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Abstract

:

N6-methyladenosine (m6A) methylation is a type of methylation modification discovered on RNA molecules, mainly on mRNAs, as well as on other RNAs. Similar to DNA methylation, m6A methylation regulates the post-transcriptional expression level of genes without altering their base sequences. It modulates gene expression mainly by affecting the binding of mRNAs to reader proteins, thereby regulating variable splicing, translation efficiency, and stability of mRNAs. Early in the research, the study of m6A-related biological functions was greatly hindered due to the lack of effective detection methods. As second-generation sequencing and bioinformatics develop, several methods have been available to detect and predict m6A methylation sites in recent years. Moreover, m6A methylation is also closely related to the development of lipid metabolism, as shown in current studies. Combined with recent research, this paper reviews the concept, detection, and prediction means of m6A methylation, especially the relationship between m6A and lipid metabolism, providing a new clue to enrich the molecular mechanism of lipid metabolism.
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1. m6A Methylation of RNA


1.1. Concepts Related to m6A Methylation


Early in the 1970s, Desrosiers first proposed RNA-N6-methyladenosine (m6A) methylation as a new type of epigenetic modification [1], that is, a methyl substituent is inserted into the N atom at position 6 of adenosine. This only occurs in a small fraction of fragments containing DRACH (D = A/G/U, R = A/G, H = A/C/U) motif sequences, mainly in the CDS region and 3′UTR region of mRNAs [2]. Numerous studies have shown that m6A methylation plays a crucial role in nearly every stage of RNA’s life cycle, including maturation and degradation. Additionally, it contributes to mRNA processing, splicing, export from the nucleus to the cytoplasm, translation, and decay. M6A methylation modifications are reversible and dynamic in nature, and mainly involve three types of regulators: methyltransferase (writer), demethylase (eraser), and reading protein (reader). Among them, the writer catalyzes the m6A modification of adenosine on mRNAs, the eraser demethylates bases that have undergone m6A modification, and the reader identifies bases that have undergone m6A modification so that they can participate in downstream regulatory pathways, such as RNA translational degradation [3].



1.1.1. Methyltransferase-Mediated m6A Methylation Modification


Methyltransferase, or “writer,” mainly catalyzes the m6A modification of mRNA bases, and its members include methyltransferase-like 3/14/5/16 (METTL3/14/5/16), Wilms tumor 1-associating protein (WTAP), KIAA1492, and Zinc Finger CCHC-Type Containing 4 (ZCCHC4). METTL3, the first discovered core methyltransferase subunit, plays an important role in m6A methylation. In addition, it acts as a releasing agent in the cytoplasm, promoting the translation of m6A-modified mRNAs, a process independent of its methyltransferase activity [4]. WTAP and KIAA1492 assist in m6A methylation modifications of mRNAs. WTAP helps localize the METTL3/METTL14 complex by interacting with them to bind to the optimal substrates. KIAA1492 recruits methyltransferase components (METTL3, METTL14, and WTAP) and catalyzes them to specific RNA regions [5]. Notably, METTL5, METTL16, and ZCCHC4 all perform independent catalytic functions. For instance, METTL5 can catalyze m6A modification of some structural RNAs, such as 18S rRNA, 28srRNA, and snRNA. In addition to binding U6 snRNA, ncRNAs, and pre-mRNAs [6], METTL16 can directly catalyze the m6A modification of mRNAs in the nucleus, especially nascent mRNAs, such as MALAT1, XIST, and MAT2A [7]. Among the key independent RNA methylation enzymes, ZCCHC4 targets ribosomal subunits and plays an important role in translation as well as cell proliferation. In addition, other members of the writer’s family, including Vir-like m6A methyltransferase-associated (VIRMA), RNA binding motif protein 15 (RBM15), and RNA binding motif protein 15B (RBM15B), have been shown to be capable of methylating modifications of adenosine (Figure 1) [8].



Methyltransferase is also responsible for the methylation of m6A. METTL3 and METTL14 usually form a complex, which is then combined with WTAP to locate. KIAA1492 is another auxiliary catalytic enzyme. ZCCHC4, METTL5, and METTL16 play independent catalytic functions on ribosomal subunits, structural RNA, and snRNA, respectively.



Studies have shown that methyltransferase-mediated m6A modifications, particularly METTL3 and METTL14, are associated with the occurrence of a variety of cancers, including gastric, prostate, breast, colon, pancreatic, kidney, mesothelioma, sarcoma, and leukemia. Among them, gastric cancer (GC) is the fifth most prevalent type of cancer and the third leading cause of cancer-related death worldwide [9]. A recent study showed that the H3K27ac modification of METTL3 in the promoter region is regulated by p300, which in turn induces transcriptional activation of METTL3 and catalyzes the m6A modification of GC-associated HDGF genes. This enables IGF2BP3 to directly bind the m6A site on HDGF, maintaining gene stability and accelerating the progression of GC [4]. Furthermore, METTL3 promotes GC angiogenesis and progression through the m6A-YTHDF2-dependent pathway to reduce the stability of ADAMTS9 mRNA by activating the PI3K/AKT signaling pathway [10].



