering CDF for k = 2–10. (D) The m5C regulator expression profiles and clinicopathological characteristics in two clusters. (E) Kaplan–Meier overall survival curves for ovarian cancer patients of two clusters in the TCGA cohort.
Functional Annotation Revealing the Metabolism Heterogeneity of the Two Subtypes
To further investigate the activated biological processes that may result in distinct survival in each cluster, functional annotations were conducted through three different methods. First, GSVA scores of GO and KEGG hallmark gene sets were calculated, and the differential analysis was performed to explore the discrepancies in pathways among two clusters, of which metabolism-related pathways occupied more than half of the top 30 enriched pathways (Figures 4A,B). Then, the top 500 expressed genes of each cluster and phenotype-related DEGs were selected for GO enrichment analysis. The results revealed that glycosaminoglycan and collagen metabolism–related pathways were up-regulated in cluster 1, whereas fatty acid metabolism–related pathways were up-regulated in cluster 2, which were further supported by the GSEA results (Figures 4C–F). To further explore the metabolism heterogeneity between the two clusters, the enrichment scores of 91 metabolic pathways downloaded from the KEGG database were calculated, and the varied metabolic pathways between the two clusters were analyzed. Differences were found in 27 of 91 (29.7%) metabolic pathways between two clusters. In addition, a correlation analysis was performed between those metabolic pathway enrichment scores and mRNA levels of m5C regulators. A significant negative correlation with these metabolism processes was found in eraser genes and positive correlation in writer genes except for NSUN6 and NOP2 (Figure 4G). Taken together, these results indicate that m5C modification might contribute to OVC survival difference through regulating metabolism heterogeneity.
[image: Figure 4]FIGURE 4 | Metabolic heterogeneity in ovarian cancers with distinct m5C modification patterns. (A,B) Bubble plot showing GSVA enrichment analysis of the top 30 changed GO and KEGG hallmark pathways between two m5C clusters. (C) The most enriched metabolism-related GO pathways using differentially expressed genes in each m5C cluster. (D) The most enriched metabolism-related GO pathways using the top 500 up-regulated genes in each m5C cluster. (E,F) GSEA analysis showing the significant metabolism-related pathways up-regulated in each m5C cluster. (G) Correlation analysis between GSVA enrichment scores of the changed metabolism-related pathways in each m5C cluster and mRNA levels of m5C regulators.
Representative Metabolism-Related Genes With the Prognostic Value in Different m5C Modification Patterns
An overlapping analysis was made to explore the leading metabolic genes that contributed to survival difference of two clusters (Figure 5A). 13 m5C cluster-specific metabolism genes with prognostic values were identified, as is illustrated in the Venn plot. According to the results of GO enrichment analysis using phenotype-related DEGs, GSEA, and GSVA, the collagen, glycosaminoglycan, and aminoglycan metabolism were up-regulated in cluster 1, whereas fatty acid metabolism was up-regulated in cluster 2. We visualized those genes in activated pathways of two m5C modification phenotype clusters (Figures 5B,C), and those important genes with prognostic value were marked in the circos plot. The fold change and p of 13 representative genes are shown in the volcano plot (Figure 5D). Kaplan–Meier analysis curves for OS in eight representative genes are presented (Figures 5E–L).
[image: Figure 5]FIGURE 5 | Selection of representative genes differentially expressed in m5C cluster, related to metabolism and with prognostic significance. (A) Venn plot showing the overlapping analysis of genes that were differentially expressed (fold change >1.5 and p < 0.05) in two clusters, enriched in up-regulated metabolic pathways in each cluster, and had the prognostic significance. (B,C) Circus plot exhibiting the metabolic pathways up-regulated in each m5C cluster and those 13 genes with prognostic value were marked. Blue, up-regulated in cluster 1. Orange, up-regulated in cluster 2. (D) Volcano plot distributes the relative expressions 13 representative genes with log2 (fold change) and log10 (FDR). The reference is gene expression of cluster 1. Blue, up-regulated in cluster 1. Orange, up-regulated in cluster 2. (E–L) Kaplan–Meier overall survival curves of eight representative genes.
Different Sensitivity to Chemotherapies Between Two Clusters
In order to detect whether the two clusters with m5C modification patterns had different drug sensitivity, we made the sensitivity prediction of 199 drugs for 374 OVC patients from TCGA dataset. Two clusters exhibited different sensitivities in a total of 44 drugs via t test for imputed sensitivity score, including Paclitaxel_1,080, Docetaxel_1,007, and Cisplatin_1,005, which were included in the standard chemotherapy of OVC. Higher sensitivities of these three chemotherapeutic drugs were observed in cluster 2 (Figure 6).
[image: Figure 6]FIGURE 6 | The boxplot of imputed sensitivity score of three chemotherapeutic drugs in two clusters.
Establishment and Evaluation of a Risk Score Signature With RNA m5C Methylation Regulators
As clusters with different m5C modification patterns exhibited altered metabolism pathways and chemotherapeutic drug sensitivity that were associated with the differences in prognosis, we further explored the predictive value of RNA m5C methylation regulators for OS. The univariate survival analyses using Cox proportional hazards models were performed, and three genes with p < 0.1 were selected for the LASSO Cox algorithm (Supplementary Figure S2B). Then, the LASSO algorithm with 10 folds of cross-validation was applied to establish a risk score prediction model for OS. Two hundred eighty of 374 OVC patients in TCGA cohorts formed the internal training set, and the rest of 94 patients formed the internal testing set. The GSE19829 formed the external testing set. ALYREF, NOP2, and TET2 finally entered in the model (Figures 7A,B), and the risk core model is (ALYREF*-0.00349425170618238) + (NOP2*0.0200758391547147) + (TET2*0.145822477408262). Patients were then divided into subgroups of low score and high score according to the cutoff value. The distribution of risk scores in the internal training set and internal testing set is demonstrated in Figure 7C and Supplementary Figure S2C, and the results suggest the risk score model could distinguish those patients with poor survivals. Patients with high score exhibit poor OS, which were verified in internal training set (p = 0.016, hazard ratio [HR] = 3.2), internal testing set (p = 0.012, HR = 10), and external testing set (p = 0.02, HR = 2.1) (Figures 7D–F). The AUCs of ROC curves of the prediction were approximately 0.6 (Supplementary Figures S2D,E). To confirm the role of key genes in the risk score signature, in vitro experiments were performed. The results showed that knockdown of TET2 in OVC cells could hinder the cell malignant growth, suggesting its potential in the prediction of OS prognosis (Supplementary Figure S2F). Furthermore, multivariate analysis of Cox proportional hazards was performed to further confirm the performance of m5C risk score prediction for OS, and the results showed that the m5C risk score was an independent prognostic factor (p = 0.014, HR = 38.34) (Figure 7G).
[image: Figure 7]FIGURE 7 | Construction and evaluation of prognostic prediction model with three RNA m5C regulators in TCGA cohort and GEO cohort (GSE19829). (A,B) LASSO Cox regression analysis results showing the identification of three prognostic risk signature genes, and the risk score model is (ALYREF*-0.00349425170618238) + (NOP2*0.0200758391547147) + (TET2*0.145822477408262). (C) The distribution of prognostic signature-based risk score in internal training set. (D–F) The Kaplan–Meier overall survival analysis for patients with high score and low score in internal training set, internal testing set, and external testing set. (G) The m5C risk score in Cox multivariate analysis for OS of ovarian cancer patients.
DISCUSSION
In the present study, the metabolism heterogeneity in two clusters based on m5C expression profile was annotated through enrichment analyses and found to be significantly correlated with the mRNA levels of m5C regulators. Then, 13 metabolism-related DEGs of two m5C clusters related RNA m5C methylation were identified, which were also associated with OS. Besides metabolism reprogramming, RNA m5C regulators could also trigger altered chemotherapeutic drug sensitivity and consequently influence survival in OVC. Ultimately, a prognostic model comprising of ALYREF, NOP2, and TET2 for OS was developed for further verifying predictive value of m5C regulators for prognosis in OVC.
As the present diagnosis and screening program in OVC still have limitations, efforts have been made to seek predictive biomarkers related to cancer occurrence and progression. Through these biomarkers, the distinction of subtypes with different prognoses and molecular characteristics will make the identification of patient subgroups who could well respond to a certain treatment or who had worse survival. In the present study, incorporating mRNA data of ALYREF, NOP2, and TET2 could well stratify those patients with worse survivals, providing evidence for clinical practice. The predictive value of m5C regulators has also been confirmed in glioma (Wang et al., 2020), breast cancer (Huang et al., 2021), and head and neck squamous cell carcinoma (Xue et al., 2020), and our study made extending support for their predictive role in OVC.
Metabolism reprogramming in OVC has been implicated in the pathogenesis, progression, and target therapy for cancer. In our study, glycosaminoglycan and collagen metabolism–related pathways were activated in cluster 1 and fatty acid metabolism–related pathways were activated in cluster 2. Fatty acids are important components of lipids such as fats, sterol esters, and phospholipids. Lipid metabolism dysregulation has been verified to participate in cancer progression (Li et al., 2021), but it has a more special implication in OVC, as an almost symbiotic relationship exists between OVC and the fat-containing cells in the omentum. FABP4, ELOVL2, and ACSL5 as important genes involved in biosynthesis and transport of fatty acids were found to be up-regulated in cluster 2. FABP4 was highly expressed on the membrane of metastasis OVC cells at the adipocyte–cancer cell interface and mediated lipid accumulation and effect on invasion (Zhao et al., 2019). ELOVL2 has been reported to participate in the biosynthesis of polyunsaturated fatty acids and be involved in tumorigenicity in glioma cancer stem cells (Gimple et al., 2019). ACSL family is responsible for activating long-chain fatty acids, and family members have opposite functions toward carcinogenesis. ACSL5 is nuclear-coded and expressed in the mitochondria and physiologically participates in the proapoptotic sensing of cells acting as a tumor suppressor, which could possibly explain the relatively better prognosis of cluster 2 where ACSL5 was dominantly up-regulated (Quan et al., 2021). The collagen metabolism alteration influences the distribution of collagen and extracellular matrix (ECM) structure, thus affecting cancer progression (Xu et al., 2019). The glycosaminoglycans, another important component of ECM, were found to be involved in multiple signaling pathways related to angiogenesis, cancer invasion, and metastasis (Morla, 2019). VCAN, which is one member of glycosaminoglycan gene sets with leading expression in cluster 1, was previously reported to be up-regulated in ovarian stromal cells and associated with increased microvessel density and poorer survival (Ghosh et al., 2010). In this study, we found the heterogeneity of lipid, glycosaminoglycans, and collagen metabolism in two clusters with distinct m5C modification. The stepwise accumulation of altered metabolism at mRNA levels in different m5C clusters eventually resulted in distinct prognoses, indicating that the metabolism alteration has prognostic significance.
The role of epigenetic modifications in cancer metabolism reprogramming has been broadly reported, but there is still a lack of disclosure of how RNA m5C modification functions in cancer metabolism. It was demonstrated that ALYREF binds the 3′-UTR of PKM2 mRNA and promotes the glucose metabolism of bladder cancer in an m5C-dependent manner (Wang et al., 2021). In this study, we found 13 representative metabolic genes that were related to m5C RNA methylation in OVC. All of them have positive or negative correlations with RNA m5C regulators at the mRNA level (Supplementary Figure S2G). Consequently, experimental verification could be done in the future to verify the regulatory role of RNA m5C methylation of those metabolism genes in cancer.
In conclusion, our study depicted the landscape of genetic variation and gene expression of m5C regulators in OVC and established a prognostic prediction model formed by ALYRER, NOP2, and TET2 for OS. We also uncovered the indispensable roles of m5C modification in metabolism heterogeneity and altered sensitivity to chemotherapeutic drugs.
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N6-Methyladenosine (m6A) is the most abundant modification on eukaryote messenger RNA and plays a key role in posttranscriptional regulation of RNA metabolism including splicing, intracellular transport, degradation, and translation. m6A is dynamically regulated by methyltransferases (writers), RNA-binding proteins (readers), and demethylases (erasers). Recent studies demonstrate that perturbation of m6A regulators remarkably influences cell fate transitions through rewiring various biological processes, such as growth, differentiation, and survival. Moreover, aberrant m6A modification is implicated in a variety of diseases, in particular cancer. In this review, we describe the functional linkage of m6A modifications to cellular reprogramming and cancer stemness properties.
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INTRODUCTION
N6-Methyladenosine modification (m6A) refers to the methylation of the adenosine base at the nitrogen-6 position and tends to occur in a consensus sequence RRACH. It was originally discovered in 1970s and now recognized as the most abundant modification present in eukaryotic messenger RNA (mRNA) (Desrosiers et al., 1974; Adams and Cory, 1975; Lavi and Shatkin, 1975; Wei et al., 1975). m6A modification is present in different types of RNAs including mRNAs, transfer RNAs (tRNAs), ribosomal RNAs (rRNAs), circular RNAs (circRNAs), micro RNAs (miRNA), and long non-coding RNAs (lncRNAs) (Liu and Pan, 2016). The process of m6A modification is reversible and regulated by methyltransferases (writers), demethylases (erasers), and RNA-binding proteins (readers). Methyltransferase complex consisting of methyltransferase 3 (METTL3) (Bokar et al., 1997), methyltransferase 14 (METTL14) (Liu et al., 2014), and WT1-associated protein (WTAP) (Ping et al., 2014) catalyzes m6A formation. Other m6A writers such as RNA-binding motif protein 15/15B (RBM15/15B) (Patil et al., 2016), vir-like M6A methyltransferase associated (VIRMA) (Yue et al., 2018), and zinc finger CCCH-type containing 13 (ZC3H13) (Wen et al., 2018) have been identified to facilitate the function of the methyltransferase complex. On the other hand, fat mass and obesity-associated protein (FTO) (Jia et al., 2011) and AlkB homolog H5 (ALKBH5) (Zheng et al., 2013; Alemu et al., 2016), two key demethylases, demethylate m6A modification. Besides, m6A readers, e.g., YTH domain-containing proteins (YTHDF1-3 (Wang et al., 2014a; Wang et al., 2015; Shi et al., 2017) and YTHDC1-2 (Xiao et al., 2016; Wojtas et al., 2017)) and insulin-like growth factor-2 mRNA-binding proteins (IGF2BP1/2/3) (Huang et al., 2018), target m6A marks of transcripts and trigger RNA processing and metabolism such as alternative splicing, intracellular transport, degradation, and translation.
Self-renewal and differentiation are two unique properties of stem cells with the former referring to the capability of stem cells to make more stem cells and maintain the undifferentiated state, while the latter indicating the change of stem cells to a more specialized cell type. Notably, the processes of self-renewal and differentiation are controlled at a transcriptional level wherein epigenetic and epitranscriptomic regulation play critical roles. To date, m6A is proven to be a mark of transcriptome flexibility involved in regulating the function of stem cells. Emerging evidence have demonstrated that m6A modifications are involved in the process of mouse embryonic development (Geula et al., 2015), stem cell self-renewal (Batista et al., 2014; Wang et al., 2014b), spermatogenesis (Zheng et al., 2013), and so on. However, the origins and functions of m6A marks in reprogramming stemness properties are still largely unclear.
Perturbation of m6A regulators strongly affects gene expression patterns and biological functions of cells, leading to a variety of diseases including cancer. Recent evidence reveals a subpopulation of tumor cells, named cancer stem cells (CSCs), responsible for tumor initiation, metastasis, and relapse. The roles of cancer stem cells have been reported in both solid (Visvader and Lindeman, 2008) and hematological cancers (Zagozdzon and Golab, 2015), although the origin of the CSCs remains elusive. They may derive from differentiated cells or tissue-resident stem cells upon tumor initiation. Intriguingly, genes critical for self-renewal of normal stem cells also function as cancer-related genes, e.g., Bmi-1 (Siddique and Saleem, 2012), Nanog (Gawlik-Rzemieniewska and Bednarek, 2016), Notch (Ranganathan et al., 2011), Sox2 (Novak et al., 2020), and Wnt (Zhan et al., 2017). Given that m6A modifications regulate the expression of stemness-related genes, it is not surprising that they also play an important role in CSCs (Zhang et al., 2016; Li et al., 2017; Zhang et al., 2017; Chen et al., 2021).
In this review, we discuss recent studies that underscore the multifaceted role of m6A modifications in controlling gene expression, highlighting key findings that m6A modifications are essential in stem cells reprogramming and cancer stemness properties regulation.
N6-METHYLADENOSINE AND RNA METABOLISM
m6A controls almost every step of RNA metabolism including alternative splicing, intracellular transport, degradation, and translation (Figure 1). In this part, we describe the influences of m6A writers, erasers, and readers on RNA metabolic process through dynamic regulation of m6A.
[image: Figure 1]FIGURE 1 | m6A modifications and RNA metabolism. Dynamic m6A modifications inside cells influence almost every step of RNA metabolism including alternative splicing, intracellular transport, degradation, and translation.
N6-Methyladenosine and Alternative Splicing
Alternative splicing (AS) is the process of making messenger RNA (mRNA) from messenger RNA precursor (pre-mRNA) by selecting different combinations of splice sites in pre-mRNA, thus allowing a single gene to code for multiple proteins. AS is essential for generating functional diversity given the limited gene number in eukaryotic organisms. Emerging evidence shows that m6A writers, METTL3, METTL14, and WTAP, and m6A erasers, ALKBH5 and FTO, are located in nuclear speckles where the AS occurs, indicating a potential role of m6A for controlling pre-mRNA processing. In support of this, treatment of S-adenosylmethionine (SAM) synthesis inhibitors, neplanocin A or cycloleucine, reduced RNA m6A methylation and resulted in nuclear accumulation of unspliced transcripts (Stoltzfus and Dane, 1982; Carroll et al., 1990). Consistently, Dominissini et al. observed a correlation between m6A methylation of multi-isoform genes and isoform switching by analyzing human and mouse transcriptome-wide m6A profiling (Dominissini et al., 2012).
METTL3 was found to colocalize with spliceosomal protein U2 small nuclear ribonucleoprotein B'' (U2B′)' in nuclear speckles (Bokar et al., 1997). Silencing of METTL3 could affect AS patterns and gene expressions (Dominissini et al., 2012). WTAP is a regulatory subunit of RNA m6A methyltransferase complex. Localization of METTL3 and METTL14 into nuclear speckles requires interaction with WTAP. Yang et al. showed that WTAP promoted METTL3 and METTL14 accumulation in nuclear speckles and regulated AS of targeted genes (Ping et al., 2014). Knockdown of METTL3 or WTAP led to a remarkable change of transcriptional isoform numbers (Ping et al., 2014). ALKBH5 also colocalized with mRNA-processing factors, including phosphorylated serine/arginine-rich splicing factor 2 (SC35), smith antigen (SM), and alternative splicing factor/splicing factor 2 (ASF/SF2) in nuclear speckles (Zheng et al., 2013). Similarly, FTO was present in nucleoplasm and partially colocalized with splicing factors U4/U6.U5 tri-snRNP-associated protein 1 (SART1), serine/arginine-rich splicing factor 2 (SC35), and RNA polymerase II phosphorylated at Ser2 (Pol II-S2P) (Jia et al., 2011). These two key m6A erasers are both capable of controlling mRNA splicing. ALKBH5 was found to regulate assembly of mRNA processing factors (Zheng et al., 2013); on the other hand, FTO depletion increased the m6A level of target genes, thereby raising the binding capacity of serine/arginine-rich splicing factor 2 (SRSF2) which subsequently increased inclusion of target exons (Zhao et al., 2014). m6A reader YTHDC1 is also engaged in the AS process. YTHDC1 was present in YT bodies near nuclear speckles. Wild type YTHDC1, but not m6A-binding-defective YTHDC1, could recruit pre-mRNA splicing factor SRSF3 (SRp20) but block the binding of SRSF10 (SRp38) to targeted mRNAs in the nucleus, thus promoting exon inclusion (Xiao et al., 2016). All these data indicate an essential regulatory role of m6A in mRNA splicing.
N6-Methyladenosine and RNA Export
RNAs produced in the nucleus are exported to the cytoplasm through nuclear pore complexes. This is a fundamental step in gene expression process. TREX complex is important for mRNA export. Recent work identified the interactions between TREX subunits (ALYREF, UAP56, THOC5, and CHTOP) and m6A methyltransferases (METTL3, METTL14, WTAP, and KIAA1429) (Lesbirel et al., 2018). The m6A methyltransferase complex could recruit TREX to m6A-modified mRNAs to facilitate their export (Lesbirel et al., 2018). Moreover, depletion of KIAA1429 and WTAP led to an export block for m6A-modified mRNAs (Lesbirel et al., 2018). m6A eraser ALKBH5 also affects mRNA export dependent on its demethylation activity. Cytoplasmic mRNA level was significantly increased after silencing of ALKBH5 because of accelerated nuclear RNA export; re-expression of wild type ALKBH5, but not catalytic inactive mutant H204A, could rescue this phenomenon (Zheng et al., 2013). Binding of YTHDC1 to m6A-modified genes is important for mRNA export. Knockdown of YTHDC1 induced an export block for nuclear m6A-modified mRNA, resulting in accumulation of transcripts in the nucleus (Roundtree et al., 2017). Mechanistically, YTHDC1 interacted with SRSF3, an mRNA export adaptor, to increase RNA binding to SRSF3 (Roundtree et al., 2017).
m6A modifications also participate in circular RNA nuclear export. Depletion of m6A writer METTL3 induced circNSUN2 accumulation in the nucleus, and re-expression of METTL3 could rescue this phenomenon (Chen et al., 2019). Moreover, the m6A reader YTHDC1 was capable of binding to m6A marks of circNSUN2 in the backsplicing junction sites to facilitate the export process (Chen et al., 2019). Together, m6A modifications regulate RNA export.
N6-Methyladenosine and RNA Decay
RNA decay is the process whereby RNA is enzymatically degraded. RNA decay is important for effective mRNA surveillance and turnover. Accumulating evidence suggest m6A modifications affect RNA stability through dynamic interplays with RNA-binding proteins. In mouse embryonic stem cells, m6A level was found to be negatively correlated with mRNA stability (Wang et al., 2014b). m6A writers METTL3 and METTL14 could form a stable heterodimer to catalyze m6A deposition on RNA. Downregulation of METTL3 and METTL14 reduced the m6A level of mRNA, resulting in more binding of human antigen R (HuR) to mRNA which in turn promoted mRNA stability (Wang et al., 2014b). In line with these findings, depletion of METTL3 in both human and mouse cells led to m6A erasure and prolonged half-life of targeted mRNAs (Batista et al., 2014). Although WTAP lacks m6A catalytic activity, it binds to METTL3-METTL14 complex to enhance m6A deposition. As such, WTAP-mediated m6A modifications were negatively correlated with mRNA stability (Schwartz et al., 2014). Furthermore, silencing of METTL3, METTL14, or WTAP reduced global m6A methylation and increased the lifetime of nascent RNAs (Liu et al., 2014). Therefore, m6A modifications affect RNA stability.
Recent reports state that YTHDF2 is the major decay-inducing reader protein that binds to m6A-modified mRNAs to facilitate RNA degradation (Du et al., 2016; Park et al., 2019). Two distinct mechanisms of YTHDF2-induced mRNA degradation have been identified: RNase P/MRP-mediated endoribonucleolytic-cleavage pathway and carbon catabolite repression 4 (CCR4)-negative on TATA-less (NOT)-mediated deadenylation pathway, depending on whether messenger ribonucleoprotein (mRNP) has heat-responsive protein 12 (HRSP12)-binding site or not (Lee et al., 2020). Showed that m6A-modified RNAs underwent endoribonucleolytic cleavage via YTHDF2, HRSP12, and RNase P/MRP, of which HRSP12 acted as an adaptor to connect YTHDF2 and RNase P/MRP Park et al. (2019). In this case, HRSP12-binding site and RNase P/MRP-directed cleavage site were identified upstream and downstream of YTHDF2-binding site, respectively (Park et al., 2019). Of note, m6A-modified circular RNA could also be degraded through YTHDF2-HRSP12-RNase P/MRP-mediated endoribonucleolytic cleavage (Park et al., 2019). On the other hand, Du et al. reported that YTHDF2 directly recruited CCR4/NOT deadenylase complex to m6A-modified mRNAs, leading to deadenylation of mRNAs (Du et al., 2016). Besides, YTHDF3 was identified to regulate the RNA accessibility of YTHDF2 and enhanced YTHDF2-mediated mRNA decay (Shi et al., 2017). In contrast to YTHDF2-mediated mRNA decay, a recent study revealed that IGF2BP1-3 could recognize m6A markers through their KH domains to stabilize m6A-modified RNA (Huang et al., 2018). Intriguingly, although YTHDF2 and IGF2BP1-3 were all proved to bind to m6A markers, their transcriptome-wide binding sites were distinct (Huang et al., 2018). Therefore, m6A modifications can either enhance or inhibit mRNA stability depending on the binding of specific m6A readers.
N6-Methyladenosine and Messenger RNA Translation
Translation is the decoding of mRNA by ribosomes to produce polypeptide which later forms a functional protein inside the cells. Recent studies demonstrate that m6A modifications modulate mRNA translation efficiency through different mechanisms. YTHDF1 is known to promote the translation of m6A-modified mRNA. Mechanistically, YTHDF1 could promote ribosome occupancy of targeted mRNA in the cytoplasm by recruiting the initiation factor eukaryotic initiation factor 3 (eIF3) (Wang et al., 2015). In addition, YTHDF3 was reported to facilitate YTHDF1-promoted translation (Shi et al., 2017). METTL3 also enhances mRNA translation. Barbieri et al. found that the transcription factor, CEBPZ, recruited METTL3 to the promoters of select active gene to catalyze m6A methylation in the coding region (CDS) of targeted mRNA, resulting in enhanced translation by relieving ribosome stalling (Barbieri et al., 2017). Consistently, knockdown of METTL3 decreased translational efficiency of m6A-modified transcripts in both human myeloid leukemia and HeLa cell lines (Vu et al., 2017). Surprisingly, METTL3-promoted translation could be independent of m6A catalytic activity (Lin et al., 2016). Gregory and others showed that tethering a wild type or catalytically inactive METTL3 to the 3′UTR of a reporter mRNA exhibited similar translation enhancement (Lin et al., 2016). They further identified a direct physical and functional interaction between METTL3 at 3′UTR near the stop codon and eIF3h at the 5′ untranslated region (5′ UTR) of the mRNA and that METTL3-eIF3h loop may promote translation through ribosome recycling (Choe et al., 2018). Intriguingly, depletion of YTHDF1 did not influence the expression of METTL3 targets (Choe et al., 2018). Thus, METTL3 promotes mRNA translation through diverse mechanisms. It is worth noting that mouse embryonic stem cells (mESCs) with METTL3 knockout exhibited a modest increased translation efficiency (TE) compared to wild type (WT) cells, although this effect was observed for both methylated and unmethylated transcripts with higher GC content (Geula et al., 2015). In this study, loss of m6A could directly enhance mRNA stability of m6A-marked transcripts while indirectly favoring translation of GC-rich transcripts (Geula et al., 2015). Intriguingly, Slobodin et al. reported that transcription rate positively affected the efficiency of mRNA translation which was mediated by m6A modification (Slobodin et al., 2017). Therefore, mRNA m6A could mediate the communication between transcription and translation.
Qian and Jaffrey’s team suggested that m6A could enable mRNA translation in a cap- and IRES-independent manner (Meyer et al., 2015; Zhou et al., 2015; Coots et al., 2017; Zhou et al., 2018). They showed that heat shock stress promoted nuclear localization of YTHDF2 which in turn increased 5′ UTR m6A of stress-inducible mRNAs through competing with FTO in preserving m6A modification, leading to enhanced cap-independent translation initiation (Zhou et al., 2015). In addition, eIF3 could bind to 5′ UTR m6A and recruit the 43S complex to initiate translation without the cap-binding factor eIF4E under stress (Meyer et al., 2015). Furthermore, depletion of METTL3 selectively inhibited translation of mRNAs with 5′ UTR m6A, but not mRNAs with 5′ terminal oligopyrimidine (TOP) elements (Coots et al., 2017). Notably, ABCF1 was identified to coordinate with METTL3 in promoting translation of m6A-modified mRNA (Coots et al., 2017). Thus, 5′ UTR m6A facilitates cap-independent translation under stress.
m6A is also thought to facilitate efficient translation of circular RNA (circRNA) (Yang et al., 2017). Initiation factor eIF4G2 and YTHDF3 were identified to be required for m6A-driven circRNAs translation, which were enhanced by METTL3/14-mediated methylation or suppressed by FTO-mediated demethylation (Yang et al., 2017). Consistently, Bozzoni et al. demonstrated that METTL3 and YTHDC1 could direct the back-splicing reaction of circRNAs, and recognition of m6A marks by YTHDF3 and eIF4G2 modulate circRNAs translation (Di Timoteo et al., 2020).
N6-METHYLADENOSINE AND CELLULAR REPROGRAMMING
Mammalian development is thought to be continuous and unidirectional in which stem cells give rise to specialized differentiated cells through a series of cellular changes. However, recent studies have shown that it is possible to modify cell identity by somatic cell nuclear transfer (SCNT) (Matoba and Zhang, 2018), forced expression of specific transcription factors (Takahashi and Yamanaka, 2016) or micro-RNAs (Judson et al., 2009), and using small signaling molecules (Hou et al., 2013). In 2006, Kazutoshi Takahashi and Shinya Yamanaka successfully reprogrammed mouse embryonic fibroblasts (MEF) and adult mouse tail-tip fibroblasts to generate induced pluripotent stem cells (iPSCs) by ectopic expression of four transcription factors, namely Oct3/4, Sox2, c-Myc, and Klf4 (Takahashi and Yamanaka, 2006). In 2007, they further demonstrated the generation of iPSC from adult human dermal fibroblasts with the same four factors (Takahashi et al., 2007). The fact that terminally differentiated somatic cells can be reprogrammed to generate iPSCs has opened new gateways for therapeutics research. Recent evidence has revealed epigenetic profile changes during the process of cell differentiation and reprogramming and that epigenetic perturbations could affect the efficiency of reprogramming iPSCs (Young, 2011; Liang and Zhang, 2013; Hochedlinger and Jaenisch, 2015; Xu and Xie, 2018). In this part, we describe the influences of m6A modifications on stemness and reprogramming.
N6-Methyladenosine and Stemness
To maintain self-renewal and pluripotency, stem cells need to stably express pluripotency genes; however, they are also capable of rapidly altering gene expression programming for differentiation. m6A is involved in cell fate determination and is now considered as a mark of transcriptome flexibility required by stem cells. Zhao and others identified that depletion of METTL3 or METTL14 in mESCs suppressed m6A methylation and self-renewal capability (Wang et al., 2014b). Mechanistically, m6A marks blocked the binding of RNA stabilizer protein HuR and protected mRNA from degradation induced by RNA-induced silencing complex (RISC) (Wang et al., 2014b). Consequently, developmental regulators were more enriched than pluripotency genes upon METTL3 or METTL14 knockdown (Wang et al., 2014b). Thus, METTL3/METTL14-mediated m6A modification is required to maintain the pluripotency of ES cells. However, Batista et al. reported that m6A loss promoted ESC self-renewal and hindered differentiation (Batista et al., 2014). In this study, they profiled m6A methylome in mouse and human ESCs, revealing extensive m6A modification of ESC genes, including core pluripotency regulators such as Nanog, Klf4, Myc, Lin28, Med1, Jarid2, and Eed (Batista et al., 2014). They considered m6A as a mark for RNA turnover over in a timely fashion, and knockout of METTL3 improved mESCs self-renewal without affecting cell viability (Batista et al., 2014). The differences in phenotypes between these two studies may partially be explained by the methodology used (RNAi and CRISPR) which may affect downstream m6A-modified RNAs pattern. Another possibility is that the mESCs used in these two studies were at different states. TGFβ signaling is essential for human pluripotent stem cells (hPSCs) to maintain pluripotency (James et al., 2005). Vallier et al. identified a functional interaction between SMAD2/3 transcription factors and METTL3-METTL14-WTAP complex (Bertero et al., 2018). SMAD2/3 could promote the binding of METTL3-METTL14-WTAP to specific SMAD2/3 transcriptional targets involved in early cell fate decisions, e.g., pluripotency factor gene NANOG, leading to increased m6A methylations that facilitate mRNA degradation (Bertero et al., 2018). Consequently, m6A-mediated rapid downregulation of SMAD2/3-targeted genes facilitated timely shut down of pluripotency on differentiation (Bertero et al., 2018). Intriguingly, Filipczyk and others reported that depletion of m6A could both support pluripotency maintenance and exit through activating pAkt and pErk signaling, respectively (Jin et al., 2021).
m6A modification is required for embryo development. Knockout of METTL3 or METTL14 led to early embryonic lethality (Geula et al., 2015; Meng et al., 2019). In Mettl3−/− mice, preimplantation epiblasts and naïve embryonic stem cells with loss of m6A were still viable; however, they failed to terminate the naïve state toward lineage differentiation, resulting in early embryonic lethality (Geula et al., 2015). The abnormal expression and location of NANOG caused by METTL3 ablation was regarded as the leading cause (Geula et al., 2015). Meanwhile, METTL14 is indispensable for postimplantation embryonic development. Silencing of METTL14 contributed to abnormal embryo development since embryonic day 6.5 (E6.5), mainly due to resistance to differentiation (Meng et al., 2019). Mechanistically, METTL14 depletion caused dysregulation of genes associated with embryo development pathways (Meng et al., 2019). The m6A readers YTHDF2 and YTHDC1 are also important for mammalian development (Ivanova et al., 2017; Kasowitz et al., 2018). Maternal RNA degradation, which was mediated by YTHDF2, facilitated oocyte maturation; oocytes with YTHDF2 deficiency failed to change metaphase II (MII) transcriptome, leading to female-specific infertility in mice (Ivanova et al., 2017). On the other hand, knockout of YTHDC1 caused massive alternative splicing defects in oocytes, resulting in a block at the primary stage of folliculogenesis (Kasowitz et al., 2018).
N6-Methyladenosine and Epitranscriptomic Reprogramming
The epigenetic modifications could lock cells into a differentiated state during cell differentiation; therefore, targeting repressive epigenetic marks in differentiated cells improve the efficiency of iPSC formation (Huangfu et al., 2008; Shi et al., 2008). Recent studies also pinpoint m6A as an important player during cellular reprogramming. Chen et al. reported that m6A formation facilitated cell reprogramming to pluripotency (Chen et al., 2015). In this study, lots of cell-type specific markers are m6A-modifed, such as Oct4, Nanog, and DPPA2 for ESCs and iPSCs; POU3F2 and ROBO2 for neural stem cells; and DHH and Sox8 for testicular sertoli cells (Chen et al., 2015). These genes are critical for stem cell maintenance and developmental regulation. Intriguingly, miRNAs could target m6A marks by base pairing and modulate the binding of METTL3, thus leading to the change of cellular m6A abundance (Chen et al., 2015). Deletion of Dicer, an essential endonuclease for producing mature miRNAs, remarkably inhibited the RNA m6A level; in contrast, overexpression of miRNAs increased the binding of METTL3 on mRNAs and enhanced m6A abundance (Chen et al., 2015). To investigate the role of m6A in cell reprogramming, manipulation of METTL3 was conducted in MEFs transduced with four Yamanaka transcription factors. The result indicated that ectopic expression of METTL3 increased colonies of iPSC, enhanced expressions of key pluripotent factors (Oct4, Sox2, and Nanog), and promoted the reprogramming of MEFs to pluripotent stem cells; conversely, depletion of METTL3 reduced m6A and led to impeded reprogramming (Chen et al., 2015).
The crosstalk between epigenetic and epitranscriptomic networks is important to cellular reprogramming. Aguilo et al. reported that chromatin-associated zinc finger protein 217 (ZFP217) coordinated epigenetic and epitranscriptomic regulation to ensure ESC self-renewal and somatic cell reprogramming (Aguilo et al., 2015). They identified gradually increased ZFP217 expression along with decreased METTL3 expression during somatic reprogramming (Aguilo et al., 2015). ZFP217 could induce transcription of core reprogramming factors and repress m6A deposition of pluripotency genes by sequestering METTL3 (Aguilo et al., 2015). Depletion of ZFP217 in MEFs increased the m6A level of Nanog, Sox2, Klf4, and c-Myc mRNAs, promoting their degradation and leading to diminished iPSC colonies formation; this phenomenon could be partially rescued by METTL3 knockdown (Aguilo et al., 2015). Therefore, m6A modifications may be a barrier for ZFP217-meidiated somatic cell reprogramming. In support of these, Song et al. demonstrated that ZFP217 suppressed m6A mRNA methylation by promoting FTO expression (Song et al., 2019). Silencing of ZFP217 decreased FTO expression to enhance m6A levels, resulting in retarded adipogenic differentiation (Song et al., 2019).
So, how to understand the conflicting phenomena regarding the role of m6A on somatic cell reprogramming? One possible explanation is that m6A on cell fate choice is context dependent. Geula et al. reported that depletion of METTL3 exerted a divergent effect on naïve and primed PSCs (Geula et al., 2015). In naïve PSCs, pluripotency genes were highly expressed, and silencing of METTL3 could further enhance their expression to boost naïve circuitry stability; by contrast, the expression of pluripotency genes was downregulated while lineage commitment markers were upregulated in primed cells; thus silencing of METTL3 exerted a minor effect on expression of pluripotency genes while it remarkably increased the expression of lineage commitment markers, making the cells tend toward differentiation (Geula et al., 2015). Therefore, epigenetics and epitranscriptomics can form a complex network to regulate stem cell pluripotency and differentiation.
N6-METHYLADENOSINE AND CANCER STEM CELLS
CSCs or tumor-initiating cells (TICs) are a small subpopulation of cancer cells which could give rise to tumors through processes of self-renewal and differentiation, just like normal stem cell (Figure 2). Tumor development and iPSC generation share striking similarities on gene expression programming, implying a potential link between pluripotency and cancer (Wong et al., 2008). Furthermore, recent evidence state that cancer cells could be reprogrammed to retrieve benign cell functions or differentiate into other unrelated cell types by re-expression of lineage-specific genes, opening a new avenue for cancer treatment (Bussard et al., 2010; Pezzolo et al., 2011). Understanding the molecular drivers of CSCs will advance the development of anticancer therapeutics. In this section, we summarize the key findings on how m6A modifications modulate cancer stemness (Table 1).
[image: Figure 2]FIGURE 2 | Cancer stem cells are key drivers to tumor initiation and progression. Cancer stem cells (CSCs) have been identified in different type of solid cancers (colorectal cancer, gastric cancer, liver cancer, glioblastoma, melanoma, breast cancer, lung cancer, and ovarian cancer) and hematological cancers (myeloid leukemia, lymphoma, and myeloma).
TABLE 1 | M6A-mediated molecular events in different cancer types.
[image: Table 1]N6-Methyladenosine and Solid Tumors
Solid tumors refer to an abnormal mass of tissue in “solid” organs. Gastrointestinal (GI) cancer is one of them, referring to cancers that affect the digestive system, e.g., colorectal cancer (CRC), gastric cancer (GC), and liver cancer. Several m6A regulators have been reported to play important roles in GI cancer. Our team recently identified the novel oncogenic epitranscriptome axis of METTL3-m6A-GLUT1-mTORC1 (Chen et al., 2021) and YTHDF1-m6A-ARHGEF2 (Wang et al., 2022) in promoting CRC tumorigenesis. In the former study, METTL3 was found to promote GLUT1 translation in an m6A-dependent manner by integrative m6A sequencing, RNA sequencing, and ribosome profiling analyses, resulting in increased glucose uptake and lactate production which subsequently activated mTORC1 signaling; consequently, depletion of METTL3 impaired the self-renewal capacity of colon cancer-initiating cells (Chen et al., 2021). As to the latter study, knockdown of YTHDF1 suppressed CRC organoids and decreased cell growth; mechanistically, YTHDF1 bind to m6A marks of ARHGEF2 mRNA and enhanced ARHGEF2 translation by multiomic analysis of m6A sequencing, RNA sequencing, YTHDF1 RNA immunoprecipitation sequencing and proteomics (Wang et al., 2022). In line with our findings, Han et al. reported that high expression of YTHDF1 was induced by Wnt signaling in intestinal stem cells (ISCs) which in turn promoted translation of TCF7L2/TCF4, leading to enhanced β-catenin activity that promoted stemness of ISCs (Han et al., 2020). YTHDF1 also activates Wnt/β-catenin signaling in GC. Pi et al. revealed that YTHDF1 increased translation of frizzled7 (FZD7), a key Wnt receptor, in an m6A-dependent manner; consequently, hyperactivation of the Wnt/β-catenin was induced that facilitated GC tumorigenesis (Pi et al., 2021). Intriguingly, long non-coding RNAs (lncRNAs) could influence the m6A modification process. LNC942 was identified to induce GC stemness and chemoresistance by stabilizing Musashi2 (MSI2), a member of RNA-binding proteins (RBPs); MSI2 then bind to m6A sites of c-Myc mRNA to increase mRNA stability (Zhu et al., 2022).
Current evidence also pinpoints a pivotal role of m6A modifications in liver cancer stem cells (Zhang et al., 2020; Zhou et al., 2020; Bian et al., 2021; Wang et al., 2021). In purified CD133+ liver cancer stem cells, knockdown of YTHDF2 impaired tumor-initiating ability; in contrast, overexpression of YTHDF2 exerted the opposite effect (Zhang et al., 2020). YTHDF2 was capable of binding to m6A sites in the 5′UTR of OCT4 mRNA to promote its translation as determined by luciferase activity assay and polysome profiling assay (Zhang et al., 2020). Meanwhile, METTL14 induced m6A methylation of hepatocyte nuclear factor 3γ (HNF3γ) mRNA, a hepatocyte nuclear factor, leading to reduced HNF3γ expression in hepatocellular carcinoma (HCC) (Zhou et al., 2020). Notably, enforced HNF3γ expression promoted differentiation of HCC cells and liver CSCs, resulting in retarded growth of HCC (Zhou et al., 2020). In addition, HNF3γ expression rendered sensitivity of HCC cells to sorafenib treatment, implying the potential of HNF3γ as a therapeutic target for HCC (Zhou et al., 2020). RALY RNA-binding protein-like (RALYL), a liver progenitor specific gene, was also related with HCC differentiation (Wang et al., 2021). Overexpression of RALYL suppressed the m6A level of TGF-β2 mRNA to enhance its mRNA stability, leading to subsequent activation of TGF-β signaling that contributed to HCC self-renewal and chemoresistance (Wang et al., 2021). In this study, FTO was found to bind to RALYL and thought to be responsible for m6A demethylation of TGF-β2 mRNA (Wang et al., 2021). Furthermore, FTO-mediated RNA demethylation was also involved in S-adenosylmethionine decarboxylase proenzyme (AMD1)-induced cancer stemness in HCC (Bian et al., 2021). AMD1 was capable of stabilizing the interaction between Ras GTPase-activating-like protein 1 (IQGAP1) and FTO, leading to enhanced FTO expression which in turn promoted HCC stemness (Bian et al., 2021). Together, m6A modifications are critical for self-renewal and differentiation of CSCs in GI cancer.
Dysregulated m6A modifications play an important role in lung cancer. Yin et al. identified an lncRNA named RNA Component of Mitochondrial RNA Processing Endoribonuclease (RMRP) which exhibited enriched m6A modifications and increased RNA stability in non-small cell lung cancer (NSCLC) (Yin et al., 2021). Both in vitro and in vivo experiments in this study revealed that RMRP induced TGFBR1/SMAD2/SMAD3 axis and promoted the cancer stem cell properties of NSCLC (Yin et al., 2021). However, how m6A modifications regulate RMRP stability warrants further investigation. On the other hand, Liu et al. (2022) recently reported that ALKBH5 was highly expressed in CSCs isolated from NSCLC. They revealed that depletion of ALKBH5 increased the global m6A level, suppressed expression of Nanog and Oct4, two essential transcription factors for self-renewal and pluripotency of ESCs, and inhibited stemness of CSCs (Liu et al., 2022). Intriguingly, p53 was reported to regulate malignancies of CSCs partially through transactivating ALKBH5 expression (Liu et al., 2022).
