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Esophageal cancer is an aggressively malignant neoplasm characterized by a high mortality rate. Frequently diagnosed at an advanced stage, it presents challenges for optimal therapeutic intervention due to its non-specific symptoms, resulting in lost opportunities for effective treatment, such as surgery, radiotherapy, chemotherapy and target therapy. The N6-methyladenosine (m6A) modification represents the most critical post-transcriptional modification of eukaryotic messenger RNA (mRNA). The reversible m6A modification is mediated by three regulatory factors: m6A methyltransferases, demethylating enzymes, and m6A recognition proteins. These components identify and bind to specific RNA methylation sites, thereby modulating essential biological functions such as RNA processing, nuclear export, stability, translation and degradation, which significantly influence tumorigenesis, invasion, and metastasis. Given the importance of m6A modification, this paper offers a comprehensive examination of the regulatory mechanisms, biological functions, and future therapeutic implications of m6A RNA methylation in the context of esophageal cancer.
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1 INTRODUCTION
Esophageal cancer ranks among the most prevalent malignant tumors of the digestive tract, positioned 11th in incidence and seventh in mortality worldwide. In 2022, there were 510,716 new cases of esophageal cancer and 445,129 deaths from the disease (Bray et al., 2024). This malignancy predominantly manifests in two pathological forms: esophageal squamous cell carcinoma (ESCC) and esophageal adenocarcinoma (EAC), with ESCC constituting over 90% of all cases (Pennathur et al., 2013; Lin et al., 2014; Blot et al., 1991). Neoadjuvant therapy constitutes a multimodal treatment strategy administered prior to surgical intervention for esophageal cancer. This approach seeks to diminish tumor size and eradicate micrometastases via the combined modalities of chemotherapy, radiotherapy and immunotherapy thereby enhancing both the likelihood of successful surgery and patients’ long-term survival rates. By combining the cytotoxic effects of chemotherapy and the localized impact of radiotherapy, neoadjuvant chemoradiotherapy (nCRT) facilitates tumor downstaging, increases the likelihood of achieving an R0 resection, and reduces locoregional recurrence. The CROSS trial, a landmark randomized controlled study, revealed that nCRT followed by surgery significantly improved median overall survival compared to surgery alone (49.4 vs. 24.0 months; HR 0.657; 95% CI 0.495–0.871; p = 0.003) (Hagen et al., 2012). A prospective, single-center, open-label, randomized phase III clinical trial found that in resectable ESCC, the addition of perioperative immunotherapy to NAC is safe, may improve OS and might change the standard treatment in the future (94.1% vs. 83.0%; HR = 0.48; 95% CI = 0.24 ∼ 0.97; P = 0.037) (Zheng et al., 2024). Moreover, pathologic complete response (pCR) was observed in approximately 29% of patients treated with nCRT, a factor strongly associated with prolonged survival (Shapiro et al., 2015). Although multimodal treatment strategies—including neoadjuvant chemotherapy or chemoradiotherapy following esophagectomy—have enhanced survival outcomes, the persistent challenges of high local recurrence rates and low long-term survival for patients with locally advanced esophageal cancer continue to undermine treatment efficacy (Watanabe et al., 2020; Leng et al., 2021; Guo and Fang, 2021). This predicament arises largely from the absence of overt symptoms in the early stages of the disease and the lack of highly sensitive, specific biological markers, leading most patients to receive a diagnosis only at intermediate or advanced stages. Consequently, there is an urgent need to identify biomarkers with both high specificity and sensitivity to facilitate early diagnosis and improve prognostic assessments.