There is strong evidence that METTL3 also promotes breast cancer cell proliferation and is associated with poor clinical outcomes in breast cancer patients when METTL3 is highly expressed. METTL3 interacts through the hepatitis B virus X protein (HBXIP), which can suppress METTL3 expression by affecting the binding of METTL3’s 3′UTR and miRNA-let-7h, thus promoting cell proliferation. Meanwhile, METTL3 promotes the expression of HBXIP through m6A modification, forming a positive feedback regulatory mechanism among HBXI, let-7h, and METTL3, to promote the proliferation of breast cancer cells [11]. METTL3 has also been suggested as a new potential target for metformin in the treatment of breast cancer. This is because metformin reduces m6A modifications of METTL3 by targeting miR-483-3p, thereby upregulating the expression of p21. In turn, it inhibits the proliferation of breast cancer cells [12]. Wu et al. revealed that the specific binding of Lnc942 to METTL14 protein enhances METTL14 activity. By upregulating the m6A methylation levels of downstream target genes C-X-C Motif Chemokine Receptor 4 (CXCR4) and CYP1B1, the mRNA stability and expression of these genes are enhanced, which ultimately promotes the proliferation and progression of breast cancer cells [13].



As for renal cell carcinoma, METTL3 increases the level of m6A methylation in the 5′UTR of ABCD1, directly enhancing the expression of ABCD1 protein level and promoting the occurrence of renal tumorigenesis. Interestingly, the mRNA levels of ABCD1 do not alter during this process [14]. Chen et al. demonstrated that METTL14 regulates the stability of TRAF1 mRNA through m6A-IGF2BP2, which in turn increases TRAF1 expression levels and induces apoptosis and angiogenesis in cancer cells [15].



METTL3 and METTL14 have also been shown to play potential roles in colorectal cancer (CRC) progression. According to Chen et al., METTL3 catalyzes m6A methylation of BHLHE41, thus promoting expression at the protein level and forming the m6A-BHLHE41-CXCL1/CXCR2 pathway to suppress anti-tumor immunity to promote cancer [16]. In addition, Yu et al. demonstrated that METTL3 can directly bind to the m6A site of the PLAU RNA 3′UTR, form the MAPK/ERK pathway, and upregulate PLAU mRNA through m6A modification, thereby promoting angiogenesis and metastasis of colorectal cancer [17]. METTL3 also serves as a functional clinical oncogene in an m6A-dependent manner to promote cancer progression [18]. Additionally, based on the study of Chen et al., METTL14-dependent m6A methylation regulates DGCR8 processing of pri-miR-375, accelerates maturation of miR-375, and establishes the METTL14-miR-375-YAP1 pathway, thereby inhibiting CRC progression [19].



There are several other methyltransferases associated with cancer. Gong’s group revealed that lncRNA ZNF582-AS1 can inhibit the m6A modification level of mitochondrial MT-RNR1 (DNA12SrRNA) by reducing the expression level of methyltransferase A8K0B9 protein. Accordingly, MT-RNR1 expression is suppressed, leading to mitochondrial dysfunction and inhibiting the growth of renal cell carcinoma, cells, and invasive metastasis [20].




1.1.2. Demethylase-Mediated Methylation Modification


There are only two known demethylases, α-ketone glutarate (α-KG)-dependent dioxygenase and fat mass and obesity-related proteins (FTO) and AlkB Homolog 5 (ALKBH5). Their main function is to remove methylation modifications from m6A that have already occurred (Figure 2). FTO is highly expressed in metabolically active organs such as the brain and fat and affects internal m6A and its modification in the 5′ end cap structure [9]. An increasing number of studies have confirmed that FTO plays an important regulatory role in lipid metabolism. A typical example is that FTO can mediate RNA demethylation, inhibit hepatocyte mitochondrial function, and promote hepatic lipid accumulation [21]. Apart from that, FTO-dependent m6A demethylation promotes adipocyte differentiation and participates in the differentiation and transformation of adipose tissue by downregulating levels of miR-130 and miR-55, thereby upregulating C/EBPβ expression in preadipocytes [22]. Particularly, FTO can directly upregulate C/EBPβ levels to inhibit the differentiation of adipose tissue into brown adipose tissue [23]. According to Lee et al., FTO-dependent demethylation promotes lipogenesis by targeting miR-130 to upregulate the level of peroxisome proliferator-activated receptor γ (PPARγ) [24]. A number of other processes, including lipid metabolism in macrophages and skeletal muscle, are also regulated by FTO (Figure 2) [25]. Based on existing research, we speculate that FTO-mediated m6A modification is closely related to lipid metabolism and is expected to be an important molecular mechanism regulating lipid metabolism. At this stage, however, comprehensive and thorough studies are needed to fully elucidate the specific regulatory mechanisms by which FTO regulates various processes of lipid metabolism. Besides, it is substantiated that FTO-mediated demethylation could be a potential regulatory mechanism in cancer. FTO was found by Niu et al. to be highly expressed in breast cancer and its expression is negatively associated with prognosis [26]. As reported by RUAN et al., under hypoxic conditions, ubiquitination of FTO mediated protein degradation is accelerated and its protein levels are inhibited. Meanwhile, FTO reduces mRNA stability by targeting MTA1, thus inhibiting CRC metastasis [27].