Glioblastoma is a prevalent and malignant cancer that occurs in the brain or spinal cord. m6A modifications could regulate gene expression and cell fate in glioblastoma stem-like cells (GSCs). Compared to normal neural stem cells (NSCs), GSCs preferentially expressed YTHDF2 which was essential for GSCs maintenance (Dixit et al., 2021). Intriguingly, instead of destabilizing mRNAs, YTHDF2 was found to increase MYC and VEGFA mRNA stability in an m6A-dependent manner in GSCs, although the mRNA-stabilizing function of YTHDF2 was unclear (Dixit et al., 2021). YTHDF2-MYC-IGFBP3 axis was further identified to promote glioblastoma growth both in vitro and in vivo (Dixit et al., 2021). Importantly, administration of linsitinib, an IGF1/IGF1R inhibitor, exerted potent inhibitory effect against YTHDF2-expressing GSCs without affecting NSCs (Dixit et al., 2021). ALKBH5 was also found highly expressed in GSCs, and silencing of ALKBH5 inhibited the growth of patient-derived GSCs (Zhang et al., 2017). Mechanistically, ALKBH5 reduced the m6A level of FOXM1 mRNA, resulting in enhanced FOXM1 expression which in turn promoted GSC tumorigenesis (Zhang et al., 2017). m6A modifications are critical for self-renewal of GSCs. Knockdown of METTL3 or METTL14 promoted growth, self-renewal, and tumorigenesis of human GSC; conversely, overexpression of METTL3 or inhibition of FTO exerted the opposite effect (Cui et al., 2017). ADAM19 was a downstream target of METTL3/METTL14 that exerted critical biological functions in GSCs (Cui et al., 2017). m6A modifications could influence nonsense-mediated mRNA decay (NMD) in GSCs. Li et al. reported that METTL3 regulated the NMD of splicing factors and AS process in glioblastoma (Li et al., 2019). Depletion of METTL3 inhibited the m6A levels of serine- and arginine-rich splicing factors (SRSF), leading to NMD of SRSF which was mediated by YTHDC1 (Li et al., 2019). Subsequently, downregulated SRSFs significantly changed alternative splicing events of several genes including BCL-X and NCOR2, contributing to suppression of GSCs self-renewal (Li et al., 2019). All these findings establish a critical role of m6A modifications in GSCs.
Breast cancer and ovarian cancer are common cancers in women. m6A modifications exert profound and diverse functions in breast cancer stem cells and ovarian cancer stem cells. In response to hypoxia, hypoxia-inducible factor (HIF)-1α and HIF-2α were stimulated to promote ALKBH5 expression in breast cancer cells; subsequently, ALKBH5 inhibited the m6A level in the 3′UTR of Nanog mRNA and increased NANOG expression, resulting in enhanced breast cancer stem cell phenotype (Zhang et al., 2016). Conversely, ALKBH5 knockdown in human breast cancer cells suppressed tumor initiation capacity (Zhang et al., 2016). Therefore, ALKBH5-mediated m6A modifications play a pivotal role in maintaining breast cancer stemness in the hypoxic environment. Aurora kinase A (AURKA) is a member of serine/threonine kinases family and was reported to stabilize METTL14 protein by preventing its ubiquitylation in breast cancer stem-like cells (Peng et al., 2021). Subsequently, upregulated METTL14 expression induced the m6A level of DROSHA, a Class 2 ribonuclease III enzyme, to stabilize DROSHA mRNA which was meditated by m6A reader IGF2BP2 (Peng et al., 2021). Intriguingly, AURKA could strengthen the binding of IGF2BP2 to DROSHA mRNA, thus promoting DROSHA expression (Peng et al., 2021). Furthermore, DROSHA interacted with β-catenin to transactivate STC1, resulting in enhanced stemness of breast cancer (Peng et al., 2021). In ovarian cancer, FTO is suggested to suppress self-renewal of ovarian CSCs. Huang et al. revealed reduced FTO expression in ovarian tumors and ovarian CSCs (Huang et al., 2020). In this study, ectopic expression of FTO in ovarian cancer cells inhibited the m6A level in the 3′UTR of two phosphodiesterase genes, PDE1C and PDE4B, and reduced their mRNA stability, leading to activation of second messenger 3′, 5′-cyclic adenosine monophosphate (cAMP) signaling and suppression of stemness features (Huang et al., 2020). Furthermore, FTO could suppress self-renewal of ovarian CSCs in vivo in an m6A-dependent manner (Huang et al., 2020). All these studies unveil a key role of m6A modifications in regulating stemness phenotype of breast cancer and ovarian cancer.
N6-Methyladenosine and Hematological Tumors
Hematologic malignancies comprise three main types: leukemia, lymphoma, and multiple myeloma (MM). In acute myeloid leukemia (AML), a subpopulation of AML cells, called leukemia stem cells (LSCs), exert self-renewal capacity and is responsible for the maintenance of the AML phenotype. There have been numerous studies reporting the functional importance of m6A modifications in AML. Li et al. revealed increased expression of FTO in AML (Li et al., 2017). High FTO expression suppressed the m6A levels of ankyrin repeat and SOCS box protein 2 (ASB2) and retinoic acid receptor α (RARA), leading to reduced mRNA stability of these two genes (Li et al., 2017). However, future study is required to identify m6A readers that are responsible for stabilizing FTO target transcripts, such as ASB2 and RARA. Consequently, FTO promoted leukemogenesis and inhibited Tretinoin-induced AML cell differentiation (Li et al., 2017). Given the functional significance of FTO in AML, several FTO inhibitors have been developed. In a subsequent study, Su et al. reported that R-2-hydroxyglutarate (R-2HG), originally thought to be an oncometabolite, strongly inhibited FTO activity, thereby increasing global m6A modifications, resulting in reduced mRNA stability of MYC/CEBPA in R-2HG-sensitive leukemia cells (Su et al., 2018). Of note, R-2HG treatment also increased ASB2 and RARA expressions in R-2HG-sensitive cells, but not in the resistant cells (Su et al., 2018). Importantly, R-2HG exhibited a potent anti-tumor effect against leukemia with high FTO expression by targeting FTO-m6A-MYC/CEBPA axis (Su et al., 2018). However, whether and how R-2HG exerted its effect on cancer metabolism in leukemia was unclear. Accordingly, Qing et al. showed that R-2HG could effectively inhibit aerobic glycolysis in R-2HG-sensitive leukemia cells, but not in normal CD34+ hematopoietic stem/progenitor cells (Qing et al., 2021). Aerobic glycolysis, termed Warburg effect, converts glucose to lactate even without oxygen, thereby providing the energy required by the cancer cells. R-2HG inhibited FTO activity and increased the m6A level of phosphofructokinase platelet (PFKP) and lactate dehydrogenase B (LDHB), two critical glycolytic genes, thereby reducing their mRNA stability which was mediated by YTHDF2 (Qing et al., 2021). Notably, FTO, PFKP, or LDHB depletion recapitulated R-2HG-induced glycolytic inhibition and suppressed leukemogenesis in vivo (Qing et al., 2021). Using structure-based rational design, Huang et al. recently developed two FTO inhibitors, FB23 and FB23-2 (derivatives of meclofenamic acid), which could directly bind to FTO and suppress its demethylase activity (Huang et al., 2019). FB23-2 strongly inhibited cell proliferation but induced differentiation/apoptosis of human AML cells both in vitro and in vivo; moreover, FB23-2 exhibited a promising therapeutic efficacy in patient-derived xeno-transplantation AML mouse model (Huang et al., 2019). Notably, FB23-2 treatment could significantly eliminate LSCs in these mice models, thereby disrupting AML maintenance (Huang et al., 2019). However, the half-maximal inhibitory concentration (IC50) values of FB23 and FB23-2 in suppressing AML are still high: >20 μM and >1 μM for FB23 and FB23-2, respectively (Huang et al., 2019). To develop efficacious inhibitors against FTO, Chen’s team conducted a structure-based virtual screening of the 260,000 compounds and validation assays, leading to the identification of two compounds, CS1 and CS2, which displayed strong inhibitory effects against FTO activity and AML cell viability with 10- to 30-fold lower IC50 (Su et al., 2020). FTO was frequently overexpressed in LSCs, and pharmacological inhibition of FTO by CS1 and CS2 suppressed self-renewal of LSCs (Su et al., 2020). In addition, targeting FTO decreased the expression of immune checkpoints, such as PD-L1, PD-L2, and LILRB, to reverse immune evasion of leukemia cells (Su et al., 2020), highlighting the potential of FTO inhibitors for cancer therapy. Nevertheless, there remains some limitations for small-molecule FTO inhibitors, e.g., toxic side effects, the sensitivity and specificity of inhibitors against LSCs. As such, Cao et al. developed FTO inhibitor-loaded GSH-bioimprinted nanocomposites (GNPIPP12MA) of synergistic FTO inhibition and GSH depletion (Cao et al., 2022). Notably, GNPIPP12MA not only selectively targeted LSCs but also enhanced the efficacy of the PD-L1 blockade, thereby suppressing leukemogenesis (Cao et al., 2022). Other m6A regulators, such as METTL3 (Barbieri et al., 2017; Vu et al., 2017), METTL14 (Weng et al., 2018), YTHDF2 (Paris et al., 2019), YTHDC1 (Cheng et al., 2021; Sheng et al., 2021), and ALKBH5 (Shen et al., 2020; Wang et al., 2020), have also been demonstrated to regulate LSCs features and contribute to leukemogenesis. It is worth noting that Yankova et al. recently developed a highly potent and selective METTL3 inhibitor, named STM2457, that posed a strong effect in suppressing growth while increasing differentiation and apoptosis of AML (Yankova et al., 2021). Together, all these studies suggest that targeting m6A regulators is a potential therapeutic strategy against AML.
Myeloma is a blood cancer of plasma cells derived from bone marrow. Recent evidence implies a functional role of m6A in MM pathogenesis. Upregulated isocitrate dehydrogenase 2 (IDH2) in CD138+ MM cells reduced global RNA m6A modification through activating FTO (Song et al., 2021). The m6A level of WNT7B mRNA was decreased by IDH2, leading to increased WNT7B expression and subsequent activation of Wnt pathway which eventually facilitated tumorigenesis and progression of MM (Song et al., 2021). Consistently, FTO was highly expressed in plasma cells from MM patients, concomitant with decreased RNA m6A level (Xu et al., 2022). FTO inhibited m6A modifications of heat shock factor 1 (HSF1), thereby increasing its mRNA stability in a YTHDF2-dependent manner (Xu et al., 2022). Importantly, FTO-m6A-HSF1 promoted MM cells growth and metastasis (Xu et al., 2022). Similarly, ALKBH5 was overexpressed in MM and promoted MM tumorigenesis (Qu et al., 2022). ALKBH5 inhibited m6A modifications in 3′UTR of TNF receptor-associated factor 1 (TRAF1) and enhanced its mRNA stability, leading to activation of NF-κB and MAPK signaling pathways (Qu et al., 2022).
Lymphoma is cancer of lymphocytes from lymph nodes, spleen, thymus, or bone marrow. Han et al. reported that PIWI-interacting RNAs (piRNAs)-30473 upregulated WTAP and increased the global m6A level in diffuse large B-cell lymphoma (DLBCL) (Han et al., 2021). Hexokinase 2 (HK2) was further identified as the downstream target of piRNA-30473-WTAP-m6A, and upregulated HK2 by piRNA-30473 contributed to DLBCL tumorigenesis (Han et al., 2021). On the other hand, proto-oncogene MYC was found to transcriptionally activate ALKBH5 and FTO and inhibit m6A levels of SPI1 and PHF12 transcripts, thereby suppressing their mRNA translation which was mediated by YTHDF3 (Wu et al., 2021). Furthermore, depletion of ALKBH5 effectively reduced growth of B-cell lymphomas with deregulated MYC expression (Wu et al., 2021).
CONCLUSION AND FUTURE PERSPECTIVES
To date, great efforts have been made to explore the roles of RNA m6A modifications in different biological processes, and improvements have been achieved to advance our understanding of m6A-mediated epitranscriptomic regulation and its potential as therapeutic targets for cancer patients. However, many questions remain elusive: 1) the origins and functions of m6A marks at different stages of human development are still largely unclear; 2) the contribution of m6A modifications in iPSC pluripotency should be further clarified; 3) m6A writers (e.g., METTL3) and erasers (e.g., FTO) both play an oncogenic role in several cancer types (e.g., AML). Thus, m6A regulators likely target different groups of transcripts and regulate different biological processes; 4) the position of m6A sites (e.g., 5ʹUTR, CDS, or 3ʹUTR) in transcripts likely influence the recognition of m6A and the subsequent RNA metabolism; 5) m6A readers could exhibit opposite functions. YTHDF2 promotes RNA degradation of m6A-modified mRNAs while IGF2BP1-3 stabilizes them, although they target different transcripts. Besides, more and more m6A readers are being discovered, adding to the complexity of m6A epitranscriptome; and 6) the crosstalk or competition among m6A writers, readers and erasers should be further explored. Although the functions of m6A regulators are context dependent, targeting m6A offers great potential for cancer treatment. Future studies on understanding the context-dependent role of m6A modification in cellular reprogramming and cancer stemness is of utmost importance.
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It is well known that the stability of RNA, the interaction between RNA and protein, and the correct translation of protein are significant forces that drive the transition from normal cell to malignant tumor. Adenosine deaminase acting on RNA 1 (ADAR1) is an RNA editing enzyme that catalyzes the deamination of adenosine to inosine (A-to-I), which is one dynamic modification that in a combinatorial manner can give rise to a very diverse transcriptome. ADAR1-mediated RNA editing is essential for survival in mammals and its dysregulation results in aberrant editing of its substrates that may affect the phenotypic changes in cancer. This overediting phenomenon occurs in many cancers, such as liver, lung, breast, and esophageal cancers, and promotes tumor progression in most cases. In addition to its editing role, ADAR1 can also play an editing-independent role, although current research on this mechanism is relatively shallowly explored in tumors. In this review, we summarize the nature of ADAR1, mechanisms of ADAR1 editing-dependent and editing-independent and implications for tumorigenesis and prognosis, and pay special attention to effects of ADAR1 on cancers by regulating non-coding RNA formation and function.
Keywords: ADAR1, RNA editing, cancer, non-coading RNA, adenosine to inosine
INTRODUCTION
A-to-I editing of RNA, a widespread co/post-transcriptional modification in mammals, is catalyzed by adenosine deaminases acting on RNA (ADARs) and has recently been recognized as an essential mechanism of cancer biology (Han et al., 2015; Baker and Slack, 2022). With the continuous increase of next-generation sequencing data, transcriptomics modifications, so-called RNA mutations, are becoming a significant force in promoting the transformation of normal cells into malignant tumors and providing tumor diversity to avoid immune attacks (Nishikura, 2010; Sagredo et al., 2018; Shevchenko and Morris, 2018). ADARs were first discovered in Xenopus laevis oocytes and embyros (Bass, 1987; Quin et al., 2021), confirming mediating editing of adenosine-to-inosine (A-to-I) in double-stranded (ds) RNA in mammals (Xu and Öhman, 2018). This edit acts as a functional A-to-G mutation by hydrolytic deamination at C6 of adenosine, changing it to inosine in the region of dsRNA (Figure 1A) (Nishikura, 2016).
[image: Figure 1]FIGURE 1 | Catalytic function, domain organization, and shuttle mechanism of Adenosine Deaminase Acting on RNA 1 (ADAR1) (Created with BioRender.com). (A) RNA editing by ADARs. Alternative RNA editing by C6 deamination of adenosine (A) in the double-stranded RNA region to generate inosine (I), catalyzed by ADARs enzymes. (B) Schematic of the domain structure of two isoforms of ADAR1. ADAR1p150 and ADAR1p110 share identical sequence except for an additional N-terminal sequence for ADAR1p150, including an additional Zα domain (PDB: 2GDB) (Placido et al., 2007) and the NES which allows for both cytoplasmic and nuclear localization. Both contain a Zβ domain (PDB: 1XMK) (Athanasiadis et al., 2005) that mainly mediate Z-DNA/RNA binding, three dsRBDs domain (PDB: 2LJH, 2L2K, 2MDR) (Stefl et al., 2010; Barraud et al., 2012; Barraud et al., 2014) that mediate dsRNA binding and homodimerization, and a deaminase domain (PDB: 1ZY7) (Macbeth et al., 2005) that is the catalytic center of ADAR1. (C) Cellular localization of ADAR1. XPO1 binds to NES located within the Zα structural domain and regulates nuclear export of ADAR1p150 in the presence of RAN-GTP. Nuclear import of ADAR1p110 is mediated by binding of TRN1 to dsRBD3. NLS located in the third dsRBD, a domain common to both ADAR1 isoforms, binds with TRN1 to assist in the targeting of ADAR1 in the nucleus.
By hydrolytically deaminating adenosine’s 6-position, ADARs catalyze the deamination of adenosine to inosine (Polson et al., 1991). An important target for A-to-I RNA editing is a dsRNA derived from inverted Alu repetitive elements (Alu dsRNA) (Athanasiadis et al., 2004; Bazak et al., 2014). Since cells interpret inosine (I) as guanosine (G), A-to-I editing can lead to non-synonymous codon changes in the transcript and alternative splicing (Walkley and Li, 2017; Eisenberg and Levanon, 2018). In addition, ADARs can bind introns or 3′ untranslated regions (UTRs) to regulate the expression level of relative coding regions (Daniel et al., 2015; Sagredo et al., 2018). Still, it also affects targeting and disrupts the maturation of non-coding consequences, mainly microRNA, lncRNA, and circRNA (Velazquez-Torres et al., 2018; de Santiago et al., 2021; Shen et al., 2021). As a result of ADAR-mediated editing, which arises from mismatched A-to-I signatures after reverse transcription, more than 4 million edited positions have been identified (Bazak et al., 2014; Gallo et al., 2017).
Mammals have three ADAR genes, ADAR1 (also called ADAR, DRADA), ADAR2 (also called ADARB1), and ADAR3 (also called ADARB2), with specific structure, location, and function differences (Xu and Öhman, 2018; Shen et al., 2022). Currently, ADAR1 and ADAR2 have been shown to be expressed throughout most tissues and to be catalytically active, and the former mediates more editing events (Hogg et al., 2011). However, ADAR3 is specifically expressed in the brain and its function is only mentioned in a few articles (Melcher et al., 1996; Chen et al., 2000; Walkley and Li, 2017; Samuel, 2019). In glioblastoma, ADAR3 has been reported to be upregulated to competitively inhibit RNA editing at the Q/R site of GRIA2 by ADAR2 (Oakes et al., 2017; Wang et al., 2018). And these genes of the ADAR family have similar domain structures, mainly composed of a deaminase domain and two or three dsRNA binding domains (dsRBDs) (Erdmann et al., 2021; Quin et al., 2021). The deaminase domain of both ADAR1 and ADAR2 catalyzes the hydrolytic deamination of adenosine to inosine in dsRNA, while the catalytic activity of ADAR3 has not been reported so far (Chen et al., 2000; Nishikura, 2016; Oakes et al., 2017; Samuel, 2019). The dsRBD (∼65 amino acids) binds directly to dsRNA through its own structural domain. In spite of the fact that both ADAR1 and ADAR2 had been shown to be associated with tumor progression, editing events regulated by ADAR1 are more strongly correlated with cancer development (Maas et al., 2001; Paz-Yaacov et al., 2015). There could be two main reasons for this result. One is that the enrichment of ADAR1 far exceeds that of ADAR2. ADAR1 expression was seen in nearly all tissues, while ADAR2 was most expressed in the brain, but more minor in other tissues (Paz-Yaacov et al., 2015). Significantly, ADAR1 is absolutely required, and ADAR1-null mice die during embryonic life due to extensive apoptosis and defective hematopoiesis (Hartner et al., 2004; Wang et al., 2004). Furthermore, two is that human Adar1 maps to a single locus on chromosome 1q21, whose amplification is the most common cytogenetic abnormalities in multiple types of cancer and a poor prognostic factor (Knuutila et al., 1998; Jiang et al., 2012; Teoh et al., 2018).
ADARs editing is critical for survival in mammals, and its dysregulation may contribute to cancer development (Ramírez-Moya et al., 2021). The function of ADAR1-mediated RNA editing in immunity, especially innate immunity, has been summarized in many reviews (Lamers et al., 2019; Quin et al., 2021; Song et al., 2022), so this article will not address this aspect of the function. In addition to its editing role, ADAR1 can also play an editing-independent role. Regardless of whether the stability of ADARs regulatory RNAs is dependent on RNA editing, RNA binding is essential for their action (Wang I. X et al., 2013). Still, it will focus on the role of ADAR1 in cancer. For example, ADAR1 is more abundant in lung, liver, esophageal and chronic myelogenous leukemia, and with few exceptions, it promotes cancer progression (Jiang et al., 2012; Qin et al., 2014; Zhang et al., 2018; Sun et al., 2020). This review will focus on the structure and regulatory mechanisms of the ADAR1 enzymes and the relationship between aberrant editing of specific substrates and tumorigenesis, especially non-coding RNA.
NATURE OF ADENOSINE DEAMINASE ACTING ON RNA 1
The human ADAR1 gene spans approximately 40 kb and includes 17 exons, and the transcript level of ADAR1 is increased by IFN or pathogen stimulation (George et al., 2011). ADAR1 has two protein isoforms, full-length ADAR1p150 (150 kDa) and shorter ADAR1p110 (110 kDa) (Figure 1B) (Sun et al., 2021). Both contain a nuclear localization signal (NLS), allowing nuclear localization (Nishikura, 2016; Baker and Slack, 2022). In addition, ADAR1p150 contains a nuclear export signal (NES), accordingly shuttles between the nucleus and cytoplasm and is predominantly cytoplasmic (Xu and Öhman, 2018; Sun et al., 2021; Baker and Slack, 2022). Both isoforms contain a Zβ domain, three dsRNA-binding domains and a deaminase catalytic domain (George et al., 2011). 1) Zβ domain is a Z-DNA/RNA binding domain which NLS locates in (Athanasiadis et al., 2005); 2) dsRNA-binding domains (RI, RII, and RIII, ∼65 amino acids), which have an α-β-β-β-α configuration, make direct contact with dsRNA (Thomas and Beal, 2017); 3) deaminase domain is the catalytic center of ADAR1, in which the E912A point mutation in ADAR1p150 (E617A for ADAR1p110) disrupts catalytic deaminase activity (Wang I. X et al., 2013; Lamers et al., 2019; Baker and Slack, 2022). Moreover, besides Zβ domain, ADAR1p150 contains Zα domain, another Z-DNA/RNA binding domain, which may have affected its bonding preferences (Nishikura, 2016; Sun et al., 2021). Notably, shorter ADAR1p110 is constitutively expressed in ubiquitous types of cells, whereas full-length ADAR1p150 is expressed only when some activators stimulate cells, such as type I and type II IFN (Rice et al., 2012; Li et al., 2016). Among the inverted retrotransposon repeats of the long spacer nuclear element (LINE) and short spacer nuclear element (SINE) families are a number of endogenous long dsRNAs that are thought to be key-acting substrate RNAs for ADAR1 (Liddicoat et al., 2015). Moreover, the Alu motif mentioned above is a member of the SINE family and is also one of the sites found to be subject to the greatest extent and number of ADAR1 edits (Nishikura, 2010; Liddicoat et al., 2015; Nishikura, 2016).
Although ADAR1p150 is primarily localized in the cytoplasm and ADAR1p110 is predominantly localized in the nucleus, both ADAR1p150 and ADAR1p110 shuttle between the nucleus and cytoplasm (Figure 1C) (Strehblow et al., 2002; Desterro et al., 2003). The nuclear export factor exportin 1 (XPO1, also known as CRM1) binds to the nuclear export signal (NES) located within the Zα structural domain and regulates nuclear export of ADAR1p150 in the presence of RAN-GTP (Poulsen et al., 2001). The binding of transport protein 1 (TRN1) to dsRBD3 mediates nuclear import of ADAR1p110, a process that is inhibited by dsRNA binding (Barraud et al., 2014). The nuclear localization signal (NLS) located in the third dsRBD, a domain common to both ADAR1 isoforms, binds with TRN1 to assist in the targeting of ADAR1 in the nucleus (Fritz et al., 2009).
RNA EDITING-DEPENDENT OF ADENOSINE DEAMINASE ACTING ON RNA 1 AND TUMORIGENESIS AND PROGRESSION MECHANISMS
ADAR1 is frequently amplified in many diverse types of cancers with elevated activity (Fritzell et al., 2018), including hepatocellular carcinoma, non-small cell lung cancer, thyroid cancer, pancreatic cancer, esophageal cancer, cervical cancer, and multiple myeloma, and consistent with increased RNA editing levels of its substrates (Chen et al., 2013; Han et al., 2015; Paz-Yaacov et al., 2015; Chen Y et al., 2017; Hu et al., 2017; Sun et al., 2020). Conversely, decreased ADAR1 expression was observed in metastatic melanoma, invasive breast cancer, and kidney cancers (Shoshan et al., 2015; Gumireddy et al., 2016). Most RNA editing sites are located in noncoding regions or noncoding sequences and therefore do not result in changes in protein sequence or expression (Fritzell et al., 2018; Quin et al., 2021). However, a small number of coding events still occur in the coding region, thus affecting gene expression, or even if RNA editing occurs in non-coding sequences, it may indirectly regulates gene expression through mechanisms such as affecting the function of non-coding RNAs. The focus of this section is on this particular editing events by ADAR1 catalyzed, which contribute significantly to cancer development and metastasis. And the content of this section is divided into four main parts according to the differences in catalytic substrates, coding gene, intron, 3′ UTR, and three non-coding RNAs, including microRNA, lncRNA and circRNA. In most cases, increased ADAR1 expression and/or activity promotes cancer generation and progression; while in a few cancers, low expression and/or activity of ADAR1 mediating cancer phenotypes (Shoshan et al., 2015; Gumireddy et al., 2016). We have compiled and summarized the prior literature that experimentally confirms the substrate, editing site, and effects of ADAR1 editing on cancer phenotypes (Table 1).
TABLE 1 | ADAR1 edits specific substrates involved in cancer progression.
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Early mechanistic studies on ADARs focused on causing protein recoding, which potentially modifies the amino acid sequence, thereby leading to decreased activity or acquisition of the encoded protein (Figure 2A). The coding sequence has a double-stranded structure on the exon, which is the region that may be subject to ADAR1-mediated A to I editing. Most A-to-I editing sites are generally found in introns and 3’ UTRs of coding genes, with 1% or fewer occurring in coding exons (Bahn et al., 2012; Wang I. X et al., 2013; Picardi et al., 2015).
[image: Figure 2]FIGURE 2 | Possible regulatory mechanisms for RNA editing-dependent and editing-independent of ADAR1 involved in tumorigenesis and progression (Created with BioRender.com). (A) The dsRNA hairpin structures formed in the exonic region of the encoded gene are recognized by ADAR1. It undergoes A-to-I editing, and splicing machinery interprets inosine as guanosine, which leads to inactivation or activation of the final translation product. (B) ADAR1 binds to the intron of pre-mRNA, resulting in increased abundance of exon. (C) By editing intronic fold-back dsRNAs with A-to-I editing, splice sites could be created or deleted, leading to the inclusion or exclusion of Alu exons. (D) ADAR1 interacts with HuR proteins to coregulate common transcripts. (E) Editing of the 3′UTR can change the stability of the mRNA by creating or destroying the binding site of the miRNA. Ⅰ: acquired the ability to bind miRNA; Ⅱ: loss of the ability to bind miRNA. (F) ADAR1 competes with Staufen1 protein for the dsRNA binding site, thereby excluding Staufen1 binding and subsequent decaying of antiapoptotic genes in an editing-independent manner. (G) The Drosha/DGCR8 complex digests ADAR1-edited pri-miRNAs in the nucleus, generating approximately 70 nt of pre-miRNA intermediates that are translocated to the cytoplasm mediated by exportin-5 (Exp5) and Ran-GTP. The Dicer/TRBP complex undergoes a second cleavage to generate mature miRNAs which target and regulate downstream mRNAs. Because of the editing effect of ADAR1, the process may be aborted at three points. Ⅰ: in pri-mRNA, editing occurs at the RNA site that binds to Drosha and DGCR8, which causes the formation of fragmented pri-miRNA in the action of Tudor-SN; Ⅱ: in pre-miRNA, editing occurs at the RNA site that binds to Dicer and TRBP, or ADAR1 interacts with Dicer; Ⅲ: in mature miRNA, editing occurs at the RNA site that binds to mRNA. The mechanism of miRNA editing by ADAR1 is also applicable to the other two non-coding RNAs and will not be described below. (H) Regulatory mechanisms of ADAR1 Editing for dsRNA on lncRNA. Ⅰ: acquired the ability to bind miRNA; Ⅱ: loss of the ability to bind miRNA; Ⅲ: lncRNAs are recognized and edited by ADAR1 after complementary pairing with mRNA bases. (I) Editing of Alu repeats can antagonize circRNA formation.
Antizyme inhibitor 1 (AZIN1) is the most widely studied ADAR1 substrate in cancer, and edited AZIN1 promotes the development of hepatocellular carcinoma, non-small cell lung cancer, colorectal cancer, esophageal squamous cell carcinoma, and other cancers (Chen et al., 2013; Qin et al., 2014; Hu et al., 2017; Shigeyasu et al., 2018; Xu and Öhman, 2018). For instance, Under the action of deaminase of ADAR1, the serine (S) transforms glycine (G) substitution at residue 367, located in β-strand 15 of AZIN1 in HCC, resulting to its conformational change, inducing a cytoplasmic-to-nuclear translocation, and conferred “gain-of-function” phenotype, such as growth, colony formation, invasion, and migration (Chen et al., 2013). ADAR1 over-edited AZIN1 RNA is an independent risk factor for lymph node and distant metastasis and may serve as a prognostic basis for overall survival and disease-free survival (Shigeyasu et al., 2018). In several of these cancers, AZIN1 has the same editing site and causes similar phenotypic changes in cancer cells (Qin et al., 2014; Hu et al., 2017; Shigeyasu et al., 2018). However, in colorectal cancer, in addition to the above phenotypes, changes in cell stemness are also involved (Shigeyasu et al., 2018; Takeda et al., 2019).
Bladder cancer-associated protein (BLCAP) is a highly conserved gene that plays a tumor-suppressive role in different cancers and is a novel ADAR-mediated editing substrate in hepatocellular carcinoma and cervical cancer (Hu et al., 2015; Chen W et al., 2017). Over-editing of BLCAP was found in 40.1% HCCs compared to adjacent liver tissues. And RNA-edited BLCAP may stably promote cell proliferation by activating AKT/mTOR signal pathway (Hu et al., 2015). In cervical cancers, editing events by ADAR1 alter the genetically coded amino acid in BLCAP YXXQ motif, inducing BLCAP to lose the inhibition to signal transducer and activator of transcription 3 (STAT3) activation, which drives the carcinogenesis progression (Chen W et al., 2017). However, compared with the related normal tissues, BLCAP edited isoforms were reduced in astrocytoma, bladder cancer and colorectal cancer, indicating that the RNA editing level of BLCAP differs in different tumors (Meng et al., 2017).
However, in contrast to the above examples, in some cancers, such as breast cancer, melanoma, RNA editing of ADAR1 inhibits cancer development. In other words, low levels of ADAR1 editing in certain cancers lead to poor prognosis of patients (Gumireddy et al., 2016; Nishikura, 2016; Zhang et al., 2018; Baker and Slack, 2022). ADAR1-edited Gabra3 was only in non-invasive breast cancer and showed that edited Gabra3 reduced the abundance of wild-type Gabra3 on the cell surface and inhibited AKT activation, thereby suppressing breast cancer cell invasion and metastasis (Gumireddy et al., 2016). In melanoma, the ADAR1-edited cell cycle protein I (CCNI)R75G peptide activates tumor-infiltrating lymphocytes (TIL) and promotes TIL killing of cancer cells (Zhang et al., 2018).
To summarize, the above findings suggest that the expression of ADAR1 varies depending on the coding gene and cancer type. Whether ADAR1 overexpression or over-editing promotes or prevents cancer progression depends on the type of editing substrates, their level of expression, and how they participate respectively in regulating malignant changes in cancer cells.
Intron
The intron in certain coding regions has also been shown to recognize and bind to ADAR1 before being spliced and promote exon expression in an editing-dependent manner. A few articles have reported this approach, and the mechanisms have not been explored in detail (Figure 2B). ADAR1 post-transcriptionally increased the abundance of focal adhesion kinase (FAK) protein by binding and editing to a specific intronic site on chr8: 141,702,274 in FAK transcript, resulting in the increased stabilization of FAK mRNA, thereby promoting mesenchymal properties, migration, and invasion of lung adenocarcinoma (Amin et al., 2017).
RNA editing of Alu-rich intron regions may lead to Alu exonization, which controls mRNA levels and translation efficiency and potentially leads to disease (Figure 2C) (Lev-Maor et al., 2007; Sakurai et al., 2010). However, this modality is only found in G protein-coupled receptor 107 (Athanasiadis et al., 2004), nuclear prelamin A (Lev-Maor et al., 2007) and seryl-tRNA synthetase (Sakurai et al., 2010). However, there is no evidence that ADAR1 mediates cancer-associated gene exonization.
3′ Untranslated Region
There are two main ways ADAR1-catalyzed editing on the 3′ UTR influences gene expression regulation. A relatively common one is editing of Alu dsRNA on the 3′ UTR, which binds to and is regulated by microRNA when unedited. The other is dependent on editing to alter the stability of the mature mRNA, mainly achieved by the recruitment of HuR proteins with ADAR1 (Figure 2D) (Song et al., 2016). RNA editing events that occur in the 3′UTR of mRNAs may alter their interactions with miRNAs. Within the 3′ UTRs of mRNAs from nine different types of cancer, Pinto et al. identified over 63,000 editing sites that harbor Alu dsRNAs that serve as recruitment signals for ADAR (Pinto et al., 2018). Several studies have established that RNA editing that occurs in the 3′UTR can create or disrupt miRNA binding sites, thereby altering the mRNA stability of cancer-related genes (Figure 2E) (Liang and Landweber, 2007; Borchert et al., 2009).
For instance, 3′ UTR of Rho GTPase activating protein 26 (ARHGAP26) transcript undergoes ADAR1-catalyzed extensive A-to-I RNA editing (Wang Q et al., 2013). Known as a cancer suppressor, ARHGAP26 activates Rho GTPases (Zhong et al., 2019). Undergone A-to-I editing, the 3′ UTR of ARHGAP26 failed to pair with miR-30b-3p and miR-573, thus translating without interference, thereby promoting breast cancer growth and malignant transformation (Wang Q et al., 2013). As a counterexample, ADAR1, which is much less expressed in breast cancer, targets the 3′ UTR of DNA fragmentation factor subunit alpha (DFFA) transcript, therefore promoting cancer cell invasion (Roberts et al., 2018). DFFA is an inhibitor of caspase-activated DNase (ICAD) that triggers DNA fragmentation during apoptosis (Fawzy et al., 2017). In non-invasive, hormone-responsive breast cancer cell lines, editing of DFFA mRNA by ADFA1 rendered the mRNA unrecognized by miR-140-3p, thereby increasing DFFA levels and inducing apoptosis, whereas lack of editing in highly invasive, triple-negative breast cancer cell lines prevented DFFA from being regulated by miR-1403p (Roberts et al., 2018).
Altered RNA stability is an essential mechanism for ADAR1-mediated regulation of gene expression. ADAR1 recruits and interacts with human antigen R (HuR, gene name ELAVL1), a family of RNA-binding proteins selectively binds to single-stranded AU-rich RNA sequences (de Silanes et al., 2003; Meisner et al., 2004), to increase transcript stability (Figure 2D) (Wang I. X et al., 2013). It is estimated that 3′ UTR of up to 8% of all mRNAs contain AU-rich elements, including genes for cancer progression (Shaw and Kamen, 1986; Shaw et al., 2006). Among the 775 genes whose expression levels decreased after ADAR1 knockdown, the genes containing HuR binding sites showed significantly higher expression than the others (Wang I. X et al., 2013), such as MCM4 (Bagley et al., 2012), TMPO(Li et al., 2020), and GSR (McLoughlin et al., 2019).
Non-Coding RNA
Currently, dysregulated levels of non-coding RNAs (ncRNAs) appear to be reported for every type of cancer, and non-coding transcripts are expected to be the next class of diagnostic and therapeutic tools in oncology (Song et al., 2016; Shen et al., 2022). In addition to RNA editing mediated amino acid substitutions in specific genes contributing to cancer, elevated ADAR1 editing of non-coding RNAs, can also promote cancer progression (Qi et al., 2014; Ramírez-Moya et al., 2020). ADARs can also bind and edit some non-coding genes that contain inverted Alu repeats or LINE of non-coding genes, such as microRNA (miRNA), long non-coding RNA (lncRNA), and circular RNA (circRNA) to suppress non-coding RNA maturation (Torsin et al., 2021).
MicroRNA
According to their binding sites along with RNA transcripts, ADAR1 protects mRNA from degradation, regulates miRNA processing, and alters splicing patterns (Xu and Öhman, 2018).
It has been shown that ADAR1 interacts with Dicer or DCGR8 to mediate processing of pre-miRNAs, ultimately leading to microRNA destabilization (Bahn et al., 2015). In this way, the editing of certain microRNA precursors results in lower levels of expression or altered function of mature miRNAs, thereby leading to alterations in certain cancer phenotypes (Figure 2G). In thyroid cancer cells, ADAR1-dependent editing miR-200b exhibits a lower activity against its target ZEB1-3′ UTR, which facilitates the epithelial–mesenchymal transition, thus resulting in proliferation, invasion, and migration of thyroid tumor cells (Ramírez-Moya et al., 2020). In melanoma cells, ADAR1p150 directly interacted with Dicer, an enzyme cleave precursor miRNA (usually 70 nt) to form mature miRNA (around 22 nt), which increased the cleavage rate of pre-miRNA and promoted the loading and maturing of miRNA (Chiosea et al., 2006), thereby promoting the biosynthesis and function of miRNA-149-3p (Yujie Ding et al., 2020). The expression of GSK3α, a direct target of miR-149-3p, is decreased, eventually resulting in proliferation of melanoma cells and inhibited cell apoptosis (Yujie Ding et al., 2020).
Likewise, modification of certain microRNAs by ADAR1 can exert a suppressive effect on cancer, and such miRNAs tend to be less expressed in cancerous tissues with a high metastatic capacity (Shoshan et al., 2015; Velazquez-Torres et al., 2018; Xu and Öhman, 2018). For example, with high levels of A-to-I editing in low metastatic melanoma but not in high metastatic melanoma, edited miR-455-5p lost the binding site of its downstream cancer suppressor protein CPEB1, which resulted in the suppression of melanoma growth and metastasis (Shoshan et al., 2015). Only in non-metastatic melanoma cells, edited miR-378a-3p predominantly binds to and represses the expression of the 3′-UTR of the PARVA oncogene, thereby inhibiting the progression of melanoma to a malignant phenotype (Velazquez-Torres et al., 2018).
Long Non-Coding RNA
Recently, LncRNAs have been shown to be central regulators of gene expression in a variety of genes (Guo et al., 2020). The lncRNAs involved in oncogenes and tumor suppressors are modified by A-to-I RNA editing machinery, with modifications that are drastically altered in cancer cells (Silvestris et al., 2020). ADAR1 can change RNA expression levels by interacting with other RNA-binding proteins, such as Dicer (Deng et al., 2019) and HuR (Stellos et al., 2016), the same mechanism as the 3′ UTR and the miRNA described previously. In addition, editing of dsRNA on lncRNA by ADAR1 changes its structure, which affects the binding of downstream target miRNAs (Figure 2H). Exceptional cases are reported in the literature where lncRNAs are recognized and edited by ADAR1 after complementary pairing with mRNA bases (Figure 2H) (Bussemakers et al., 1999).
The expression of ADAR1-regulated lncRNA LINC00944 is immune-related in breast cancer cells. LINC00944 expression was positively correlated to tumor infiltrating T lymphocytes, the age at diagnosis, tumor size, and poor prognosis (de Santiago et al., 2021). In spite of the variations in LINC00944 expression corresponding to up and down regulation of ADAR1, it is unknown the regulatory mechanism of ADAR1 for this lncRNA (de Santiago et al., 2021).
Prostate cancer antigen 3 (PCA3), a long non-coding RNA, is upregulated in human prostate cancer (Bussemakers et al., 1999). PCA3 regulates the level of PRUNE2 through a unique regulatory mechanism that involves the formation of PRUNE2/ADAR1-edited PCA3 double-stranded RNA. Editing by ADAR1 at multiple sites in the PCA3/PRUNE2 duplex results in a reduction of PRUNE2, and an increase in PCA3 expression, therefore increasing in cancer cell the ability of cancer cell, such as proliferation, adhesion and migration (Bussemakers et al., 1999).
Circular RNA
As mentioned above, ADAR1 interacts with by binding to the inverse complementary dsRNA, such as Alu repeat region; circRNAs can also interact with it in this way (Chen and Yang, 2015). ADAR1 creates or disrupts splice sites by acting on dsRNA editing, thereby inhibiting circRNA cyclization (Figure 2I) (Zhang and Carmichael, 2001; Fritz et al., 2009; Shevchenko and Morris, 2018).
CircNEIL3 and ADAR1 are upregulated in pancreatic ductal adenocarcinoma (PDAC) cells and tissues, and circNEIL3 as a miRNA sponge leads to down-regulation of miR-432-5p, thereby suppressing the down-regulation effect caused by the 3′UTR interaction of this microRNA with ADAR1 (Xu et al., 2020; Shen et al., 2021). Subsequently, ADAR1 enhances GLI1 editing, which promotes the transcription of target genes, including cyclin D1, cyclin E and Snail, and the cyclin-dependent kinases CDK2, CDK4 and CDK6 afterward decreased (Olive et al., 2009; Wang et al., 2020; Shen et al., 2021). In summary, the circNEIL3/miR-432-5p/ADAR1/GLI1/cyclin D1/CDK axis regulates the proliferation and metastasis of PDAC via the downstream GLI1/cyclin D1 and EMT pathway (Olive et al., 2009; Shen et al., 2021).
In addition, ADAR1 has been described to repress circRNA production intensely, and its A-I editing process usually occurs near reverse complementary matches (RCMs) in circRNA flanking introns, A structure essential for circRNA cyclization (Shi et al., 2017; Ma et al., 2020). Through this editing, secondary structures between RCMs could be stronger or weaker respectively depending on whether correcting A:C was mismatched to I(G)-C pairs or I(G) U pairs (Shen et al., 2022).
Androgen receptor (AR), a transcriptional activator of ADAR1 promoter, could suppress circARSP91 expression by upregulating ADAR1 p110, eventually leading to HCC tumor growth both in vitro and in vivo (You et al., 2015; Shi et al., 2017). Circular RNA hsa_circ_0004872, dramatically downregulated in gastric cancer, molecular sponges miR-224 to upregulate the expression of the miR-224 downstream targets p21 and Smad4 by targeting the 3′-UTR (Ma et al., 2020). Smad4, as a transcription factor, could inhibit ADAR1 expression level by directly binding to the promoter region of ADAR1, thereby further upregulating hsa_circ_0004872 levels. In other words, Smad4/ADAR1/hsa_circ_0004872/miR-224/Smad4 axis regulated tumor size and local lymph node metastasis in gastric cancer (Hansen et al., 2013; Zhu et al., 2017; Ma et al., 2020).
ADAR1 can edit reverse complementary matches (RCM) of ADAR1-regulated circRNAs, altering the secondary structure formed between RCMs within the flanking introns and enhancing the binding of RNA-binding proteins (RBPs) to the site of action (Kristensen et al., 2019; Shen et al., 2022). And the different expression of ADAR1 leads to editing dysregulation of A-to-I RNA editome in multiple cancers, such as HCC, ESCC, CRC, and GC (Qin et al., 2014; Han et al., 2020; Song et al., 2021). These ADAR1-regulated circRNAs are not byproducts of reverse splicing but important molecules that influence cancer development and progression.
RNA EDITING-INDEPENDENT OF ADENOSINE DEAMINASE ACTING ON RNA 1 AND TUMORIGENESIS AND PROGRESSION MECHANISMS
The most direct role of ADAR1 relies on A-to-I editing, which can alter coding sequences, binding motifs, RNA structure, etc., to regulate substrate abundance. However, ADARs have also been shown to have an editing-independent role, as they can also function as RNA-binding proteins independent of catalytic activity (Nishikura, 2016).
In melanoma, ADAR1 controls the expression of integrin beta 3 (ITGB3), a cell surface protein associated with tumor invasion (Pinon and Wehrle-Haller, 2011; Orgaz and Sanz-Moreno, 2013), via miR-22 and PAX6 transcription factor at the post-transcriptional and transcriptional levels. The expression and functional output of both FOXD1, which controls miR-22 expression, and PAX6 are independent of RNA editing, therefore promoting growth and invasion of melanoma (Nemlich et al., 2018).
In cytoplasm, binding of the targeted 3′ UTR allows phosphorylated ADAR1p110 to preclude binding of Staufen1 and subsequent decay of the anti-apoptotic gene, thereby promoting survival of stressed cells in an editorially independent manner (Figure 2F) (Sakurai et al., 2017). It has been reported in the literature that Staufen1 has positive or negative effects on disease progression: in some malignancies, upregulated Staufen1 may act as an oncogene and promote cancer progression (Boulay et al., 2014; Xu et al., 2015; Crawford Parks et al., 2017); while in other cancers, Staufen1 may act as a tumor suppressor and inhibit disease progression (Gong and Maquat, 2011; Boulay et al., 2014; Su et al., 2020). Nevertheless, reports on the mechanism of ADAR1 for Staufen1 have not yet appeared in cancer. Interaction of lncRNA with Staufen1 has also been reported in a variety of cancers (Sakurai et al., 2017); however again no mechanism of action of ADAR1 for Staufen1 in tumors has been reported. In HCC, ADAR1 was detected to interact directly with Dicer without editing, resulting in the processing of pre-miR-27a (Qi et al., 2017). Mature miR-27a binds to the 3′-UTR of methyltransferase 7A (METTL7A), a known tumor suppressor, decreasing its expression level (Qi et al., 2017). In addition, ADAR1 can regulate miRNA processing in an RNA-binding but editing-independent manner. ADAR1 can indirectly affect miRNA biogenesis by regulating Dicer expression at the translational level through the Letal-7 gene (let-7) (Zipeto et al., 2016).
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
In conclusion, we show the structure and regulatory mechanisms of the ADAR1, and the significant role of ADAR1 in regulating many aspects of RNA function in cancers, including regulating the biogenesis of coding gene, intron, 3′ UTR, and three prevalent non-coding RNA, such as miRNA, lncRNA, circRNA. However, many important questions remain in the field including: 1) What are the factors that influence altered ADAR1 expression in cancer, and how do they play a role? 2) There are many editing-independent mechanisms of action in cancer that exist only in theory and for which there is no clear experimental evidence. 3) Up-regulation of ADAR1 expression promotes cancer development and progression in most cases, and down-regulation of ADAR1 in some cases can also achieve cancer progression. How do cancer cells control the abundance of ADAR1 so precisely to enhance their progression? Future investigation of these issues may lead to further discoveries in A-to-I RNA editing.