Transcriptional abnormalities in genes associated with esophageal cancer, encompassing chromosomal and tumor cell mutations, have been a focal point of research in recent years (Chen W. et al., 2021), studies indicate that gene mutations represent a significant mechanism underlying the development of esophageal cancer, with numerous mutations identified in affected patients. Among these, the TP53 mutation is the most prevalent, while other frequently mutated genes include CCND1, CDK4/CDK6, MDM2, CCNE1, cyclin E, and MGST1 (Huang and Yu, 2018; Buas et al., 2017). Beyond epigenetic alterations induced by gene mutations, the emergence of chemoresistance in esophageal cancer has garnered increasing attention. Research into the plasticity of esophageal cancer cells and their resistance to chemotherapy has shown that abnormal epigenetic modifications play a crucial role in phenotypic changes (Zhao and Casson, 2008; Zhang et al., 2021; Kit et al., 2016). Unlike abnormal gene transcription, epigenetic modifications are reversible, making them a promising area of research.
N6-methyladenosine (m6A) modification, one of the most prevalent chemical modifications of mRNA in eukaryotic cells, significantly influences tumor development and progression. Growing evidence implicates m6A in various regulatory mechanisms associated with programmed cell death (Zhao and Casson, 2008),metabolism (Zhang et al., 2021), drug resistance (Zhang et al., 2021), expression of oncogenes and tumor suppressor genes (Zhang et al., 2021), immunotherapy (Zhao et al., 2020) and targeted therapy (Muthusamy, 2020) as part of various regulatory mechanisms. The most common modification of mRNA, m6A methylation, predominantly occurs in the 3′untranslated region near the mRNA terminator and within the long exon regions. Additionally, m6A modifications can be observed in pre-RNA and long non-coding RNAs (lncRNAs). Non-coding RNAs—including microRNAs (miRNAs), lncRNAs, and circular RNAs (circRNAs)—play essential roles in genome transcription and various biological functions at the RNA level. Notably, stable expression of non-coding RNAs can serve as potential biomarkers for cancer diagnosis, prognosis, and clinical treatment. Recent studies have illuminated the influence of m6A modification not only on mRNA regulation but also on the production and functionality of non-coding RNAs such as miRNAs, lncRNAs, and circRNAs. These non-coding RNAs regulate critical cellular biological functions, including proliferation, invasion, and metastasis of specific tumor cells. Furthermore, non-coding RNAs modified by m6A also exhibit regulatory capabilities (Sung et al., 2021; Aguilo et al., 2015; Choe et al., 2018; Wang et al., 2016; Chen X. et al., 2021; Liao et al., 2022; Liang et al., 2021). Thus, the interplay between m6A and non-coding RNAs may offer synergistic opportunities in cancer treatment.
This review summarizes the research results of m6A methylation modification and esophageal cancer, and describes the composition, mode of action, biological function in the progression of esophageal cancer, as well as the treatment, diagnostic value and potential clinical application of m6A methylation modification in esophageal cancer. This study provides a theoretical basis for further exploring the mechanism of the occurrence and development of esophageal cancer, and searching for biomarkers and therapeutic targets for esophageal cancer.
2 THE MECHANISM AND FUNCTION OF M6A METHYLATION
The m6A methylation modification is characterized by the transfer of a methyl group from S-adenosyl methionine (SAM) to the N6 position of adenosine, representing a dynamic and reversible modification process, this modification is primarily regulated by the m6A methyltransferase complex (often referred to as “writers”), m6A demethylases (known as “erasers”), and m6A recognition proteins (termed “readers”). It is mainly concentrated in the 3’untranslated region near the mRNA terminator and occurs in the RRm6ACH sequence (Kane and Beemon, 1985). m6A plays a crucial role in various cellular RNA processes, including transcription, splicing, nuclear trafficking, translation, and degradation (Liu et al., 2015; Wang et al., 2014). By influencing the stability and half-life of mRNA, m6A governs gene expression and regulates essential biological functions such as mammalian reproductive processes, circadian rhythms, adipogenesis, and human lifespan (Parashar et al., 2018). m6A methylation adjustment factor has been confirmed that the abnormal expression in a variety of tumors, in cell proliferation, invasion, metastasis and malignant biological line to play an important role in regulating (Zhao et al., 2020) and participate in leukemia, glioblastoma, lung cancer, esophageal cancer and other cancer occurrence and development process (Muthusamy, 2020). The basic mechanism of m6A methylation in RNA is shown in Figure 1.