Another identified m6A demethylase, ALKBH5, can regulate mRNA export and RNA metabolism [29]. Numerous studies have shown that ALKBH5 is essential for metastasis of cancer cells. In gastric cancer, ALKBH5 downregulates the expression of PKMYT1 in an m6A-dependent manner, and IGF2BP3 helps stabilize PKMYT1 mRNA by recognizing its m6A modification site, forming the ALKBH5-PKMYT1-IGF2BP3 mechanism of gastric cancer metastasis [30]. Additionally, it promotes invasion and metastasis of GC by reducing the methylation of lncRNA NEAT1 [31]. In breast cancer, ALKBH5 upregulates the expression of NANOG by regulating the m6A site on NANOG, thus promoting metastasis of breast cancer [32]. Furthermore, ALKBH5 was found by TAN et al. to stabilize AURKB RNA in an m6A-dependent manner, thereby exerting an oncogenic effect in renal cell carcinoma [33]. However, studies related to the regulation of lipid metabolism by ALKBH5 have been inadequately explored.




1.1.3. Reading Protein-Mediated m6A Methylation Modifications


The m6A reader proteins are composed of YTH functional domain family proteins (YTHDF1-3), YTH functional domain-containing proteins (YTHDC1-2), insulin-like growth factor 2 mRNA-binding proteins (IGF2PBs), and heterogeneous nuclear ribonucleoproteins (HNRNPs, including HNRNPA2/B1, HNRNPC, and HNRNPG). In the cytoplasm, YTHDF1/YTHDF3 can promote mRNA translation after recruiting translation initiation factors by recognizing m6A, while YTHDF2 promotes mRNA degradation by binding m6A [34]. Additionally, YTHDC1 can regulate the mRNA splicing process by recruiting splicing factor 3 (SRSF13) and blocking the binding of splicing factor 10 (SRSF10) to the nuclear site, which in turn facilitates mRNA translocation from the nucleus to the cytoplasm [35].



YTHDC2, the only protein in the YTH structural domain family that contains a decapping enzyme, regulates the stability of m6A mRNAs by recognizing modifications of methylated m6A and recruiting RNA degradation factors. Moreover, it links m6A-modified mRNAs with ribosomes, facilitating their efficient translation. Unlike YTHDC2, after obtaining m6A modification, HNRNPA2/B1, rather than acting as a direct “reader” of the m6A modification, opens the secondary structure of RNA and promotes recognition of the recognition proteins. In addition, HNRNPA2/B1 recognizes the m6A modification site of pri-miRNAs and accelerates their processing by recruiting the microprocessor complex Drosha-DGCR8 [35]. It is noteworthy that unlike other reader proteins, this process occurs in the nucleus (Figure 3).



It is found that YT521-B homologous structural domain family protein 1 (YTHDF1), an m6A-modified reading protein, plays an essential role in transcription and translation, immune escape, epithelial mesenchymal transition (EMT), and chemoresistance in tumors [36]. In addition to contributing to gastric carcinogenesis by promoting the translation of USP14 and FZD7 proteins in an m6A-dependent manner [37], YTHDF1 has also been testified to promote breast cancer metastasis by recognizing and binding m6A-modified Forkhead Box M1 (FOXM1) mRNAs, thereby accelerating the translation process of FOXM1. In contrast, overexpression of FOXM1 in breast cancer cells could partially reverse the tumor suppressive effect caused by YTHDF1 silencing [38]. In addition, Han et al. found that YTHDF1 recognizes m6A-modified FZD9 and promotes its translation, leading to aberrant activation of Wnt/β-catenin signaling, enhancing the tumorigenicity and stem cell-like activity of CRC [39].



Taken together, m6A methylation regulates the expression of proto-oncogenes or oncogenes, thus affecting cancer development, metastasis, and invasion. The specific process is to first identify the m6A regulators that trigger abnormal methylation levels in cancer and verify their roles in cancer cells. The following steps are combined with the methylation site prediction method to identify target genes and explore their positive or negative regulatory effects on target mRNAs before the final formation of the m6A-regulator-target gene axis. Another conclusion is that there is an interaction between non-coding small molecule RNAs and m6A methylation modifications in cancer. Taking miRNAs as an example, m6A can regulate their processing and maturation to perform cancer-promoting or cancer-suppressing functions. In turn, miRNAs can target m6A regulators to achieve regulation of methylation levels. Moreover, m6A-modified reader proteins (YTH proteins) have been shown to directly regulate lncRNAs’ molecular functions. Similar to miRNAs, lncRNAs can also directly affect m6A levels. Except for this, circRNAs can also serve as targets for m6A methylation modification, although their feedback on m6A modification is less studied. Based on the property that circRNAs act as miRNA sponges in cancer, Ma et al. proposed that circRNAs could be indirectly involved in the regulation of m6A methylation levels, but this still remains to be tested [40]. Previous studies proved that regulators or inhibitors of m6A modification may provide potential therapeutic strategies for cancers.