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Background: N6-methyladenosine (m6A) modification is a dynamic and reversible post-transcriptional RNA modification prevalent in eukaryotic cells. YT521-B homology domain family 2 (YTHDF2) has been identified as a member of m6A reader protein involving in many vital biological processes, whereas its role and functional mechanisms in cancers remain unclear.
Methods: Bioinformatics analyses were performed on multiple databases including GTEx, TCGA, GEO and Cbioportal to explore the connection between YTHDF2 expression and its genomic changes including tumor mutation burden, microsatellite instability and mismatch repair in 33 different cancer types. We also investigated the association of YTHDF2 expression with prognosis, immune infiltration, tumor microenvironment, immune checkpoints and chemokines. Besides, the correlation of YTHDF2 expression with copy number variation and promoter methylation was also studied in tumors compared with normal tissues. At last, we analyzed the protein-protein interacting network and related genes of YTHDF2 to enrich its potential functional mechanism in tumor development and progression. Real-time qPCR was used to verify the expression of YTHDF2-related genes in colorectal cancer cells, and immunohistochemical staining was adopted to verify immune infiltration in tissue sections from 51 hepatocellular carcinoma patients.
Results: YTHDF2 was overexpressed in a majority of tumor types and associated with their poor overall survival, progression-free interval, and disease-specific survival. The correlation of YTHDF2 expression with tumor mutation burden, microsatellite instability and mismatch repair was also detected in most of the tumor types. Moreover, YTHDF2 might participate in the immune regulation through influencing the expression of immune checkpoint genes and the infiltration of immunocytes in tumor microenvironment. Notably, we demonstrated a positive correlation between YTHDF2 expression and the infiltration of CD8+ T cells and macrophages in many tumors, and it was verified in 51 clinic hepatocellular carcinoma tissues. In addition, the involvement of YTHDF2 in “Spliceosome” and “RNA degradation” were two potential functional mechanisms underlying its influence on tumor progression. The regulation of YTHDF2 on predicted genes has been verified in CRC cells.
Conclusion: YTHDF2 might be a new therapeutic target and a potential biomarker of cancer immune evasion and poor prognosis.
Keywords: YTHDF2, prognosis, immunotherapy, immune cell infiltration, tumor microenvironment
INTRODUCTION
Cancer is one of the leading causes of mortality worldwide and a serious threat to human health (Bray et al., 2018). Although there is no absolute cure for cancer, proper treatments can effectively alleviate the pain and prolong the survival time of cancer patients. In recent years, the emerging cancer immunotherapy shows its potential as a revolutionizing cancer treatment, among which the immune checkpoint blockage therapy has been proven to be a prominent approach (Ribas and Wolchok, 2018). With the help of various public cancer databases and the user-friendly analysis software and platforms, it is possible to predict new immunotherapy targets and evaluating their potential as prognosis biomarkers by performing pan-cancer expression analysis (Blum et al., 2018).
N6-methyladenosin (m6A) is one of the pervasive mRNA modifications that is intensively studied in eukaryotes (Zhao et al., 2017a; Roundtree et al., 2017), and has been reported involving in many biological processes, such as mRNA stability (Wang et al., 2014), protein translation (Lin et al., 2016), embryonic development (Zhao et al., 2017b), and immunoregulation (Zhang et al., 2019). It has also been demonstrated that the dysregulation of m6A modification and aberrant expression of m6A-associated proteins were associated with tumor initiation and progression (Deng et al., 2018; He et al., 2018). For instance, the aberrant high expression of fat mass and obesity-associated protein (FTO), a demethylase that can decrease the systemic m6A level, played a stimulatory role in chronic myeloid leukemia (Li et al., 2017a). The upregulation of another demethylase, α-ketoglutarate-dependent dioxygenase alkB homolog 5 (ALKBH5), could stimulate cancer progression probably by stabilizing stemness-related transcripts (Zhang et al., 2016; Zhang et al., 2017). Moreover, the increased RNA methylation catalyzed by methyltransferase-like 3 (METTL3) was required for cancer development (Barbieri et al., 2017; Chen et al., 2018). The fate of m6A-modified mRNAs was dependent on the m6A selective binding proteins (Meyer and Jaffrey, 2017). YTH-Domain Family Member 2 (YTHDF2) is the first identified m6A-binding protein and its function in mRNA stabilization has been well-studied [18]. A dual role of YTHDF2 in pancreatic cancer has been reported that it could promote proliferation, whereas suppress migration and invasion at the same time (Chen et al., 2017). YTHDF2 might function as a tumor suppressor through inhibiting cell growth and proliferation in HCC (Zhong et al., 2019). On the contrary, YTHDF2 could also play an oncogenic role in prostate cancer cell proliferation and migration (Li et al., 2018). So far, the existing evidence is insufficient to conclude a consistent pathogenic role of YTHDF2 in tumor development and progression, let alone its functional mechanism in regulating the immune microenvironment and modulating therapeutic responses. Therefore, we adopted numerous databases and tried to explore the associations between YTHDF2 expression and prognosis, tumor mutation load (TMB), microsatellite instability (MSI), immune checkpoint (ICP) genes, tumor microenvironment (TME), immune cell infiltration, and immune-related genes, hoping to uncover the underlying mechanisms.
MATERIALS AND METHODS
Expression and biological function analysis of YT521-B homology domain family 2 in tumors
Gene Expression Profiling Interactive Analysis (GEPIA) (http://gepia.cancer-pku.cn/index.html) (Topalian et al., 2015; Li et al., 2017b; Tang et al., 2017) is an interactive web server that provides RNA sequencing results analysis of 9,736 tumor and 8,587 normal samples from the TCGA and the GTEx projects, using a standard processing pipeline. In this study, we analyzed the expression of YTHDF2 in different cancer types via different expression modules. GEPIA was adopted to analyze the expression of YTHDF2 in 33 different cancer types.
Correlation analysis of YT521-B homology domain family 2 expression and prognosis
Survival data of clinical samples was extracted and downloaded from the TCGA database. Three indicators, including overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI), were selected to study the relationship between YTHDF2 expression and the prognosis of cancer patients. The Kaplan-Meier method and log-rank test were used for survival analyses (p < 0.05) of each cancer type. Survival curves were plotted using the “survival” and “survminer” in R packages. Moreover, Cox analysis was conducted using “survival” and “forestplot” in R packages to determine the relationship between YTHDF2 expression and the survival in various cancers.
Correlation analysis of YT521-B homology domain family 2 expression and immune infiltration
The Tumor Immune Estimation Resource (TIMER) database (https://cistrome.shinyapps.io/timer/) (Li et al., 2017b) includes 10,897 samples covering 32 cancer types from TCGA and provides systematical analysis of immune infiltration in various cancer types. The TIMER2 server was used to analyze the correlations between the expression of YTHDF2 and infiltration of six different kinds of immune cells, including B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells (DCs). The correlation analysis was conducted using the Partial Spearman’s correlation coefficient and the purity-corrected partial Spearman’s rho value along with the corresponding p values (p < 0.05).
We also explored the relationship between the expression of YTHDF2 and TMB, MSI, ICP genes, as well as the ESTIMATE score in the TME via the SangerBox website (http://sangerbox.com/Tool).
Clinical samples and cell lines
Tissue chips of human hepatocellular carcinoma were made from clinical samples obtained after elective surgery in Nanfang Hospital during 2007 and 2010. Correlation between YTHDF2 expression and immune infiltration was verified by IHC staining. All experiments performed are endorsed by the Ethics Committee of Southern Medical University and complied with the Declaration of Helsinki.
Colorectal cancer cell line HCT116 was brought from Cell Bank of Chinese Academy of Science (Shanghai, China) and maintained in Dulbecco’s modified Eagle’s medium (Gibco, United States) supplemented with 10% fetal bovine serum (NEWZERUM, China) at 37°C with 5% CO2. The primer sequences of YTHDF2 related genes were listed in Supplementary Table S1. YTHDF2-pcDNA 3.1 and siYTHDF2 were adopted to overexpress or silence the expression of YTHDF2 using Lipo3000 (Invitrogen, United States) transfection reagent.
Immunohistochemistry staining
Immunohistochemistry (IHC) staining was conducted on tissue chips of human hepatocellular carcinoma. Firstly, sections were dewaxed and rehydrated by ethanol series, which was followed by a high-pressure antigen repair using TRIS-EDTA buffer for 7 min. Secondly, slices were blocked with 5% normal goat serum at room temperature for 60 min after incubating in 3% H2O2 for 15 min to block endogenous peroxidase. Thirdly, the slices were incubated with appropriate primary antibody of YTHDF2 (1:1,000, A15616, Abclonal), CD3 (ZA-0503, ZSGB-BIO), CD8 (ZA-0508, ZSGB-BIO) and CD68 (ZM-0060, ZSGB-BIO) at 4°C overnight. Finally, IHC staining was performed using Horseradish peroxidase (HRP) conjugated with DAB. The semi-quantitative analyses of IHC staining were examined and scored by two senior pathologists under double-blind condition, according to the scores of intensity and degree. The intensity scores were defied as 0 (no staining), 1 (weak), 2 (medium) and 3 (strong). The percentage of positive staining area was defined as 0 (no staining), 1 (1%–25%), 2 (26%–50%), 3 (51%–75%), and 4 (≥75%). The final IHC score was calculated by multiplying the intensity score by degree score of each sample (scale range from 0 to 12). The expression of YTHDF2 was divided into “low YTHDF2” group (score <6) and “high YTHDF2” group (score ≥6).
Real-time qPCR
Total RNA was extracted from HCT116 CRC cells using RNAiso-Plus (TAKARA), and the following reverse transcription into cDNA was completed using qRT-PCR cDNA synthesis kit (TAKARA). The real-time quantitative PCR was performed to confirm the expression of YTHDF2 interacting proteins using TransStart Tip Green qPCR SuperMix (+Dye II) (TransGen Biotech) on the Applied Biosystems 7500 Sequence Detection system. The program of real-time qPCR followed the following cycling conditions: 95°C 5 min for 1 cycle; 95°C 4 s, 60°C 30 s, 72°C 35 s for 40 cycles and followed a melting curve stage. The primers sequences are shown in Table1. The mRNA levels of target genes were normalized to housekeeping gene GAPDH and calculated via the 2-ΔΔCT method.
Statistical analysis
Statistical analyses of the results generated by the on-line interactive web servers using public databases were automatically computed. These results were considered as statistically significant at *p < 0.05, **p < 0.01, ***p < 0.001. The statistical results of GO and KEGG analyses derived from multiple cancer types were corrected by multiple testing using Bonferroni, Holm and FDR to avoid potential false positive results.
RESULTS
The expression of YT521-B homology domain family 2 in different cancer types
We studied the differential expression of YTHDF2 in tumor tissues and adjacent normal tissues derived from TCGA database. Figure 1A showed that YTHDF2 was overexpressed in bladder urothelial carcinoma (BLCA), breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), colon adenocarcinoma (COAD), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), prostate adenocarcinoma (PRAD), stomach adenocarcinoma (STAD), and uterine corpus endometrial carcinoma tissues (UCEC), compared with that in the adjacent normal tissues. On the contrary, the expression of YTHDF2 was lower in renal tumors including kidney chromophobe carcinoma (KICH) and renal papillary cell carcinoma (KIRP), brain lower grade glioma (LGG) and thyroid carcinoma (THCA), than that in the adjacent non-tumorous tissues. Moreover, there was no expression difference of YTHDF2 in kidney renal clear cell carcinoma (KIRC), pancreatic adenocarcinoma (PAAD) and rectum adenocarcinoma (READ).
[image: Figure 1]FIGURE 1 | Differential expression of YTHDF2 across cancers. (A) The expression of YTHDF2 in tumor and adjacent normal tissues using the TCGA data. (B) The differential expression of YTHDF2 in tumor and normal tissues of 27 cancer types using the combined data of TCGA and GTEx. (C) The expression of YTHDF2 in tumors and paired adjacent normal tissues. *p < 0.05, **p < 0.01, ***p < 0.001.
As normal samples in the TCGA database are limited, we combined the normal samples from GTEx with the tumor samples from TCGA, and evaluated the expression of YTHDF2 in 27 different cancer types. Compared with the normal tissues, except for the lower YTHDF2 expression in KIRP tissues and similar YTHDF2 expression in KICH, KIRC and LAML tissues, YTHDF2 was overexpressed in all the left 23 cancer types (Figure 1B). Expression analysis of the paired tumor and normal samples also demonstrated that the expression of YTHDF2 was dramatically upregulated in 16 cancer types including BLCA, BRCA, CHOL, COAD, ESCA, HNSC, LIHC, LUAD, LUSC, PRAD, STAD, THCA and UCEC, whereas downregulated only in KICH (Figure 1C).
In order to identify the major cell types that express YTHDF2, we carried out YTHDF2 single-cell analyses using single-cell data from 79 tumor samples. The results showed that YTHDF2 was mainly expressed in malignant cells and immune cells, especially in monocytes/macrophages (Supplementary Figures S1A,B). Moreover, YTHDF2 was comprehensively expressed in immune cells including T cells, dendritic cells, NK cells and monocytes in the TME of CRC (GSE146711, Supplementary Figure S1A). A single-cell study of 3321 cells from six patients with glioma demonstrated that YTHDF2 was overexpressed in malignant glioma cells and monocytes/macrophages in the TME (GSE102130, Supplementary Figure S1D).
YT521-B homology domain family 2 gene mutation and promoter methylation analysis
Firstly, the mutation frequency of YTHDF2 across cancers was analyzed using the cBioPortal database, and the highest mutation frequency of YTHDF2 was detected in Uterine Carcinosarcoma (Figure 2A). Then, we mapped the mutation data of 15 different cancers from TCGA to further analyze the specific types of YTHDF2 mutation. We found that the “missense mutation” is the major type of YTHDF2 mutation (Figure 2B). Subsequently, we explored the copy number variations (CNVs) of YTHDF2, and found that a high frequency of CNVs was detected in LGG, CESC, LUAD, COAD, BRCA, ESCA, SARC, STAD, UCEC, HNSC, KIRC, LUSC, LIHC, MESO, READ, PAAD, OV, TGCT, SKCM, and BLCA (Figure 2C). Finally, we detected the promoter methylation level of YTHDF2 across cancers using UALCAN database. The results demonstrated that the promoter methylation level of YTHDF2 was higher in BRCA, CHOL, HNSC, KIRC, PRAD, KIRP, LUSC, LIHC and ESCA compared with normal tissues, while lower in LUAD, READ, COAD, THC and UE (Supplementary Figure S2). We also analyzed the correlation between the expression of YTHDF2 and its promoter methylation in various tumor types. We found that the abnormal YTHDF2 expression was negatively correlated with the promoter methylation values of CpG dinucleotides in most of the tumor types including BLCA, BRCA, CHOL, DLBC, ESCA, GBM, KICH, KIRP, LAML, LGG, LIHC, LUAD, LUSC, MESO, PAAD, PCPG, PRAD, READ, SARC, TGCT, UCEC and UVM, while positively correlated only in COAD, HNSC and THYM (Supplementary Figure S3).
[image: Figure 2]FIGURE 2 | The mutation of YTHDF2 in cancers analyzed using TCGA data. (A) The mutation frequency and types of YTHDF2 in different cancer types. (B) The mutation information of YTHDF2 in different cancers. (C) The correlation between YTHDF2 expression and CNV. *p < 0.05, **p < 0.01, ***p < 0.001.
Prognostic analysis of YT521-B homology domain family 2 in cancers
To study the association between YTHDF2 expression and prognosis, we performed a series of survival-associated analyses, including OS, DSS, and PFI. Cox proportional hazards model analysis showed that the expression of YTHDF2 was associated with OS in LIHC (p = 0.005), KIRC (p = 0.023), KICH (p = 0.038), ACC (p = 0.028), LGG (p < 0.001), READ (p = 0.05), and SARC (p < 0.001) (Figure 3A). Furthermore, YTHDF2 was a high-risk factor in LIHC, LGG, ACC, SARC, and KICH, while a low-risk gene in other cancer types, particularly in READ. Kaplan-Meier survival analysis also demonstrated a significant negative correlation between YTHDF2 expression and OS in patients with LIHC (p = 0.005), KICH (p = 0.043), ACC (p = 0.013), LGG (p < 0.001), and SARC (p = 0.029), whereas high YTHDF2 expression was associated with a longer survival time in patients with KIRC (p = 0.02) and READ (p = 0.05) (Figure 3B).
[image: Figure 3]FIGURE 3 | YTHDF2 expression is associated with overall survival time (OS). (A) Forest plot of OS associations in 34 cancer types. (B) Kaplan-Meier analysis of the association between YTHDF2 expression and OS.
Moreover, the PFI analyses in Supplementary Figure S4A revealed a negative correlation between YTHDF2 expression and prognosis in patients with LIHC (p = 0.016), KIRC (p = 0.008), KICH (p = 0.034), ACC (p = 0.002), LGG (p < 0.001) and KIRP (p = 0.027). However, in patients with CHOL (p = 0.017) and KIRC (p = 0.008), such a relationship could not be detected. Kaplan-Meier survival analysis revealed a negative correlation between YTHDF2 expression and prognosis in patients with ACC (p = 0.001), KICH (p = 0.04), KIRP (p = 0.03), LIHC (p = 0.016) and LGG (p < 0.001) (Supplementary Figure S4B).
The forest plots showed hazard ratio (HR) > 1 was detected in ACC (p = 0.031), LGG (p < 0.001) and SARC (p = 0.001), while HR < 1 in KIRC (p = 0.007) (Supplementary Figure S4C). Kaplan-Meier analysis showed that individuals with ACC (p = 0.014), LGG (p < 0.001) and SARC (p = 0.002) had a high YTHDF2 expression level, but a poor DSS. On the contrary, patients with a high YTHDF2 expression level had a longer survival time in KIRC (p = 0.006) (Supplementary Figure S4D).
In addition, in order to further explore the predictive value of YTHDF2 for the prognosis of patients with LIHC, KIRC, KICH, ACC, LGG, READ, SARC, and CHOL, we conducted the ROC analysis and found that YTHDF2 had a better predictive ability for the prognosis of patients with CHOL, KICH, LGG and READ, and a good predictive ability for patients with LIHC (Figure 4A). Subsequently, we performed a time-dependent ROC analysis, and the results showed that YTHDF2 had a high predictive ability for the 1-year, 3-year and 5-year survival rates of KICH patients (AUC = 0.983, 0.814, 0.870 respectively), whereas a low predictive ability for patients with LGG, LIHC and SARC (Figure 4B).
[image: Figure 4]FIGURE 4 | The predictive potential of YTHDF2 on prognosis. (A) ROC analysis demonstrates the predictive potential of YTHDF2 on prognosis in CHOL, KICH, LGG, READ, LIHC, KIRP, and ACC. (B) Time-dependent ROC analysis demonstrates the predictive potential of YTHDF2 on 1-year, 3-year, and 5-year survival rate of patients with KICH, LGG, LIH, and KIRC.
Immune aspects of YT521-B homology domain family 2 in tumor microenvironment
The biological significance of YTHDF2 was conducted in different cancers. As shown in Supplementary Figure S5, the GO functional annotation and KEGG pathway analysis indicated that YTHDF2 could positively regulate cell adhesion, cell cycle, and several immune-related functions. As TME plays an important role in regulating tumor progression and could affect the response of immunotherapy, we calculated the correlation between YTHDF2 expression and immune scores (Supplementary Figure S6A), stromal scores (Supplementary Figure S6B), estimated scores (Supplementary Figure S6C) and tumor purity (Supplementary Figure S6D) in 32 cancers based on the ESTIMATE algorithm to assess the relationship between YTHDF2 expression and TME composition. As a result, there was a negative correlation between YTHDF2 expression and immune scores, stromal scores and estimated scores, and a positive correlation with tumor purity in most cancers except LGG and PPAD (Supplementary Figures S6A–D). ACC, UCEC, and SKCM-P are the top three cancers with significant correlation between YTHDF2 expression and immune scores (Figure 5A). TGCT, ACC and UCEC are the top three cancers with significant correlation between YTHDF2 expression and stromal scores (Figure 5B). Similarly, ACC, UCEC, and TGCT are the top three cancers with significant correlation between YTHDF2 expression and estimate scores (Figure 5C). The above results indicated that the YTHDF2 expression in tumors is closely related to the composition of TME.
[image: Figure 5]FIGURE 5 | The correlation between YTHDF2 expression and immuneScore, stromalscore and estimatescore in GBM, UCEC and ACC. (A) the correlation between YTHDF2 expression and Immunescore in UCEC, TGCT, and ACC. (B) The correlation between YTHDF2 expression and stromalscore in UCEC, TGCT and ACC. (C) The correlation between YTHDF2 expression and estimatescore in GBM, UCEC and ACC.
Correlation between YT521-B homology domain family 2 expression and immune infiltration in tumor microenvironment
It has been confirmed that immune cells in the TME could affect the survival of cancer patients. As the prognostic role of YTHDF2 has been discovered in the pan-cancer research, it is meaningful to explore the relationship between YTHDF2 expression and immune infiltration. Here, we calculated the correlation between YTHDF2 expression and immune infiltration in 39 different tumors by TIMER. The results indicated that YTHDF2 expression was significantly correlated with tumor purity in 12 tumors, and significantly correlated with the infiltration of B cells, CD4+ T cells, CD8+ T cells, dendritic cells, macrophages and neutrophils in 19, 18, 20, 22, 13, and 23 tumors respectively (Supplementary Figure S7A), among which COAD, KIRC and LGG were the top three significantly correlated cancers (Figure 6A). In order to better understand the relationship between YTHDF2 expression and the differential infiltration of immune cells, TIMER database was adopted to analyze the correlation between the expression of YTHDF2 and different immune cell marker genes in KICH, KIRP, LGG, LIHC, PPAD, THYM, UVM, KIRC, READ, ACC and SARC. After tumor purity adjustment, we found that the expression of YTHDF2 was positively correlated with that of majority immune cell marker genes (Supplementary Figure S7B). The conclusion was also confirmed by the IHC staining of YTHDF2 in clinical HCC samples, in which a positively correlation with the infiltration of CD3+ T cells, CD8+ T cells and CD68+ macrophages was detected (Figures 6B,C). In addition, we also found a positive correlation between the CNVs of YTHDF2 and the tumor infiltrating lymphocytes (TILs) (Supplementary Figure S8A), immunostimulants (Supplementary Figure S8B), immunosuppressants (Supplementary Figure S8C), MHC (Supplementary Figure S8D), chemokines (Supplementary Figure S8E), and chemokine receptors (Supplementary Figure S8F), especially in CHOL, KICH, and LGG.
[image: Figure 6]FIGURE 6 | The correlation between YTHDF2 expression and immune infiltration in different cancer types. (A) The correlation between YTHDF2 expression and immune infiltration in the top three tumors. (B) Immunohistochemical images of hepatocellular carcinoma show intra-tissue characteristics of CD3+CD8+ T cells/CD68 macrophages with high and low expression of YTHDF2. (C) The correlation analysis of YTHDF2 expression with CD3+CD8+ T cells and CD68 macrophage infiltration in hepatocellular carcinoma validation cohort.
The correlation between the expression of YT521-B homology domain family 2 and immune checkpoint genes in human cancers
ICP genes have been demonstrated to have significant influences on immune cells infiltration and outcomes of immunotherapy (Topalian et al., 2015). Hence, we explored the association between the expression of YTHDF2 and ICP genes in human cancers to explore the potential role of YTHDF2 in immunotherapy. The correlation between YTHDF2 expression and 47 ICP genes were verified in most cancer types (Figure 7). The results showed that the expression of YTHDF2 was positively correlated with immune checkpoint genes in COAD, KICH, KIRC, KIRP, LGG, LIHC, PAAD, PRAD, PCPG, and UVM, especially in KICH, LGG, LIHC, and UVM. The above results indicated that high YTHDF2 expression obtained a predictive potential of immunotherapies through targeting ICP genes. However, YTHDF2 expression is reversely correlated with the ICP genes in BLCA, BRCA, GBM, LUAD, LUSC, and THYM, suggesting a poor immunotherapy outcome in YTHDF2 overexpression patients with those tumors.
[image: Figure 7]FIGURE 7 | The correlation between YTHDF2 expression and pan-cancer immune checkpoint genes. *p < 0.05; **p < 0.01; ***p < 0.001.
Correlations between YT521-B homology domain family 2 expression and mismatch repair, tumor mutation burden, and microsatellite instability in cancers
Microsatellites (MS) are simple repetitive sequences of nucleotide bases that are liable to make errors during DNA replication, which could be recognize and repair by mismatch repair (MMR) genes. Tumors with defective MMR systems are susceptible to microsatellite mutations, which lead to high microsatellite instability (MSI) levels, and in turn cause the accumulated mutations in cancer-related genes and the aggravated tumor mutation burden (TMB). Therefore, we investigated the relationship between YTHDF2 expression and several MMR genes, including MLH1, MSH2, MSH6, PMS2 and EPCAM. As a result, YTHDF2 was positively correlated with MMR gene expression in all the cancer types, excluding CHOL and UCS (Figure 8A). As TMB has been proven to be an immune-response biomarker that can effectively predict the immunotherapeutic effects of immune checkpoint blockers (ICBs), we examined the association between YTHDF2 expression and TMB in different cancers. The results showed that YTHDF2 expression and TMB were positively correlated in GBMLGG, COAD, COADREAD, STAD, and LIHC, while negatively correlated in THCA (Figure 8B). We also studied the association between the expression of YTHDF2 and MSI, and found that they are positively correlated in GBM, CESC, and STAD, while negatively correlated in BRCA, PRAD, HNSC, THCA, and DLBC (Figure 8C). As MMR, TMB, and MSI are all promising immunotherapeutic biomarkers for ICP-based immunotherapy, the above results further confirmed the potential of YTHDF2 as a predictor of ICI therapeutic response.
[image: Figure 8]FIGURE 8 | The correlation between YTHDF2 expression and the MMR (A), TMB (B), and MSI (C). *p < 0.05; **p < 0.01; ***p < 0.001.
Enrichment analysis of YT521-B homology domain family 2-Related partners
To further explore the mechanism underlying YTHDF2 mediated tumor development and progression, we carried out a series of pathway enrichment analyses on YTHDF2 interacting proteins and related genes based on STRING and GEPIA2. In this study, we obtained 48 YTHDF2 interacting proteins predicted from the PPI network (Figure 9A), and gained the top 100 YTHDF2-related genes (Supplementary Table S2), among which nuclear inhibitor of protein phosphatase 1(PPP1R8, R = 0.77), histone-binding protein RBBP4 (RBBP4, R = 0.75), KH domain-containing, RNA-binding, signal transduction-associated protein 1 (KHDRBS1, R = 0.73), glucocorticoid modulatory element-binding protein 1 (GMEB1, R = 0.74) and heterogeneous nuclear ribonucleoprotein R (HNRNPR, R = 0.71) are the top five genes (Figure 9B). The corresponding heat map also demonstrated a significant positive correlation between the expression of YTHDF2 and the top five genes in all the tumor types from the TCGA (Figure 9C). Through analyzing the direct YTHDF2-interacting proteins and cross analyzing the YTHDF2-related genes, 7 YTHDF2-regulated genes were confirmed. As shown in Figure 9D, they were ELAV-like protein 1 (ELAVL1), Ras GTPase-activating protein-binding protein 1 (G3BP1), Pumilio homolog 1 (PUM1), CCR4-NOT transcription complex subunit 9 (RQCD1), Serine/arginine-rich splicing factor 3 (SRSF3), Ubiquitin-associated protein 2-like (UBAP2L) and Caprin-1 (CAPRIN1). Subsequently, we overexpressed and silenced the expression of YTHDF2 respectively in HCT116 cells to detect its influence on the expression of the above 7 YTHDF2-regulated genes. The results showed that YTHDF2 could upregulate the expression of G3BP1, SRSF3, PUM1, and UBAP2L, but downregulate that of ELAVL1. We failed to confirm the regulation of YTHDF2 on CAPRIN1 and RQCD1. Consistently, silenced the expression of YTHDF2 dramatically enhanced the expression of ELAVL1 and CAPRIN1, but suppressed that of SRSF3, PUM1 and UBAP2L (Supplementary Figures S9A,B). The GO enrichment analysis of the combined two data sets showed that “regulation of mRNA metabolic process” and “RNA splicing” are the top two enriched pathways, which might involve in the YTHDF2-regulated tumor development and progression (Figure 9E). The KEGG pathway enrichment analysis further demonstrated that YTHDF2 was correlated with “Spliceosome” and “RNA degradation” (Figure 9F).
[image: Figure 9]FIGURE 9 | The protein-protein interactions network, Go enrichment analysis and KEGG pathway analysis. (A) The YTHDF2 interacting proteins that screened by the online STRING tools. (B) The top 100 YTHDF2-related genes in TCGA database, among which the top five targeting genes are screened out. (C) The heatmap showed the expression of the top five YTHDF2 targeting genes in different cancer types. (D) The cross analysis of YTHDF2-interacting and YTHDF2-related genes. (E) GO enrichment analysis based on the YTHDF2-interacting and YTHDF2-related genes. (F) The KEGG pathway analysis based on YTHDF2-interacting and YTHDF2-related genes.
DISCUSSION
As the m6A mRNA modification involves in many biological processes, its dysregulation and/or the aberrant expression of related proteins have been demonstrated associating with tumor initiation and progression. YTHDF2 is an m6A reader protein involving in many vital biological processes. In the present study, we performed a pan-cancer analysis and tried to investigate the expression of YTHDF2 and its predictive value on prognosis across various tumors. Single-cell sequencing analyses revealed that expression of YTHDF2 could be detected not only in malignant tumor cells, but also in the surrounding immune cells. A series of survival-associated analyses including OS, DSS, and PFI were conducted to evaluate the predictive potential of YTHDF2 for prognosis across cancers. Although the disparities existed in different tumor types, the aberrant expression of YTHDF2 has been proposed to be a promising prognosis predictive factor in some cancer types, including ACC, LGG, KICH, KIRP, LIHC, KIRC, and READ, based on both single-factor Cox regression analysis and Kaplan-Meier survival analyses.
It has been demonstrated that the mutation of vital genes could drive the tumorigenesis and convert normal somatic cells into cancer cells (Martincorena and Campbell, 2015). Hence, we analyzed the YTHDF2 genome using cBioportal database to disclose its mutation frequency and types. The results showed that high YTHDF2 mutation frequency was detected in various tumors, and the missense mutation was the most common mutation type in 15 different tumors. Moreover, we also investigated that YTHDF2 expression was correlated with its CNVs and promoter methylation in most cancer types. The high mutation potential, CNVs and methylation of YTHDF2 in cancers might all contribute to the development and progression of various tumors.
The following GO functional annotation and KEGG pathway analysis in various cancers indicated that YTHDF2 could positively regulate cell adhesion, cell cycle, and immune-related functions. As somatic mutations in the cancer cells could contribute significantly to immune evasion and poor responses to therapies (Zacharakis et al., 2018), we proposed that the genomic changes of YTHDF2 might contribute to tumor development and progression, as well as influence the tumor therapy effects, partially through regulating immune reactions.
The development of ICIs is a revolutionary milestone in the field of cancer therapy. Tumor cells can evade immunosurveillance to achieve malignant progression through different mechanisms, one of which is to active the immune checkpoints to suppress antitumor immune responses (Darvin et al., 2018). Notably, we found that YTHDF2 expression was positively correlated with some ICP genes in most tumors, especially in KICH, LGG, LIHC and UVM. These results suggest that YTHDF2 had a potential to promote immune escape. MMR is an important factor related to genome stability and integrity (Fishel, 2015; Russo et al., 2019). Besides NMR, TMB and MSI are two new sensitive predictors of immunotherapy (Boland and Goel, 2010; Yarchoan et al., 2017; Lee et al., 2019). Our study found that YTHDF2 expression was positively correlated with MMR genes in all cancers excluding CHOL and UCS. In addition, YTHDF2 is also positively correlated with TMB and MSI in some cancer types. Our results suggested that YTHDF2 might play an important role in tumor immunity and serve as a predictive marker for immunotherapy. Moreover, TME plays an important role in tumor genesis, development, metastasis and clinical treatment, as well as affects tumor immune escape and angiogenesis (Lyssiotis and Kimmelman, 2017; Han et al., 2021; Hiam-Galvez et al., 2021). It has been reported that the aberrant infiltration of immune cells in normal tissues could enhance tumor development and progression (Pagès et al., 2005; Man et al., 2013). Some oncogenic proteins can also regulate the infiltration of immune cells in the TME. Our results showed that the expression of YTHDF2 was negatively correlated with estimate scores, stromal scores, and immune scores in human generalized cancers, but positively correlated with tumor purity in the majority of tumor types, suggesting an important role of YTHDF2 in TME composition. We also investigated the role of YTHDF2 on immune infiltration levels across cancers. The results demonstrated that YTHDF2 was associated with immune cells infiltration in BLCA, BRCA, COAD, KICH, LGG, LICH, PPAD, PCPG, KIRP, PRAD, SKCM, and THCA. In addition, the co-expression of YTHDF2 and immune cell-related genes in those cancer types further confirmed the correlation between YTHDF2 and tumor immune infiltration. The IHC staining of YTHDF2 in clinic HCC samples was consistent with that derived from the database, the result of which further confirmed the correlation between YTHDF2 and immune infiltration in TME. As the disparities exist in different tumor types, the role of YTHDF2 in immune infiltration needs to be further validated.
Here, we also combined the YTHDF2 interacting proteins and related genes, the pathway enrichment of which suggested that RNA splicing and degradation were the top two events and possible mechanisms involving in YTHDF2-mediated tumor development and progression. Since the conclusion was based on the bioinformatics analysis of TCGA or GEO data sets, we overexpressed and silenced the expression of YTHDF2 to confirm the regulation of YTHDF2 on 7 predicted genes in HCT116 CRC cells by real-time qPCR. Further biological experiments conducted on various tumor cells are still required to verify the YTHDF2-regulated genes.
In summary, we tried to provide a comprehensive bioinformatics analysis on the expression, mutation and promoter methylation of YTHDF2 across cancers, and investigated its predictive value on prognosis. Our results suggested a correlation between YTHDF2 and TME composition, as well as its vital role in immune infiltration and immunotherapeutic response in a majority of tumor types. Moreover, we also screened the YTHDF2-related genes and YTHDF2-interacting proteins to predict its functional mechanisms. In short, YTHDF2 might serve as a potential biomarker for tumor detection, therapeutic response and prognostic analysis.
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GLOSSARY
ACC Adrenocortical carcinoma
BLCA Bladder urothelial carcinoma Bladder urothelial carcinoma
BLCA Bladder urothelial carcinoma Bladder urothelial carcinoma
BRCA Breast invasive carcinoma
CECS Cervical squamous cell carcinoma and endocervical adenocarcinoma
CHOL Cholangial carcinoma
COAD Colon adenocarcinoma
DLBC Lymphoid Neoplasm Diffuse Large B-cell Lymphoma
DSS Disease-specific survival
ESCA Esophageal carcinoma
GBM Glioblastoma multiforme
GEO Gene Expression Omnibus
GEPIA Gene Expression Profiling Interactive Analysis
GSEA Gene Set Enrichment Analysis
GTEx The Genotype-Tissue Expression
HNSC Head and neck squamous cell carcinoma
ICP Immune Checkpoint
IHC Immunohistochemistry
KICH Kidney chromophobe
KIRC Kidney renal clear cell carcinoma
KIRP Kidney renal papillary cell carcinoma
LAML Acute Myeloid Leukemia
LGG Lower Grade Glioma
LIHC Liver hepatocellular carcinoma
LUAD Lung adenocarcinoma
LUSC Lung squamous cell carcinoma
m6A N6-methyladenosine
MESO Mesothelioma
MMR Mismatch Repair
MSI Myeloid-derived suppressor cells suppressor cells
OS Overall survival
OSCC Oral squamous cell carcinoma
OV Mesothelioma, Ovarian Serous Cystadenocarcinoma
PAAD Pancreatic adenocarcinoma
PCPG Pheochromocytoma and Paraganglioma
PFI Progress Free Interval
PRAD Prostate adenocarcinoma
READ Rectum adenocarcinoma
STAD Stomach adenocarcinoma
TCGA The Cancer Genome Atlas
THCA Thyroid carcinoma
THYM Thymoma
TIMER Tumor Immune Estimation Resource
TMB Tumor mutation burden
TME Tumor Microenvironment
UCEC Uterine corpus endometrial carcinoma Uterine corpus endometrial carcinoma
UCEC Uterine corpus endometrial carcinoma Uterine corpus endometrial carcinoma
UCS Uterine Carcinosarcoma
UVM Uveal Melanoma
YTHDF2 YT521-B homology domain family 2
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Exercise training ameliorates myocardial phenotypes in heart failure with preserved ejection fraction by changing N6-methyladenosine modification in mice model
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Heart failure with preserved ejection fraction (HFpEF) shows complicated and not clearly defined etiology and pathogenesis. Although no pharmacotherapeutics have improved the survival rate in HFpEF, exercise training has become an efficient intervention to improve functional outcomes. Here, we investigated N6-methyladenosine (m6A) RNA methylation modification in a “two-hit” mouse model with HFpEF and HFpEF with exercise (HFpEF + EXT). The manner of m6A in HFpEF and HFpEF + EXT hearts was explored via m6A-specific methylated RNA immunoprecipitation followed by high-throughput and RNA sequencing methods. A total amount of 3992 novel m6A peaks were spotted in HFpEF + EXT, and 426 differently methylated sites, including 371 hypermethylated and 55 hypomethylated m6A sites, were singled out for further analysis (fold change >2, p < 0.05). According to gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, unique m6A-modified transcripts in HFpEF + EXT were associated with apoptosis-related pathway and myocardial energy metabolism. HFpEF + EXT had higher total m6A levels and downregulated fat mass and obesity-related (FTO) protein levels. Overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy. Totally, m6A is a significant alternation of epitranscriptomic processes, which is also a potentially meaningful therapeutic target.
Keywords: HFPEF, m6A, apoptosis, FTO, myocardial energy metabolism
INTRODUCTION
Heart failure (HF) with preserved ejection fraction (HFpEF) is a complicated clinical syndrome associated with poor quality of life, extensive utilization of medical resources and premature death (Dunlay et al., 2017; Mishra and Kass, 2021; Omote et al., 2022). HFpEF affects 50% of patients with HF worldwide and has been increasing in prevalence largely connected with the aging of the population (Mishra and Kass, 2021; Omote et al., 2022). HFpEF is an aging disease characterized by cardiac hypertrophy, myocardial interstitial fibers, and cardiac diastolic dysfunction (Prandi et al., 2022). Considering the complex pathogenesis of HFpEF, it is the most significant unmet medical need in cardiovascular disease (Mishra and Kass, 2021). Previous studies have suggested that HFpEF is a hemodynamic disorder characterized by hypertension, myocardial hypertrophy, myocardial fibrosis and diastolic dysfunction. However, current studies believe that HFpEF is a syndrome with abnormal function of multiple organs, including diseases caused by the comprehensive effects on the heart, lung, kidney, immunity, inflammation, metabolism and others (Figtree et al., 2021; Mishra and Kass, 2021; Omote et al., 2022; Prandi et al., 2022). Cardiac molecular and cellular mechanisms with HFpEF include cardiac hypertrophy, myocardial fibrosis, inflammation, cardiomyocyte sarcomere disfunction and mitochondrial and metabolic defects (Schiattarella et al., 2021a). However, the etiology and pathogenesis of HFpEF are unclear. At present, the effective treatment of HFpEF is very limited and cannot prevent the development of the disease. Urgent problems and effective solutions are needed.
Recent studies have shown that exercise training (EXT) is an important means of nonpharmacological intervention and prevention of cardiovascular diseases. EXT can improve exercise ability and quality of life, and is related to reducing the risk of hospitalization and cardiovascular death (Leggio et al., 2020; Jaconiano and Moreira-Gonçalves, 2022). However, its positive influence basically lacks a physiological explanation in HFpEF. In patients with heart failure with reduced ejection fraction (HFrEF), physical exercise is already a class I level A recommendation (Ho et al., 2019). Concerning HFpEF, systematic reviews and meta-analysis offer a high level of evidence that EXT is a safe and effective strategy improving upon peak VO2, 6 min walk, cardiorespiratory fitness, diastolic function, quality of life, and general health (Ismail et al., 2013; Dieberg et al., 2015; Fukuta et al., 2019). Another research supported that EXT significantly improves the exercise capacity and left ventricular diastolic function, indicating an improvement in ventricular stiffness and filling pressures (Edelmann et al., 2011; Fukuta et al., 2019). Nevertheless, this evidence is not consensual. Therefore, we use a new “two-hit” mouse model of HFpEF (Schiattarella et al., 2019; Schiattarella et al., 2021b), which simulates concomitant metabolic and hypertensive stress in mice to explore the effect mechanism of EXT on HFpEF.
Epigenetic regulation includes DNA methylation, histone modifications, and noncoding RNAs. Their important role in HFpEF has been widely researched, and the effect of RNA alternation on the control of gene expression in HFpEF will be clarified (Handy et al., 2011; Feil and Fraga, 2012; Poller et al., 2018; Zhang et al., 2021a; Hamdani et al., 2021). N6-methyladenosine (m6A) methylation is the most common internal mRNA alternation, which affects the metabolism of RNA throughout its life cycle (Wang et al., 2014a; Wang et al., 2014b; Alarcón et al., 2015). The latest evidence shows that m6A modification not only participates in normal biological processes, but also serves vital functions in the occurrence and progression of different heart diseases (Dorn et al., 2019; Mathiyalagan et al., 2019; Mo et al., 2019; Berulava et al., 2020; Gao et al., 2020; Krüger et al., 2020; Lin et al., 2020). But the reversal of myocardial dysfunction in HFpEF by EXT through m6A modification has not been studied.
The modification of m6A is related to different types of cardiovascular diseases, including cardiac fibrosis, cardiac hypertrophy, myocardial infarction, atherosclerosis, abdominal aortic aneurysm, heart failure and HFpEF (Dorn et al., 2019; Mathiyalagan et al., 2019; Berulava et al., 2020; Gao et al., 2020; Lin et al., 2020). Nevertheless, the transcriptome-wide distribution of m6A in HFpEF + EXT heart samples remains largely unknown. This research tried to clarify the m6A methylation profiles of heart tissue samples from HFpEF + EXT and control (HFpEF) mice and give evidence of highly diverse m6A-modified patterns in both groups. It is displayed that abnormal m6A RNA alternations in HFpEF + EXT samples are possible for modulating myocardial apoptosis and myocardial energy metabolism, close to the cardiac aging phenotype. Our outcomes offer evidence that exercise-induced m6A alternation is closely related to the pathogenesis of HFpEF in the new model and will promote further research on the potential drug targets of m6A alternation in the treatment of HFpEF.
MATERIALS AND METHODS
Animals
The contents of this study had been reviewed and approved by the ethics committee of Capital Institute of Pediatrics, whose approved license number was DWLL2019003. This study’s routines were all in accordance with corresponding ethical standards. C57BL/6J male mice were adopted for wild-type studies. All mice used in the trials were 8 weeks old (Schiattarella et al., 2019) and kept in cages at 24°C with a 12 h alternating light/dark cycle. The HFpEF model was constructed using mice with unrestricted access to HFD (High Fat Diet) food (D12492, Research Diet) and water for 16 weeks. Nω-nitro-l-arginine methyl ester (l-NAME) (0.5 g/L, Sigma-Aldrich) was added in the water, and the pH of the mixture was adjusted to 7.4. Mice in the control group were fed unlimited normal food and water. At the eighth week, mice began to do moderate-intensity running on a treadmill at a 10° gradient for 8 weeks (5 times a week, running for 5 days and rest for 2 days, with 5 min of running and 2 min of rest for 10 cycles, a total of 50 min of running and speed with 10 m/min). After the mice were euthanized, we collected hearts with 1.5 ml RNase-free centrifuge tubes, and stored them immediately at 4°C for 12 h. Samples were finally placed at −80°C for long-term storage to prevent RNA degradation.
Echocardiographic assessment
At 28 weeks of age, cardiac function by echocardiography in all mice in a scrambled order was assessed with a VEVO 3100 instrument, by dedicated personnel. Anesthesia mice were induced by continuous inhalation using 2% isoflurane +2 L/min air flow rate. The probe was placed in the center of the heart to observe the short axis of the heart. Observe the long axis of the heart during the slitting and adjust the heart rate to maintain 415–460 beats/min. Coefficients gathered included: left ventricular end-diastolic diameter, left ventricular end-systolic diameter, heart rate, left ventricular shortening, LVEF, peak doppler flow velocity in early mitral valve diastolic, peak doppler flow velocity across late mitral valve diastolic. All measurements were averages of at least three beats.
Western blotting and antibodies