[image: Figure 1]FIGURE 1 | Regulation mechanism of m6A RNA methylation in esophageal cancer. m6A modification is regulated by “writers” and “erasers”. m6A can be recognized by various “reader” proteins, thereby regulating the biological functions of RNA.
2.1 Methyltransferase
Methyltransferases are also called “writers” and are typically found in the form of methyltransferase complexes. The complexes are mainly composed of methyltransferase-like 3 (METTL3), methyltransferase-like 4 (METTL14), auxiliary factor Wilms’ tumor 1-related protein (WTAP), viral-like m6A methyltransferase-related protein (VIRMA/KIAA1429), zinc finger CCCH domain protein 13 (ZC3H13) and so on (Lan et al., 2019; Wang X. et al., 2021; Gong et al., 2020). Among these, METTL3, METTL14, and WTAP serve as the core catalytic components. METTL3 acts as a pivotal catalytic enzyme, capable of binding S-adenosylmethionine and transferring a methyl group to the N6 position of adenosine. Additionally, cytoplasmic METTL3 can target the 3′non-coding region of m6A-modified mRNAs, facilitating the recruitment of eukaryotic translation initiation factor 3 subunit H (EIF3H) to enhance translation efficiency. Notably, the expression levels of METTL3 correlate with various clinical parameters in esophageal cancer, including tumor size, invasion depth, degree of differentiation, lymph node metastasis, distant metastasis, and TNM staging (Chen X. et al., 2021; Liao et al., 2022; Liang et al., 2021). Similarly, WTAP expression is linked to TNM staging and lymph node metastasis Zou et al. (2024) demonstrated that protein tyrosine phosphatase type IVA member 1 (PTP4A1) is an m6A target of WTAP. Specifically, WTAP positively regulates the expression of PTP4A1 and activates the AKT-mTOR signaling pathway, thereby promoting the proliferation of ESCC cells through the regulation of PTP4A1 expression. Further investigations have identified additional methyltransferases, such as methyltransferase-like proteins 5 and 16 (METTL5 and METTL16), which mediate m6A modification at specific RNA target sites (Pendleton et al., 2017; van Tran et al., 2019). Rong et al. (2020) demonstrated that METTL5 can catalyze m6A modification in the A1832 region of 18S rRNA, as confirmed through high-performance liquid chromatography-mass spectrometry (HPLC-MS) analysis. Additionally, researchers including (Brown et al., 2016; Warda et al., 2017) Jessica et al. have identified METTL16 via mass spectrometry, suggesting the existence of a hypothetical RNA methyltransferase that regulates U6 snRNA, various non-coding RNAs, numerous long non-coding RNAs (lncRNAs), and pre-mRNA m6A modification. Recently, zinc finger CCHC domain protein 4 (ZCCHC4) has been discovered as a novel methyltransferase primarily responsible for methylating human 28S rRNA and some certain mRNAs (Ma et al., 2019).
2.2 Demethylases
Demethylases are also called “erasers,” and this enzyme can remove the m6A modification from RNA molecules, which is a key point in the reversible m6A modification process (Ma et al., 2019). To date, we have only discovered two demethylases, one is the obesity-related gene (FTO), and the other is alpha-ketoglutarate-dependent dioxygenase homolog 5 (ALKBH5) (Zhao et al., 2014; Zheng et al., 2013). Both of them can remove m6A modification from RNA or DNA. Iron and alpha-ketoglutarate are auxiliary factors for FTO and ALKBH5, which catalyze the formation of their biological functions. ALKBH5 plays a dual role in various cancers by regulating proliferation, migration, invasion, metastasis, and tumor growth through various biological processes. For example, Dong et al. indicated a positive correlation between ALKBH5 expression and advanced esophageal cancer; conversely, its overexpression significantly diminished the migration and invasion capabilities of esophageal cancer cells (Xiao et al., 2021). Li et al. demonstrated that increased ALKBH5 expression led to reduced overall cellular m6A methylation levels, subsequently inhibiting malignant proliferation and invasion (Li J. et al., 2021). FTO, on the other hand, interacts with HSD17B11 mRNA, decreasing its m6A methylation levels and, through YTHDF1, influencing its translation. Elevated HSD17B11 levels have been associated with enhanced lipid droplet formation and progression of esophageal cancer (Duan et al., 2022). FTO also upregulates both mRNA and protein levels of MMP13, promoting the proliferation and migration of esophageal cancer cells (Liu S. et al., 2020). Moreover, FTO promotes tumor growth in esophageal cancer by demethylating m6A sites on long non-coding RNA LINC00022. This lncRNA directly binds to the p21 protein, facilitating its ubiquitination-mediated degradation, thereby accelerating cell cycle progression and proliferation. Notably, increased expression of FTO in esophageal cancer results in diminished m6A methylation of the LINC00022 transcript, inhibiting its degradation via the m6A reader YTHDF2. Consequently, FTO overexpression can enhance LINC00022-dependent cell proliferation and tumor growth in esophageal cancer (Cui et al., 2021).