As a nonsteroidal anti-inflammatory drug, Meclofenamic acid (MA) acts as an FTO inhibitor by competing with the FTO binding site, while MA2, an ethyl ester derivative of MA, increases m6A modification and inhibits tumor progression [41]. SPI1 is a hematopoietic transcription factor that directly inhibits METTL14 expression in malignant hematopoietic cells and may be a potential therapeutic target for acute myeloid leukemia [42]. As an enzyme-specific inhibitor of METTL3, STM2457 shows better oncogenic effects as well as less toxic side effects, revealing promise in the clinical treatment of acute myeloid leukemia [43]. The Wnt signaling program has been shown to promote cancer metastasis. Recent studies have found that in cancer cells with low FTO levels, m6A was enriched in mRNAs belonging to the Wnt signalling program. And through clinical trials, they found that cancer cells or tumours with reduced FTO levels and enhanced Wnt activity were more sensitive to Wnt inhibitors [44]. Collectively, m6A methylation is expected to be a potential target for cancer diagnosis, metastasis identification, and therapy. Meanwhile, the design of small molecules based on m6A regulators also provides new perspectives for cancer intervention, radiotherapy, chemotherapy, and other related fields. Therefore, there is an urgent need for researchers to thoroughly explore the relationship between m6A and cancer, and to improve related strategies to serve cancer diagnosis and clinical treatment.





1.2. Detection of m6A Methylation


Direct detection of m6A methylation bases is difficult because m6A methylation base pairing remains constant and cannot be distinguished from regular bases by reverse transcription. Several tools have been developed successively to predict m6A methylation sites, including the following:



Scilab v1.1SRAMP, software at http://www.cuilab.cn/sramp/ (accessed on 20 February 2016) [45];



Scilab v1.1iRNA-Methyl, software at http://lin.uestc.edu.cn/server/ (accessed on 24 August 2015) [46];



Scilab v1.11 iRNAm5C-PseDNC, software at http://www.jci-bioinfo.cn/iRNAm5CPseDNC (accessed on 20 June 2017) [47];



Scilab v1.1m6A MRFS, software at http://server.malab.cn/M6AMRFS/ (accessed on 25 October 2018) [48];



Scilab v1.1m6APred-EL, software at http://server.malab.cn/M6APred-EL/ (accessed on 7 September 2018) [49];



Scilab v1.1Deep m6A Seq, eq, software at https://github.com/rreybeyb/ (accessed on 31 December 2018) [50];



On the other hand, commonly used techniques for detecting m6A include methylated RNA immunoprecipitation sequencing (MeRIP-seq), m6A individual-nucleotide-resolution crosslinking and immunoprecipitation (miCLIP-seq), liquid chromatography-tandem mass spectrometry (LC-MS/MS), etc.



1.2.1. Introduction of MeRIP-Seq


As the most commonly used method for m6A methylation detection, MeRIP-seq identifies m6A methylation levels at the whole transcriptome level. RNA-specific enrichment and interruption are first achieved by RNAs fragmentation reagents (Thermo, Waltham, MA, USA). After enriching the enriched mRNAs with m6A antibodies, their fragments are purified, sequentially reverse transcribed, and PCR amplified to construct a high-throughput sequencing library (IP). Furthermore, a normal transcriptome library (input) is constructed separately as a control to reflect the abundance of the base RNAs. Finally, the two sequencing libraries are sequenced together to obtain an m6A map of the whole transcriptome following biological analysis (Figure 4) [51].



This technique has been extensively used to study m6A modifications because it is easy, fast, and relatively inexpensive. It enables the qualitative analysis of mRNA regions undergoing hypermethylation. Wang et al. detected 9085 m6A methylation peaks by performing MeRIP-seq analysis on the transcriptome of velvet goat skin tissue. The transcriptome and differential peaks were then combined to screen out 19 differentially expressed genes that contain RNA methylation modifications associated with velvet growth [52]. In addition, MeRIP-seq has been widely used as an assay for investigating the mechanisms related to cancer regulation by measuring m6A methylation modifications. Yang et al. identified m6A modifications in the EOC transcriptome of endometrial ovarian cancer by MeRIP-seq for the first time and described methylated m6A to modify differentially expressed genes. This provides a new direction for the underlying molecular mechanisms and signaling pathways of EOC development [53]. During a comprehensive analysis of mRNA m6A modifications in human colorectal cancer, Li et al. conducted a combined analysis by MeRIP-seq and RNA-seq to predict RNA-binding proteins and identify methylation-related genes FMR1, IGF2BP2, and IGF2BP3 that may be involved in the development of CRC [54]. At this stage, MeRIP-seq can only identify regions of m6A hypermethylation but cannot realize single-base resolution sequencing.




1.2.2. Introduction of miCLIP


MiCLIP induces mutations during reverse transcription by crosslinking single nucleotides that detect methylated bases at the antibody binding sites. As another widely applied m6A detection technology, like MeRIP-seq, it performs immunoprecipitation using UV crosslinking after completing RNA fragmentation and binding of m6A methylation-modified mRNA fragments using antibody immunomagnetic beads. Next, reverse transcription is performed after digestion with K protein. M6A modifications on the RNA result in highly specific mutations or truncations on the corresponding cDNAs. Finally, co-sequencing of the library is achieved to perform single methyl site detection (Figure 5). Furthermore, miCLIP enables high-resolution detection of individual m6A residues and m6A clustering analysis of the entire RNAs. Using miCLIP, combined with RIP-seq, Liu et al. identified a total of eight m6A sites in the genome at single-base resolution, further verifying that SARS-CoV-2 genomic RNA can dynamically modify m6A, making it a negative regulatory RNA in human and monkey cells [54]. This approach was also employed by Zhao and Liu’s team to address and compare the differences in mRNA m6A modifications in temozolomide-sensitive and drug-resistant glioblastoma GBM tissues [55]. They also probed into the interaction mechanism of m6A modifications and histone modifications in regulating drug resistance in glioblastoma.