Our western blotting assays were performed strictly following the standard protocols of our laboratory. Firstly, mouse heart tissues were ground using the tissue crusher with the tissue lysate, and lysates were prepared with RIPA lysis buffer from Beyotime Biotechnology, where protease inhibitor were added. Blots were screened using specific antibodies: GAPDH (5174, 1:10000; CST), Mettl3 (ab195352, 1:1000; Abcam), FTO (ab92821, 1:1000; Abcam), ALKBH5 (ab69325, 1:1000; Abcam), Mettl14 (HPA038002, 1:1000; Sigma), and m6A (ab208577, 1:500; Abcam).
Histological analysis
Mouse hearts were fixed with freshly made 4% paraformaldehyde overnight, dehydrated by a dehydrator, embedded in paraffin, sliced by a paraffin slicer, 7 μm for each section, and stained with hematoxylin and eosin. Furthermore, we previously sectioned frozen heart tissue samples from mice at 7 μm slices, followed by incubation with wheat germ agglutinin (1:100) for 1 h in the dark, and finally washed three times with PBS. Cell nuclei were stained with DAPI (1:1000, 10 min) and washed thrice with PBS. Firstly, we dropped a water-soluble antifade mounting medium on the samples, then we covered the samples with glass cover slips, and finally we investigated the samples with a confocal microscope (Leica Sp8). Using the Image-Pro Plus 6.0 software to calculate the cross-sectional areas of cardiomyocytes. To detect fibrosis in the murine cardiac, we stained heart sections with the usual Masson’s trichrome procedure.
Overexpression of fat mass and obesity-related
Empty adeno-associated virus (AAV-EV) and adeno-associated virus expressing FTO (AAV-FTO) were manufactured by Hanbio Biotechnology Ltd. (Shanghai, China). The viruses were under the control of a heart-specific cTNT promoter with an EGFP tag. The virus titer we used to do the experiment was approximately 1 × 1012 V g/ml. At 8 weeks, we injected 120 μL of AAV-EV and AAV-FTO viruses via tail vein for each mouse.
m6A dot blot assay
We extracted total RNA from experimental mouse hearts with Trizol (Invitrogen). Total RNA was diluted to 1000 ng/μL and denaturated for 3 min at 95°C to break the RNA secondary structure into single strands. Immediately placed on ice to prevent the re-formation of RNA secondary structures. 2 μL RNA was directly dropped onto the Hybond-N+ membrane (GE Healthcare) and incubated at 80°C using an 80°C hybridizer for 1 h. Uncrosslinked RNA was washed with PBS with 0.01% Tween-20 for 5 min. We incubated membranes with anti-m6A antibody (1: 500 in PBS with 0.01% Tween-20) at 4°C for 12 h after blocking with 5% skim milk (in PBS with 0.01% Tween-20) for 1 h. We used horseradish peroxidase-conjugated anti-rabbit IgG secondary antibody to treat membranes for 1 h at room temperature, and rinsed 4 times for 10 min each with PBS followed by chemiluminescence development. To ensure that repeated dots contained the same amount of total RNA, methylene blue staining was utilized.
MeRIP-seq
After three mice in HFpEF and HFpEF + EXT groups were euthanized, the total RNA samples were extracted from heart tissue specimens and quantitatively analyzed applying the NanoDrop ND-1000 (Thermo Fisher Scientific, MA, United States). Next, 20 μg total RNA was collected for interruption and purification to obtain the product after fragmentation treatment, and the Zymo RNA Clean and Concentrator-5 kit was used for the purification and recovery of the fragmented RNA. The resulting product was added with anti-m6A antibody (Sigma-Aldrich: ABE572), protein A-magnetic beads (Invitrogen: 10002D), protein G-magnetic beads (Invitrogen: 10004D); mixed; and incubated overnight. The mixture was subjected to magnetic separation. The supernatant was collected and added with 5× precipitation buffer and RNA enzyme inhibitor, and the mixture was reacted at 4°C for 1–3 h, washed 2–3 times with low-salt precipitation buffer, and washed 2–3 times with high-salt buffer. The RNA was extracted from chloroform lysate to obtain the purified product. Ribosomal RNA removed the obtained products, and the SMART principle synthesized the first-strand cDNA. We amplified enriched library fragments by PCR and purified the library fragments by magnetic beads with DNA to obtain an RNA methylation m6A detection library. Finally, we employed the bioptic qsep100 analyzer to quality check the libraries. The NovaSeq high-throughput sequencing platform and PE150 sequencing mode were adopted for sequencing.
Adapters and filters were trimed with the Cutadapt (v2.5) for sequences, and the Hisat2 aligner (v2.1.0) was adopted to align remaining reads to the human Ensemble genome GRCh38 (mouse Ensemble genome GRCm38). The exomePeak R package was adopted to identify differential m6A peaks. We used the clusterProfiler R package (v3.6.0) for GO and KEGG analyses. And we used the Guitar R package (v1.16.0) to visualize m6A-RNA-related genomic features. We subjected m6A peaks with p value <0.05 for the de novo motif analysis with homer (v4.10.4).
RNA-seq
Total RNA samples were taken from heart tissue specimens after three mice in the HFpEF and HFpEF + EXT groups were euthanized. Trimming adapters and filtering for sequences was done with Cutadapt (v2.5), and the Hisat2 aligner (v2.1.0) was adopted to align the remaining reads to the human Ensemble genome GRCh38 (mouse Ensemble genome GRCm38). The feature Counts were used to determine the reads that mapped the genome (v1.6.3). Differential gene expression analysis was made with the DESeq2 R-package.
Single-base elongation and ligation-based qPCR amplification method validation
The Single-base elongation and ligation-based qPCR amplification method (SELECT) assay was used to monitor site-specific m6A levels, as previously described (Xiao et al., 2018). Briefly, total RNA (2 μg) was combined with 1 μL of dNTP, 2 μL of 10 × CutSmart buffer, and 2 μL of every 400 nmol/L up and down primer (Table.1). RNA free water to the final volume 17 μL. The combination of RNA and primers was annealed at the following temperatures: 90°C for 1 min, 80°C for 1 min, 70°C for 1 min, 60°C for 1 min, 50°C for 1 min, and 40°C for 6 min. Then add 3 μL solution with 0.01 U DNA polymerase, 0.5 U SplintR ligase and 10 nmol ATP. After incubation at 40°C for 20 min and 80°C for 20 min, template abundance was quantified by taking 2 μL of reaction solution for real-time qPCR analysis.
TABLE 1 | The gene-specific SELECT-PCR primers used were as follows.
[image: Table 1]Real-time PCR (RT-PCR)
We picked 10 genes with differentially methylated sites based on MeRIP-seq, and tested these genes with Real-time PCR using SYBR-green and standard amplification protocols. The ΔΔCt technique was used to calculate expression levels. Table 2 shows the primer sequences.
TABLE 2 | The gene-specific PCR primers used were as follows.
[image: Table 2]Exercise exhaustion test
After 3 days of treadmill adaptation, experimental mice were tested for fatigue. Mice ran upward (20°) on a treadmill at a warm-up rate of 5 m/min for 4 min, which was grown to 14 m/min for 2 min. Subsequently, the speed was grown by 2 m/min every 2 min until the mice were exhausted. Exhaustion was defined as the inability of the mouse to resume running within 10 s of direct contact with the electrical stimulus net. While measuring the running time, the running distance was calculated.
Transferase-mediated dUTP nick-end labeling
TUNEL experiments were made with the In Situ Cell Death Detection Kit (Cat. No.11684795910, Roche). The tissue section was fixed with fixation solution (4% paraformaldehyde in PBS, pH 7.4, freshly prepared) for 20 min at +15°C to +25°C and washed for 30 min with PBS. The 2-minute incubation of slides was made in permeabilization solution (0.1% Triton X-100, 0.1% sodium citrate, freshly prepared) on ice. Next, slides were added with 50 μL TUNEL reaction mixture and incubated in a humidified atmosphere for 60 min at +37°C in the dark. Finally, samples were directly analyzed under a confocal microscope.
Transmission electron microscopy
Mouse hearts were fixed in 2.5% cacodylate buffer with glutaraldehyde, embedded with 2% agarose, fixed in 1% osmium tetroxide buffer, stained in 2% uranyl acetate, dehydrated with ethanol, embedded in resin, sliced by an ultrafine slicing machine, and stained with 2% uranyl acetate and lead citrate. Images for experimental use were obtained on the FEI Tecnai G2 Spirit electron microscope equipped with LaB6.
Statistical analysis
All data for all experiments are from three or more independent experimental manipulations and are shown as mean ± SEM. The GraphPad Prism 6.0 program was used to conduct the statistical analysis. Differences with two groups were used two tailed unpaired Student’s t-test analysis and three or more groups were analyzed with a one- or two-way analysis of variance. Differences with a significance level of p < 0.05 were of statistical significance.
RESULTS
Exercise reverses heart failure with preserved ejection fraction phenotypes by suppressing myocardial fibrosis and improving cardiac dysfunction with the changes in global m6A levels
In our study, HFpEF + EXT mice evidently ameliorated myocardial fibrosis and myocardial hypertrophy compared with the control (Figures 1A,B) and had evidently decreased heart weight to tibia length proportions (HW/TL, n = 6, p = 0.0005; Figure 1B). Furthermore, EXT clearly ameliorated myocardial interstitial fibrosis (n = 6, p < 0.0001; Figures 1A,C) and markedly reduced the cardiomyocyte cross-sectional region (n = 6, p < 0.0001; Figures 1A,F). In order to prove the improvement of cardiac function in mice, we performed serial echocardiography in HFpEF + EXT mice. Longitudinal echocardiographic evaluation revealed the persistent preservation of LVEF in all groups (n = 6, ns; Figures 1D,E), coupled with significant alterations in degrees of diastolic dysfunction and left ventricular filling pressure in mice exposed to the EXT (n = 6, p < 0.0001; Figures 1G,H). Consistent with the increase of filling pressures reported in the literature, mice exposed to EXT specifically exhibited a significant decrease in lung weight to tibia length ratios (LW/TL, n = 6, p < 0.0001; Figure 1I), indicating improvement in pulmonary function. Furthermore, the running distance was further in HFpEF + EXT mice compared with HFpEF mice (n = 6, p < 0.0001; Figure 1J). Overall, these data demonstrated that EXT reversed HFpEF phenotypes by suppressing myocardial fibrosis and improving cardiac dysfunction.
[image: Figure 1]FIGURE 1 | Exercise training reverses HFpEF phenotypes by suppressing myocardial fibrosis and improving cardiac dysfunction with the changes in global m6A levels. (A) Gross morphology of hearts stained with HE, cardiac fibrosis stained with Masson, and cardiomyocyte area stained with wheat germ agglutinin (WGA). Scale bar = 1 mm with HE, 100 μm with Masson, and 50 μm with WGA. (B) Proportion of heart weight to tibia length (n = 6 mice per group). (C) Quantitative analysis of cardiac fibrosis (n = 6 mice per group). (D) Representative M-mode echocardiography images. (E) Left ventricular ejection fraction (LVEF) (n = 6 mice per group). (F) Quantitative analysis of cardiomyocyte area (n = 6 mice per group). (G,H) Representative Doppler echocardiography images and E/E′ ratio (n = 6 mice per group). (I) Ratio of lung weight to tibia length (n = 6 mice per group). (J) Running distance during exercise exhaustion test (n = 6 mice per group). (K,L) Representative dot blot showing global m6A modification levels in hearts and methylene blue (MB) staining and quantification of global m6A modification levels (n = 3 mice per group). Data are mean ± SEM, with all individual data points plotted. Two-way ANOVA and Tukey’s multiple comparison test were used. Numbers above square brackets show significant p values.
The global m6A level is an important feature of m6A modification. Therefore, the global m6A levels of mouse hearts in different groups were detected. Dot blot examination of cardiac samples from separate groups revealed that HFpEF + EXT mice had higher total m6A levels than HFpEF mice. (Figures 1K,L, p = 0.0019). Next, we performed transcriptome-wide MeRIP-seq and mRNA-Seq to analyze the effect of EXT on the m6A methylation of HFpEF.
Exercise training demonstrates differential m6A modification patterns in heart failure with preserved ejection fraction mouse hearts
HFpEF + EXT mouse hearts had specific m6A alternation patterns which were different from those of HFpEF mouse heart samples. We found 26401 m6A peaks, corresponding to 13832 gene transcripts in the HFpEF + EXT group by the model-based analysis through exomePeak v2.13.2 (Figures 2A,B). In the HFpEF group, 27085 m6A peaks, representing 14122 gene transcripts (Figures 2A,B), were confirmed. Compared with the HFpEF group, HFpEF + EXT hearts had 3992 novel peaks, and 4676 peaks were absent. This result indicated that the global m6A alternation types in the HFpEF + EXT group were different from those in the HFpEF group (Figure 2B). We identified a map of m6A methylation using the MEME-ChIP software and confirmed the top consensus motif in m6A peaks as GGACU (Figure 2C). The GGACU was parallel to the previously confirmed RRACH motif (where R = G or A; A = m6A, and H = U, A, or C) (Dominissini et al., 2012; Meyer et al., 2012).
[image: Figure 2]FIGURE 2 | Exercise training demonstrates differential m6A modification patterns in HFpEF mouse hearts. (A,B) Summary of genes with identified m6A modification present at m6A-seq. (C) Sequence logo standing for the consensus motif identified by Discriminative Regular Expression Motif Elicitation in the two groups.(D) Distribution of N6-methyladenosine peaks across the length of mRNAs in two groups.(E) Venn diagram showing distribution of m6A peaks in the indicated regions in HFpEF and HFpEF + EXT groups.(F) Identification of 371 hypermethylated and 55 hypomethylated m6A peaks.(G) N6-methyladenosine abundance in Fas and Plpp1 mRNA transcripts in HFpEF and HFpEF + EXT samples (H,I) The top 10 enriched pathways terms from MeRIR-seq for upregulated and downregulated m6A peaks. Leukocyte transendothelial mig-: Leukocyte transendothelial migration.
We found that m6A peak in the HEpEF + EXT group was mainly increased in the 5′ untranslated region (5′ UTR) and decreased in the 3′ untranslated region (3′ UTR) compared with the HFpEF group. (Figure 2D). According to their precise positions in RNA transcripts, we categorized the total and unique m6A peaks in HFpEF + EXT and HFpEF whole-transcriptome data into 5′ UTR, transcription start site region, coding sequence (CDS), stop codon, and 3′ UTR. Our results showed that the enrichment of m6A peak was mainly concentrated in the region near CDS, 3′ UTR, and stop codon vicinity regions (Figure 2E), which was similar to previous m6A-seq results (Dominissini et al., 2012). HFpEF + EXT-specific m6A peak distributional patterns showed a different style from HFpEF-specific peaks, and which was with a relative increase in CDS, TSS and Start codon regions (33.3% vs. 33.6%, 3.3% vs 2.9%; 7.7% vs. 6.4%; Figure 2E) and a relative decrease in Stop codon and 3′ UTR, (20.4% vs. 21.4%, 32.4% vs. 33.5%; Figure 2E).
Kyoto encyclopedia of genes and genomes pathways enriched for differential m6A methylation transcripts in heart failure with preserved ejection fraction + Exercise training group are mainly concentrated in apoptosis, RNA degradation, and MAPK signaling pathways
Differential methylation transcripts were identified and analyzed using GO and KEGG pathway analyses. By comparing the abundance of m6A peaks between HFpEF + EXT and HFpEF samples, we found that there were 22409 m6A peaks in both samples. We detected a total of 426 differentially methylated sites and took them as the research target for further research. Among these differentially methylated sites, 371 hypermethylated and 55 hypomethylated m6A sites were observed in the HFpEF + EXT group compared with HFpEF (fold change [FC] > 2, p < 0.05; Figure 2F). When we analyzed the differentially methylated places in both groups using the Integrative Genomics Viewer software, we found that there was significantly altered intensity in the HFpEF + EXT group. Figure 2G showed the representative m6A-methylated mRNA peaks in the Fas/APO-1 receptors (Fas) and phospholipid phosphatase-1 (Plpp1) genes, which were the sites with reduced and grown m6A levels, respectively.
In order to explore the potential biological significance of exercise-related m6A methylation changes in HFpEF, we performed the GO analysis of differentially methylated RNAs. Compared with those in HFpEF mice, our results revealed that hypermethylated and hypomethylated RNAs in HFpEF + EXT mice were especially related to energy metabolism terms, e.g., regulation of carbohydrate catalog, regulation of glycolytic process and carbohydrate catabolic process, suggesting that differentially methylated RNAs were mainly concentrated in energy metabolism (Supplementary Figure S2). Furthermore, the KEGG pathway analysis of differentially methylated RNAs in HFpEF + EXT mice were predominantly concentrated in myocardial cell death and myocardial energy metabolism, e.g., apoptosis, pyruvate metabolism, MAPK signaling pathway, insulin signaling pathway and sphingolipid metabolism pathway, which are mainly and strongly connected with myocardial apoptosis (Figures 2H,I). In conclusion, our findings suggested that these differentially methylated RNAs might take part in the myocardial energy metabolism and apoptosis pathway.
Overall, the transcripts of HFpEF + EXT-specific m6A peaks were mainly concentrated on myocardial cell death and myocardial energy metabolism, which were the main pathological features of HFpEF.
Conjoint analysis of m6A-seq and RNA-Seq data shows that specific m6A-modified transcripts were extremely correlated with the myocardial remodeling pathological characteristics of heart failure with preserved ejection fraction
The reads per kilobase per million mapped reads (FRKM distribution) indicated no difference in gene expression between samples (Figure 3A). RNA-Seq results indicated that 690 mRNAs, including 423 downregulated and 267 upregulated mRNAs, in HFpEF + EXT samples were significantly dysregulated compared with those in HFpEF samples (FC > 2, p < 0.05; Figure 3B). The tendency of differing gene expression between the groups was contemporaneous among individual samples within every group, according to further hierarchical clustering analysis of RNA-Seq data. (n = 3 per group, Figure 3C). Importantly, GO and KEGG pathway analysis displayed that differentially expressed genes were closely connected with apoptosis pathway and myocardial energy metabolism pathway (Figures 3D,E; Supplementary Figure S3), and this finding was coincident with the involvement in myocardial remodeling pathology (Dunlay et al., 2017; Figtree et al., 2021; Mishra and Kass, 2021; Omote et al., 2022; Prandi et al., 2022).
[image: Figure 3]FIGURE 3 | Combined analysis of RNA-seq and MeRIP-seq data comparing HFpEF with HFpEF + EXT heart samples. (A) FPKM distribution of two groups. (B) Volcano plots showing different expression mRNAs between HFpEF and HFpEF + RE samples (fold change >2 and p < 0.05). (C) Clustering analysis of differentially expressed mRNAs. (D,E) The top 10 enriched KEGG pathways of differentially mRNA for upregulated and downregulated mRNA. (F) The distribution of transcripts with significantly changed in m6A-modification level and corresponding mRNA expression (p < 0.05) by four-quadrant graph. Red dots represent significant differences in RNA expression and m6A modification, and gray dots do not meet the conditions.
In order to further study the target genes modified by m6A, target genes were idenfieid by the conjoint analysis of m6A-seq and RNA-Seq data. Through bioinformatics analysis, we confirmed 308 hypermethylated m6A peaks in mRNA transcripts, of which 103 and 205 were significantly upregulated and downregulated respectively (Figure 3F). Furthermore, 223 hypomethylated m6A peaks were confirmed in mRNA transcripts, of which 116 and 107 peaks were downregulated and upregulated, respectively (Figure 3F). Furthermore, the integrated analysis of MeRIP-seq and RNA-Seq data and KEGG pathway analysis showed that specific m6A-modified transcripts were closely associated with myocardial energy metabolism, especially myocardial apoptosis. Hence, we identified genes that were critical to these processes and further validated them, including Fas, Capn2, Casp12, Casp7, Jun, Pdia3, Tnnt2, Mef2a, Adrb1 and Agtr1a (Figure 4A; Table 3).
[image: Figure 4]FIGURE 4 | Identification of the downstream target genes and mechanisms of exercise improvement of HFpEF. (A) Single-base elongation and ligation-based qPCR amplification method (SELECT) validation of m6A level changes of ten related genes. (B) The relative mRNA levels of six genes determined by real-time PCR in HFpEF and HFpEF + EXT samples. n = 3 mice per group. Data are presented as mean ± SEM. Multiple unpaired t tests were used. (C,D) Representative images of TUNEL and TEM and quantitative analysis of TUNEL-positive cells. n = 3 mice per group. Data are presented as mean ± SEM. Two-way ANOVA and Tukey’s multiple comparison test were used. Numbers above square brackets display great p values.
TABLE 3 | The ranking of the top 10 genes in each quadrant graph.
[image: Table 3]We used SELECT-PCR to validate the m6A levels of those different critical genes Fas, Capn2, Casp12, Casp7, Jun, Pdia3, Tnnt2, Mef2a, Adrb1 and Agtr1a, which were associated with myocardial apoptosis and myocardial energy metabolism. We found that the m6A methylation levels of Fas, Casp12, Tnnt2, Mef2a and Agtr1a were significantly increased and the m6A methylation of Jun was significantly decreased (Figure 4A). Furthermore, the mRNA levels of Fas, Casp12, Jun, Tnnt2, Mef2a and Agtr1a were measured in HFpEF + EXT and HFpEF hearts (Figure 4B), and results showed that Jun, Tnnt2, Mef2a and Agtr1a had similar mRNA expression tendencies in keeping with their m6A methylation levels, but Fas had opposite mRNA expression tendencies in keeping with their m6A methylation levels (Figure 4A).
Exercise training ameliorates myocardial apoptosis in heart failure with preserved ejection fraction by decreasing apoptosis pathway and increasing myocardial energy metabolism
Apoptosis is one of the most important characteristics of pathological cardiac remodeling, and exercise training is an effective method to reduce cardiomyocyte apoptosis. To investigate the effect of exercise on cardiomyocyte apoptosis in the HFpEF heart, we used terminal deoxynucleotidyl transferase-mediated dUTP nick-end labeling (TUNEL) to stain cardiac pathological sections. The representative fluorescence photos of TUNEL positive nuclei in the HFpEF heart after exercise are shown in Figure 4C. In the myocardium of HFpEF mice, the proportion of TUNEL positive cardiomyocytes was greatly higher than that of control mice, while a smaller number of TUNEL positive cells could be detected in the myocardium of control or HFpEF mice after exercise (Figures 4C,D).
In order to verify whether exercise can exert its cardioprotective function by maintaining the integrity and function of mitochondria, we measured and detected the mitochondrial structure of the heart of control group and HFpEF mice with or without exercise using an electron microscope. The ultrastructure of heart sections of control group and HFpEF mice with or without exercise was analyzed by an electron microscope to determine the integrity of mitochondria (Figure 4C). In the normal mouse myocardium, mitochondria were well aligned between the longitudinally oriented myocardial myofibrils, and no difference was observed after exercise. However, the abundance of mitochondria in HFpEF appeared to be significantly altered, and the arrangement of mitochondria in HFpEF mice was disorganized, and the mitochondria were swollen and aggregated, and cristae were slightly loosened (Figure 4C). After 2 months of exercise, there was evidence that damage to cardiac mitochondria and disrupted cristae were restored in HFpEF + EXT hearts (Figure 4C).
Overexpression of fat mass and obesity-related cancels out the benefits of exercise in heart failure with preserved ejection fraction + Exercise training mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy
On basis of the analysis outcomes of unique genes in HFpEF + EXT and HFpEF hearts by GO/KEGG, we suspected that the FTO is closely related to the regulation of energy metabolism and might exert a significant effect on the pathogenesis of HFpEF. Therefore, we explored the mechanism of FTO in HFpEF through experiments. The protein level of FTO in HFpEF + EXT mice was downregulated in comparison with that in HFpEF mice. The FTO protein level detected by Western blotting was greatly lower than that in the HFpEF + EXT group in comparison with the HFpEF group (p = 0.001; n = 6 per group; Figures 5A,B). We also looked at the expression of other key methyltransferases and demethylases during m6A modification, including Mettl3, Mettl14, and ALKBH5. Mettl3 was increased, and no significant difference was observed in Mettl4 and ALKBH5 (Figures 5A,C–E).
[image: Figure 5]FIGURE 5 | FTO is Downregulated in HFpEF + EXT compared to HFpEF. (A–E) Representative Western blots plots of FTO, Mettl3, ALKBH5 and Mettl14, and quantitative analysis of FTO/GAPDH, Mettl3/GAPDH protein, ALKBH5/GAPDH and Mettl14/GAPDH expressions. n = 3 per group. Data are presented as mean ± SEM. Two-way ANOVA and Tukey’s multiple comparison test were used. Numbers above square brackets show significant p values.
Overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy. At the age of 16 weeks, we injected the AAV vector encoding FTO into the HFpEF + EXT mice through the tail vein, and detected the expression of FTO after 8 weeks. After injection of AAV-FTO for 8 weeks, expression of myocardial FTO increased by approximately 7.5-fold in HFpEF + EXT mouse hearts (Supplementary Figures S1A,B). After 8 weeks of adenovirus injection, we found overexpression of FTO increased interstitial fibrosis in HFpEF + EXT mouse hearts (Figures 6A,B, p = 0.0089). Furthermore, the overexpression of FTO efficiently augmented cardiomyocyte hypertrophy, as demonstrated by the increase in cross-sectional area of cardiomyocyte in HFpEF + EXT mouse hearts (Figures 6A,C, p < 0.0001). Moreover, the overexpression of FTO accelerated apoptosis in myocytes and increased the proportion of TUNEL-positive cells in the myocardium (Figures 6A,D, p = 0.0306). The overexpression of FTO significantly destroyed mitochondrial integrity and function by disorganized mitochondrial arrays and aggregates of swollen mitochondria with slight lysis of the cristae (Figure 5A). Furthermore, the doppler echocardiography showed that FTO overexpression exacerbated diastolic dysfunction in HFpEF + EXT mice by increasing the E/E′ ratio (Figure 6E). The overexpression of FTO reduced LW/TL and running distance (n = 6, p = 0.0444 and p < 0.0001; Figures 6F,G). Overexpression of FTO reduced the mRNA levels of Tnnt2, Mef2a and Agtr1a, and increased the mRNA levels of Fas and Jun (Figure 6H). Overall, these data indicated that the overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy.
[image: Figure 6]FIGURE 6 | Overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice. (A) Gross morphology of hearts stained with Masson, WGA, TUNEL, TEM, and Doppler echocardiography from HFpEF, HFpEF + EXT and HFpEF + EXT + AAV9 mice. (B) Quantitative analysis of interstitial fibrosis (n = 6 mice per group). (C) Quantitative analysis of cardiomyocyte cross-sectional area (n = 6 mice per group). (D) Quantitative analysis of TUNEL-positive cells (n = 3 per group). (E) Quantitative analysis of E/E′ ratio (n = 6 mice per group). (F) Ratio of lung weight to tibia length (n = 6 mice per group). (G) Running distance during exercise exhaustion test (n = 6 mice per group). (H) The relative mRNA levels of six genes determined by real-time PCR in HFpEF, HFpEF + EXT and HFpEF + EXT + AAV9 mice (n = 3 mice per group). Data are presented as mean ± SEM. One-way ANOVA and Tukey’s multiple comparison test were used. Numbers above square brackets show significant p values.
DISCUSSION
HFpEF is an aging disease characterized by cardiac hypertrophy, myocardial interstitial fibers, and cardiac diastolic dysfunction (Prandi et al., 2022). Due to inadequate understanding of the pathophysiology and animal models of HFpEF, it is difficult to develop methods to treat this more prevalent and lethal disease (Schiattarella et al., 2019; Deng et al., 2021). Unlike HFrEF, patients with HFpEF constitute a highly heterogenous population. HFpEF patients usually do not trace back to a primary lesions and injuries of cardiomyocytes but rather to a complex of series of systemic abnormalities, e.g., metabolic dysfunction, hypertension, hyperlipidemia, renal dysfunction and pulmonary dysfunction (Dunlay et al., 2017; Deng et al., 2021; Mishra and Kass, 2021). There are many reasons for the lack of effective therapies of HFpEF, but it is largely because of incompletely understanding its complex pathophysiology and the lack of appropriate animal models to study its pathogenesis. EXT is an important nonpharmacological treatment, which can reduce the risk of hospitalization and cardiovascular mortality risk (Jaconiano and Moreira-Gonçalves, 2022). Although the significance of epigenetic regulation in the control of gene expression to diagnose and treat HFpEF has been widely examined (Hamdani et al., 2021), the effect of RNA alternation on the control of gene expression to affect HFpEF has only recently been investigated. Previous studies demonstrated that the mRNA of m6A writers Mettl3 and Mettl4; m6A eraser FTO; and reader YTHDF2 are elevated in patients with HFpEF (Zhang et al., 2021a). In HFpEF mice, the mRNA of FTO and YTHDC1 is upregulated but Mettl3 is downregulated (Zhang et al., 2021a). In elderly HFpEF mice, EXT could improve exercise capacity, diastolic function, and systolic reserves and reduce pulmonary congestion (Roh et al., 2020). However, the distribution of m6A within transcriptome-wide in HFpEF + EXT samples is still mostly unknown. Our research showed that m6A RNA methylation is changed in HFpEF + EXT mice, indicating specific m6A alternation patterns on the transcriptome-wide and gene-specific scales that were distinct from those of in HFpEF mice. GO and KEGG analyses demonstrated that m6A RNA methylation differential genes between HFpEF + EXT and HFpEF mice are specifically associated with myocardial energy metabolism. HFpEF + EXT mice are observed with downregulated FTO compared with HFpEF mice, and the overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy. FTO is a key m6A demethylase that may regulate cardiomyocyte function through catalyzing the demethylation of m6A on particular mRNAs, such as Fas, Jun, Tnnt2, Mef2a and Agtr1a.
Exercise modifies the m6A profile of HFpEF, and these differential modification genes are closely associated with myocardial energy metabolism. The pattern of m6A modification in HFpEF + EXT mice was different from those of HFpEF mice on both transcriptome-wide and gene-specific scales. 22 409 m6A peaks in HFpEF + EXT mice were determined, indicating that m6A is a widespread post transcriptional RNA alternation in various heart disorders. In addition, we investigated that differentially methylated m6A peaks in HFpEF + EXT mice are primarily present in 5′UTR, which may promote mRNA translation. Importantly, in our research, we found that in HFpEF + EXT mice, the Fas m6A-modified site is primarily present in the 5′UTR. Therefore, we speculated that the differential methylation of RNAs in HFpEF + EXT might affect post-transcriptional translation levels and translation efficiency of RNA. We found that genes with differential m6A methylation and mRNA expression in HFpEF + EXT mice were mainly enriched in processes and pathways related to myocardial energy metabolism and apoptosis pathway, such as MAPK signaling pathway, insulin signaling pathway, sphingolipid metabolism, pyruvate metabolism, apoptosis, and regulation of intrinsic apoptotic signaling pathway processes (Figures 2H,I). HFpEF is a complex disease that includes cardiac hypertrophy, myocardial fibrosis, inflammation, cardiomyocyte sarcomere disfunction and mitochondrial and metabolic defects, which lead to mitochondrial dysfunction, inflammation and myocardial cardiac diastolic dysfunction (Figtree et al., 2021; Jaconiano and Moreira-Gonçalves, 2022). Recent clinical studies found that a year of committed EXT reverses abnormal left ventricular myocardial stiffness in patients with stage B HFpEF (Hieda et al., 2021). However, because of limited access to cardiac tissue, the molecular mechanisms of HFpEF remained largely unknown. Here, our study indicated that exercise induces similar functional benefits in HFpEF mouse, and the Conjoint analysis of MeRIP-seq and RNA-Seq data revealed that exercise alters the metabolic phenotype of cardiomyocytes and improves the apoptosis of myocardial cells for HFpEF. Indeed, our findings suggested that while EXT only ameliorated the HFpEF phenotypes in this “two-hit” model, it improved the overall cardiac performance and exercise capacity. We propose that, from the mice “two-hit” model with HFpEF, EXT confers benefits. The mechanism of epigenetic regulation thus provides a new therapeutic target for HFpEF and a new approach to studying HFpEF.
Exercise improves mitochondrial function in HFpEF and affects the myocardial energy metabolism phenotype (Vega et al., 2017). Post-exercise hearts exhibited a higher capacity for fatty acid oxidation and ATP generation than non-exercise hearts in response to the stimulation of increased cardiac workload by b EXT (Moreira et al., 2020). The transcriptional coactivator PGC-1α is a core molecule in the regulation of cardiomyocyte metabolism, and it was originally recognized as a cold inducible element in mitochondrial biogenesis and necessary for the metabolic adaptations of the heart to exercise (Moreira et al., 2020). In our study, an important target gene for improving the myocardial phenotype of HFpEF during exercise is Fas. Fas ligand (FasL) is a cell surface molecule of the tumor necrosis factor family binding to its receptor Fas to induce apoptosis of Fas bearing cells (Wajant, 2002). In our study, Fas m6A methylation expression levels are upregulated, but the mRNA and protein expression levels are downregulated, indicating that m6A modification of Fas may influence mRNA degradation.
FTO is downregulated in HFpEF + EXT samples, and overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy. In 2007, the FTO gene was identified in a type Ⅱ diabetes genome-wide relationship research (Dina et al., 2007). Furthermore, a population cohort research showed that the effect of FTO genes was closely associated with energy intake (Scuteri et al., 2007). However, it is not clear how FTO affects the mechanisms of obesity and energy metabolism. Our KEGG pathway analysis showed that differentially methylated RNAs are predominantly associated with the MAPK and insulin signaling pathways in cardiomyocytes. In conclusion, the FTO is critical for energy metabolism. FTO expression is downregulated in mammalian heart failure hearts and hypoxic cardiomyocytes, with higher m6A levels in RNA and impaired cardiomyocyte contractile performance, according to recent investigations (Mathiyalagan et al., 2019). Additionally, in mice with heart failure, the m6A demethylase FTO improves cardiac function via controlling glucose absorption and glycolysis (Zhang et al., 2021b). In this research, the overexpression of FTO deteriorates heart function by growing E/E′ and LW/TL and decreasing the running distance. Furthermore, overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy.
The present study has limitations. Firstly, we did not find human heart samples to validate our experimental results. Therefore, we will next seek human heart samples to validate the important role of m6A modification in the pathogenesis of HFpEF. Secondly, although we found the target genes were modified by m6A, the mechanism of how the binding proteins control the target genes has not been explored. Next, how binding proteins affect target gene stability, translational efficiency, or degradation will be explored. Thirdly, although we demonstrated that overexpressing FTO in the heart worsened cardiac function, future research with cardiac specific knockout FTO mice and HFpEF models will investigate the actual mechanism by which FTO mediates HFpEF.
Consequently, m6A RNA methylation was modified in HFpEF + EXT mice, who displayed distinct m6A alternation patterns at the transcriptome and gene levels compared to HFpEF mice. Differentially methylated genes were found to be linked with myocardial fibrosis, myocyte hypertrophy, myocardial apoptosis, and myocardial energy metabolism in GO and KEGG studies. Exercise improved mitochondrial function in HFpEF and myocardial energy metabolism phenotype to reverse the myocardial phenotypes. FTO was downregulated in HFpEF + EXT mice compared with that in HFpEF mice, and the overexpression of FTO cancels out the benefits of exercise in HFpEF + EXT mice by promoting myocyte apoptosis, myocardial fibrosis and myocyte hypertrophy. FTO is a key m6A demethylase that may regulate cardiomyocyte function through catalyzing the demethylation of m6A on particular mRNAs, such as Fas, Jun, Tnnt2, Mef2a and Agtr1a.
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Beyond transcription, RNA molecules are enzymatically modified to influence the biological functions of living organisms. The term “epitranscriptomics” describes the changes in RNA strands aside from altering the innate sequences. Modifications on adenosine (A) are the most widely characterized epitranscriptomic modification, including N6-methyladenosine (m6A), N1-methyladenosine (m1A), polyadenylation, and adenosine-to-inosine (A-to-I) RNA editing, and modifications on other nucleotides seem to be fewer, such as N7-methylguanosine (m7G), 5-methylcytosine (m5C), and pseudouridine (Ψ). These changes on the RNA strand surface, exclusively by their RNA-modifying proteins (RMPs), are reported in various biological phenomena, including programmed cell death (PCD). One necro-biological phenomenon that has been observed for long but has started to gain heed in recent years is “ferroptosis.” The phospholipid peroxidation by polyunsaturated-fatty-acid-containing-phospholipid hydroperoxyl (PLOOH) radicals destroys membrane integrity due to a series of mechanisms. The Fenton reaction, constituting the final Haber–Weiss reaction that is less recognized, collaboratively leading to the conversion of polyunsaturated fatty acid (PUFA) to PLOOH, is the etymological origin of ferroptosis. However, it is with increasing evidence that ferroptotic signaling is also intervened by epitranscriptomic modifications, although the truth is still ambiguous. We attempted to delineate some up-to-date discoveries on both epitranscriptomics and ferroptosis, bringing up the fundamentals to address any potential connection between the two. Next, we discussed whether a duologal relationship, or more, exists between the two, taking the ROS level and iron status into consideration. Lastly, we surveyed future perspectives that would favor the understanding of these topics.
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INTRODUCTION
The RNA world theory hypothesized that every living matter originated from RNA as the entity of evolutionary heredity, in lieu of DNA (Rana & Ankri, 2016). After that, a myriad of scientists have boosted our awareness of RNA through their work and established the principles underlining the Central Dogma of molecular biology. Nevertheless, beyond transcription, RNA molecules can also be enzymatically modified, building a new field of epitranscriptomics that is currently under intense interest. These modifications are reported in various physiological and pathological processes, which are reviewed brilliantly elsewhere, such as tRNA modifications in the role of development (Frye et al., 2018) and transcriptional and chromatin regulation by m6A (Wei & He, 2021) (Shi et al., 2019). Moreover, their respective RNA-modifying proteins (RMPs) are also the targets for the investigation of epitranscriptomic regulations (Shi et al., 2019). Specific to oncological research, these RNA-modifying processes are often hijacked in cancers to acquire pro-survival advantages, and aberrant epitranscriptomic modifications have been implicated in resistance to programmed cell death (PCD). Ferroptosis, a new type of PCD denoted by an iron-dependent lethal accumulation of lipid peroxides, has started to gain heed in recent years. The complexity in ferroptotic signaling has indeed offered more opportunities for potential therapeutic manipulations in treating cancer. We attempted to delineate the up-to-date discoveries on both epitranscriptomics and ferroptosis, bringing up the fundamentals to address any potential connection between the two. Next, we discussed whether a duologal relationship, or more, exists between the two, taking the ROS level and iron status into consideration. Lastly, we surveyed future perspectives that would favor the understanding of these topics.
BEYOND TRANSCRIPTOMICS: EPITRANSCRIPTOMICS
RNA comprises several kinds of modifications on the transcripts that constitute the epitranscriptome. The enzyme-mediated covalent modifications on RNA, also termed epitranscriptomic modifications, experienced an arduous period after the pioneering discovery of pseudouridine (ψ) in 1951 by Davis and Ellen as the first epitranscriptomic modification (Davis & Allen, 1957). After the early work from Perry & Kelley, (1974) proving the existence of an mRNA epitranscriptomic modification in mouse L-cells, it has then become clearer that the life cycle of an mRNA transcript does not merely experience transcription but also posttranscriptional processing such as 5′-capping, poly-adenylation, and most importantly in the context of this article, epitranscriptomic modifications.
Epitranscriptomic modifications are observed in both coding mRNA transcripts (Frye et al., 2018) (Gilbert et al., 2016) and non-coding RNA, such as long non-coding RNA (lncRNA) (Yin et al., 2021), microRNA (miRNA) (Konno et al., 2019), and transfer RNA (tRNA) (Pereira et al., 2018). Dysregulated epitranscriptomic modifications on both coding mRNA and tRNA have been intuitively considered signatures in pathologies (Destefanis et al., 2021) (Suzuki, 2021) (Yang et al., 2020). Specifically, posttranscriptional editing determines the RNA fate through mediating cellular processes, including alternative splicing (Xue et al., 2021), nonsense-mediated mRNA decay (Li et al., 2019a), and translation (Ranjan & Leidel, 2019). Extending to biological functions, the epitranscriptome has built its niche in physiological regulation, which is exemplified by circadian rhythm regulation by A-to-I editing catalyzing the ADAR enzyme family (Terajima et al., 2017), GBM-associated protein expression upregulated by METTL3 via SOX2 (Visvanathan et al., 2018), and poor prognostic characterization through the IGF2BP/SOX2/METTL3 axis in CRC (Li et al., 2019b).
Epitranscriptomic signatures and RNA-modifying proteins
According to MODOMICS, an RNA modification database constructed by Boccaletto et al. few years ago, documented RNA modifications have now raised to 144 (Dunin-Horkawicz et al., 2006), and the upsurge continues due to improved sequencing techniques and other technological advancements. To date, discussions on RNA modifications mainly revolve around the well-characterized ones, including N6-methyladenosine (m6A), 5-methylcytosine in RNA (m5C), N1-methyladenosine (m1A), and pseudouridine (Ψ). Others like 5-hydroxymethylcytosine (5-hmC), N4-acetylcytidine (ac4C), and adenosine-to-inosine editing (A-to-I) are only registered with unknown or unspecified functions. Moreover, MODOMICS covers the related diseases and pathways (Dunin-Horkawicz et al., 2006), with sequential updates at regular intervals (Machnicka et al., 2013) (Boccaletto et al., 2018), leading to more attention directed to the rising role of RNA modifications contributing to the nuanced transcriptomic homeostasis from clinicians and scientists (Song et al., 2020).
The fate of an mRNA transcript is determined by a series of events posttranscriptionally, and one of such crucial processes is epitranscriptomic modifications. In general, the process of mRNA epitranscriptomic editing relies on three major types of RNA-modifying proteins (RMPs):
1) writers that deposit RNA modifications, for e.g., methyltransferase-like (METTL) enzyme family members, zinc finger CCCH-type containing 13 (ZC3H13), and VIRMA/KIAA1429 for m6A, TRMT family members for m1A, ADARs for A-to-I editing, and NSUNs for m5C;
2) erasers that remove the epitranscriptomic modifications, for e.g., fat mass- and obesity-associated protein (FTO) for m6A and AlkB homologs (ALKBH) for m1A, m6A, and m5C;
3) readers that are recruited and recognize the modifications to alter the fate of mRNA transcripts, for e.g., YT521-B homology (YTH) domain family members for m6A and Aly/REF export factor (ALYREF) for m5C.
RNAWRE, which was constructed in 2020 by Nie et al. (2020) and apropos to mention, comprises more than 2000 manually curated writers, erasers, and readers. RMP regulation determines whether the previously mentioned epitranscriptomic signatures are installed, removed, or recognized. By dint of Table 1 summary and Figure 1 illustration, types of epitranscriptomic marks and their respective RMPs will not be outlined thoroughly in paragraphs. The concept of how these epitranscriptomic marks and RMP expression affect the existence and severity of ferroptosis will be discussed in later parts and illustrated in the compiled figures.
TABLE 1 | Examples of RNA-modifying proteins and associated epitranscriptomic modifications.
[image: Table 1][image: Figure 1]FIGURE 1 | Illustration of RNA-modifying proteins on mRNA and common RNA modifications. Common base modifications include N6–methyladenosine (m6A), N1–methyladenosine (m1A), pseudouridine (ψ), and 5–methycytosine (m5C), to name but a few. Less common modifications are also listed in the illustration. RNA-modifying proteins that govern the expression of the mRNA transcript by manipulating epitranscriptomic sites include (1) writers that deposit RNA modifications, (2) erasers that remove the epitranscriptomics modifications, and (3) readers that are recruited and recognize the modifications to alter the fate of transcripts. Reprinted from “Common eukaryotic mRNA modifications”, by BioRender.com (2020). Retrieved from https://app.biorender.com/biorender-templates.
Detecting epitranscriptomics modifications
Even though the adjustments on nucleotides seem slight and minuscule, finding a way to elucidate the epitranscriptomic marks is never simple and uncomplicated. Consecutive efforts are required owing to these nanoscopic modifications down to nucleotides. This review will not focus on the in-depth discussion of epitranscriptomic mark detection, given that such an issue has already been brilliantly reviewed elsewhere (Helm & Motorin, 2017) (Sarkar et al., 2021). Nevertheless, we shall highlight the important ones, including NGS-based techniques or mass spectrometry-based techniques.
Next-generation sequencing-based techniques