2.3 Binding proteins
m6A binding proteins are also called “readers”, m6A modifications are recognized by readers, facilitating their binding and subsequent participation in downstream processes, including translation, mRNA degradation, and nucleation acceleration including YT521-B family of homologous proteins (YTHDC1, YTHDC2, YTHDF1, YTHDF2, and YTHDF3), insulin-like growth factor 2 mRNA binding protein (IGF2BP1, IGF2BP2, IGF2BP3), heterogeneous ribonucleoprotein (HNRNP) and eukaryotic translation initiation factor 3 (EIF3) (Xu et al., 2014; Zhu et al., 2014; Zheng et al., 2021). However, different “readers” can produce different biological effects. In the YTH domain family, YTHDF1 binds initiation factors to enhance mRNA translation and protein synthesis (Wang et al., 2015). Zhang L. et al. (2024) discovered that YTHDF1 expression was significantly upregulated in ESCA and associated with poor prognosis. They also demonstrated that TINAGL1 might be a potential target of YTHDF1. YTHDF1 recognized and bound to m6A-modified sites on TINAGL1 mRNA, resulting in enhanced translation of TINAGL1. Furthermore, TINAGL1 knockdown partially mitigated the tumor-promoting effects of YTHDF1 overexpression. Thus, they revealed that YTHDF1 facilitates ESCA progression by promoting TINAGL1 translation in an m6A-dependent manner, offering an attractive therapeutic target for ESCA. In contrast, YTHDF2 facilitates transcript degradation by selectively binding to m6A-modified mRNA and directing it to decay sites (Wang et al., 2014). Recent studies have found that B-cell lymphoma-2-associated transcription factor 1 (BCLAF1) is overexpressed in ESCC tissues. YTHDF2, as a key protein interacting with BCLAF1, it’s tumor suppressor activity of YTHDF2 can be reduced by BCLAF1 (Zhang P. et al., 2024). YTHDF3 contributes to the regulation of RNA translation through its interaction with YTHDF1, while also promoting RNA degradation by associating with YTHDF2 (Duan et al., 2022). Additionally, insulin-like growth factor binding proteins (IGFBPs) are known to enhance RNA expression by stabilizing RNA molecules, thereby increasing their stability and availability for translation (Li et al., 2019). The roles and classification of m6A enzymes in RNA metabolism are detailed in Table 1.
TABLE 1 | Shows the functions of the various enzymes.