1.2.3. Introduction of LC-MS/MS


LC-MS/MS enables the separation of sample components based on multiple migration rates because various substances interact differently with the stationary and mobile phases in the chromatograph. Specifically, after the extraction of total RNA using the NA extraction reagent TRIzol, oligodT magnetic beads are used to enrich mRNA, or the RNA removal kit is used to obtain RNA including mRNA, lncRNA, and circRNA. In the following step, nuclease P1 is used to digest RNA from single strands to individual bases. After several hours, samples are incubated with alkaline phosphatase and ammonium bicarbonate. Ultimately, following the injection of the sample into the liquid chromatograph, the overall methylation of m6A on the mRNA can be calculated using mass spectrometry tandem analysis based on the ratio of m6A to total adenine (Figure 6) [56].



Compared with the previous two methods, LC-MS/MS is able to detect the overall m6A level of RNA but is more suitable for smaller-scale gene detection and cannot pinpoint methylation sites. ZHANG et al. determined the levels of m6A and A in RNAs by electrospray ionization (ESI) in positive ion multiple reaction monitoring (MRM) mode. They successfully applied this method to detect the level of m6A in RNAs of mouse spleen T cells under different treatment conditions. As reported by SHEN et al., LC-MS/MS analysis of m6A methylation glycolysis in CRC patients demonstrated that levels of m6A methylation are significantly higher in CRC patients who ingested higher levels of fluorodeoxyglucose [18].



In addition to conventional methods, some improved assays are also included. One is m6A-label-seq developed by SHU et al., a method to label RNA m6A sites throughout transcriptome by cellular self-metabolism. Using this method, labeled sites can undergo chemical treatment-induced reverse transcription base mutations, which in turn enables single-base resolution determination [57]. The other is the m6A-SEAl technique created by Wang et al. This is the first technology to achieve m6A chemical labeling using FTO enzyme and has been successfully applied to high-throughput sequencing. Due to its high sensitivity and specificity, it has been validated to be suitable for a small number of m6A samples [58].






2. m6A Methylation in Lipid Metabolism


2.1. m6A Methylation Involved in the Regulation of Human Lipid Metabolism


Lipids are essential components of biological membranes and structural cellular units. Mainly used for energy storage and metabolism, they also play a pivotal role in a variety of cellular activities as signaling molecules. In vivo, lipid metabolism refers to the process of digestion, absorption, synthesis, and decomposition of fat with the help of various related enzymes, including the biosynthesis of saturated fatty acids, the extension of fatty acid carbon chains, and the production of unsaturated fatty acids. This process requires the participation of many enzymes, among which acetyl coenzyme A carboxylase (ACC) and fatty acid synthase (FAS) are the key synthases involved in fat synthesis. DGAT1 is mainly responsible for the synthesis of TAG during fat absorption and storage, while adipose triglyceride lipase (ATGL) and hormone-sensitive lipase (HSL) are mainly involved in fat hydrolysis. In addition, stearoyl coenzyme A desaturase 1 (SCD1) catalyzes the conversion of saturated fatty acids into monounsaturated fatty acids, and peroxisome proliferator-activated receptor (PPAR) and sterol regulatory element binding protein-1 (SREBP-1) regulate lipid metabolism.



Several recent studies have indicated that RNA m6A methylation modifications are closely associated with lipid metabolism and human lipid disorders, and m6A can regulate lipid metabolism-related gene expression. As reported by Liu et al., the zinc finger protein 217 (Zfp217) gene upregulates m6A levels of cell cyclin D1 by increasing the expression of m6A methyltransferase METTL3. As a result, the knockout of Zfp217 prevents the amplification process of mitotic clones and induces inhibition of adipogenesis [59]. As Yang et al. proved, overexpression of METTL3/14 upregulates levels of m6A modification, enhances mRNA stability of ACLY and SCD1, and engenders increasing expression levels of ACLY and SCD1 proteins, thereby promoting FA de novo synthesis and lipid accumulation [60]. According to PENG et al., on the other hand, a novel mechanism is revealed by which m6A mRNA methylation modification affects the lipid metabolism of hepatocytes through the regulation of autophagy. Additionally, YTHDF1 binds to the mRNA of the key autophagy gene rubicon mainly through the m6A motif and inhibits its degradation. When rubicon is expressed at high levels, autophagic vesicles are less likely to fuse with lysosomes, leading to reduced degradation of lipid droplets and increased lipid droplet accumulation in hepatocytes via the lysosomal pathway (Figure 7) [61]. Regarding hepatic lipid metabolism, Li et al. revealed that the METTL3-mediated elevated m6A levels on a high-fat diet exacerbate the disorder of hepatic lipid metabolism, manifested by increased subcutaneous fat, hepatic steatosis, and increased total cholesterol in serum. Further studies showed that M6A methylation achieves the regulation of lipid metabolism by affecting the stability of genes related to lipid metabolism, especially Lpin1 mRNA. Interestingly, in the HFD group, METTL3 is mainly involved in fatty acid catabolism as well as oxidation-related genes. In contrast, METTL3-targeted genes are mainly enriched in the sterol synthesis pathway under normal diet conditions. Therefore, researchers propose that METTL3 can simultaneously participate in the bidirectional regulation of lipid metabolism [62]. Another methyltransferase, WTAP, is also shown to be involved in the regulation of lipid metabolism. The deficiency of WTAP induces the expression and secretion of IGFBP1, thus enhancing lipolysis in eWAT and increasing serum FFA, leading to hepatic steatosis. Furthermore, the hepatic WTAP deficiency increases expression of both CD36 and CCL2, thereby enhancing the hepatic uptake capacity of FFA [63].