AlkB-facilitated RNA methylation sequencing (ARM-seq) (Cozen et al., 2015), combines reverse transcription (RT) and enzymatic demethylation and relies on detecting truncations due to existing methylated nucleosides during RT. Localization of truncations from high-throughput sequencing navigates the potential methylated sites in RNA transcripts, except when the reaction reaches RT-silent bases such as pseudouridine, ribothymidine, or m5C. Aside from RT-methods, antibody-dependent assays like m6A-seq (for m6A) or m1A-seq (for m1A), MeRIP-seq (Dominissini et al., 2015), CLIP-based strategies (Ke et al., 2015), PAR-CLIP–MeRIP (Liu et al., 2015), miCLIP (for methylated nucleosides in RNA) (Hawley & Jaffrey, 2019), and suicide enzyme trap (for identification of methyltransferase targets on RNA strands) (Khoddami & Cairns, 2013) have also revolutionized the epitranscriptomic mark detection. By eliminating the possibility of having RT-arrest and mis-incorporation of nucleosides during RT like RT-based detection, enrichment-based methods stand out with their superb specificity to methylated nucleosides.
Mass spectrometry-based techniques
Dating back to 1977, McCloskey and Nishimura were the first to utilize MS to detect tRNA modifications down to nucleoside resolution. The RNA MS regimen relies on enzymatic digestion/reduction of RNA strands to nucleosides/nucleotides with the nucleic acid backbone being eliminated, and the downward workflow is analogous to metabolite MS, including ionizing the compound and deflecting the molecule in an electric field, followed by a magnetic field. The determination of an m/z ratio greatly depends on retention time, molecular mass, and fragmentation patterns in tandem mass spectrometry (MS/MS) for the identification of modification residues (Helm & Motorin, 2017). Variations of MS include combination with liquid chromatography purification on RNA fragments a posteriori nuclease such as RNase T1 and MC1, followed by electrospray ionization (ESI) and MS/MS, entitled LC-ESI-MS/MS (Yuan, 2017). Two years ago, Wein et al. (2020) constructed an open-source database for documenting RNA MS data named NucleicAcidSearchEngine (NASE). Heiss et al. (2021) have also recreated LC-MS/MS by combining nucleic acid isotope labeling (NAIL) and MS, entitled NAIL-MS, to address the dynamic nature of epitranscriptomic modifications that the currently available MS protocols lack the ability to tackle. Nonetheless, despite the comprehensiveness offered by MS, respective localization of modifications in the RNA environment will be completely lost and irretrievable.
IRONING OUT THE IRON: INVESTIGATING FERROPTOSIS
The first observation on erastin-induced lethality in engineered Ras-mutant human foreskin fibroblasts discovered distinctive morphological features and biochemical machineries compared to traditional programmed cell death (PCD). Ferroptosis, coined in 2012 under the work of Dixon et al. (2012), has shed light on the field of PCD and has, henceforth, attracted heed from cell biologists. Devoid of apoptotic morphological features, such as apoptotic body formation or nuclear fragmentation, ferroptotic cells are characterized by increased mitochondrial densities and reduction of mitochondrial crista that are not observed in the conventional PCD (Li et al., 2020). The discovery of iron chelation also denoted an unprecedented biochemical pathway in regulating ferroptosis. Even so, much of our knowledge in ferroptosis is still not complete nor is satisfactory enough to intervene this mechanistic pathway in the current clinical settings.
In the history of ferroptosis characterization, the pioneering finding of erastin has led to the comprehensive dissection of ferroptosis in recent years. Large-scale screening experiments in surveying the killing effects of a multitude of compounds exerted on cancer cells via mitochondrial voltage-dependent anion channels, conducted by Dolma et al. (2003), have directed the very first discovery of erastin. Few years afterward, erastin treatment was investigated, and the results of lipid-related oxidative stress were noticed by Yagoda et al. (2007). The RAS-selective lethal 3 (RSL3) was brought up in 2008 from another large-scale synthetic lethal screening by Yang & Stockwell (2008) in the presence of RAS (therefore, the nomenclature). Dixon et al. (2012) officially entitled this iron-dependent cell death as “ferroptosis”. Successful characterization has then propagated more in-depth discoveries, including ferrostatin-1 (fer-1) inhibition of ferroptosis, mitochondria independency (Gaschler et al., 2018), sorafenib induction of ferroptosis (Lachaier et al., 2014) (Louandre et al., 2013), system Xc− being inhibited by erastin (Dixon et al., 2014) (grounded in the fact that cystine deprivation leads to glutathione-dependent cell death long before the characterization of ferroptosis (Eagle, 1955) (Hinson et al., 2010)), glutathione peroxidase 4 (GPX4) participation (Yang et al., 2014), and enormous regulatory ferroptotic inducers (other than erastin, e.g., DPIs, FIN56, and FINO2) and inhibitors (e.g., iron chelators, vitamin E, SRS8-24, and CA-1).
Delineating the mechanisms of ferroptosis
Ferroptosis starts with the production of lipid peroxides as a general cellular suicidal program with an iron-mediated oxidative mechanism. Cellular reactions exhibit redox equilibrium, and disruption of redox equilibrium is attributed to the synthesis and accumulation of reactive oxygen species. Definitive ROS, including superoxide anion (O2−•), hydrogen peroxide (H2O2), hydroxyl radicals (HO•), hydroperoxides (ROOH), and hydroxyl radicals (ROO•), are formed by partial reduction of oxygen. ROS are generated inevitably from oxidative phosphorylation in mitochondria to cellular respiration, and the endogenous antioxidant system is instrumental to remove the oxidative stress. It has been held as an axiom that ROS accumulation also lays the groundwork of multiple pathologies, given its roles in cellular damage in diabetic cardiomyopathy (Kaludercic & Di Lisa, 2020), atherosclerosis (Yang et al., 2017), neurological complications (Manoharan et al., 2016), and in cell growth, especially in cancers (Aggarwal et al., 2019) (Dias Amoedo et al., 2020) (Tien Kuo & Savaraj, 2006) (Zeng et al., 2021). A detailed mechanistic overview of ferroptosis is illustrated in Figure 2.
[image: Figure 2]FIGURE 2 | Pathways of ferroptosis. The entirety of ferroptosis signaling is complex and orchestrated by different sub-pathways, along with a multitude of regulatory proteins or substances. The antioxidant system starts with system xc− activity that assists the exchange of cystine and glutamate. Intracellular cystine is converted, in multi-step reactions, to GSH. The transsulfuration reaction starts with conversion of intracellular methionine to cysteine and joins the antioxidant system to enhance GSH production. Lipid ROS production from membrane PUFAs, intracellular lipid droplets, and acetyl-CoA resulted from mitochondrial aerobic respiration, which is negatively regulated by lipophagy, provides predominant lipid source to produce lipid ROS by joining the Fenton/Haber–Weiss reaction. Iron metabolism starts with Fe3+ endocytosis initiated by a transferrin receptor, and STEAP3-mediated reduction to Fe2+ takes place in endosome. Fe2+ joins LIP by FTH1/FTL. Ferritinophagy triggers the release of Fe2+ to join intracellular ROS pool and proceeds to the Fenton/Haber–Weiss reaction to produce lipid ROS. Taken together, the PUFA-PLOOH resulting from the reactions induces ferroptotic damage with the mechanism that lacks exactitude. Created with BioRender.com.
What lies at the cardiac part of this cellular iron-mediated killing is lipid ROS. The most abundant ROS, superoxide, is generated by cytochrome P450 and NADPH oxidases (NOXs) partial reduction, forming H2O2 by superoxide dismutase (SOD), and the anions proceed to the production of hydroxyl radicals with the catalytic role of iron. In fact, published articles only documented the iron participation as the Fenton reaction, and the final Haber–Weiss reaction, obtained after balancing chemical equations from Fenton and the others, was less recognized than the Fenton reaction. Ferrous ions (Iron (II) or Fe2+) are mainly produced from the labile iron pool (LIP) and upon radical attack to heme groups with iron–sulfur (Fe–S) clusters (Gomez et al., 2014). Oxidation of ferrous to ferric ion (iron (III) or Fe3+) facilitates free radical formation from H2O2, whilst the O2−• radicals are also oxidized to harmless O2 as a net Haber–Weiss reaction. Taken together, the iron-mediated production of hydroxyl radicals is a “superoxide-driven Fenton-catalyzing Haber–Weiss reaction,” or Fenton/Haber–Weiss reaction, as illustrated in Figure 3.
[image: Figure 3]FIGURE 3 | Fenton/Haber–Weiss reaction. Created with BioRender.com.
After the Paleoproterozoic Great Oxygenation Event (GOE), lives on the earth were subjected to oxidation readily, especially for polyunsaturated lipids with bis-allylic carbons (Wagner et al., 1994). The victim of such ROS attack in ferroptosis after all the aforementioned series of events is, therefore, polyunsaturated fatty acids (PUFAs). Under normal physiology, PUFAs, including arachidonic acid, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA), are situated in the cell membrane. The attack from accumulating free radicals to PUFAs, otherwise named peroxidation reaction, generates phospholipid free radicals (PL•) and, therefore, PUFA-containing-phospholipid hydroperoxides (PL-PUFA (PE)-OOH, PLOOH in short) (Forcina & Dixon, 2019), facilitated by different lipoxygenases (LOXs). It was also demonstrated that depletion of an acyl-CoA synthetase ACSL4 and LPCAT3 esterification enzyme inhibited ferroptosis (Doll et al., 2017) (Yuan et al., 2016). PLOOHs execute the unelucidated last hit to the cell membrane and initiate disruption to cellular integrity, leading to ferroptosis.
The transmembrane cystine/glutamate exchanger commences the work to initiate a ferroptosis-specific antioxidant system. System xc−, which was found to be inhibited by erastin, serves as an amino acid homeostatic control with the exchange of extracellular L-cystine and intracellular L-glutamate. Dissecting the antiporter, it consists of two subunits, a light chain solute carrier family 7 member 11 (SLC7A11) and a heavy chain subunit SLC family 3 member 2 (SLC3A2), which are targeted by respective inhibitors. Intracellular cysteine from cystine reduction facilitates the production of glutathione (GSH) that is catalyzed by glutamate–cysteine ligase catalytic subunit (GCLC) (which is inhibited by buthionine sulfoximine (BSO)) and then by glutathione synthetase (GSS). The classical redox-associated glutathione system (GSH and oxidized GSH disulfide (GSSG)) comes in to play a role in antioxidant defense, proven back in the 90s (Ceballos-Picot et al., 1996). Glutathione peroxidase 4 (GPX4) protects the cells from ferroptotic death by reducing toxic PLOOHs to PUFA-containing-phospholipid hydroxides (PL-PUFA (PE)-OH, PLOH in short), with the presence of selenium (Liu et al., 2021) and GSH (Ursini & Maiorino, 2020). While PLOHs appear to be non-ferroptogenic (not ferroptosis-inducing), this marks the end of the brief ferroptosis mechanisms as the homeostasis is achieved.
Ferroptosis has been observed in different pathologies. For example, in Alzheimer’s disease that is characterized by prominent brain cell death, β-amyloid plaques and neurofibrillary tangles were investigated, and excess iron accumulation and downregulation of iron exporter, ferroportin1, were observed, thereby explaining the oxidative stress exerted and promoting the AD cognitive impairment (Bao et al., 2021). In renal ischemia/reperfusion injury (IRI), ferroptosis is proven in the mediation of renal tubule-synchronized necrosis, and a novel third-generation ferrostatin 16–86 could rescue or protect the tubular damage that contributes to IRI (Linkermann et al., 2014). In cancer, particularly in colorectal cancer, it was evident that ferroptosis promotes metabolic rewiring, or the Warburg effect, which favors cancer cell growth, as well as suppresses ferroptosis sensitivity by inducing ROS production and activating nuclear factor erythroid 2-related factor 2 (NRF2) (Yuan et al., 2021). These are just few examples that ferroptosis correlates with disease progression, and more details about various pathologies can be found in other good articles such as Jiang et al. (2021b) and Yan et al. (2021) for readers’ reference.
FERROPTOSIS AND EPITRANSCRIPTOMICS: NEITHER TWO MONOLOGUES NOR A MERE DUOLOGUE
Due to technological advancements in investigating epitranscriptomics and firmer theoretical bedrock on the principle of ferroptosis, both topics are gaining escalating heed from scientists. However, the association between epitranscriptomics and ferroptosis has yet been organized. Thence, with reference to the preliminary background knowledge, we summarize some updates on ferroptosis and epitranscriptomic modifications in recent years and attempt to put a new perspective on the investigation of ferroptosis to facilitate the demystification of any connection between epitranscriptomics and ferroptosis.
Feed-forward interaction: how do epitranscriptomics shape the niche of ferroptotic homeostasis?
Ferroptosis and m6A
Being the most characterized epitranscriptomic modification, m6A has been widely investigated for its relationship with ferroptosis in different pathological phenomena, including cell cycle, drug resistance, biomarkers, or disease signatures. A couple of m6A writers, readers, and erasers have been focused to study as a direct or indirect target to mediate ferroptosis, sorted out in Table 2. METTL14 upregulation resulted from doxorubicin treatment in AC16 cardiomyocytes and neonatal rat ventricle cardiomyocytes, and m6A “writing” action was observed to be catalyzed on a sponge lncRNA KCNQ1OT1 for miR-7-5p, which cooperated with RNA-binding protein IGF2BP1 to inhibit miR-7-5p activity, leading to transferrin receptor upregulation and iron uptake increase. Such a phenomenon joins the ferroptotic signaling and increases the opportunity of having lipid peroxidation (Zhuang et al., 2021). Another research echoes with the miR-7-5p and doxorubicin chemoresistance study carried out by Song et al. (2021) on exosomal miR-4443 and cisplatin resistance in non-small cell lung carcinoma. Tantamount to apoptosis, cisplatin simultaneously acts as a dual trigger of apoptosis and ferroptosis to kill cancer cells (Guo et al., 2018). On this groundwork, in tumoral and normal tissue-derived exosomes, their team discovered a distinctive expression level of miR-4443 between cisplatin-sensitive and cisplatin-resistant tissues and cell lines, and further functional and bioinformatics studies confirmed that m6A writer METTL3 was negatively regulated by miR-4443 overexpression to lower the m6A level on ferroptosis-suppressing protein 1 (FSP1), inhibiting its activity to suppress ferroptosis. Bioinformatics analyses on lncRNAs also revealed m6A regulators, namely, FMR1, HNRNPC, METTL16, METTL3, and METTL5, were expressed in higher levels than those in ferroptosis low-risk groups (Jiang, W. et al., 2021a). The aforementioned studies provided evidence that epitranscriptomics are phenomenally involved in ferroptotic disease models, particularly in drug-resistant cancers that have the characteristic to overcome cell death events. As ferroptosis is a new type of PCD, the participation of miRNA, lncRNA, or other types of RNA with distinguished epitranscriptomic features is worth investigating to obtain a complete picture of its disease progress contribution, in order to potentiate clinical relevance for disease manipulation in the future. The theoretical basis on how epitranscriptomics shaped the ferroptosis signaling was also exemplified in pan-cancer in vitro, including in hepatocellular carcinoma (Fan et al., 2021), hepatic stellate cells (Shen et al., 2022) (Shen et al., 2021), lung adenocarcinoma (Xu et al., 2022), and glioblastoma (Sun et al., 2022).
TABLE 2 | Discovered epitranscriptomic marks on ferroptosis-related proteins.
[image: Table 2]Ferroptosis and other epitranscriptomic marks
A majority of the published articles were m6A-based, and there is a huge lack of epitranscriptomic discoveries regarding other marks on ferroptosis. m5C is second to m6A in terms of the level being explored, and the investigation is still ongoing since we are only scratching the surface of the epitranscriptomic modifications aside from m6A (Liu et al., 2022). In fact, one closely related work that is also one of the most recent discoveries bridging epitranscriptomics and ferroptosis was on m5C and its exclusive writer NOP2/Sun RNA methyltransferase 5 (NSUN5). In bone marrow-derived mesenchymal stem cells (BMSCs), Liu’s group reported a notable downregulation of NSUN5 in ferroptotic cells and unveiled the enhancement of Fe2+ ions in NSUN5 depletion in vitro. More importantly, NSUN5 overexpression, which was later confirmed as its methylating action on 5′UTR/3′UTR of ferritin heavy chain/light chain (FTH1/FTL), was correlated with TRAP1 recruitment on FTH1/FTL, a protein that governs the intracellular entry of iron ions, confirmed by LC-MS and co-immunoprecipitation (co-IP). Liu’s group has impacted both the fields of ferroptosis and epitranscriptomics by expanding the discussion to other base modifications other than the predominant m6A. Meanwhile, further studies on other disease or cell models, or more superior 3D culture and organoid models, necessitate to be carried out for proof-of-concept.
In addition to m5C, in triple-negative breast cancer patients, investigating the tumor microenvironment (TME) guided the discovery of a rare epitranscriptomic feature that serves as a potential biomarker in microniches. Using spatial epitranscriptomic analyses on tumor microniches, Lee et al. (2022) sought to profile A-to-I editome and identified high A-to-I editing in GPX4 variants in IF-stained tissues full-length transcriptome. This result fitted their hypothesis that cancer stem cells (CSCs) contain high A-to-I editing characteristic for their niche shaping, and the future validation work can potentiate the druggability of such epitranscriptomic feature in this ferroptotic-signaling protein.
Feedback interaction one: how will lipid ROS accumulation potentially influence the nuanced epitranscriptomic features back?
Cellular signaling in biological systems evolved with harmonized crosstalk and attempting to inspect the entirety via a single chronological representation remains laborious to reach the finality. It becomes interesting whether the accumulating lipid ROS being non-eliminated construct a feedback influence on the epitranscriptomic marks. Oxygen atoms in –OH groups and phosphodiester backbone are the most vulnerable to be subjected to chemical damage or oxidation (Liu et al., 2022), and ROS onslaught has demonstrated evidently in mutations (Niedernhofer et al., 2003), cell arrest (Dixon & Stockwell, 2014), and epitranscriptomic induction (Kumar & Mohapatra, 2021). Particularly in cancer, m6A induction has been studied and reviewed in response to the production of ROS, and a biphasic and conflicting effect on tumor growth, intriguingly, has been noticed (Chio & Tuveson, 2017) (Yang & Chen, 2021). The potential ROS effect in ferroptosis via epitranscriptomic mediation is hence plausible.
Since the concept of “global m6A level can be ROS-induced” was revealed, one ROS-induced post-translational regulation on m6A demethylase was discovered recently (Yu et al., 2021). In this study by Yu et al., human cell lines with high m6A induced by ROS and determined by m6A-seq, were employed to survey the intrinsic mechanism that contributed to the elevation, where SUMOylation in m6A demethylase ALKBH5 was found to be associated using comet analysis, a single-cell gel electrophoresis assay that helps determine DNA damage and repair equilibrium at a single cell level. Particularly, SUMOylation-deficiency in ALKBH5 led to weakened DNA repair in H2O2-induced DNA damage, in other words, SUMOylation in ALKBH5 is essential in the increase of global m6A level by limiting the activity of m6A erasers. As ROS also joins the ferroptotic signaling and can lead to ferroptotic cell death, how ROS can potentially construct a stressful environment and add on epitranscriptomic modifications of ferroptosis proteins remains to be extrapolated. Having a feedback loop discovered that thrusts in the cell death process offer a great potential to manipulate the pathways, and the prospects of targeting ferroptosis in therapeutic settings await.
Feedback interaction two: how does iron imbalance contribute to an epitranscriptomic mark level?
Dixon et al. (2012) extensively acknowledged the importance of iron in its mediation to the PCD event by coining the “ferro-” in the nomenclature of the iron-driven cell death, ferroptosis, assisted by the Nomenclature Committee of Cell Death (NCCD). Before then, prominent iron overload was observed among pathologies, such as hereditary hemochromatosis, along with the complications manifested, including organ damage, hypothyroidism, and hypogonadism. Managing iron homeostasis, thence, is necessitated from a medical standpoint, combined with the fact that ferroptosis is also dependent on intracellular iron status. In addition, en route to the research on how important iron to ferroptosis is, we also discovered some connections between iron and epitranscriptomic marks upon rummaging articles. We aimed to address the potential association of iron status and epitranscriptomics in ferroptosis and provided upcoming possible research directions to facilitate the elucidation of this mystery.
The fact that heme groups and Fe–S clusters are frequently under the attack of various kinds of ROS is well known (Imlay, 2006). This increases the intracellular level of Fe2+ apart from the LIP, though the LIP serves as the predominant source of Fe2+. In fact, perturbations of epitranscriptomics that affect the iron level or iron metabolism have been shown via some direct studies. In a hypopharyngeal squamous cell carcinoma (HPSCC) study by Ye et al. (2020), transcriptomic analyses including m6A-seq, RNA-seq, and RIP-seq identified m6A reader YTHDF1’s downstream target transferrin receptor (TFRC), simultaneously linking to poor prognosis in postoperative platinum-based chemoradiotherapy (CCT) or radiation patients in an m6A-dependent manner. HPSCC patients with intratumorally elevated Fe2+ were also shown upregulated YTHDF1 expression, and knockdown YTHDF1 in HPSCC cells proved the suppression of cell proliferation and migration ability. Taken together, as YTHDF1 modifies TFRC mRNA in cytosol and modulates transcriptomic stability and fate, relationships between an RMP and an iron metabolism participant were speculated by this pioneering work. Additionally, a pancreatic ductal adenocarcinoma (PDAC) study by Huang et al. (2021) aimed at elucidating the connection of ALKBH5 and iron metabolism, concretely on mRNAs encoding ubiquitin ligase FBXL5 and iron importers SLC25A28 and SLC25A37. ALKBH5 was identified to be mechanistically associated to the RNA decay event for FBXL5, and the team has divulged its unique prognostic ability among multiple m6A regulators analyzed in the study. Considering FBXL5-IRP2 serves as the cardinal part to iron metabolism (Wang et al., 2020), this study adds on the evidence of connecting epitranscriptomic-mediated iron metabolism since the bridge between FBXL5 and ALKBH5 can now be surmised through transcriptomic analyses, and further validation work awaits to confirm.
Prospect and unaddressed questions
Yet, tracing back to the fact that excess intracellular iron leads to disturbed redox imbalance, and hence impaired cellular metabolism, we shall also pay heed to the crosstalk between iron metabolism and epitranscriptomics. Despite limited direct studies on the biological functions, some RMPs are reported to be affected by iron levels. m6A demethylase ALKBH5 was Fe2+-dependent, proven in an optimization research study for downstream screening work by Li et al. (2016). Therefore, it leaves us with the following questions on 1) how much iron level deviation intracellularly can drive impaired ALKBH5 function; 2) how much Fe2+ perturbations can lead to redox imbalance, followed by the epitranscriptomic mark writing on RMPS that constitutes to a crosstalk signaling; and 3) what are the signaling paradigms required for iron-driven/ROS-induced epitranscriptomic mark writing and the potential involvement to ferroptosis. There are still many unsolved questions that build around the biological or biomedical conjectures on ferroptosis and epitranscriptomics that begin with iron imbalance and ROS induction. Addressing these outstanding questions shall help determine the direct involvement of distinct components in ferroptosis.
CONCLUDING REMARKS
In retrospect, investigating a new topic in science has always been regarded as preposterous at the beginning, and the journey of vindication seems to be life-long and with collaborative efforts. Epitranscriptomics have indeed experienced a dejected period due to the lack of technological advancement, but the value per se is tantamount to epigenetic modifications owing to its importance in governing the ultimate phenotype of a gene. It is hard for us to ignore the participation of such element being pervasive on gene expression in ferroptosis, a new type of PCD discovered just in recent decades, and is still being explored for its potential clinical relevance. As the evidence regarding epitranscriptomics and ferroptosis began to pile up, with the associated indirect studies on the passengers of both, RMPs or lipid ROS, videlicet, we offered additional perspectives for readers to define the pathways of ferroptosis with respect to epitranscriptomic modifications, and thus to provide foreseeable opportunities toward comprehensiveness of such topics.
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The process of neurogenesis in the brain, including cell proliferation, differentiation, survival, and maturation, results in the formation of new functional neurons. During embryonic development, neurogenesis is crucial to produce neurons to establish the nervous system, but the process persists in certain brain regions during adulthood. In adult neurogenesis, the production of new neurons in the hippocampus is accomplished via the division of neural stem cells. Neurogenesis is regulated by multiple factors, including gene expression at a temporal scale and post-transcriptional modifications. RNA-binding Proteins (RBPs) are known as proteins that bind to either double- or single-stranded RNA in cells and form ribonucleoprotein complexes. The involvement of RBPs in neurogenesis is crucial for modulating gene expression changes and posttranscriptional processes. Since neurogenesis affects learning and memory, RBPs are closely associated with cognitive functions and emotions. However, the pathways of each RBP in adult neurogenesis remain elusive and not clear. In this review, we specifically summarize the involvement of several RBPs in adult neurogenesis, including CPEB3, FXR2, FMRP, HuR, HuD, Lin28, Msi1, Sam68, Stau1, Smaug2, and SOX2. To understand the role of these RBPs in neurogenesis, including cell proliferation, differentiation, survival, and maturation as well as posttranscriptional gene expression, we discussed the protein family, structure, expression, functional domain, and region of action. Therefore, this narrative review aims to provide a comprehensive overview of the RBPs, their function, and their role in the process of adult neurogenesis as well as to identify possible research directions on RBPs and neurogenesis.
Keywords: adult neurogenesis, neurogenesis regulation, miRNA, RNA-binding proteins, gene regulaiton
INTRODUCTION
Neurogenesis is the formation process of new neurons derived from neural progenitor cells (NPCs), occurring in several regions of the brain including the olfactory epithelium, hippocampus, and subventricular zone (SVZ) (Kempermann et al., 2004). It consists of four stages namely cell proliferation, migration, differentiation, and integration into the existing circuit (Ming and Song, 2011). In adulthood, neurogenesis takes place mainly in two regions of the brain, the SVZ and subgranular zone (SGZ) of the dentate gyrus in the hippocampus (Sanai et al., 2004; Curtis et al., 2007; Semple et al., 2013; Sánchez-Vidaña et al., 2019). Hippocampal neurogenesis is a pivotal physiological process involved in the regulation of cognitive and emotional behaviors such as the formation of spatial memory in learning, the response to stress, and mood (Yau et al., 2011; Chan et al., 2017; Fung et al., 2021). Various gene modulatory pathways participate in the neuronal growth process which consists of neuronal relocation, neuronal plasticity, synaptic formations, and dendritic and axonal outgrowth (Mills and Janitz, 2012; Qu et al., 2020). The dynamic modulation of alternative splicing (AS) in the nervous system is essential for the orchestrated regulation of protein-protein interactions, transcription systems, and neuronal growth (Qu et al., 2020).
More than 500 RNA-binding proteins (RBPs) have been identified in the human genome (Vogel and Richard, 2012). RBPs are in charge of complex RNA-protein and protein-protein interactions to regulate RNA metabolism (Vogel and Richard, 2012). Each RBP interacts with RNA with different affinities (Vogel and Richard, 2012). Gene expression is regulated by a variety of proteins, but RBPs represent a distinct subgroup within these proteins (Gerstberger et al., 2014). RBPs are responsible for regulating gene expression in various ways, including splicing, cleavage, polyadenylation, RNA stabilization, RNA localization, RNA editing, and translation. Several genetic processes, e.g., AS and the utilization of poly(A) sites mediated by the neuro-oncological ventral antigen (NOVA) protein, an RBPs first identified in autoimmune motor neuron diseases, involve RBPs (Licatalosi et al., 2008; Eom et al., 2013; Tang et al., 2020). Malfunctioning RBPs are associated with genetic and somatic disorders, for instance neurodegenerative, autoimmune, and cancer diseases (Lukong et al., 2008). As post-transcriptional steps are usually carried out in membrane- and phase-separated subcellular compartments, RBPs’ regulatory functions are also impacted by their subcellular localization.
Apart from RBPs, micro RNAs (miRNAs) are another common type of gene expression mediators. The regulation of gene expression by RBPs and miRNAs can take place in an antagonistic fashion in which RBPs and miRNAs can act on the same targets or nearby regulatory elements (Velasco et al., 2019). For example, several miRNAs preferentially bind to Pumilio (PUM), a group of the PUF family of sequence-specific RNA-blinding proteins, and have binding motifs that complement the PUM recognition sites in reverse order (Shao et al., 2013). Upon binding, miRNA-binding efficiency increases due to PUM binding to transcripts, which in turn leads to an increase in shared target decay (Shao et al., 2013). Alternatively, they can inhibit the expression of a common target, a single transcript, which suggests that the interaction between RBPs and miRNAs takes place in a complex manner (Velasco et al., 2019). These regulators are involved in neurogenesis and brain development processes (Velasco et al., 2019). Therefore, changes at functional or gene expression levels caused by RBPs and miRNAs could contribute to neurological disorders and brain tumors (Velasco et al., 2019).
The translation of numerous mRNAs in the brain are controlled by their interaction with ribonucleoprotein (RNP) granules, which are made up of translational machinery, core RBPs, and miRNAs (Kiebler and Bassell, 2006). RBPs regulate the trafficking of certain mRNAs into dendrites, bundle them into RNP granules, and may control the timing and location of their translation in response to the synaptic activity (Kiebler and Bassell, 2006). Due to these characteristics, RBPs are in a special position to regulate developmental processes by coordinating the translation of a group of functionally linked mRNAs (Moore, 2005; Keene, 2007). Neurons have the ability to adjust neuronal output and consolidate alterations in synaptic connections thanks to local protein synthesis (Bramham and Wells, 2007; Licatalosi et al., 2008). The moderation of nervous system architecture is subjected to a variety of spatio-temporal gene regulatory mechanisms, including control of protein synthesis via RBPs (Conlon and Manley, 2017; Qu et al., 2020). A comprehensive analysis of RBPs involved in neurogenesis, their structure, function, and RNA targets is presented below. A summary of the function of RBPs at the different stages of neurogenesis as well as the RBPs’ RNA targets and neurogenic regions are shown in Figure 1 and the expression of RBPs in neurogenic regions is illustrated in Figure 2.
[image: Figure 1]FIGURE 1 | RBPs, their RNA targets, and the role of RBPs at different neurogenesis stages. RBPs acting on different stages of the neurogenesis process appear on the dotted lines of the neurogenesis stages that they regulate. In SOX2, * indicates an indirect interaction with let7 as SOX2 suppresses the expression of let7 expression by maintaining Lin28 expression.
[image: Figure 2]FIGURE 2 | Expression sites of RBPs in neurogenic regions. RBPs expressed in (A) the SVZ and (B) the hippocampus.
RNA-BINDING PROTEINS INVOLVED IN ADULT NEUROGENESIS
Cytoplasmic Polyadenylation Element binding proteins—3
The RNA-binding protein known as the Cytoplasmic Polyadenylation Element-Binding Protein (CPEB) family is essential for synaptic plasticity (Fernández-Miranda and Méndez, 2012). The CPEB family consists of four members (CPEB1, CPEB2, CPEB3, and CPEB4) that recognize the same Cytoplasmic Polyadenylation Element (CPE) found in the 3′untranslated region (3′UTR) of target mRNAs (Fernández-Miranda and Méndez, 2012; Parisi et al., 2021). CPEBs 2–4 are highly related, while CPEB1 is the most distant member (Wang et al., 2010; Fernández-Miranda and Méndez, 2012). These proteins are expressed in the brain (Theis et al., 2003), and they share a similar structure (Huang et al., 2006) with the carboxy-terminal region consisting of two RNA recognition motifs (RRMs) and two zinc-fingers (Hake et al., 1998). CPEB proteins (CPEBs) are capable of repressing or activating the translation of target mRNAs by shortening or stretching the poly-A tail (Wakiyama et al., 2000).
A recent discovery of three later members in this family (CPEB2-4) revealed the additional regulatory potential and biological functions of cytoplasmic polyadenylation (Mendez and Richter, 2001; Wang et al., 2010). By controlling the translation of many plasticity-related proteins (PRPs) RNAs in neurons, CPEBs limit the strength of glutamatergic synapses (Peng et al., 2010; Wang and Huang, 2012; Chao et al., 2013). CPEBs regulate the translation of mRNA that has been made inactive by closed-loop regulation. Translation is inhibited by a closed-loop structure between the 3′UTR and 5′UTR (Kang and Han, 2011).
In the process of establishing and maintaining neuronal development and synaptosomes, CPEB3 regulates translation by guiding necessary protein modifications (Qu et al., 2020). Therefore, CPEB3 serves as a mediator of translational activity in neurons of several identified mRNA targets (Ford et al., 2020). The function of CPEB3-related translation in neuronal development, migration, and synaptogenesis is modulated by several mechanisms (Peng et al., 2010; Hosoda et al., 2011). Genes related to transcription, neurodevelopment, and neurogenesis were enriched in CPEB3-bound genes. Several identified mRNA targets in neurons are translated by CPEB3. CPEB3 modulates the differential expression of genes associated with neurogenesis in HT22 cells, a mouse hippocampal cell line (Qu et al., 2020). CPEB3-regulated alternative splicing on control and CPEB3 overexpressing cells was examined using RNA-seq (Qu et al., 2020). By analyzing alternative splicing and differential gene expression, global CPEB3-RNA interaction has been elucidated using RNA-seq and iRIP-seq in neurons (Qu et al., 2020). In HT22 cells, CPEB3 had an insignificant impact on gene expression, involving 31 upregulated genes and 23 downregulated genes (Qu et al., 2020). Furthermore, overexpression of CPEB3 increased LCN2 mRNA levels in HT22 cells suggesting that CPEB3 modulates LCN2 pre-mRNA splicing (Qu et al., 2020). LCN2 is an alternative pathway for the delivery and uptake of physiological iron (Qu et al., 2020). The role of LCN2 in cell iron transport and homeostasis has recently been investigated (Devireddy et al., 2005; Bao et al., 2010). The LCN2 gene encodes an iron-binding protein that has been shown to regulate the density and morphology of hippocampal dendritic spines in the brain (Mucha et al., 2011). In addition, LCN2 plays a crucial role in neurogenesis, regulating NPCs maintenance, self-renewal, proliferation, differentiation as well as hippocampal plasticity (Mucha et al., 2011). Out of the four CPEBs, CPEB3 binds to LCN2 more efficiently (Qu et al., 2020). CPEB3 overexpression (CPEB3-OE) cell lines had an elevated level of SAA3, an acute-phase protein with cytokine-like properties. As a key modulator of neuronal survival and death, SAA3 is critical during inflammation (Huang et al., 2006). These findings contribute to the existing knowledge on the mechanisms that modulate neurogenesis and neuronal development mediated by CPEBs such as CPEB3 (Qu et al., 2020).
Fragile X-related proteins (Fragile X-related protein 1, FXR1)
The family Fragile X-Related Proteins (FXRs) includes the Fragile X Mental Retardation Protein (FMRP), involved in a condition known as fragile X syndrome, and FMPR’s autosomal paralogs, the RBPs Fragile X-related protein 1 and 2 (Li and Zhao, 2014; Nishanth and Jha, 2022). FXRs are highly expressed in cortical neurons, cerebellar Purkinje neurons, and the brain stem (Patzlaff et al., 2018). FXRs are also expressed in dendrites, presynaptic spines, and axons in the thalamus, the CA3 region, and the olfactory bulb (Patzlaff et al., 2018). FXR2 is expressed in neuronal RNA granules containing FXRs and plays a critical role in the formation of such granules (Li and Zhao, 2014).
Structurally, FXR1 and FXR2 are very similar as they have two RNA-binding domains that are highly conserved, namely the polyribosome binding domain and the nuclear localization sequence (NLS) domain (Fernández et al., 2015; Patzlaff et al., 2017; Patzlaff et al., 2018). These proteins also contain an N-terminal protein-binding domain (NTD), which is responsible for the protein-protein interactions, two heterogeneous nuclear ribonucleoprotein (hnRNP) homology domains (KH), a nuclear export sequence (NES), and an arginine-glycine-glycine box (RGG) (Patzlaff et al., 2018). Although these proteins share some similar functional domains, they differ in the C termini region and the NLS domain (Li and Zhao, 2014). For instance, FXR2 contains an RG cluster in the C-terminal region which is not the case with FXR1 which contains an RGG box (Fernández et al., 2015). These structural differences explain their different RNA-binding properties (Fernández et al., 2015). The proteins of this family are homologous in their RNA-binding domains and can form hetero-multidimers. The heteromultimerization properties suggest that FXR1 and FXR2 have similar binding abilities to regulate protein translation (Patzlaff et al., 2018).
The members of this family can bind to RNA and associate with polyribosomes (Guo et al., 2011), and they can mediate RNA stability and translational efficiency (Patzlaff et al., 2018). One mechanism of action proposed for FXR2 is the recruitment of the translational machinery and therefore increase mRNA translation (Fernández et al., 2015). FXR2 regulates the circadian behavioral rhythms and plays a role in plasticity (Li and Zhao, 2014). FXR1 and FXR2 expression in the dentate gyrus is similar; however, from the functional point of view, these proteins play different roles (Patzlaff et al., 2017). FMRP, FX1, and FXR2 regulate adult neurogenesis having different functions (Guo et al., 2011; Li and Zhao, 2014; Patzlaff et al., 2017). For example, both FMRP and FXR2 suppress cell proliferation while FXR1 promotes it (Patzlaff et al., 2017). FXR2 is one of the several RBPs regarded as a critical regulator of neurogenesis (Nishanth and Jha, 2022).
FXR2 targets Noggin mRNA to regulate neurogenesis in the dentate gyrus of the adult brain (Nishanth and Jha, 2022). FXR2 inhibits Noggin protein expression by decreasing the stability of Noggin mRNA (Guo et al., 2011). Noggin’s role is to maintain cell pluripotency in stem cells (Guo et al., 2011). It also acts as a bone morphogenetic protein (BMP) inhibitor to trigger cell proliferation and neuronal differentiation (Guo et al., 2011). In the dentate gyrus NPCs lacking FXR2, the protein levels of Noggin increase, and the BMP pathway is blocked (Patzlaff et al., 2018).
In the dentate gyrus, the regulation of Noggin/BMP mediated signaling via FXR2 only takes place in this neurogenic region (Patzlaff et al., 2018) and FXR2 suppresses the expression levels of Noggin leading to an antagonistic effect on BMP signaling (Guo et al., 2011). On the contrary, this is not the case in the SVZ as FXR2 and Noggin are expressed in different cell types (Patzlaff et al., 2018). Consequently, the absence of FXR2 would not have any effect on the levels of the Noggin protein in the SVZ (Guo et al., 2011; Faigle and Song, 2013; Patzlaff et al., 2018). Considering that Noggin is found in the ependymal cells while FXR2 is expressed in neural progenitor cells, the regulation of Noggin expression by FXR2 is not direct (Guo et al., 2011). Noggin and FXR2 are colocalized in the dentate gyrus cells, and the lack of FXR2 in this type of cell results in increased cell proliferation of these cells (Guo et al., 2011). Furthermore, the lack of FXR2 results in decreased levels of PSD95 due to lower translational efficiency (Fernández et al., 2015). Low levels of FXR2 can affect stem cell proliferation and differentiation in the dentate gyrus of the hippocampus (Guo et al., 2011). However, this phenomenon is not observed in the SVZ (Guo et al., 2011; Faigle and Song, 2013).
Hu antigen D and Hu antigen R
Hu antigen R (HuR), also known as HuA or embryonic lethal, abnormal vision-like 1 (ELAVL1), is an RBP member of the protein family embryonic lethal abnormal vision, or ELAV/Hu (Yao et al., 1993). The ELAV family also includes HuB, HuC, and HuD, the latter also known as ELAVL4 (Yao et al., 1993; McMahon and Ruggero, 2018). HuD is one of the earliest markers of neuronal lineage and is abundantly expressed in the mature nervous system (Bronicki and Jasmin, 2013) while HuR is ubiquitously expressed and translocated between the cytoplasm and the nucleus through the hinge region (Han et al., 2022). HuD, as well as other members of the ELAV family, is predominantly expressed in differentiated neurons (Dell’Orco et al., 2020). Expression of HuD is mainly restricted to particular neuronal populations such as the large pyramidal-like neurons in the layer of the neocortex and the Purkinje cells in the cerebellar cortex, the CA1-4 of the hippocampus, dorsal root ganglia, motor neurons in the spinal cord, mitral cells in the olfactory bulb, ganglion and internal plexiform layers in the retina, and neurons in the enteric nervous system (Bronicki and Jasmin, 2013). HuD is found in the mitral cells of the olfactory bulb, which receive afferent fibers from different cell types in the olfactory system and are crucial for the analysis of signals at the olfactory bulb level (Tepper et al., 2021). HuR is ubiquitously expressed (Dell’Orco et al., 2020). Within the cell, HuR is abundantly found in the cytoplasm with low expression in the nucleus ((Bronicki and Jasmin, 2013; Wang et al., 2019). In adult NPCs, HuR is found in neurogenic regions (Wang et al., 2019).
The members of the ELAV family have three RNA binding domains which are known as RNA recognition motifs (RRMs) (Burd and Dreyfuss, 1994). The RRMs are highly conserved in these proteins, but the hinge region located between the second and third RRM is different among them (Good, 1995). HuD and HuR bind to adenosine/uridine (A/U)-rich elements (AREs) (Fernández et al., 2015). Both proteins are involved in the regulation of different functions such as splicing, translation, and stability of several mRNAs (Fernández et al., 2015). The RRMs in ELAV proteins are the recognition sites that bind to specific target RNAs (Bronicki and Jasmin, 2013). ELAV proteins can form homo- and multimers on target mRNAs which indicates that this property has been evolutionarily conserved (Bronicki and Jasmin, 2013). For instance, HuD interacts with other proteins, including homo- and hetero-mutimerization with other ELAV proteins, via the third RRM (Bronicki and Jasmin, 2013). HuD stabilizes target mRNAs by binding to the 3′UTR by the first and second MMRs and the poly (A) tails by the third MMR (Dell’Orco et al., 2020). For HuR to act, it translocates from the nucleus into the cytoplasm where it regulates transcription stability and translation (Ghosh et al., 2009).
In the adult brain, HuD is involved in the regulation of neuronal plasticity, nerve injury, learning and memory, and neuronal diseases (Bronicki and Jasmin, 2013; Dell’Orco et al., 2020; Tepper et al., 2021). HuD functions as a post-translational regulator of mRNAs associated with neuronal differentiation and synaptic plasticity, including STAB1, GAP-43, BDNF, CAMKII, and HOMER1 as well as mechanisms of learning and memory (Dell’Orco et al., 2020; Tepper et al., 2021). For instance, an increase in HuD levels in the hippocampus has been found during dissociative- and special-learning and memory paradigms (Dell’Orco et al., 2020). HuD is known to regulate about 131 non-coding RNAs such as Y3 RNA which is found to interact with HuD, but its function remains unknown (McMahon and Ruggero, 2018). HuD also plays a role in the regulation of cell fate (Tebaldi et al., 2018).
HuD participates in different stages of neuronal differentiation and maturation processes, including neurogenesis, axonal and dendritic outgrowth, and cell remodeling (Abdelmohsen et al., 2010; Dell’Orco et al., 2020). Recently, HuD has been shown to be a key role player in adult neurogenesis (Wang et al., 2015), particularly in NSC differentiation into neuronal lineage. Mechanistically, HuD enhances the stability of the pre-mRNA of special AT-rich DNA-binding protein 1 (SATB1) by binding to the 3′UTR (Wang et al., 2015). SATB1 is an essential component for neuronal differentiation, and HuD deficiency would trigger a decrease in SATB1, which would suppress NSC differentiation (Wang et al., 2015). HuD promotes mRNA stability, and it also mediates the localization and translation of transcripts in neurites and the cytoplasm (Bronicki and Jasmin, 2013). For instance, GAP-43 and Tau are HuD target mRNAs that are involved in axonal outgrowth (Bronicki and Jasmin, 2013). HuD colocalizes GAP-43 and Tau during neuronal differentiation (Bronicki and Jasmin, 2013).