[image: Table 1]3 THE ROLE AND SIGNIFICANCE OF M6A METHYLATION IN EC
Studies have demonstrated that the expression of m6A-modified mRNA is dysregulated across various cancers, with both in vivo and in vitro experiments confirming the role of m6A in tumor biology, For example, FTO rearrangement in t (11q23)/MLL, t (15; 17)/PML-RARA, FLT3-ITD and NPM1 mutated AML, which promoted leukemic cell transformation and tumorigenesis (Li Z. et al., 2017), Additionally, METTL3 and METTL14 can inhibit the growth and self-renewal of glioblastoma stem-like cells (GSCs) (Zhang et al., 2017), In lung cancer, METTL3 functions as an oncogene by enhancing the expression of EGFR and TAZ, thereby promoting cell growth, survival, and invasion (Lin S. et al., 2016), furthermore, METTL3 has been linked to poor prognosis in hepatocellular carcinoma (HCC) patients, facilitating HCC cell proliferation, migration, and colony formation through YTHDF2-dependent post-transcriptional silencing of SOCS2 (Chen et al., 2018). Both overexpression and depletion of these m6A-related factors can significantly alter m6A modification in tumors, influencing cancer progression. Elucidating the molecular mechanisms of m6A-modified RNA and identifying abnormal expression in clinical biopsy specimens is of paramount importance for the early diagnosis of tumors, predicting tumor prognosis, and developing novel therapeutic strategies.
3.1 The effect of m6A modification on mRNA in EC
The effect of m6A modification on mRNA in ESCA is mediated by m6A readers that bind to it. The YTH family of proteins includes YTH m6A-binding protein 1 (YTHDF1), YTHDF2, YTHDF3, YTH domain-containing protein 1 (YTHDC1), and YTHDC2, all of which possess a specific YTH domain that enables them to recognize and bind to target RNAs in an m6A-dependent manner (Xu et al., 2014; Zhu et al., 2014). YTHDF1 promotes translation initiation and protein synthesis (Wang et al., 2015), whereas YTHDF2 facilitates m6A-modified mRNA degradation by either directing m6A-modified mRNAs to degradation sites or recruiting the CCR4-NOT deadenylase complex to initiate degradation (Wang et al., 2014; Du et al., 2016). YTHDF3 interacts with YTHDF1 or YTHDF2, exerting dual effects by either promoting mRNA translation or enhancing degradation (Shi et al., 2017; Li A. et al., 2017). YTHDC1 plays a role in exon splicing and promotes the nuclear export of m6A-modified mRNAs to the cytoplasm (Xiao et al., 2016; Roundtree et al., 2017; Lesbirel et al., 2018). YTHDC2, on the other hand, enhances the translation efficiency of m6A-modified mRNAs, thereby reducing their abundance (Wojtas et al., 2017; Hsu et al., 2017). IGF2BPs, including IGF2BP1, IGF2BP2, and IGF2BP3, are known to increase mRNA stability (Huang et al., 2018). Studies revealed that RPS15 interacts with the K homology domain of IGF2BP1, which recognizes and binds the 3′-UTR of MKK6 and MAPK14 mRNA in an m6A-dependent manner, promoting translation of p38 MAPK pathway proteins. Through virtual screening and functional assays, folic acid was found to target RPS15, exhibiting therapeutic effects on ESCC, enhanced when combined with cisplatin. Inhibition of RPS15 (e.g., by folic acid, IGF2BP1 ablation, or SB203580 treatment) suppressed ESCC metastasis and proliferation via the p38 MAPK pathway. Thus, RPS15 drives ESCC progression through this pathway, and RPS15 inhibitors may serve as potential anti-ESCC therapeutics (Zhao et al., 2023). Heterogeneous nuclear ribonucleoproteins (HNRNPs), such as HNRNPA2B1, HNRNPC, and HNRNPG, regulate alternative splicing of mRNAs in an m6A-dependent manner (Liu et al., 2015; Liu et al., 2017). EIF3 functions as an m6A reader within the 5′-UTR of mRNA and plays a pivotal role in nearly all stages of translation initiation, a key rate-limiting step in protein synthesis. It facilitates the assembly of the 43S preinitiation complex (PIC), mediates the interaction between the 43S PIC and mRNA via the EIF4F complex, and aids in scanning for the AUG initiation codon (Pestova et al., 2001; Jackson et al., 2010; Sokabe