FTO functions as a major demethyltransferase that directly regulates lipid metabolism and participates in it by removing m6A methylation modifications. Zfp217 regulates m6A mRNA methylation by activating transcription of the m6A demethylase FTO, and couples gene transcription to m6A mRNA modification to promote adipogenesis [64]. FTO was found by Kang et al. to mediate the reduction in m6A methylation levels and enhance the expression of lipid metabolism-related genes FASN, SCD, and MGAT. Meanwhile, it also inhibits lipid transport-related genes MTTP, APOB, and LIPC, which are involved in fatty acid synthesis as well as triglyceride accumulation [65]. As reported by Zhou et al., FTO-dependent m6A demethylation promotes the expression of key SREBP-1c genes to indirectly increase SREBP1-c expression and promote the formation of hepatocytes and lipid droplets [25]. A subsequent study by Wang et al. further verified that NAPDH binds and enhances FTO expression to promote lipid synthesis in 3T3 cells through m6A demethylation [66]. Adipogenesis is also regulated by FTO-mediated mRNA demethylation, which impacts selective splicing of mRNAs during mitotic clonal amplification (Figure 7) [67]. Sun provided novel insights into the epigenetic mechanism of FTO’s function in hepatic lipid synthesis. Specifically, knockdown of FTO significantly increases m6A levels in FASN mRNA and promotes mRNA decay, thereby decreasing FASN mRNA expression. The protein expression of acetyl-CoA carboxylase and ATP-citrate lyase is further reduced, ultimately inhibiting de novo lipogenesis in HepG2 cells [68]. Another important target gene for the function of m6A methylation on hepatic lipid metabolism was demonstrated by Zhong et al. METTL3 promotes the expression of PPARα by positively regulating the m6A modification of PPARα RNA, while YTHDF2 plays the opposite role. By combining the actions of two regulators, PPARα mRNA remains stable, thus regulating lipid metabolism [69]. Similarly, carboxylesterase 2(CES2), which is involved in the regulation of hepatic lipid metabolism, has also been shown to be regulated by m6A modification. Dual knockdown of methyltransferases METTL3 and METTL14 upregulates CES2 expression and then reduces lipid accumulation. However, knockdown of demethyltransferases FTO or ALKBH5 downregulates CES2 expression and achieves lipid increase in HepaRG and HepG2 cells. Furthermore, the reader protein YTHDC2 reduces CES2 mRNA stability by recognizing m6A in the 5′-UTR of CES2 [70].



In addition, m6A plays a role in long-chain fatty acid uptake, just as Zong et al. revealed. Deletion of methyltransferase METTL3 decreases Traf6 expression in the lipopolysaccharide-mediated IPEC-J2 inflammatory response, thereby inhibiting the downstream NF-kB and MAPK signaling pathways and promoting the uptake of long-chain fatty acids (Figure 7) [71]. Xu et al. found that METTL3 increases levels of caprylic, gamma-linolenic, arachidonic, and docosapentaenoic acid by upregulating the expression of the lipid metabolism regulator CYP4F40, thereby reducing free fatty acid FFA-induced steatosis in hepatocytes. In addition, recent studies have shown that m6A in 18S rRNAs can also promote fatty acid metabolism. Specifically, METTL5-mediated alterations in 18S rRNA m6A modification results in impaired assembly of the 80S ribosome and inhibiting translation of mRNAs involved in fatty acid metabolism. In particular, acyl-CoA synthetase long chain family member 4 (ACSL4), a target gene of METTL5, also enhances the regulatory function of METLT5 in promoting lipid metabolism [72].



The figure shows the regulation of partial m6A on human lipid metabolism. The m6A regulatory factor targets the mRNA of lipid metabolism regulation genes, and the levels of positive or negative regulation genes to achieve the regulation of lipid metabolism.



As shown in the above studies, m6A modification plays a dual role in human lipid metabolism. On the one hand, the discovery of m6A modification is a new direction to regulate lipid metabolism at the molecular level. M6A methylation acts on genes related to lipid metabolism regulation, affects the translation, splicing, transport, and other processes of mRNAs, and realizes the regulation of expression level. On the other hand, m6A levels can be regulated as in Zfp217, thus affecting the role in lipid metabolism. An increasing number of studies have demonstrated that FTO mediates m6A modifications in the regulation of human lipid metabolism, while FTO deficiency triggers the upregulation of m6A modification levels. Ultimately, this leads to browning and thermogenesis in white adipocytes, providing a potential target to combat obesity and metabolic diseases [66]. Nonetheless, there are relatively few studies examining the role of other m6A methylation regulators in lipid metabolism and their specific mechanisms of action.