In the dentate gyrus of the hippocampus, HuD and its target mRNAs increase following neuro-toxin-induced injury (Bronicki and Jasmin, 2013). HuD has also been shown to localize to dendrite spines, and interact with mRNAs that encode synaptic proteins (Bronicki and Jasmin, 2013). These findings suggest that HuD is involved in neuronal plasticity mechanisms (Bronicki and Jasmin, 2013). In the hippocampus, higher binding of PSD95 mRNA and HuD takes place in the absence of FMRP (Fernández et al., 2015). FMRP, HuR, and HuD colocalize in different regions such as the neuronal cell bodies, dendritic processes in the CA3 region of the dentate gyrus, and primary neurons (Fernández et al., 2015). HuD acts by stabilizing PSD95 mRNA (Fernández et al., 2015). Both FMRP and HuD play an important role in the regulation of neuronal morphology, maturation, differentiation, and cytoskeletal organization (Fernández et al., 2015). Changes in the expression of HuD can affect mechanisms of special learning and memory processes in the hippocampus (Tepper et al., 2021).
HuD major effector is miR-375 which plays a role in neurite growth and dendritic maintenance (Abdelmohsen et al., 2010). Other HuD targets include those encoding for GAP-43, p21Waf1, and acetylcholinesterase, among others (Abdelmohsen et al., 2010). miR375 has an antagonistic effect on HuD as it suppresses its expression by destabilizing HuD mRNA which affects its translation (Abdelmohsen et al., 2010). Downregulation of HuD alters target genes involved in neuronal development, function, and neurite outgrowth (Abdelmohsen et al., 2010). This antagonistic regulatory effect of miR-375 on HuD affects translation processes that are essential for neurite growth, dendrite stability, and synapses as well as maintenance and plasticity of neuronal circuits (Abdelmohsen et al., 2010). For instance, the brain-derived neurotrophic factor (BDNF) is essential to maintaining neuronal mechanisms of plasticity, neuronal outgrowth, and neuronal differentiation (Abdelmohsen et al., 2010). Inhibition of BDNF mediated by miR-375 takes place as a result of the downregulation of HuD demonstrating that HuD can interact at posttranslational level with BDNF signaling to regulate neuronal function and morphology (Abdelmohsen et al., 2010).
HuR plays a role in adult neurogenesis (Wang et al., 2019) as it is known to translocate to the nucleolus where it functions as a regulator of alternative splicing processes (Nishanth and Jha, 2022). HuR also regulates the focal adhesion kinase (FAK) mRNA which is an essential key player in neurogenesis (Nishanth and Jha, 2022). HuR knockout in transgenic animals leads to a phenotype of neurogenesis and hippocampal-dependent learning in which defects can be observed (Wang et al., 2019). Lack of HuR results in a significant increase in the expression of the FAK isoform with shorter 5′ UTR regions. As a result, FAK function is stimulated which affects neurogenesis. On the other hand, FAK-mediated decreased neurogenesis can be reverted by blocking FAK activity (Bronicki and Jasmin, 2013).
Lin28
Lin28 is a highly conserved RNA-binding protein encoded by the Lin28 gene (Rehfeld et al., 2015). The Lin28 family includes the isoforms Lin28A and Lin28B, collectively known as Lin28 (Hennchen et al., 2015; Chen et al., 2019). Lin28 is often defined as a pluripotency factor that stimulates cell proliferation, but it also controls other mechanisms such as the timing of cell-time and lineage-specific decisions (Romer-Seibert et al., 2019). The lethal-7 (let7), a key pro-differentiation miRNA, orchestrates posttranslational silencing of mRNAs of neural stem cells (NSC) and acts as an interaction partner with Lin28 (Le Grand et al., 2015; Rehfeld et al., 2015). The members of the let7 family of miRNAs are abundantly expressed in adult tissues, including the brain (Rehfeld et al., 2015), and participate in cell differentiation processes (Hennchen et al., 2015). Lin28 is found in the cytoplasm and cytoplasmic bodies such as processing bodies and stress granules, and partially in the nucleus (Kawahara et al., 2012). While Lin28 is expressed in cell-renewing cells to promote cell proliferation, let7 is absent in stem cells (Rehfeld et al., 2015; Jang et al., 2019). Lin28B can be found in progenitor cells and the cerebral cortex whereas both Lin28A and Lin28B are expressed in neural progenitor cells expressing nestin and Pax6 in the ventricular and SVZ (Hennchen et al., 2015). The expression of Lin28A and Lin28B is not restricted to progenitor cells, but they can also be found in differentiated neuroblasts and expressed at low levels in postmitotic neurons (Hennchen et al., 2015). The expression pattern of Lin28 and let7 reflects the antagonistic interaction between these two players (Rehfeld et al., 2015). During neuron differentiation, let7 expression increases and this overexpression hinders proliferation and stem cell growth mechanisms (Hennchen et al., 2015). This mechanism is implicated in cell proliferation and differentiation of neural stem and precursor cells (Kawahara et al., 2012).
Lin28 contains a unique combination of two coupled and highly conserved functional domains, the N-terminal cold-shock-domain and two retroviral type CCHC-zinc knuckles (CCHCx2) (Rehfeld et al., 2015). Both domains participate in Lin28-mediated posttranscriptional regulation of gene expression as RNA binding takes place in these domains (Rehfeld et al., 2015). Lin28 interacts with the immature let7, also known as pre-let7, which contains the precursor element (PreE) (Rehfeld et al., 2015). The preE has a highly variable sequence structure constituting the loop of the precursor hairpin structure in pre-let7 (Rehfeld et al., 2015). The preE sequence in pre-let7 shows higher sequence variability than the mature let7 form (Rehfeld et al., 2015). Pre-let7 also contains a conserved motif, the GGAG motif, which is highly enriched in let7 family members and is located 3’ to the terminal loop (Rehfeld et al., 2015). The GGAG motif is crucial for the Lin28-mediated inhibition of the maturation of pre-let7 (Rehfeld et al., 2015).
Lin28 participates in several processes such as the generation of induced pluripotent cells from fibroblasts, glucose metabolism regulation, regeneration mechanisms in tissues, body size regulation, progression of cancer, and neurogenesis (Jang et al., 2019). Lin28 acts as one of the regulators participating in the reprogramming of adult cells and the modulatory translational mechanisms of mRNAs, enhancing or suppressing mRNA translation, by binding mRNAs (Parisi et al., 2021). At the early stages of neurogenesis, undifferentiated progenitor cells are present (Hennchen et al., 2015). These cells can be stimulated to proliferate by the action of several regulators. During neurogenesis, the expression of let7 continuously increases until the cell composition is resembling postmitotic neurons (Hennchen et al., 2015). Within the scope of the regulatory mechanisms of neurogenesis, the function of let7 is pivotal because it feeds itself onto the miRNA pathway to prepare the stage for other neurogenic miRNAs in charge of neuronal specifications and outgrowth (Rehfeld et al., 2015).
Lin28-mediated suppression activity of the let7 family promotes cell reprogramming to stimulate pluripotency (Kawahara et al., 2012). Furthermore, Lin28 has demonstrated regulatory effects of the neurite outgrowth process during cortical neurogenesis (Jang et al., 2019). Cell renewal, an event that involves dedifferentiation, is a useful mechanism in tissue regeneration to replace cells that were lost or damaged, and the ability of Lin28 in cell self-renewal could play an important role in this process (Rehfeld et al., 2015). The Lin28-let7 axis in neurogenesis regulates miRNA expression in terms of diversity and abundance during neural differentiation (Rehfeld et al., 2015). Lin28 plays an antagonistic role as it promotes the expression of gene expression patterns specific to stem cells by hindering let7 maturation (Cimadamore et al., 2013). Lin28 suppresses the downstream events regulated by let7 by interfering with the conversion of pre-let7 transcripts to mature let7, which in turn prevents the initiation of the pro-differentiation effect regulated by let7 (Rehfeld et al., 2015; Chen et al., 2019).
Lin28 selectively and strongly binds the conserved terminal loop site of pre-let7 through its specific RNA-binding activity (Kawahara et al., 2012). The interaction of Lin28 with pre-let7 triggers the recruitment of the uridylytransferases Tut4 or Tut7 (Parisi et al., 2021). These transferases catalyze the oligouridylylation of pre-let7 which leads to the degradation of pre-let7 mediated by the exonuclease Dis312 (Parisi et al., 2021). The interaction of Lin28 and let7 forms a self-amplifying system in which cell differentiation is triggered by the lower levels of Lin28 causing less repression of let7 processing and consequently higher levels of let7 and lower levels of Lin28 (Rehfeld et al., 2015; Morgado et al., 2016). Low expression of Lin28 decreases the expression of neuronal markers (Morgado et al., 2016). In the opposite scenario, self-renewal and pluripotency will take place as a result of high levels of Lin28 which cause a reduction in let7 processing resulting in lower levels of let7 and higher levels of Lin28 (Rehfeld et al., 2015; Morgado et al., 2016). The self-reinforcing mechanism of the interaction between Lin28 and let7, a double negative feedback loop, forms a bi-stable switch with two mutually exclusive states, that is, Lin28on-let7off and Lin28off-let7on (Kawahara et al., 2012; Rehfeld et al., 2015). The Lin28-let7 switch mechanism is one of the early events that take place at the onset of neurogenesis (Rehfeld et al., 2015). Lin28 expression significantly decreases during neural stem cell differentiation whereas higher expression of let7 takes place (Morgado et al., 2016). The factors driving the shift between the two interaction states have not been yet identified (Rehfeld et al., 2015).
A challenge in the understanding of the players involved in Lin28-let7 mediated mechanisms is the identification of mRNAs targeted by let7 (Rehfeld et al., 2015). During neurogenesis, let7 is upregulated and can act on important targets such as Lin28, Lin-41, c-Myc, Hmga2, and Tlx (Rehfeld et al., 2015). Some of those interactions participate in stem cell maintenance (Rehfeld et al., 2015) and neurogenesis functions such as cell proliferation (Lin28), axonal regeneration (Lin41), differentiation of Müller glial cells into retinal progenitors and pluripotency networks (c-Myc), stem cell plasticity in the SVZ (Hmga2), and cell cycle progression of NSC (Tlx) (Liu et al., 2014; Rehfeld et al., 2015). During neurogenesis, Lin28 expression is downregulated (Rehfeld et al., 2015).
Musashi1
Msi1 is a regulator that mediates the balance between self-renewal and cell differentiation (Velasco et al., 2019). Msi1 is expressed in neural stem/progenitor cells of the lateral ventricles, the olfactory subependymal region, and astrocytes in the adult brain (Toda et al., 2001; Takasawa et al., 2002). Low expression levels of Msi1 have been reported in the brain and the expression is limited to the SVZ (Kanemura et al., 2001; Toda et al., 2001), but it can also be found in the subgranular zone of the hippocampus (Ratti et al., 2006). The members of the Musashi family contain two highly conserved tandem RRMs (Toda et al., 2001). Msi1 functions by suppressing the translation of specific mRNA targets, regulating mRNA decay and polyadenylation by binding to transcripts with specific motifs containing ARE at the 3′UTR (Takasawa et al., 2002; Ratti et al., 2006). ARE can be recognized by numerous ARE-binding proteins including the neuronal-specific ELAV (nELAV) RBPs, which are essential to induce neuronal differentiation (Ratti et al., 2006). mRNAs of genes with high turnover rates are known to contain ARE sequences which act as cis-acting regulatory motifs (Ratti et al., 2006). The relationship between Msi1 and nELAV proteins is shown by its co-expression and colocalization with Msi1 in the SVZ (Ratti et al., 2006). Both nELAV and Msi1 act as transcription regulators of Msi1 because of their specificity and ARE-binding activity for the Msi1 transcript (Ratti et al., 2006). nELAV, recognizes the Msi1 transcript in an ARE specific and dependent manner, it stabilizes Msi1 mRNA by decreasing its turnover rate, and this interaction controls proliferation and differentiation activities of neural stem/progenitor cells (Ratti et al., 2006). Therefore, the ARE sequence in the Msi1 gene is involved in mRNA stability and post-translational regulation of Msi1 (Ratti et al., 2006).
nELAV modulates actions of Msi1 at transcript and protein levels, which could alternate the cell cycle by shifting the stem/progenitor cells from cell proliferation to the cell differentiation phase in both neurogenic regions (i.e., SGZ and SVZ). (Ratti et al., 2006). The co-expression of these two proteins in the SVZ is limited to the sub-ependymal cell layer which suggests that they both may be involved in cell proliferation regulatory mechanisms in NSC (Ratti et al., 2006). The functions of Msi1 and nELAV are complementary and act differently on their target mRNAs. For instance, nELAV is responsible for the stabilization of the Msi1 transcript which in turn promotes its expression during the transition from cell proliferation to cell differentiation (Ratti et al., 2006). Overexpression of Msi1 is an indicator of the proliferation state (Ratti et al., 2006). Therefore, transcription and translational mechanisms regulating Msi1 expression will have an effect on Msi1 levels during the cell proliferation phases (Ratti et al., 2006). Msi1 is highly expressed during neurogenesis (Pötschke et al., 2020). nELAV RBPs are expressed in the SVZ and colocalize with Msi1 in neural stem/progenitor cells (Ratti et al., 2006). The inhibitory effect of Msi1 on cell differentiation is observed in neurogenesis. On the other hand, Msi1 is upregulated in NPCs, which supports its role in cell proliferation (Pötschke et al., 2020).
Msi1 expression during neurogenesis goes in the opposite direction to the expression levels of miR-137 (Velasco et al., 2019). In the SVZ, expression levels of Msi1 and miR-137 are inversely correlated (Velasco et al., 2019). miR-137 decreases self-renewal and cell proliferation while Mis1 increases cell proliferation (Velasco et al., 2019). Msi1 expression is higher in the SVZ where it promotes self-renewal and proliferation of stem cells while the expression of miR-137 is also high as it is required for lineage progression and cell differentiation (Velasco et al., 2019). miR-137 drives cell differentiation and inhibits Msi1 by suppressing the expression of shared targets (Velasco et al., 2019). miR-137 shares targets with miR-124 and miR-128, from which miR-128 is also known to regulate Msi1, and they all work in a synergistic fashion regulating neurogenesis (Velasco et al., 2019).
Msi1 acts on the Notch-mediated proliferation pathway in NSC where it binds and prevents the translation of Numb resulting in inhibition of Notch activation (Ratti et al., 2006; Pötschke et al., 2020). Msi1 participates in the downregulation of several regulators such as Numb, a negative regulator of Notch; p21, an inhibitor of cyclin-dependent kinases, and doublecortin, a microtubule-binding protein involved in cell migration (Glazer et al., 2012). Conversely, Mis1 promotes the upregulation of Rondabaout3 (Robo3), a receptor involved in axonal guidance (Glazer et al., 2012).
Another mediator of Msi1 activity is HuD which participates in the stabilization of Msi1 mRNA to promote Msi1-mediated cell proliferation of NPCs (Ratti et al., 2006; Pötschke et al., 2020). This mechanism allows the NPCs to keep dividing disregarding the transcriptional inactivation of Mis1 (Ratti et al., 2006). HuR positively regulates Msi1 expression (Velasco et al., 2019). Msi1 also interacts with Lin-7 by stimulating the inhibitory effect of Lin28 on let7 during cell differentiation (Lang and Shi, 2012).
Sam68
Sam68, the Src-associated substrate during mitosis of 68 kDa, also known as the human KH domain containing RNA binding signal transduction associated 1 (KHDRBS1), is a member of the Signal Transduction Activator of RNA (STAR) family of RBPs (Lim et al., 2006; Vogel and Richard, 2012; Danilenko et al., 2017). The proteins of the STAR family are highly conserved and participate in cell proliferation and cell differentiation processes (Bielli et al., 2011). Sam68 is mainly found in the nucleus, but it can also be expressed in the soma and dendrites of neurons in the hippocampus, cortex, and the SVZ (Lim et al., 2006; Chawla et al., 2009). Structurally, Sam68 has a 96-amino acid sequence at the N-terminus followed by a STAR domain, which contains a KH domain and flanking regions involved in protein-protein and protein-RNA interactions, an arginine-glycine rich domain, and a tyrosine-proline rich domain at the C-terminus (Huot et al., 2009; Danilenko et al., 2017). The arginine-glycine and tyrosine-proline domains are prone to posttranslational modifications (Danilenko et al., 2017). The highly conserved N- and C- terminal sequences are essential for RNA binding and homodimerization, and they are harbored by a single KH domain (Vogel and Richard, 2012).
Sam68 plays a role in RNA metabolism including polysomal recruitment of mRNAs and alternative splicing (Vogel and Richard, 2012). Sam68 regulates alternative splicing through the recognition of RNA sequences rich in adenine and uracil neighboring the included/excluded exons (Vogel and Richard, 2012). Sam68 can be subjected to post-translational modifications such as phosphorylation (serine/threonine and tyrosine), acetylation (lysine), methylation (arginine), and sumoylation (arginine) that regulate its subcellular localization, interactions with signaling proteins, and affinity for target RNAs (Bielli et al., 2011; Vogel and Richard, 2012). For instance, the proline and tyrosine-rich regions make Sam68 a substrate of many kinases such as the Scr family kinases, phospholipase Cγ1, Grb2, Nck, and Csk (Huot et al., 2009). The tyrosine phosphorylation of Sam68 by Scr-related kinases greatly affects its ability to form homodimers and interact with target RNAs in the cell (Bielli et al., 2011). The arginine-rich region of Sam68 undergoes methylation by the methyltransferase PRMT1 (Bielli et al., 2011). The nuclear translocalization of newly formed Sam68 is affected by the arginine methyltransferase PRMT1 mediated methylation of Sam68, which hinders the interaction of Sam68 with SH domains (Bielli et al., 2011). Arginine methylation of Sam68 is a prerequisite for its successful nuclear localization (Côté et al., 2003).
Sam68 participates in the alternative splicing of mRNAs involved in neurogenesis (Huot et al., 2009). In neuronal cells, a set of 24 novel exons regulated by Sam68-mediated splicing had been identified and associated with neurogenesis (Chawla et al., 2009). Genes carrying Sam68 targets exons act in processes involved in neurogenesis such as cytoskeletal organization (Numa1, Clasp2, and Sgce), biogenesis, and transport of organelles (Bin1, Km1, Kifap3, and Opa1) and synaptogenesis (Cadm1, Dlgh4, and Sorbs1) (Chawla et al., 2009). Furthermore, Sam68 mediated the maintenance of splicing patterns needed after cell differentiation (Vogel and Richard, 2012). Sam68 is one of the 11 splicing factors highly expressed in the SVZ and the olfactory bulb core implicated in adult SVZ neurogenesis (Lim et al., 2006). Neuroblasts born in the SVZ can either integrate into the granule cell layer or migrate to the periglomerular layer in the olfactory bulb (Lim et al., 2006). Because alternative splicing allows the cells to regulate the same set of transcription factors that can affect the generation of different phenotypes of newborn neuroblasts in the SVZ, this mechanism may determine neuroblast migration or the cell fate choice (Lim et al., 2006). In the olfactory bulb core, Sam68 changes its subcellular localization, interaction with the spliceosome, and splice site selection upon phosphorylation by the kinase Fyn (Hartmann et al., 1999). Fyn overexpression in the olfactory bulb leads to changes in the Sam68-mediated mRNA splicing in type A cells resulting in cell cycle exit, radial migration, and integration of cells into local circuits (Lim et al., 2006). Furthermore, Sam68 associates the SVZ precursor RNA splicing machinery with the extracellular environment (Lim et al., 2006). For instance, the splicing activity of Sam68 in the SVZ is regulated by the extracellular signal-regulated kinase (ERK) (Lim et al., 2006).
Staufen 1
Stau1 and Stau2 are involved in RNA transport as well as mRNA stability and translation (Almasi and Jasmin, 2021). The Stau1 gene encodes the Stau1 protein (Bondy-Chorney et al., 2016). The five alternative splice variants produced by mature Stau1 mRNAs differ in their 5′UTR regions (Almasi and Jasmin, 2021). While Stau2 is abundant in the brain and only weakly expressed in other tissues, Stau1 is present in the majority of cell types, including neurons (Duchaîne et al., 2002). In mature hippocampus neurons, Stau1 is known to localize mRNA. The two proteins are mostly present in separate particles in the dendrites of hippocampal neurons, which may indicate that they have different roles (Duchaîne et al., 2002). Stau1 is also preset in the SVZ (Moon et al., 2018).There are two major kinds of Stau1 binding sites. Pairs of Alu elements in 3′ UTRs are included in the first class while non-Alu sequences are the second kind of Stau1-binding site (Almasi and Jasmin, 2021). Several target mRNAs have been found to include non-Alu 3′UTR binding sites (Almasi and Jasmin, 2021).
Stau1 and Stau2 are crucial for the transport and localization of certain mRNAs into the dendrites of adult hippocampal neurons and their knockdown in these cells impairs synaptic plasticity (Goetze et al., 2006; Vessey et al., 2008). Stau1 is involved in cell growth (Ghram et al., 2020), differentiation (Gautrey et al., 2005), migration, apoptosis (Gandelman et al., 2020), autophagy (Paul et al., 2021), and the stress response (Thomas et al., 2009; Bondy-Chorney et al., 2016; Paul et al., 2021). Stau1 is crucial for NPCs’ development since over-expressing Stau1 in NPC cultures improves the detection of neuron-specific genes (Crawford Parks et al., 2017). In NPCs, Stau1 moves back and forth between the cytoplasm and nucleus (Kusek et al., 2012; Vessey et al., 2012). Stau1 can proceed via nuclear import and export in NPCs. Stau2 plays a critical role in the determination of cell fate during neurogenesis (Kusek et al., 2012; Vessey et al., 2012). Stau1 regulates neurogenesis by interacting with mRNA targets such as Dlx1, Dlx2, and Tuj1 (Moon et al., 2018). Stau1 acts by promoting the degradation of Dlx1, Dlx2, and Tuj1 mRNAs while knocking down Stau1 results in the inhibition of the degradation of target mRNAs suggesting that Stau1 is involved in the stability of those target mRNAs associated with neurogenesis (Moon et al., 2018).
SRY (sex-determining region)-box 2
The Sry (Sex-determining Region Y) gene was found as an initial member of the SOX gene family capable of determining the male phenotype (Gubbay et al., 1990). While members of the SOX family share similar DNA-binding properties, individual SOX proteins bind specific partner proteins to regulate their target genes (Kamachi et al., 2000; Tanaka et al., 2004). The SOX genes are divided into subgroups B1 (SOX1, SOX2, and SOX3) and B2 (SOX14 and SOX21) (Uchikawa et al., 1999). The SOX family of proteins contains a domain of 79 amino acids that allows them to bind specifically to the sequence (A/T A/T CAA A/T) (Harley et al., 1994) and two domains that function in transcriptional regulation (Pevny and Lovell-Badge, 1997). The SOX proteins bind to the minor groove and, upon binding, induce strong bends in DNA (Michael, 1999).
Two types of NPCs express SOX2, the quiescent radial NPCs (type 1) and the amplifying progenitors (type 2a) (Ellis et al., 2004; Ferri et al., 2004; Garcia et al., 2004; Seri et al., 2004; Suh et al., 2007). Throughout life, SOX2 is expressed in the developing hippocampus, cortical hem (CH), and dentate neural epithelium (DNE), and then continues to be expressed in the dentate gyrus (Mercurio et al., 2022). Compared to surrounding tissues, SOX2 expression is significantly enriched in the CH (Ferri et al., 2004; Favaro et al., 2009; Mercurio et al., 2022), suggesting a critical role for SOX2 in this area. NPCs express SOX2 before turning it off in differentiated neurons (Hodge and Hevner, 2011). SOX2 expression decreases during differentiation when progenitor cells become postmitotic during their final cell cycle (Graham et al., 2003). A cell expressing SOX2 is capable of producing both identical cells and differentiated neural cells, two hallmarks of stem cells (Liu et al., 2019).
SOX2 is a well-known regulator of cell proliferation and neurogenesis, and it participates in the upstreaming events of the Lin28-let7 axis (Mukherjee et al., 2011; Rehfeld et al., 2015). In adult NSC in the subgranular zone of the hippocampus and the SVZ, Lin28 expression correlates with increased SOX2 activity (Rehfeld et al., 2015). SOX2 binds to the Lin28 promoter triggering the recruitment of histone deacetylase complexes which upregulates Lin28 expression (Rehfeld et al., 2015). The loss in neurogenesis caused by depletion of SOX2 can be partially compensated by overexpression of Lin28 by interfering with the functional maturation of let7 (Cimadamore et al., 2013; Rehfeld et al., 2015; Morgado et al., 2016). Another event demonstrating the cross-talk interaction of SOX2 and the Lin28-let7 axis in neurogenesis is that let7 downregulates the neurogenic basic-helix-loop-helix transcription factors Ascl1/Mash1 and neurogenin (Rehfeld et al., 2015). These series of events suggest that suppression of let7 expression by maintaining Lin28 expression is a requirement, at least in part, for SOX2 in neurogenesis (Rehfeld et al., 2015).
DISCUSSION
In this review, RBPs involved in the different stages of the adult neurogenesis process were discussed. RBPs such as Sam68 and Msi1 are involved at all stages of neurogenesis (Figure 1). The regulatory specificity of Sam68 and Msi1 in neurogenesis may be driven by the interaction of these RBPs with different target mRNAs. The role of specific mRNA partnerships at each stage of neurogenesis suggests the possibility to manipulate a particular stage via a specific regulatory partnership. However, it can also be observed that the same RBP-mRNA partners (e.g., Msi1-miR137, Sam68-Fyn, HuR-Fak, Lin28-let7) also have the ability to act on different neurogenesis phases through the same mRNA targets. This phenomenon invites to ask whether other regulatory mechanisms are involved and whether there is a cross-talk among RBPs contributing to the regulation at each stage of the neurogenesis process. A clear case of an RBP-RBP cross-talk mechanism was shown in SOX2 in which this RBP interacts with the Lin28-let7 axis. Some RBPs such as HuD, Sam68, Msi1, and Stau1 act on multiple mRNA targets to regulate a specific stage of the neurogenesis process which raises the question whether there could be more target mRNAs that have not yet been identified for the other RBPs. At times, the process to activate or deactivate RBP mediated function has been clearly identified such as in Lin28 case, but often times the activation-deactivation process is not well understood. What is clear from the analysis presented in this review is that there is an intricate RBP-mediated regulatory network taking place in neurogenesis. Tracing the regulatory network mediated by RBPs in neurogenesis will potentially contribute to understanding the impact and clinical implications on cognition and mood. Therefore, efforts should be made to clarify the RBP-mediated regulatory mechanisms and to identify relevant mRNAs involved in neurogenesis.
CONCLUSION
Gene expression mechanisms, including the control of mRNA synthesis via RBPs, are backbone mechanisms that shape the architecture of the CNS. Several RBPs are involved in the intricate regulation of neurogenesis at all stages from, cell proliferation, migration, and differentiation, to integration into the existing circuit in both the SVZ and the dentate gyrus of the hippocampus (Ming and Song, 2011).
It is important to note that identifying potential therapeutic targets to modulate neurogenesis at a genetic level demands our understanding of RBPs considering 1) the bidirectional regulation of neurogenesis (e.g., agonistic and antagonistic regulatory effect on neurogenesis), 2) self-amplification effect (e.g., Lin28), 3) overlapping RBPs targets and effectors (e.g., Lin28 and Msi1, miR-145 mediating the downregulation of SOX2 and Lin28), and 4) complementary actions among RBPs (e.g., Msi1 and nELAV) as discussed in the review. Furthermore, the degree of understanding of the RBP mechanism, their molecular regulatory partners, and neurogenic region of action has been slowly emerging being HuD, HuR, FXR2, Lin28, Msi1, and Sam68 the most characterized RBPs to date. Despite the advances to understand the complex RBP-mediated regulation of neurogenesis, more research is needed to trace a clear map of the molecular regulatory mechanisms and the critical players to identify potential therapeutic neurogenic promoting targets.
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Cell fate is shaped by a unique gene expression program, which reflects the concerted action of multilayered precise regulation. Substantial research attention has been paid to the contribution of RNA biogenesis to cell fate decisions. However, increasing evidence shows that RNA degradation, well known for its function in RNA processing and the surveillance of aberrant transcripts, is broadly engaged in cell fate decisions, such as maternal-to-zygotic transition (MZT), stem cell differentiation, or somatic cell reprogramming. In this review, we first look at the diverse RNA degradation pathways in the cytoplasm and nucleus. Then, we summarize how selective transcript clearance is regulated and integrated into the gene expression regulation network for the establishment, maintenance, and exit from a special cellular state.
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INTRODUCTION
Beginning with a fertilized egg, numerous identical or distinct cells are continually generated to ensure the proper organization and function of each tissue and organ during the lifespan of multicellular organisms (Tam and Behringer, 1997; Kojima et al., 2014). Deciphering the molecular mechanisms underlying the cell-type specific gene expression program, which ultimately shapes the cell fate and identity, is critically important not only in theory but also in the clinic. Improved knowledge of the regulatory mechanisms in cell fate decisions will deepen our understanding of normal or defective development and provide more detailed guidelines for regenerative medicine.
Pioneer works demonstrated that lineage conversion could be directed simply through the introduction of a specific transcription factor (Davis et al., 1987; Kulessa et al., 1995). In particular, somatic cells can be reprogramed into a pluripotent state via ectopic expression of a defined cocktail of transcription factors: Oct4, Klf4, Sox2, and Myc (Takahashi and Yamanaka, 2006). These and other additional lines of evidence convince us that transcription plays an instructive role in cell fate decisions. Consequently, regulation at the level of mRNA synthesis, in the context of transcription factors, epigenetics regulators, non-coding RNAs, and three-dimensional (3D) genome, is the primary research concern in cell fate decisions (Ng and Surani, 2011; Yadav et al., 2018; Stadhouders et al., 2019).
During the process of maternal-to-zygotic transition (MZT), the initial step of early embryo development in which fertilized egg is reprogrammed into a totipotent embryo, a subset of maternal RNAs must be cleared timely and efficiently apart from transcriptionally awakening the zygotic genome. Impediment in maternal RNA clearance by genetic inactivation of the RNA degradation-associated genes Btg4, Pabpn1l, or Cnot6l leads to MZT failure and female infertility in mice (Liu et al., 2016; Yu et al., 2016; Sha et al., 2018; Zhao et al., 2020). A pairwise comparison of the RNA half-lives uncovered a significant discrepancy in the RNA decay rate for the genes uniformly expressed in both induced pluripotent stem (iPS) cells and the differentiated counterpart (Neff et al., 2012), implying a potential role of RNA degradation in pluripotency maintenance or somatic reprogramming. It has been reported that non-sense-mediated RNA decay or RNA N6-methyladenosine (m6A) methylation could promote the degradation of specific pluripotency transcripts and facilitate mouse embryonic stem cell differentiation (Batista et al., 2014; Aguilo et al., 2015; Geula et al., 2015; Li et al., 2015), whereas RNA exosome complex restrains human embryonic stem cell differentiation by degrading differentiation-associated transcripts (Belair et al., 2019). In general, these compelling proofs indicate that RNA turnover should be an essential driving force in cell fate decisions.
Here, we briefly introduce the RNA degradation factors and describe how they orchestrate the highly regulated RNA degradation pathways. Furthermore, we outline how selective RNA turnover is regulated and becomes an integral part of the gene regulatory network in cell fate decisions.
RNA degradation machinery
For the majority of RNA polymerase II (Pol II) transcribed RNAs, a unique 7-methylguanosine (m7G) cap will be installed at the 5′ end of nascent RNA (20–25 nucleotides in length), whereas a stretch of non-templated adenosines will be added to the 3′ end (poly(A) tail) (Shatkin and Manley, 2000; Rambout and Maquat, 2020; Passmore and Coller, 2022). m7G cap and poly(A) tail act as versatile platforms to recruit diverse effector proteins and hence affect almost all aspects of RNA metabolism, such as RNA decay and translation efficiency (Furuichi et al., 1977; Shimotohno et al., 1977; Drummond et al., 1985; Bernstein et al., 1989; Caponigro and Parker, 1995; Rambout and Maquat, 2020; Passmore and Coller, 2022). Transcripts with unprotected ends will be swiftly removed by the RNA exonucleases. RNA exonucleases, together with many other core factors and co-factors of the RNA degradation machinery, orchestrate the RNA degradation pathways (Supplementary Table S1).
RNA exonucleases
During the whole life cycle, RNA is subject to surveillance by the RNA degradation machinery. RNA exonucleases clear the RNAs with exposed free ends in the 5′-to-3′ or 3′-to-5′ direction. In mammals, XRN1 and XRN2, located in the cytoplasm and nucleus, respectively, catalyze the 5′-to-3′ RNA hydrolysis processively (Nagarajan et al., 2013). Despite the difference in cellular localization, structure analysis reveals that XRN1 and XRN2 share an extensively conserved N-terminal domain, which is responsible for the exonucleolytic digestion of RNA with 5′-monophosphorylated ends, once activated by divalent cations (Jinek et al., 2011; Nagarajan et al., 2013; Overbeck et al., 2022).
Conversely, 3′-to-5′ RNA degradation is catalyzed by the multi-subunit complex, RNA exosome (Puno et al., 2019). The structure and composition of the RNA exosome are well conserved across species, wherein nine proteins form the barrel-shaped catalytically inactive core (EXO9), whereas the two catalytic subunits EXOSC10 and DIS3 (or DIS3L) are placed on the top and bottom of the EXO9 core, respectively (Zinder et al., 2016; Weick et al., 2018; Puno et al., 2019). EXOSC10 is a distributive 3′-to-5′ exonuclease, predominantly located in the nucleus, and trims RNAs with the 3′-hydroxyl terminus. By contrast, DIS3/DIS3L is a processive 3′-to-5′ exonuclease and digests RNAs with either 3′-hydroxyl or 3′-phosphate terminus. The majority of DIS3 resides in the nucleus, whereas DIS3L exclusively locates in the cytoplasm (Januszyk and Lima, 2014; Zinder et al., 2016; Puno et al., 2019). Acute protein depletion assays revealed that DIS3 principally contributes to the degradation of enhancer RNAs (eRNAs), promoter upstream transcripts (PROMPTs), and products of premature cleavage and polyadenylation (PCPA) in the nucleoplasm, whereas EXOSC10 primarily facilitates the trimming of short 3′ extended ribosomal and small nucleolar RNAs located in the nucleolus (Davidson et al., 2019).
Decapping and deadenylation complexes
As mentioned previously, RNA exonucleases can only attack RNA with exposed free 5′ or 3′ terminus. Thus, the cleavage of the 5′ cap structure (decapping) and/or removal of the 3′ poly(A) tail (deadenylation) is usually a prerequisite for RNA degradation.
Two factors, DCP1 and DCP2, act together as the decapping holoenzyme to cleave the m7G cap and then release 5′ m7GDP and 3′ fragment with monophosphate at the 5′ terminus. DCP2 specifically recognizes m7G-cap or m2,2,7G-cap and catalyzes their cleavage through its NUDIX domain, a motif shared in pyrophosphatases. However, DCP1 functions as a coactivator to enhance the decapping activity of DCP2 and bridges the interaction of the decapping complex with other co-factors (Ling et al., 2011; Vidya and Duchaine, 2022).
Compared with RNA decapping, RNA deadenylation seems more complicated that involves the PAN2–PAN3 and CCR4–NOT complexes, both functioning specifically on poly(A) sequences. A biphasic model is proposed for deadenylation: in the initial phase, poly(A)-binding protein PABPC1 facilitates the loading of the PAN2–PAN3 complex to remove the distal part of poly(A) tail through the distributive exonuclease PAN2. In the second, fast phase, the CCR4–NOT complex relays and digests the residual adenosines to a very few adenosines via the catalytic subunits CCR4 and CAF1 (Passmore and Coller, 2022).
RNA endonucleases
Although RNA exonucleases are required for complete RNA destruction, decapping and deadenylation are not essential. RNA exonucleolytic decay could be initiated at internal endonucleolytic sites within the RNA body (Coller and Parker, 2004; Tomecki and Dziembowski, 2010; Schoenberg, 2011). The RNA exonuclease DIS3, instead of its cytoplasmic paralog DIS3L, displays endonucleolytic activity as well, which may cooperate with its exonuclease domain to clear RNAs more efficiently (Schaeffer et al., 2009; Schneider et al., 2009; Staals et al., 2010; Tomecki and Dziembowski, 2010; Tomecki et al., 2010). Cumulative evidence shows that RNA endonucleases have emerged as crucial modulators of gene expression (Tomecki and Dziembowski, 2010; Schoenberg, 2011).
Non-sense-mediated mRNA decay (NMD) and microRNAs (miRNAs)/small interfering RNA (siRNA)-mediated RNA interference (RNAi) in the cytoplasm may be the best-characterized cases involving the endonuclease activity. NMD is a quality control mechanism employed to eliminate transcripts harboring a premature termination codon (PTC) (Tomecki and Dziembowski, 2010; Schoenberg, 2011; Kurosaki et al., 2019). If a PTC locates ≥50–55 nucleotides (nt) upstream of an exon junction complex (EJC), the complex assembling ∼24 nt upstream of the exon–exon junction following splicing, will induce ribosome stalling and sequentially activate the cascade of NMD to recruit the SMG5/SMG7 heterodimer or SMG6. SMG5 and SMG7 can recruit RNA decapping and deadenylation complex, whereas SMG6 can trigger endonucleolytic cleavage at the sites around the PTC (Kurosaki et al., 2019). These activities will be unified to initiate the clearance of faulty RNA substrates (Huntzinger et al., 2008; Eberle et al., 2009; Colombo et al., 2017; Boehm et al., 2021). Additionally, it was reported that transcripts with a 5′ upstream open reading frame (uORF) or an unusually long 3′ untranslated region (3′ UTR) could be NMD targets (Han et al., 2018; Kurosaki et al., 2019).
During RNAi, miRNA/siRNA associates with Argonaute (Ago) family protein and GW182 to form the functional RNA-induced silencing complex (RISC). Then, it silences its target expression by repressing translation or accelerating mRNA degradation, the latter of which is proved to be the major function of miRNAs in mammalian cells (Guo et al., 2010; Jonas and Izaurralde, 2015). Mechanistically, RISC could facilitate RNA deadenylation through the interaction of GW182 with the subunits of the deadenylation complexes, namely, PAN3, NOT1, and NOT9 (Jonas and Izaurralde, 2015). Alternatively, in the case of perfect base-pairing between miRNA/siRNA and its target, the endonucleolytic cleavage is favored via the slicing activity of the Ago2 protein (Valencia-Sanchez et al., 2006).
On the contrary, nuclear RNA endonucleases are under-reported. The Integrator complex is a metazoan-specific complex, originally identified in the biogenesis of non-coding RNA, such as small nuclear RNAs (snRNAs) and eRNAs (Lai et al., 2015). Recently, it was demonstrated that the Integrator would trigger premature transcription termination of many protein-coding genes through the endonucleolytic cleavage of the nascent transcripts (Elrod et al., 2019; Tatomer et al., 2019; Lykke-Andersen et al., 2021; Stein et al., 2022). In another scenario, Polycomb repressive complexes (PRCs) could recruit the Rixosome complex to the promoters of PRC target genes to silence their expression via endonucleolytic cleavage of the nascent RNAs, analogous to the Integrator complex (Zhou et al., 2022).
RNA degradation pathway
Most of our knowledge about RNA degradation pathways is from mRNA decay in the cytoplasm. In mammals, cytoplasmic mRNA degradation is usually initiated by deadenylation. Then, RNAs will be directly cleared through the 3′-to-5′ RNA decay pathway or will be decapped and followed by 5′-to-3′ degradation (Figure 1A). In terms of RNA endonucleases, such as SMG6 and Ago2, the transcripts are cleaved into the 5′ and 3′ fragments. The resulting intermediates will be subject to further clearance by cytoplasmic RNA exosome and XRN1, respectively (Figure 1B) (Coller and Parker, 2004).
[image: Figure 1]FIGURE 1 | Diverse RNA decay pathways. (A) RNA exonucleolytic decay pathways in the cytoplasm. XRN1, 5′-to-3′ RNA exonuclease; exosome, 3′-to-5′ RNA exonuclease complex. (B) RNA endonucleolytic decay pathways in the cytoplasm. (C) NEXT complex-mediated RNA decay in the nucleus. CBC, cap-binding complex, composed of CBC20 and CBC80; NEXT, nuclear exosome targeting complex, composed of ZCCHC8, RBM7, and MTR4. (D) PAXT complex-mediated RNA decay in the nucleus. PAXT, PolyA tail exosome targeting complex, composed of ZFC3H1, PABPN1, and MTR4. (E) Co-transcriptional RNA decay pathways. Human silencing hub (HUSH) complex functions in the maintenance of the H3K9me3 modification. HUSH is composed of the chromodomain containing proteins MPP8, TASOR, and PPHLN1, in which MPP8 can interact directly with ZCCHC8, one subunit of the NEXT complex; Pol II, RNA polymerase II; Integrator is composed of 14 subunits, in which IntS11 along with IntS4 and 9 make up the endonucleolytic cleavage module. Integrator can directly bind to Pol II; PRC, Polycomb repressive complex; here, PRC1 and PRC2 can catalyze the mono-ubiquitination of histone H2A lysine 119 (H2AK119ub1) and tri-methylation of H3 lysine 27 (H3K27me3), respectively. Rixosome is composed of seven subunits, in which LAS1L is the endonucleolytic subunit, whereas the TEX10 subunit can interact with the PRC complex.
By contrast, RNA degradation in the nucleus does not receive much attention. It has been demonstrated that the decapping complex is implicated in the degradation of U3 and U8 snoRNA in the nucleolus (Gaviraghi et al., 2018), Tsix RNA in the chromatin (Aeby et al., 2020), and nascent RNAs near the promoter-proximal pause sites (Brannan et al., 2012). However, decapping-dependent 5′-to-3′ RNA decay may not be a general nuclear RNA degradation way as RNA decapping usually requires the synergistic action of many auxiliary factors, most of which are concentrated in the cytoplasmic P body (Supplementary Table S1) (Coller and Parker, 2004; Ling et al., 2011; Vidya and Duchaine, 2022). Instead, the nuclear cap-binding complex (CBC) CBC20-CBC80 initially recognizes the 5′ m7G cap, which in turn recruits the polyA tail exosome targeting (PAXT) or nuclear exosome targeting (NEXT) complex through the CBC-ARS2-ZC3H18 axis and serves to target the RNA substrates for degradation by nuclear RNA exosome (Figures 1C, D) (Garland and Jensen, 2020; Ogami and Suzuki, 2021). Alternatively, analogous to the described Integrator or Rixosome complex, RNA decay machinery may be co-transcriptionally recruited to the chromatin by the transcription machinery or histone modifiers for the degradation of target genes (Figure 1E) (Elrod et al., 2019; Tatomer et al., 2019; Lykke-Andersen et al., 2021; Garland et al., 2022; Stein et al., 2022; Zhou et al., 2022).
RNA degradation regulation in cell fate decision
As the general RNA decay machineries exhibit little substrate specificity, selective RNA degradation is determined largely by specific sequence features encoded in the RNA sequence and the cognate RNA-binding proteins (RBPs). Additionally, it is evidenced that RNA degradation is tightly interconnected with RNA processing (Tian and Manley, 2017; Kurosaki et al., 2019). In the following paragraphs, we will discuss how RNA degradation is regulated to specify cell fate.
Interplay between RNAs and RBPs dictates RNA decay in cell fate decision
RBP-mediated RNA decay regulation in cell fate decision
Approximately 1,900 and 1,400 proteins are cataloged as RBPs in Homo sapiens and Mus musculus, respectively, or more in other new datasets (Hentze et al., 2018). In principle, RBPs could bind to a specific sequence and/or structural motif in the RNA via their canonical or non-conventional RNA-binding domains (Hentze et al., 2018) and sequentially recruit different commitment proteins or complex, such as RNA degradation machineries to regulate the fate of bound RNAs (He et al., 2022).
Upon oocyte meiotic resumption during mouse oocyte maturation, the MAPK signal pathway will be activated to extend the length of poly(A) tails of many maternal transcripts. Then, these transcripts will be activated translationally to produce more proteins, among which various RNA degradation factors are reported such as ZFP36L2, CNOT6L, CNOT7, BTG4, and PABPN1L (Liu et al., 2016; Yu et al., 2016; Sha et al., 2018; Zhao et al., 2020). At the early stage, increased ZFP36L2 recognizes AU-rich elements (AREs) containing transcripts and functions as an adapter to recruit the CCR4–NOT complex through interaction with the CNOT6L subunit (Sha et al., 2018). Later, PABPN1L specifically binds to the poly(A) tails and interacts with BTG4 to recruit the CCR4–NOT complex via the association with the CNOT7/8 subunit (Figure 2A) (Yu et al., 2016; Zhao et al., 2020). Together, they contribute to maternal transcripts clearance during oocyte maturation and MZT by accelerating deadenylation. Embryos with either BTG4 or PABPN1L depletion will be arrested at the 1∼2-cell stage and characterized by female infertility (Liu et al., 2016; Yu et al., 2016; Zhao et al., 2020).
[image: Figure 2]FIGURE 2 | Interplay between RNAs and RNA-binding proteins (RBPs) dictates RNA decay. (A,B) RBP-mediated RNA degradation. ARE, AU-rich element; CCR4–NOT, RNA deadenylation complex. (C) miRNA-mediated RNA degradation. miRNA, microRNA; RISC, RNA-induced silencing complex; mESC-specific miRNAs, miRNAs specifically expressed in mouse embryonic stem cells: miR-291a-3p, miR-291b-3p, miR-294, miR-295, and miR-302. (D) piRNA-mediated RNA degradation. piRNA, Piwi-interacting RNA; Aubergine (Aub), the cytoplasmic Piwi proteins in Drosophila. (E) RNA uridylation-mediated RNA degradation. TUT4/7, RNA terminal uridylyltransferases; LSM1-7, a complex that especially recognizes the substrate with 3′ terminal oligoA tail and functions in facilitating RNA decapping; DIS3L2, RNA 3′-to-5′ exonuclease that especially functions in clearing RNAs with 3′ U- tail; XRN1, 5′-to-3′ RNA exonuclease; exosome, 3′-to-5′ RNA exonuclease complex. (F) m6A-modification-mediated RNA degradation. m6A, N6-methyladenosine; RNase P/MRP, a complex with endonucleolytic activity. (G) m5C-modification-mediated RNA stabilization. m5C, 5-methylcytosine.
Murine primordial germ cells (PGCs) are first identified at the base of the incipient allantois around embryonic day (E) 7.25 (Saitou and Yamaji, 2012). Dnd1 is transcriptionally activated during the stage E6.5–E6.75 in PGC precursors (Yabuta et al., 2006). DND1 could directly bind to transcripts with a UU(A/U) trinucleotide motif at the 3′ UTRs and then target substrates for degradation through recruiting the CCR4–NOT complex (Figure 2B). Especially, DND1 could preferentially suppress the expression of the regulators associated with apoptosis and inflammation, which is critical for the maintenance of the self-renewal of PGCs (Yamaji et al., 2017).
Small RNA-mediated RNA decay regulation in cell fate decision
Small RNAs of 20–30 nucleotides can be classified into three major classes—miRNAs, endogenous siRNAs (endo–siRNAs), and Piwi-interacting RNAs (piRNAs)—which differ in their biogenesis pathways and associated Argonaute-family proteins (Ghildiyal and Zamore, 2009; Kim et al., 2009). Generally, miRNAs/siRNAs could assemble with the Ago-subfamily proteins into the RISC complex and then target the base-paired targets for translation repression or RNA degradation, whereas piRNAs interact with Piwi-subfamily proteins and commonly function in transposon silencing (Ghildiyal and Zamore, 2009; Kim et al., 2009; Wang et al., 2022).
miRNAs can be further divided into canonical and non-canonical miRNAs; the former are initially transcribed as primary miRNAs and then processed into hairpin-shaped precursor (pre-miRNA) by the microprocessor, composed of DROSHA and DGCR8, in the nucleus. Subsequently, the resulting pre-miRNAs are exported into the cytoplasm, where they will be further cleaved by DICER into the miRNA duplex and assembled into the RISC complex (Ghildiyal and Zamore, 2009; Kim et al., 2009). Mouse embryonic stem cells (mESCs) with Dgcr8 or Dicer knockout (KO) showed defects in proliferation and differentiation (Kanellopoulou et al., 2005; Murchison et al., 2005; Wang et al., 2007), indicating a dual role of miRNAs in pluripotency maintenance and differentiation. Mechanistically, mESC-specific miRNAs (miR-291a-3p, miR-291b-3p, miR-294, miR-295, and miR-302) shared similar seed regions and acted redundantly to reduce the level of Cdkn1a, Rbl2, and Lats2, negative regulators of G1-S cell cycle transition, thereby sustaining the high proliferation rate of mESCs (Wang Y. et al., 2008). Upon differentiation, mESC-specific miRNAs are downregulated, whereas mature let-7 are upregulated. Then, let-7 will bind to and facilitate the degradation of pluripotency-associated genes Myc, Sall4, and Lin28, thereby promoting mESC differentiation (Figure 2C) (Melton et al., 2010).
piRNAs are 23–31 nucleotides in length and are generated from single-stranded transcripts independent of DICER (Vagin et al., 2006; Wang et al., 2022). In addition to the prominent role in transposon silencing, increasing evidence shows that the Piwi–piRNA complex is also implicated in the regulation of the stability or translation efficiency of protein-coding genes in germ cells (Wang et al., 2022). In early Drosophila embryos, piRNAs in complex with cytoplasmic Piwi protein Aubergine (Aub) or Argonaute 3 (Ago3) could target and direct the degradation of many maternal mRNAs involved in germ cell development by either direct endonucleolytic cleavage or recruitment of the CCR4–NOT deadenylation complex (Figure 2D) (Rouget et al., 2010; Barckmann et al., 2015).
endo-siRNAs are generated directly from long double-stranded RNAs by Dicer (Ghildiyal and Zamore, 2009; Kim et al., 2009). They co-exist with miRNAs and piRNAs in mouse oocytes (Tam et al., 2008; Watanabe et al., 2008). Mouse oocytes with Dicer but not Dgcr8 depletion showed meiotic arrest, accompanied by the dysregulation of many transcripts (Murchison et al., 2007; Tang et al., 2007; Suh et al., 2010), underscoring the essential role of endo-siRNAs in oogenesis. However, the exact transcripts for degradation remain unclear.
RNA modification-mediated RNA decay regulation in cell fate decision
Apart from the canonical 5′ m7G cap and 3′ poly(A) tail modifications, RNAs are extensively decorated at the 3′ terminus or internal sites by other RNA modification enzymes, which have multifaceted roles in RNA metabolism, including RNA decay (Li and Mason, 2014; Yu and Kim, 2020).
TUT4 and TUT7 are terminal uridylyltransferases, which function redundantly in uridylating mRNAs with short poly(A) tails (shorter than ∼25 nucleotides) (Lim et al., 2014). The LSM1–7 complex binds to short poly(A) tails with terminal uridylyl residues more efficiently and facilitates the assembly of the decapping complex (Chowdhury et al., 2007; Song and Kiledjian, 2007). Decapped mRNAs are then subject to degradation by XRN1, or alternatively, RNA exosome or DIS3L2 will digest the RNA from the 3′ end (Figure 2E) (Lim et al., 2014). Mice with Tut4–Tut7 double-knockout failed to eliminate some maternal transcripts during oocyte maturation and cannot generate functional MII oocytes, thereby resulting in female infertility (Morgan et al., 2017; Chang et al., 2018).
m6A, the most abundant internal modification in mRNAs, can be recognized by diverse readers to mediate different biological activities (Li and Mason, 2014). In the cytoplasm, YTHDF1/2/3 proteins redundantly bind to the same m6A-modified mRNAs and directly recruit the CCR4–NOT deadenylase complex (Du et al., 2016; Zaccara and Jaffrey, 2020). In some instances, HRSP12 can bind to specific sequences upstream of the m6A sites and facilitate the association between YTHDF2 and RNA endonuclease complex RNase P/MRP (Park et al., 2019). These activities, alone or together, contribute to accelerated RNA decay (Figure 2F) (Wang et al., 2014; Du et al., 2016; Park et al., 2019; Zaccara and Jaffrey, 2020). It was found that pluripotency factors, such as Nanog, Sox2, Klf4, and c-Myc, are modified by m6A, ensuring their timely clearance and hence efficient exit from the self-renewal state during differentiation (Batista et al., 2014; Aguilo et al., 2015; Geula et al., 2015).
During MZT of zebrafish embryogenesis, Y-box-binding protein 1 (Ybx1) preferentially binds to a subset of maternal mRNAs with 5-methylcytosine (m5C) modifications and protects them from degradation through the recruitment of the poly(A) tail-binding protein Pabpc1a (Figure 2G) (Yang et al., 2019), which ensures the production of sufficient associated proteins to support normal embryogenesis (Yang et al., 2019).
RNA alternative processing coupled RNA decay in cell fate decision
Alternative splicing coupled NMD in cell fate decision
As much as 95% of multiexon genes undergo alternative splicing in humans (Wang E. T. et al., 2008; Pan et al., 2008), greatly expanding the human proteome. Furthermore, transcriptome analysis revealed that ∼30%–35% of the splicing events in human and mouse cells will introduce PTCs and thus can be NMD targets (Lewis et al., 2003; Pan et al., 2006; Weischenfeldt et al., 2012). Alternative splicing is dynamically regulated and coupled with NMD to regulate gene expression in diverse physiological activities (Kurosaki et al., 2019).
Mice with NMD factors KO typically suffered from embryonic lethality within the stage E5.5–E9.5, during which the three different germ layers’ specialization initiates, implying that NMD may function in the progress from pluripotency toward differentiation (Medghalchi et al., 2001; Weischenfeldt et al., 2008; McIlwain et al., 2010; Li et al., 2015; Han et al., 2018). In line with this, it was expounded that the exit from naïve pluripotency was delayed if NMD-associated factors were depleted in the mESCs (Leeb et al., 2014; Li et al., 2015; Lackner et al., 2021; Huth et al., 2022).
Compared with the wide-type cells, Smg6 KO mESCs displayed almost unaltered morphology and proliferation rate, suggesting SMG6 was dispensable for self-renewal maintenance. On the contrary, its differentiation potential was severely impaired, which could be recapitulated by the knockdown of other NMD factors (Li et al., 2015). Follow-up experiments revealed that NMD could target c-Myc for degradation through its 3′ UTR (Figure 3A). Hence, c-Myc is upregulated, which in turn blocks mESC differentiation upon Smg6 KO (Cartwright et al., 2005; Li et al., 2015).
[image: Figure 3]FIGURE 3 | Alternative processing coupled RNA decay. (A) 3′ UTR-mediated NMD decay. Phosphorylation of UPF1, present on 3′ UTR, is a prerequisite for NMD activation, which in turn will recruit SMG5-SMG7 heterodimer and SMG6. NMD, non-sense-mediated RNA decay; SMG6, RNA endonuclease in the NMD pathway; CCR4-NOT, RNA deadenylation complex; PNRC2, a coactivator for RNA decapping, XRN1, 5′-to-3′ RNA exonuclease; exosome, 3′-to-5′ RNA exonuclease complex. (B) EJC-mediated NMD decay. PTC, located ≥50–55 nt upstream of an exon–exon junction, will trigger translation termination and activate the NMD pathway to phosphorylate UPF1, which in turn will recruit the SMG5-SMG7 heterodimer and SMG6. PTC, premature termination codon; STOP, normal stop codon; EJC, exon junction complex, which is assembled ∼24 nt upstream of the exon–exon junction, following splicing. (C) APA-mediated RNA degradation regulation of Sox2. TDP43 binds to the element upstream of the pPAS of Sox2 and enhances pPAS processing. Upon differentiation, the transition from NEAT1_1 to NEAT1_2 will facilitate the formation of paraspeckles, ultimately leading to the sequestration of TDP43 and the utilization of dPAS of Sox2. NEAT1_1 and NEAT1_2 are short and long isoforms from gene NEAT1, respectively. pPAS, proximal polyA site; dPAS, distal polyA site; miR, microRNA; APA, alternative polyadenylation. (D) APA-mediated RNA degradation regulation of Pax3. MuSCs, muscle stem cells.
When Smg5, Smg6, and Smg7 were knocked out independently in mESCs in another study, all these modified cell lines exhibited variable but pronounced impairment in differentiation (Huth et al., 2022), consistent with the previous study (Li et al., 2015). However, the authors did not observe an increased c-Myc level in NMD-deficient ESCs. Instead, they identified that Eif4a2 was the NMD bona fide target responsible for differentiation delay (Huth et al., 2022). Mechanistically, Eif4a2 could generate two isoforms through alternative splicing, one full-length isoform (Eif4a2FL) and the other PTC-containing isoform (Eif4a2PTC). NMD deficiency stabilized the Eif4a2PTC transcript to produce a truncated protein Eif4a2PTC (Figure 3B). Eif4a2PTC protein can specifically interact with the mTORC1 negative regulator TSC2 and dampen its activity. Thus, the mTORC1 activity increases and the translation rate is elevated in NMD-deficient ESCs, resulting in a delayed differentiation phenotype (Huth et al., 2022).
Alternative polyadenylation coupled RNA decay in cell fate decision
More than 70% of mammalian genes undergo alternative polyadenylation (APA), which could generate transcripts encoding different proteins or with different 3′ UTR lengths (Derti et al., 2012; Hoque et al., 2013). Longer 3′ UTR isoforms usually contain additional binding sites for RBPs or miRNAs and hence tend to exhibit differential stability, translation efficiency, or cellular localization compared with their shorter counterparts (Tian and Manley, 2017). Now, we know that APA is dynamically regulated and broadly engaged in cell fate transition, partially through the control of RNA decay (Sommerkamp et al., 2021).
By coinciding with the exit of pluripotency toward differentiation for both human ESCs (hESCs) and mESCs, the NEAT1 gene switches from the short isoform NEAT1_1 in ESCs to express the long, full-length isoform NEAT1_2 (Modic et al., 2019), a scaffold RNA necessary for paraspeckle formation (Clemson et al., 2009; Sasaki et al., 2009; Sunwoo et al., 2009; Modic et al., 2019). TDP-43 will then be sequestered into the paraspeckles by NEAT1_2, resulting in the reduction of the available TDP-43. Thus, the ability of TDP43 to enhance proximal polyA site processing is lost, and the longer 3′ UTR transcripts of SOX2 would be favored in differentiated cells, which can be further targeted by miR-21 for degradation; thereby, the pluripotency factor SOX2 is suppressed, and the dissolution of pluripotency is promoted (Figure 3C) (Modic et al., 2019).
Likewise, although miR-206 exhibits similar expression levels in both limb and diaphragm muscle stem cells (MuSCs), it only downregulates the target gene Pax3 expression in limb MuSCs. As Pax3 preferentially chooses the proximal polyA site (pPAS) during APA in diaphragm MuSCs to circumvent the function of miR-206, thus a high PAX3 level is sustained to support the proliferation of diaphragm MuSCs (Figure 3D) (Boutet et al., 2012).
lncRNA decay coupled transcription regulation in cell fate decision
All the examples described previously focus on the roles of protein-coding gene decay in cell fate decisions. Given the crucial role of lncRNA in cell differentiation and development (Fatica and Bozzoni, 2014), despite being poorly characterized, the decay of lncRNA should also be involved in cell fate decisions.
The retrotransposon long interspersed nuclear element-1 (LINE1) is transcriptionally activated in mouse preimplantation development, especially at the two-cell (2C) stage (Figure 4A) (Jachowicz et al., 2017). When LINE1 expression is silenced through transcription repression immediately after fertilization, most of the embryos arrest at the 2C stage, which can be recapitulated through antisense oligo- (ASO)-mediated knockdown of LINE1 RNA, indicating the crucial role of LINE1 RNA in early embryogenesis (Jachowicz et al., 2017; Percharde et al., 2018). However, if LINE1 is enforced to express at a higher level beyond the 2C stage when LINE1 is naturally downregulated (Figure 4A), half of the embryos fail entry into the blastocyst stage (Jachowicz et al., 2017), suggesting LINE1 RNA should be maintained at a proper level to sustain mouse preimplantation embryogenesis.
[image: Figure 4]FIGURE 4 | Functions and the degradation of LINE1 RNA. (A) Dynamic expression of LINE1 in mouse preimplantation embryos. LINE1, long interspersed nuclear element. (B) LINE1 RNA promotes an open chromatin state and is regulated by the NEXT complex. LINE1 can recruit histone modifiers that install activation marks H3K4me3/H3K27ac. LINE1 is modified by m6A modification and can be recognized by the m6A modification reader YTHDC1, which in turn recruits the NEXT complex to facilitate the decay of LINE1. m6A, N6-methyladenosine; NEXT, nuclear exosome targeting complex, is an adapter for RNA exosome. (C) LINE1 RNA facilitates the formation of a close chromatin state. LINE1 is modified by m6A modification and can be recognized by m6A modification reader YTHDC1, which in turn recruits Trim28/nucleolin or the Trim28/SETDB1 complex to facilitate the disposition of repressive mark H3K9me3.
Notably, LINE1 can be targeted for degradation by the NEXT complex in mouse ESCs and embryos. The depletion of Zcchc8, the scaffold subunit of the NEXT complex, will lead to LINE1 upregulation and developmental defects in mice (Wu et al., 2019). Furthermore, LINE1 is modified by m6A methylation, which can be recognized by the nuclear m6A reader YTHDC1 and then enhances the association between the NEXT complex and LINE1, thereby accelerating LINE1 degradation (Liu et al., 2020; Wei et al., 2022). When Fto, the m6A demethylase, is knocked out, the LINE1 m6A level is elevated, whereas its expression level is reduced accordingly. Moreover, Mice with Fto KO exhibit developmental defects analogous to Zcchc8 KO (Wu et al., 2019; Wei et al., 2022). Mechanistically, it was demonstrated that LINE1 is essential for maintaining a global open chromatin state. An elevated LINE1 level results in greater chromatin accessibility, whereas a reduced LINE1 level causes chromatin condensation, which can be reflected by altered histone modifications (Figure 4B) (Jachowicz et al., 2017; Wu et al., 2019; Wei et al., 2022). Collectively, these results indicate that LINE1 is dynamically expressed during early development. Its degradation, at least partially, may contribute to the gradual chromatin compaction that occurs naturally in developmental progression, thereby ensures the ordered developmental program.
Interestingly, it was demonstrated in another two studies that the binding of YTHDC1 to LINE1 recruits Nucleolin/Trim28 or SETDB1/Trim28 complex to facilitate the deposition of H3K9me3 and then silences target gene expression, such as Dux, a master regulator of the 2C-specific transcriptome (Figure 4C) (Chen et al., 2021; Liu et al., 2021), implying that the function of LINE1 RNAs at different genomic loci may rely on the recruited effector proteins. However, how this difference is achieved remains elusive.
CONCLUSION AND PERSPECTIVES
RNA degradation machineries, composed of RNA exonucleases, endonucleases, and other co-factors, are involved in the processing and maturation of snoRNA, snRNA, and rRNA, among others, and clearing of aberrant mRNAs with PTCs or those without stop codons (Puno et al., 2019; Wolin and Maquat, 2019). Beyond these roles in RNA processing and quality control, RNA degradation is actively implicated in the control of RNA quantity and hence the regulation of gene expression in diverse physiological activities (Tomecki and Dziembowski, 2010; Schoenberg, 2011; Akira and Maeda, 2021).
RNA degradation is especially important in cell fate decisions because rapid shifts in the mRNA and protein constitution during the transition between different cell states require activating new gene expression programs, meanwhile silencing the old ones. RNA degradation can independently clear specific pre-existing RNAs associated with the previous cell type (Akira and Maeda, 2021), or it can synergize with transcriptional repression to consolidate the silencing effect (Yamaji et al., 2017; Garland et al., 2022; Zhou et al., 2022). The coordination of RNA synthesis and RNA decay determines cell identity and plasticity. It is evidenced that the modulation of RNA decay by additional expression of certain miRNAs with transcription factors can significantly enhance the reprogramming efficiency (Judson et al., 2009; Liao et al., 2011), highlighting the important role and potential implication of RNA degradation control.
RNA deadenylation seems to be the initial and rate-limiting step in RNA degradation. RBPs (Yu et al., 2016; Yamaji et al., 2017; Sha et al., 2018; Zhao et al., 2020), small RNA (Wang Y. et al., 2008; Melton et al., 2010; Barckmann et al., 2015), RNA modification (Batista et al., 2014; Aguilo et al., 2015; Geula et al., 2015; Du et al., 2016), and NMD (Tomecki and Dziembowski, 2010; Schoenberg, 2011; Huth et al., 2022) can facilitate RNA degradation and alter the cell fate via the recruitment of the CCR4–NOT deadenylation complex. Although small RNA and NMD can trigger endonucleolytic cleavage of RNA (Valencia-Sanchez et al., 2006; Tomecki and Dziembowski, 2010; Schoenberg, 2011), no reported RNA endonuclease, analogous to the Regnase protein in the immunological system (Akira and Maeda, 2021), can function independently to regulate the cell fate. Maybe strategies developed to systematically map the endonucleolytic sites could enable us to identify such potential endonucleases (Karginov et al., 2010; Ibrahim and Mourelatos, 2019; Tang et al., 2022). Conversely, the RNA endonuclease complex can be co-transcriptionally loaded to cleave the nascent RNAs and trigger transcription termination (Elrod et al., 2019; Tatomer et al., 2019; Stein et al., 2022; Zhou et al., 2022); whether this or similar RNA degradation pathways are applied in regulate the cell fate awaits further investigation.
During the transition between different cellular states, the number of RBPs or miRNAs is dynamically regulated to control RNA degradation (Wang Y. et al., 2008; Melton et al., 2010; Liu et al., 2016; Yu et al., 2016; Yamaji et al., 2017; Sha et al., 2018; Zhao et al., 2020). As signal pathways are integrated to control the activity of transcription factors in pluripotency cells (Li and Belmonte, 2017), the connection between RNA degradation and signal pathways in other systems is also clear (Thapar and Denmon, 2013; Akira and Maeda, 2021). How signal pathways are linked with RNA degradation pathways to regulate cell fate is also of specific interest.
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Enhancers are a class of cis-regulatory elements in the genome that instruct the spatiotemporal transcriptional program. Last decade has witnessed an exploration of non-coding transcripts pervasively transcribed from active enhancers in diverse contexts, referred to as enhancer RNAs (eRNAs). Emerging evidence unequivocally suggests eRNAs are an important layer in transcriptional regulation. In this mini-review, we summarize the well-established regulatory models for eRNA actions and highlight the recent insights into the structure and chemical modifications of eRNAs underlying their functions. We also explore the potential roles of eRNAs in transcriptional condensates.
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INTRODUCTION
Enhancers are distal cis-regulatory elements in the genome that direct spatiotemporal transcription programs in response to diverse cues (Andersson et al., 2014; Long et al., 2016). An estimate of over 400,000 putative enhancers in human genome, plus the identification of disease-associated traits within enhancers, underscores the essence of exploring the regulatory grammar encrypted within these elements (Consortium, 2012; Long et al., 2016; Sur and Taipale, 2016; Furlong and Levine, 2018; Schoenfelder and Fraser, 2019).
The advent of state-of-art genomic approaches unveils that the human genome is pervasively transcribed, yielding a plethora of non-coding RNA (ncRNA) species (Hangauer et al., 2013). Among them, RNA transcripts emanating from enhancers, dubbed enhancer RNA (eRNAs), have attracted a particular interest considering their potential roles in enhancer regulation (De Santa et al., 2010; Kim et al., 2010; Lam et al., 2014; Li et al., 2016; Sartorelli and Lauberth, 2020; Harrison and Bose, 2022). It is noteworthy that distinct terms, e.g., eRNAs and enhancer-associated lncRNAs (elncRNAs), appear in the literature to represent transcripts from enhancer regions (Orom et al., 2010; Marques et al., 2013; Andersson et al., 2014; Li et al., 2016; Hon et al., 2017; Statello et al., 2021; Mattick et al., 2023). Strictly, eRNAs are short, bidirectional ones, which are generally non-polyadenylated and unstable, whereas elncRNAs are usually polyadenylated and have higher stability (Li et al., 2016; Statello et al., 2021; Mattick et al., 2023). However, concerning gene-activating mechanisms, elncRNAs and eRNAs share some common themes (Orom et al., 2010; Wang et al., 2011; Lai et al., 2013; Grossi et al., 2020) and we do not distinguish these different terms in this mini-review. As an integral component of active enhancers, eRNA transcription generally correlates with enhancer activation and can serve as an independent marker of active enhancers (Carullo et al., 2020). Although there isn’t yet a consensus regarding whether the functions come from the transcription process or eRNA transcripts per se, accumulating evidence has shown a subset of eRNAs are pivotal for the transcription of cognate targets and coined several well-appreciated themes for eRNA actions.
In this mini-review, we outline current models for eRNA actions in transcriptional regulation. In addition, we highlight recent findings concerning eRNAs secondary structure and post-transcriptional modifications in bestowing diverse functional features of eRNAs. Finally, we discuss an emerging paradigm of transcriptional condensates wherein eRNAs partaken and contribute.
The interplay between eRNAs and protein partners in transcriptional regulation
The well-appreciated model for enhancer action is that chromatin loops form between enhancers and cognate promoters bringing these two elements into physically close proximity, which involves the participation of cohesin complex, and transcriptional coactivator Mediator complex (Kagey et al., 2010). Li et al. provided the first piece of evidence that estrogen-induced eRNAs bind with SMC3 and RAD21, components of cohesin complex. Depletion of eRNAs abrogates cohesin increment to enhancers, thus abolishing enhancer-promoter interactions and target genes activation (Li et al., 2013). Similarly, Lai et al. (2013) revealed that ncRNA-a interacts with Mediator subunits and is involved in chromatin looping between ncRNA-a loci and their regulated promoters. Since then, further studies identify the direct interactions between eRNAs and chromatin looping factors [e.g., hnRNPU (Jiao et al., 2018), CTCF (Xiang et al., 2014), MED1 (Hsieh et al., 2014), MED12 (Tan et al., 2019)], suggesting modulating chromatin looping is one common theme underlying eRNA functions (Figure 1A).
[image: Figure 1]FIGURE 1 | Established mechanisms underlying eRNA functions in transcriptional regulation. (A) Regulating chromatin looping. eRNAs interact with Cohesin complex or Mediator to establish and/or stabilize enhancer-promoter looping. (B) Intervening with the transcription machinery. eRNAs promote RNAP II pause release into productive elongation stage via acting as decoy for NELF and interacting with the P-TEFb. eRNAs also stimulate transcription through the intermediate hnRNPL. (C) Trapping transcription factors or transcription coactivators. eRNAs enhance the enhancer binding of TF YY1 and transcription coactivator BRD4 through direct interaction with them. (D) Modulating enhancer chromatin environment. eRNAs interact with CBP, stimulate its catalytic activity, and increase the deposition of histone acetylation on enhancers. eRNAs also inhibit the catalytic activity of PRC2 by binding the EZH2 subunit and inhibit repressive H3K27me3 deposition.
In addition to regulating chromatin looping, eRNAs can directly intervene with transcription machinery (Figure 1B). Lines of evidence suggest eRNAs can modulate RNA polymerase II (Pol II) pause release (Schaukowitch et al., 2014; Zhao et al., 2016; Shi et al., 2018). Schaukowitch et al. found eRNAs bind to NELF-E, and decoy this negative elongation factor (NELF) complex away from immediate early genes, thus promoting Pol II pause release into the productive elongation stage (Schaukowitch et al., 2014). In another study, Zhao et al. uncovered that PSA eRNA stimulates transcription through forming a complex with the positive elongation factor (P-TEFb) (Zhao et al., 2016). Congruent with these works, the following studies added more examples demonstrating interactions between eRNAs and NELF or P-TEFb (Shi et al., 2018). Besides these direct interactions, our group identified eRNAs interact with hnRNPL via a CAAA tract and modulate the appropriate loading of hnRNPL to the target locus (Zhao et al., 2019). hnRNPL has been shown to interact with KMT3A to regulate H3K36me3 enrichment (Yuan et al., 2009) and impinge on transcription elongation via interacting with P-TEFb components, CDK9 and CCNT1 (Giraud et al., 2014). In this scenario, hnRNPL acts as an intermediate to bridge the interaction between eRNAs and transcription machinery.
Another important paradigm of eRNA functions is that eRNAs can trap transcription factors and transcription co-activators, and enhance their binding to local chromatin (Figure 1C). Sigova et al. showed nascent RNAs transcribed from enhancers and promoters, through interactions with transcription factor (TF) YY1, increase YY1 binding to these regulatory elements (Sigova et al., 2015). One recent study reinforces this idea, showing a broad scope of TFs bind to RNA through arginine-rich motif (ARM)-like domains and such interactions contribute to TF association with chromatin (Oksuz et al., 2022). Deletion of ARM-like domains skews TF nuclear dynamics: it reduces the immobile and subdiffusive fractions of TFs while enhancing the diffusing molecules. A positive-feedback loop is thus proposed that nascent RNA produced from enhancer (eRNA) or promoter regions can trap dissociating TFs through RNA-mediated weak interactions, which facilitates TFs rebind to these regulatory elements and augments the transcription outputs. Similarly, eRNAs interact directly with BRD4 via its bromodomains and promote BRD4 binding to acetylated histones, which in turn maintains enhancers in an active state (Rahnamoun et al., 2018).
Lastly, eRNAs can modulate chromatin state. Depletion of eRNAs has been shown to decrease chromatin accessibility at enhancers and cognate promoters (Mousavi et al., 2013; Tsai et al., 2018). Besides these, eRNAs can directly interact with chromatin modifiers that deposit histone acetylation or methylation marks (Figure 1D). Specifically, Bose et al. demonstrated eRNAs interact with histone acetyltransferase CBP via its RNA binding region within the activation loop of HAT domain (Bose et al., 2017). Such interaction displaces the activation loop from the catalytic site and enhances CBP binding to its histone substrate. Similarly, eRNAs can also stimulate p300 catalytic activity and increase H3K27 acetylation at enhancers (Hou and Kraus, 2022). In addition to promoting histone acetylation, eRNAs also repel the PRC2-mediated deposition of the repressive histone modification H3K27me3 (Ounzain et al., 2015). Consistently, PRC2 binds to nascent RNA promiscuously at nearly all active genes, which antagonizes its binding to chromatin and thus alleviates the deposition of the repressive H3K27me3 mark (Beltran et al., 2016; Wang et al., 2017).
As mentioned above, caution needs to be taken to discern whether eRNAs function in a transcript-dependent or -independent manner. Engreitz et al. (2016) provided compelling evidence to show regulatory roles of many lncRNA loci stem from DNA elements or transcription processes, instead of their specific transcripts. Similar findings have been reported in other works (Kaikkonen et al., 2013; Anderson et al., 2016; Paralkar et al., 2016; Winkler et al., 2022). Thus, more rigorous methodologies are warranted in future studies to distinguish this point (Engreitz et al., 2016; Joung et al., 2017).
eRNA structures instruct their regulatory roles
Despite the substantial advances concerning eRNA functions and mechanisms, their regulatory roles instructed by eRNA structures are poorly studied. As mentioned above, eRNA can interact with and activate P-TEFb. Such interaction requires a TAR RNA-like (TAR-L) motif, whose secondary structure is akin to the 3′ end of the small nuclear RNA 7SK. AR-eRNA, through competitive binding with P-TEFb, can help release P-TEFb from the inhibitory complex (7SK snRNP) and promotes effective transcription elongation (Zhao et al., 2016). On the contrary, interactions between eRNAs and NELF may not depend on structural motifs. Instead, adequate length (>200 nt) and the presence of unpaired guanosines are indispensable, which enables simultaneous and allosteric interactions between eRNAs and NELF subunits -A and -E (Gorbovytska et al., 2022).
The DRReRNA (also known as MUNC) is a well-studied pro-myogenic eRNA, which is transcribed from an enhancer region of the myogenic master TF, MyoD (Mousavi et al., 2013; Mueller et al., 2015). DRReRNA functions in trans to activate Myogenin transcription through directing cohesin loading at Myogenin locus (Cichewicz et al., 2018; Tsai et al., 2018). A recent study employed SHAPE-MaP (2′-hydroxyl acylation analyzed by primer extension coupled with mutational profiling) chemical probing approach to decode the secondary structure of DRReRNA and unraveled multiple structural domains that confer distinct features of DRReRNA for cohesion binding, genomic interaction, and gene expression regulation (Przanowska et al., 2022).
In addition to structured features embedded in eRNAs themselves, accumulating evidence underpins the regulatory code underlying intermolecular interactions. A prominent example comes from MALAT1, which interacts with many pre-mRNAs at active gene loci indirectly through RNA binding protein (RBP) intermediates (Engreitz et al., 2014; West et al., 2014). Recently, Cai et al. (2020) developed a novel approach termed RIC-seq (RNA in situ conformation sequencing), which can map RNA-RNA interactions in situ in an unbiased manner, and discovered MALAT1 interaction with highly transcribed nascent RNAs. Similarly, in this study, researchers also revealed extensive interactions between eRNAs and promoter upstream antisense RNAs (uaRNAs), which can be leveraged to infer enhancer-promoter connections. Intriguingly, modulating such interaction between eRNAs and uaRNAs influences chromatin looping (Figure 2A). Specifically, depletion of the super-enhancer-derived lncRNA CCAT1-5L markedly attenuates the chromatin looping between its parental CCAT1 locus and MYC locus, and weakens Pol II deposition at MYC promoter. In this specific scenario, the interaction relies on the RBP hnRNPK, which can physically interact with Pol II and form a homodimer. Thus, hnRNPK-mediated interaction between eRNA-uaRNA pairs may serve as modulator for enhancer-promoter chromatin interactions and Pol II delivery from enhancer regions to target promoter regions.
[image: Figure 2]FIGURE 2 | Expanding themes contributing to eRNA function. (A) Inter-molecular eRNA-uaRNA pair modulates enhancer-promoter chromatin interactions. (B) m6A modifications on eRNAs feed back on transcription. (C) eRNA-mediated regulation in transcriptional condensate formation.
Besides the RNA structures through RNA-RNA interactions, eRNAs can form DNA/RNA hybrid structure co-transcriptionally, termed R-loops. Competing evidence about R-loop functions comes from individual studies. Watts et al. (2022) found the enhancer RNA AANCR transcription leads to R-loops formation and in the R-loops eRNA is enzymatically modified to bear abasic sites, which helps stabilize R-loops, thus resulting in RNA Pol II pausing. Upon hypertonic stress, the R-loops are resolved and eRNA is fully transcribed to activate the target APOE activation. On the contrary, Tan-Wong et al. (2019) demonstrate that R-loops, often found at promoters, enhancers, and terminators, promote antisense transcription in these regions. More recently, local R-loops formation between an antisense eRNA PEARL and HS5-1 enhancer region facilitates chromatin looping between distal enhancers and target promoters (Zhou et al., 2021).
Chemical modifications on eRNAs feed back on transcription
N6-methyladenosine (m6A) methylation, the most abundant RNA internal modification, has been shown to deposit on chromatin associated RNAs, including eRNAs (Louloupi et al., 2018; Xiao S. et al., 2019; Liu et al., 2020; Xu et al., 2021). Notably, the distribution of m6A methylation on these transcripts is not restricted to the 3′ end and is proven to regulate chromatin state and transcription directly (Louloupi et al., 2018; Xiao S. et al., 2019; Liu et al., 2020; Liu et al., 2021; Xu et al., 2021). Liu et al. found m6A-marked eRNAs, recognized by the nuclear reader YTHDC1, are subject to subsequent nuclear degradation by the nuclear exosome targeting (NEXT) complex. Knockout of the m6A writer Mettl3 increases carRNAs abundance and promotes downstream transcription in mouse embryonic stem cells (mESCs). Mechanistically, m6A erasure upon Mettl3 knockout stabilizes the carRNAs, rendering the following recruitment of active TFs (e.g., YY1 and CBP/EP300) and repelling of repressive factors (e.g., PRC2), thus tunes the nearby active chromatin state and stimulates downstream transcription.
The effects of m6A methylation on nuclear nascent transcripts and the transcription process could vary depending on different cell contexts. The recent two findings, on the contrary, show that m6A modification protects eRNAs from nuclear degradation, enhances the recruitment of m6A machinery components on enhancers and promoters, and stimulates effective transcription progress (Figure 2B) (Lee et al., 2021; Xu et al., 2022). In one study, Xu et al. (2022) revealed the chromatin binding of m6A methyltransferase complex (MTC) components METTL3/METTL14/WTAP locates at active enhancers and in turn decorates m6A modification on the 5′ end of nascent RNAs, neighboring to MTC chromatin binding sites. METTL3 depletion results in a loss of nascent RNAs emanating from enhancers at the TSS (transcription start site) proximal regions. Mechanistically, m6A modification recruits m6A reader/binder proteins such as hnRNPG and YTHDC1 to the nascent RNAs (including eRNAs), which protects these transcripts from cleavage by the Integrator complex. Loss of MTC would otherwise promote the recruitment of INS11 (the endonuclease subunit of the Integrator complex), leading to premature transcription termination. Of note, MTC recruitment to the promoter is augmented by active transcription elongation (Akhtar et al., 2021). Thus, m6A modification along with m6A reader proteins shields nascent eRNAs from premature termination, and the productive elongation in turn fosters MTC recruitment, establishing a positive feedback control over the transcription process.
In the other study, Lee et al. (2021) employed a high-sensitive method dubbed methylation-inscribed nascent transcripts sequencing (MINT-seq) to capture m6A methylome directly on nascent RNAs. They uncovered m6A is pervasively decorated with enrichment in the middle of eRNA transcripts and m6A modification positively correlates with eRNA length and abundance. In agreement with the canonical “RRACH” motif identified on mRNAs, “GGACT” motif sequences are identified with eRNA m6A peaks. Functionally, m6A-modified eRNAs can stimulate enhancer activation through reader protein YTHDC1 recruitment. Targeted m6A erasure, genetic and chemical perturbation of m6A writer and reader impair the enhancer activation, eRNA transcription, and subsequent target gene activation. Mechanistically, YTHDC1 can phase-separate into liquid-like condensates and co-assemble into BRD4 transcriptional condensates, while m6A-eRNAs presence augments the size of condensates. Concordantly, either perturbation of YTHDC1 levels or its condensate formation ability attenuates BRD4 recruitment to enhancers and BRD4 condensate formation.
In addition to m6A modification, enrichment of 5-methylcytosine (m5C) marked eRNAs were found at a set of enhancers upon metabolic stress (Aguilo et al., 2016). Under this circumstance, the interaction between PGC-1a and the NOP2/Sun RNA methyltransferase 7 (NSUN7) is essential in instructing m5C deposition on eRNAs.
eRNAs and transcriptional condensates
Recent studies have shown liquid-liquid phase separation (LLPS) occurs at super-enhancers, which compartmentalizes crowded transcription regulators (e.g., TFs, transcriptional co-activators, RNA Pol II, and RNA) and promotes the formation of transcriptional condensates (Hnisz et al., 2017; Boija et al., 2018; Cho et al., 2018; Sabari et al., 2018; Shrinivas et al., 2019). Considering the established multivalent interactions between eRNAs with a myriad of factors (e.g., TFs, chromatin modifiers, DNA, RNA), eRNAs could potentially play a broad role in the formation of transcriptional condensates at enhancers (Roden and Gladfelter, 2021). Nair et al. (2019) recently reported an indispensable role of eRNA in controlling the assembly of MegaTrans complex at the ligand-activated enhancers, which exhibit properties of phase-separated components. Intriguingly, the complex components include several transcription factors (e.g., GATA3, ERα, RARA, FOXA1, AP2γ), which harbor intrinsically disordered regions (IDRs). The authors demonstrated two of them, GATA3 and ERα, are capable of liquid phase condensation at enhancers. Depletion of eRNA affects the diffusion properties of MegaTrans components, thus abolishing the full assembly of MegaTrans at the cognate enhancer. Notably, chronic enhancer activation alters the physicochemical properties of this enhancer RNA-dependent ribonucleoprotein (eRNP) complex to a more gel-like state. This study provides compelling evidence showing eRNAs directly contribute to the formation of phase-separated condensates and enhancer activation.
Based on current findings, we can extrapolate eRNAs play a broad role in controlling the formation, dissociation, and dynamics of transcriptional condensates at enhancers and/or cognate promoters via scaffolding multivalent interactions between condensate components (Maharana et al., 2018; Henninger et al., 2021; Quinodoz et al., 2021; Roden and Gladfelter, 2021). First, eRNAs may have a role in contributing to the formation of transcriptional condensates. Many eRNAs-interacting protein partners, as mentioned above, harbor IDRs that are essential in the induction of phase separation. For example, eRNAs interact with MED1 and BRD4, the IDRs of which have been demonstrated to foster super-enhancer formation through phase separation (Cho et al., 2018; Sabari et al., 2018). eRNAs also interact with P-TEFb and the recent finding supports the promoting role of CCNT1, a component of P-TEFb, in phase separation via its histidine-rich domain, which subsequently compartmentalizes RNA Pol II C-terminal domain (CTD) into CCNT1 droplets to ensure CTD hyperphosphorylation and transcription elongation (Lu et al., 2018). In addition to TFs and co-activators, increasing evidence has shown RBPs pervasively bind to regulatory elements and mediate the phase separation (Xiao et al., 2019a; Shao et al., 2022). Shao et al. discovered one RBP PSPC1 exhibits liquid-like properties and the presence of RNA augments the PSPC1-mediated transcriptional condensates that compartmentalize the CTD for enhanced phosphorylation. The low-complexity sequences (LCS) and RNA recognition motifs (RRMs) of PSPC1 are the prerequisites for the synergistic interplay between PSPC1 and RNA, the resultant PSPC1 chromatin binding and phase separation. Remarkably, the discovery that chrRBPs tend to co-occupy at regulatory regions, such as super-enhancers and promoters, provides a chance that diverse RBPs act collaboratively, in synergy with RNAs from these regulatory elements, in promoting the formation of transcriptional condensates. Second, eRNAs may not only engage in the formation but also regulate the dissociation and composition of transcriptional condensates. Maharana et al. proposed that RNA concentration determines distinct phase separation behaviors: higher RNA concentration impedes phase separation of RBPs in the nucleus, while lower RNA concentration facilitates aggregation (Maharana et al., 2018). Consistently, Henninger et al. (2021) recently reported low levels of RNA generated due to transcription initiation at regulatory elements, including eRNAs, promote condensate formation, whereas high production of RNAs during transcription elongation results in condensate dissolution. Considering the majority of eRNAs are short, unstable, and lowly expressed, eRNAs more likely partaken in the formation of transcriptional condensates. Interestingly, a recent work revealed nascent RNAs primarily impede the association of diverse categories of proteins with chromatin, including transcriptional regulators and chromatin modifiers (Skalska et al., 2021). RNA directly binds to these factors, and in turn blocks their binding to nucleosomes, suggesting an antagonistic relationship between their RNA- and chromosome-binding. Whether these proteins contribute to the formation of phase-separated condensates awaits further investigation. In addition, the phosphorylation status of RNAPII CTD affects the compartmentalization of RNAPII into distinct condensates (Guo et al., 2019). As eRNAs are proven to interact with protein components from different condensates (e.g., Mediator complex and RBPs involved in RNA processing and splicing), they are likely to influence the dynamic exchange of RNAPII between different condensates.
CONCLUSION
Despite the substantial progress of eRNA studies, much more efforts are warranted in delineating their functions and underlying mechanisms, considering the heterogenous nature in terms of their expression, length, secondary structures, and post-transcriptional modifications. For instance, our understanding of eRNA structures is poorly explored. To tackle this situation, more structural studies (e.g., SHAPE-MaP) are anticipated to uncover intramolecular secondary structures crucial for distinct properties of eRNAs. Equally important is the cataloging a more comprehensive list of eRNA binding partners (e.g., RBPs). Analyses of such data can provide insights into how eRNAs interact, and whether common sequence motifs or structural features of eRNAs exist conferring the interaction specificity. It will be also important to further explore the recently identified intermolecular RNA-RNA interactions and RNA-chromatin interactions, which present an intriguing possibility that eRNAs potentially participate in nuclear compartmentalization (Cai et al., 2020; Quinodoz et al., 2021). Besides, the existence and functions of epitranscriptomic modifications on eRNAs, such as m6A, m5C, hydroxymethyl cytosine (5hmC), and methyl-1-adenosine (m1A), need to be further explored. One trending direction is to demystify the regulatory feedback from these chemical modifications on nascent RNAs (including eRNAs) to chromatin and transcription. As mentioned above, pieces of evidence point to the involvement of eRNAs in phase-separated transcriptional condensates. Multivalent interactions mediated by eRNAs, e.g., RNA-RNA, RNA-protein, RNA-DNA interactions, render them great potential in mediating phase separation (Figure 2C). Several important questions need to be addressed in the future. How do eRNAs contribute to the formation of transcriptional condensates and what features are important (e.g., length, motifs, secondary structures, intermolecular RNA-RNA interactions, and post-transcriptional modifications)? Do eRNAs regulate the transition from transcription initiation into elongation condensates? In addition, the linkage is largely unclear between eRNA-involved transcriptional condensate formation and higher-order 3D genome organization. Finally, functional investigations are required to delineate the roles of eRNAs in disease entities (Zhang et al., 2019; Chen and Liang, 2020) and to dissect how the altered eRNA features favor disease development. Answers to these questions will provide deeper insights not only into eRNA functions and regulatory mechanisms but also into eRNA-centric therapeutic strategies.
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Erastin-induced ferroptotic
cysteine transport