2.2. m6A Methylation Involved in the Regulation of Animal Lipid Metabolism


There is evidence that hypermethylation is primarily involved in cellular responses to peptide hormone stimulation and adipogenesis-related pathways, especially fat metabolism of related tissue in pigs and poultry. In sows subjected to heat stress, methylation regulators FTO, WTAP, YTHDF2, and METTL14 upregulate the expression levels of HSP70 protein and genes, such as ACCAA and FASN that are involved in hepatic fatty acid biosynthesis and fatty acid metabolism. As for abdominal fat, METTL3, METTL4, WTAP, and FTO up-regulate the levels of HSP27 protein as well as fat metabolism-related genes, such as SCD36, but down-regulate the levels of ATGL and CPT1A [73]. Wang’s team revealed that m6A participates in the molecular mechanism of porcine fat deposition through post-transcriptional regulation of the JAK2-STAT3-C/EBPβ signaling pathway. The absence of FTO promotes the recognition and degradation of JAK2 by YTHDF2, which in turn inhibits the expression of JAK2 and the phosphorylation of STAT3, leading to increased difficulty in translocation to the nucleus, thus inhibiting the transcription factor C/EBPβ that is necessary for early adipogenesis. It is also validated that in porcine precursor adipocytes, m6A modifications at the locus of the autophagy-associated protein ATG5 and ATG7 are enhanced by interfering with FTO that is recognized and degraded by YTHDF2, resulting in a reduction in protein expression that inhibits autophagosome formation and autophagic flow occurrence. This ultimately hinders the fat deposition process (Figure 8) [74]. Regarding the process of intramuscular fat formation in pigs, Jiang et al. sequenced m6A in the longest dorsal muscles (LDMs) of Changbai and Jinhua pigs and concluded that m6A modifications may play a regulatory role in intramuscular adipogenesis [75].



An increasing number of studies have suggested that m6A modifications are crucial for adipogenesis and lipid metabolism in poultry [76]. A study by Cheng et al. analyzed the m6A methylationome of chicken abdominal adipose tissue and found that hypermethylation of ACSL1 and FASN mRNAs is associated with increased mRNA stability, thereby promoting TG formation. Through m6A methylation, adipocyte differentiation-associated LPIN1 maintains energy metabolism homeostasis by increasing mRNA expression levels. Besides, researchers also suggested that hypomethylation of LRP4 may promote LRP4 mRNA levels by reducing YTHDF2-mediated mRNA decay, thereby increasing adipocyte size. This conjecture needs to be further tested [77]. According to Hu et al., glucocorticoid (GR)-mediated transactivation of FTO and m6A demethylation at the mRNA level of adipogenic genes SREBP-1, FAS, and SCD facilitate activation of chicken liver adipogenic genes and TG accumulation in primary chicken hepatocyte cells treated with OA/DEX [78]. Zhang et al. have proposed another ALKBH5 as a novel regulator of chicken preadipocyte proliferation and differentiation. ALKBH5 was found to promote chicken preadipocyte differentiation by directly or indirectly enhancing the expression of PPAR γ, FABP, and FAS. The deficiency is that the specific mechanism of action is not clearly explained [79]. N6-methyladenosine demethylase ALKBH5 is a novel regulator of the proliferation and differentiation of chicken preadipocytes. IGF2BP1 is also reported to play a significant role in chicken lipid metabolism. In chicken adipocyte proliferation, cell cycle-related genes, such as CDK1, CCNB3, and so forth, can be induced to promote cell proliferation. Moreover, its overexpression reduces cell population arrest in the G1 phase but increases cell population in the S phase. During adipogenesis, upregulating IGF2BP1 expression-related genes (ACSL5, CPT1APCK1, PPARα, FTO, etc.) could promote chicken adipocyte differentiation, fatty acid metabolism, and lipid droplet accumulation (Figure 9) [80].



Taken together, m6A modification is responsible for regulating lipid metabolism in muscle, viscera, bone, and other body tissues of animals. Research in this field also provides new ideas for improving the growth and breeding of livestock as well as the control of diseases. In addition, recent studies have shown that rumen-protected methionine and lysine in low-protein diets enhance FADS and ACC expression through m6A methylation modifications, affecting polyunsaturated fatty acid synthesis in lamb liver instead of muscle [81]. In exploring the whole transcriptome profile of yak m6A and its potential biological functions in adipocyte differentiation, Zhang et al. presented that several m6A differentially expressed genes, such as KLF9 and FOXO1, are involved in yak adipocyte differentiation through activation of Foxo and Hippo signaling pathways [82].




2.3. m6A Methylation Involved in the Regulation of Milk Fat Metabolism


As economic life continues to develop, people’s demands and quality requirements for dairy products increase. In addition to affecting flavor and nutritional value, milk fat becomes a major economic trait in ruminant reproduction. The process of milk fat regulation is influenced by multiple factors, such as genes and regulatory factors, among which SREBP-1 is one of the important nuclear transcription factors in mammals. In cow mammary tissue, a key function of SREBP-1 is to promote the ab initio synthesis of fatty acids and regulate the composition and content of beneficial fatty acids in milk by activating the expression of key genes and enzymes during milk fat synthesis and secretion. A lactation model established by Wang et al. revealed that METTL3 could promote translation to protein formation by positively regulating the methylation of SREBP1 mRNA, thereby accelerating milk fat synthesis [83]. When exploring the biological functions of m6A methylation in S. aureus-stimulated bovine mammary epithelial cells, Li et al. spotted that m6A hypermethylated genes are significantly associated with fatty acid degradation and adipocytokine signaling pathways, while m6A modification alters the mRNA levels of genes related to milk fat metabolism [84]. It is still necessary to validate the specific mechanism of action. More importantly, this study offers a new proposal for m6A modification to regulate milk fat metabolism.