Glutamine metabolism in the
antioxidant system

m6A reader-YTHDF2

m6A eraser-FTO

mCA writer-METTL14

m°A writer-METTL14; m°A

reader-YTHDF2

m6A writer-METTL3; m6A
reader-YTHDF1

m°A writer-METTL4; m6A

reader-YTHDF1; m6A
eraser-FTO

m6A reader-YTHDF1; m6A
eraser-FTO

m°A reader-NKAP

m6A eraser-ALKBHS5

m5C writer-NSUN5

A-to-] editing writer-ADAR

BPQDs increase the global m6A level and
decrease ALKBHS to promote ferroptosis-related
pathways

In-house GNRa-CSP12 sensitized AML cells to
TKIs by FTO-m¢A hypomethylation on GPX4 to
promote ferroptosis

Doxorubicin induced METTL14 and IncRNA
KCNQIOTI to inhibit miR-7-5p, triggering the
TERC increase to promote ferroptosis

METTLL4 suppression in SLC7A11 and
thereafter degradation relied on the YTHDF2-
dependent pathway were observed under hypoxia

METTL3 modifies the m°A level in SLC7A11 by
recruiting YTHDFI to promote ferroptosis in
LUAD.

METTLA upregulation and FTO downregulation
increase global m°A level in BECNI mRNA that
originally inhibit SLC7A11, and the

YTHDFI increase promotes BECNI stability to
inhibit cysteine intake and promote ferroptosis in
HSCs

DHA downregulated FTO to increase m°A in
BECN1 mRNA, leading to YTHDF1-dependent
enhanced stability to inhibit

SLC7A11 cysteine-glutamate exchange,
promoting HSC ferroptosis

NKAP binds to m*A in SLC7AL1 transcripts and
promotes transcriptional splicing and maturation
to suppress ferroptosis in glioblastoma cells

CircRNA cIARS interacts with ALKBHS to

positively regulate ferritinophagy in SF-treated
HCC cells

NSUNS downregulation is correlated with
reduced m°C in FTHI/FTL, contributing to
ferroptosis

ATXNSOS was found to interact with ADAR and
downstream interaction with ferroptosis-related

targets is suspected to mediate ferroptosis. These
targets include GLS2

Ruan et al.
(2021)

Du et al.
(2021)

Zhuang et al.
(2021)

Fan et al.
(2021)

Xu et al.
(2022)

Shen et al.
(2021)

Shen et al.
(2022)

Sunet al.
(2022)

Liu et al.
(2020)

Liu et al.
(2022)

Luo et al.
(2022)
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Gene Substrate
type

ADART promoting cancer
AZINY Coding gene
BLCAP Coding gene
NEIL1 Coding gene
GLi Coding gene
GA2 Coding gene
CDK13 Coding gene
FAK Intron
ARHGAP26 3 UTR
DHFR 3'UTR
miR-200b MIRNA
MIRNA-149-3p  MRNA
LINC00944 LncRNA
PCA3 LncRNA
CireNEIL3 CircRNA
CircARSPO1 CircRNA

hsa_circ_0004872  CircRNA

ADAR1 suppressing cancer

GABRA3 Coding gene
CONI Coding gene
DFFA 3'UTR
MiR-455-5p MIRNA
miR-378a3p  MRNA
miR-222 MIRNA

Editing residues

S/G

Y/IC
Y/C; QR; KR
KR
RG

NA®
QR

Intron
3 UTR

3 UTR
MIRNA
MIRNA
LncRNA
Duplex with
PRUNE2
CircRNA
CircRNA
CircRNA

™
RG
3'UTR
MIRNA
MIRNA
MIRNA

Cancer

LHC*
ESCC*
NSCLC*
CRG?

LIHC?
CESC*
MM?
MM?

LHC*
T

LUAD*
BRCA*
BRCA*
TC*
MM?
BRCA*
PRAD?®

PDAC*
LHC*
GC*

BRCA®
MEL®
BRCA®
MM?
MM?
MM?

Hallmark

Growth, colony formation, invasion, migration

Growth, colony formation, invasion, migration,

sterness

Prolferation, invasion, migration
Invasion, migration

Growth, metastasis, colony formation
Growth, colony formation, seff-renewal

Invasion, migration
Prolferation, viabiity, invasion

Growth, metastasis, colony formation
Growth, malignant transformation
Prolferation

Prolferation, invasion, migration
Prolferation, growth

Growth, colony formation

Growth, adhesion, migration

Prolferation, metastasis
Growth
Metastasis, colony formation

Migration/invasion

Activates of TIL

Invasion

Growth, metastasis

Invasion, migration

Growth and metastasis, invasion

References
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Qin et al. (2014)

Hu et al. (2017)

Shigeyasu etal. (2018), Takeda etal. (2019)

Hu et al. (2015)

Chen W et al. (2017)
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(2017)

Yuet al. (2019)
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Nakano et al. (2017)
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You et al. (2015), Shi et al. (2017)
Ma et al. (2020)

Gumireddy et al. (2016)
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"NA, not available; LIHC, liver hepatocelular carcinoma; ESCC, esophageal squamous cell carcinoma; NSCLC, non-small-cell lung cancer; CRC, colorectal carcinoma; CESC, cenvical
squamous cellcarcinoma and endocervical adenocarcinoma; MM, multiple myeloma; TC, thyroid cancer; LUAD, lung adenocarcinoma; BRCA, breastinvasive carcinoma; PRAD, prostate
adenocarcinoma: PDAC, pancreatic ductal adenocarcinoma: GC, gastric cancer: MEL, melanoma.
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Cancer type

Molecular event

Acute myeloid leukemia  FTO-mPA-ASB2/RARA Li et al. (2017)

Breast cancer

Colorectal cancer

Gastric cancer
Glioblastoma

Liver cancer
Lung cancer
Lymphoma
Multiple myeloma

Ovarian cancer

FTO-mPA-MYG/CEBPA Su et 4. (2018)
ALKBHS5-mPA-NANOG Zhang et al. (2016)
METTL14-m°A-DROSHA Peng et al. 2021)
METTL3-mP°A-GLUT1-mTORC1 Chen et al. (2021)
YTHDF1-m°A-ARHGEF2 Wang et al. (2022)
YTHDF1-m°A-TCF7L2/TCF4-p-catenin Han et al. (2020)
YTHDF1-m°A-FZD7-Wnt/p-catenin Pi et al. (2021)
YTHDF2-m°A-MYC-IGFBP3 Dixit et al. (2021)
ALKBHS5-mPA-FOXM1 Zhang et al. (2017)
METTL3/METTL14-m°A-ADAM19 Cuii et al. (2017)
METTL3-mPA-SRSF Li et al. (2019)
YTHDF2-m°A-OCT4 Zhang et al. (2020)
METTL14-m°A-HNF3y Zhou et al. (2020)
FTO-mPA-TGF-B2 Zhou et al. (2020)
ALKBHS5-m°A-Nanog/Oct4 Liu et al. (2022)
WTAP-m°A-HK2 Han et al. (2021)
ALKBHS/FTO-m°A-SPI1/PHF12 Wu et al. (2021)
FTO-mPA-HSF1 Xu et al. (2022)
ALKBHS5-mPA-TRAF1 Qu et al. (2022)
FTO-mPA-PDE1G/PDE4B Huang et al. (2020)
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Gene

Fas_

Capn2

Caspl2

Mef2a

Casp7

Jun

Pdia3

Tnnt2

Adrbl

Agtrla

Forward
and reverse primer

tagecagtacegtagtgegtgACAGCCCAGATCCACAGCATG
5phos/CTGCAGCAAGGGAAAACAGCeagaggetgagtegetgeat
tagecagtacegtagtgegtgCCCCTCGGCCGCTTCGCGG
5phos/CCTTGGCCAGCTTTATCGCGATGCeagaggctgagtegetgeat
tagecagtacegtagtgegtgGTCATCAAAAACCCCATCCAGCATG
5phos/CCTTGGCCAAACCTTTGATCT cagaggetgagtegetgeat
tagecagtacegtagtgegtgGCTGCTGGAGCTGCTCAGACTG
5phos/CCACAGGGGAGCGCCCCeagaggetgagtegetgeat
tagecagtacegtagtgegtgGAGCCTGGCTCCAATCACCATAG
5phos/CCATGGTTCTAGTCTCTAGAAGGCTGCeagaggetgagtegetgeat
tagecagtacegtagtgegtgCCCGGCCACTTGTTACCGG
5phos/CCTCTGGGTCAGGAAAGTTGCTGeagaggetgagtcgetgeat
tagecagtaccgtagtgegtgTGGTTTTGCCTTCTCTGGTGTAAGAG
5phos/CCTTTTATAAAGTGGTGCA'
tagecagtacegtagtgegtgGACTGCACACAGGTCTTGAGGTATCTG
5phos/ TCAGCCTCAGCAGGGACTGGCeagaggetgagtegetgeat
tagecagtacegtagtgegtgCGTCCAGGCTCGAATCGCTG
5phos/CCACAGTGGTTGTCCCGCCT cagaggetgagtegetgeat
tagecagtacegtagtgegtgGTCCTTTGGTCGTGAGCCATTTAG
5phos/CCGATGCTGCCCTGGTTTC Teagaggetgagtegetgeat

'GGCTcagaggetgagtegetgeat
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Gene

Forward
and reverse primer

Fas

Caspase-12

Mef2a

Jun

Tnnt2

Agtrla

F: 5'-AACATGGAACCCTTGAGCCA-3'

R55' AGGCGATTTCTGGGACTTTGT 3'

E:5' -TGCGAGTTTCATCCTGAACAAGGCTG 3'
R55' -AACACCAGGAATGTGCTGTCTGAGGACT 3'
E:5' GGTGGTGGCAGTCTTG 3

R:5' TATCCTTTGGGCATTCA 3

F:5' CGCACGCTCCTAAACAAACT 3/

R:5" GTCATAGAACGGTCCGTCACTT 3/

F:5' GCCCACATGCCTGCTT 3'

R55' CACCTCCTCGGCGTCA 3'

F:5' CTGAGGTGGAGTGACAGGTT 3/

R5' TITGGTCGTGAGCCATTTA 3
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Gene Pattern Chromosome m°A level change mRNA level change
name

Peak region Peak Peak fold_enrchment  diff.  Strand log2FC p value

start end Ig.p

Caspl2 Hyper- 9 CDs 5345459 5346656 172 -9.81 + ~127477  0.000628688
down

Capn2 Hyper- 1 five_prime_utr 182517278 182517608  22.6 -6.37 - ~0.30561  0.032386574
down

Fas Hyper- 19 CDs 34290658 34309091 179 -173 + ~103262 0002731876
down

Casp7 Hypo- 19 three_prime_utr 56441600 56441809  3.37 -2.04 + ~0.53649 0022176301
down

Jun Hypo- 4 CDS 95049867 95052222 349 -145 - -0.98579  5.99E-08
down

Pdia3 Hypo- 2 three_prime_utr 121435993 121437910 3.93 -447 + ~050359  0.005265144
down

Tnnt2 Hyper-up 1 exon 135836353 135836534 241 -8.85 + 0730282 0.001676025

Mef2a Hyperup 7 five_prime_utr 67349856 67372858 2.8 -5.61 - 0439723 0005269679

Adrb1 Hypo-up 19 CDs 56723142 56724091 727 -532 + 0530445 0.01782968

Agtrla Hypo-up 13 CDs 30381099 30382388 14.5 -1.97 + 05337 0.033615285
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