Currently, m6A modifications have been found to be involved in the regulation of milk fat metabolism, such as SREBP1, which has been shown to be a target factor for m6A methylation. Additionally, genes and signaling pathways related to milk fat metabolism have also been shown to be closely associated with m6A methylation. Furthermore, m6A metabolism-related genes and signaling pathways have also been shown to be closely related to m6A methylation. Excitingly, the mechanism of m6A methylation in the human mammary gland, particularly in breast cancer, has been well established and is expected to provide a reference for research on mammary gland development and milk fat metabolism in ruminants [85].





3. Summary and Outlook


At present, a growing number of researchers are focusing on studying m6A methylation modification, which is leading the public to a deeper understanding of m6A methylation modification. Moreover, m6A methylation modification is a type of epistatic modification that can perform multiple functions, including both molecular and biological functions. At the molecular level, in addition to regulating RNA splicing, translation, transport, and stability, m6A methylation also affects the cleavage, transport, stability, and degradation of non-coding small molecules, such as miRNAs, lncRNAs, and circRNAs. Because of various factors, such as technological limitations, their specific mechanisms of action in ncRNAs, especially with circRNAs molecules, have not yet been clearly elucidated.



In recent years, technologies for m6A detection and methylation site prediction have emerged as a result of the advancement of second-generation sequencing and bioinformatics. In addition to the traditional techniques for detection, such as MeRIP-seq and miCLIPSRAMP, an increasing number of new techniques are being developed. However, new techniques are not as efficient, accurate, convenient, or inexpensive as traditional techniques. Therefore, it is necessary to conduct further research to enhance their applicability and convenience.



Nowadays, m6A is one of the major research hotspots in the field of cancer research, and its regulatory mechanism on cancer is becoming more and more refined, making it a potential target for cancer identification and treatment in the future. In addition, m6A modifications play a regulatory role in lipid metabolism. However, the specific regulatory mechanisms remain unclear due to limited studies, especially in ruminant milk lipid metabolism. The existing studies on the function of m6A in regulating lipid metabolism in organisms mainly focus on the demethyl transferase FTO. It remains to be determined whether other m6A regulators are involved in the regulatory mechanisms and what the specific regulatory mechanisms are. Aside from this, exosomes, as intercellular communication carriers, also play a role in lipid metabolism by interfering with the synthetic transport and degradation processes. According to investigators, melatonin reduces adipocyte-derived exosome resistin levels via m6A RNA demethylation in adipocytes, further reducing hepatic steatosis [86]. In light of this, the authors infer that exosome and m6A might provide new approaches to the regulation of lipid metabolism.
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Figure 1. Mechanism of action and functions of methyltransferases. 
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Figure 2. Mechanism of action of demethylase FTO [28]. 
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Figure 3. Mechanism of action of m6A. The m6A methylation by methyltransferase catalytic modification is mainly through the formation of a complex through METTL3, METTL14, and WTAP, and is independently catalyzed by KIAA1429 cofactors, METTL5, METTL16, and ZCCHC4. The m6A modification is removed by the demethylases FTO or ALKBH5. Nuclei m6A readers promote miRNA processing and export. Cytoplasmic readers are involved in RNA translation, splicing, and degradation processes. 






Figure 3. Mechanism of action of m6A. The m6A methylation by methyltransferase catalytic modification is mainly through the formation of a complex through METTL3, METTL14, and WTAP, and is independently catalyzed by KIAA1429 cofactors, METTL5, METTL16, and ZCCHC4. The m6A modification is removed by the demethylases FTO or ALKBH5. Nuclei m6A readers promote miRNA processing and export. Cytoplasmic readers are involved in RNA translation, splicing, and degradation processes.



[image: Agriculture 12 01683 g003]







[image: Agriculture 12 01683 g004 550] 





Figure 4. Specific process of MeRIP-seq. This figure introduces the operation process of MeRIP seq. 
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Figure 5. Specific process of miCLIP. This figure introduces the operation process of miCLIP. 
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Figure 6. Specific process of LC-MS/MS. This figure introduces the operation process of miCLIP. 
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Figure 7. Regulation mechanism of human lipid metabolism by m6A. 
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Figure 8. Regulation mechanism of pig lipid metabolism by m6A. The figure shows the part of the regulation of m6A on pig lipid metabolism. FTO plays an important role in the early stages of porcine adipogenesis, as FTO deletion inhibits JAK2 m6A demethylation modification and thus increases JAK2 mRNA stability YTHDF2 is in-volved in mediating m6A-dependent JAK2 mRNA stability, thereby reducing JAK2 expression and consequently STAT3 phosphorylation levels, making translocation to the nucleus more difficult and thus inhibits the transcription of C/EBPβ, a transcription factor essential for early adipogenesis.In porcine precursor adipocytes, knockdown of the demethylase FTO increased the level of m6A modification of the autophagy-related genes ATG5 and ATG7 and thus enhanced mRNA stability, which was then recognized and degraded by YTHDF2, resulting in a significant decrease in ATG5 and ATG7 protein expression, inhibiting autophagosome formation and autophagic flow, and ul-timately fat deposition. 
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Figure 9. Regulation mechanism of poultry lipid metabolism by m6A. The figure shows the part of regulation of m6A on poultry lipid metabolism. 
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