and Fraser, 2014; Pestova and Kolupaeva, 2002). In addition, Wang W. et al. (2021) conducted a study involving 200 patients with esophageal squamous cell carcinoma (ESCC) and reported that METTL3 was upregulated in tumor tissues. METTL3 recruited YTHDF to facilitate the degradation of adenomatous polyposis coli (APC) mRNA by enhancing the m6A modification of the APC gene. This led to a reduction in APC expression and an increase in the expression of β-catenin, cyclin D1, C-Myc, and PKM2, thereby promoting aerobic glycolysis, proliferation, and metastasis of ESCC cells. Furthermore, METTL3 was found to promote ESCC metastasis by upregulating glutaminase-2 (GLS2) expression. This study was the first to demonstrate that GLS2 is regulated by METTL3 through m6A modification. Thus, the METTL3/GLS2 signaling pathway may serve as a potential therapeutic target for anti-metastasis strategies in ESCC. Hou et al. (2020) found that METTL3-mediated activation of the AKT signaling pathway promotes the initiation and progression of esophageal cancer. Upregulation of METTL3 enhances the proliferation, migration, and invasion of ESCC cells while inhibiting apoptosis. Additionally, METTL3 increases the m6A modification of EGR1 mRNA in a YTHDF3-dependent manner, enhancing its stability and activating the EGR1/Snail signaling pathway (Liao et al., 2022). Therefore, METTL3 is upregulated in esophageal cancer, promotes proliferation and metastasis, and may serve as an independent prognostic biomarker (Xia et al., 2020). m6A influences mRNA splicing by recruiting hnRNPA2B1 or altering local structure, increasing the accessibility of splicing factors like hnRNPC, which affects transcription (Zhou et al., 2019). Guo et al. (2020) using The Cancer Genome Atlas data, found that m6A levels, along with regulatory factors ALKBH5 and hnRNP A2/B1, are significantly upregulated in esophageal cancer patients, indicating a potential role in prognosis. Upregulation of hnRNP A2/B1 promotes esophageal cancer proliferation and metastasis by enhancing the expression of oncogenic factors ACLY and ACC1. Therefore, ALKBH5 and hnRNPA2B1 may serve as diagnostic and prognostic markers, as well as therapeutic targets. FTO also promotes lipid droplet formation in esophageal cancer cells via upregulation of HSD17B11, contributing to tumor proliferation and invasion (Duan et al., 2022). Nagaki et al. (2020) reported that upregulation of ALKBH5 is associated with poor prognosis in esophageal cancer. Inhibition of ALKBH5 delayed the esophageal cancer cell cycle, causing cell arrest at the G0/G1 phase. In ALKBH5-deficient cells, CDKN1A (P21) expression was significantly increased, and ALKBH5 knockdown led to enhanced m6A modification and greater CDKN1A mRNA stability. The mechanism and function of m6A regulators in regulating mRNA in EC is shown in Table 2 and Figure 2.
TABLE 2 | Shows various m6A regulators in regulating mRNAs in esophageal cancer.
[image: Table 2][image: Figure 2]FIGURE 2 | The mechanism and function of m6A regulators in regulating mRNA in EC.
3.2 The effect of m6A modification on non-coding RNAs in EC
Non-coding RNAs (ncRNAs), including miRNA, lncRNA, and circRNA, lack coding potential; however, they play a crucial role in the regulation of gene expression. The mechanism and function of m6A regulators in regulating Non-coding RNAs in EC is shown in Figure 3.
[image: Figure 3]FIGURE 3 | The mechanism and function of m6A regulators in regulating Non-coding RNAs in EC.
3.2.1 microRNA
MicroRNAs (miRNAs) are a class of endogenous small RNAs, typically measuring 20 to 24 nucleotides in length, that play crucial regulatory roles within cells by participating in gene silencing and post-transcriptional regulation of gene expression (Kong et al., 2020). miRNAs bind to the 3′untranslated region (3′UTR) of target mRNAs, leading to the silencing or repression of the corresponding genes. The biogenesis of miRNAs involves several key steps. Initially, primary miRNAs (pri-miRNAs) are transcribed from DNA. These pri-miRNAs are then processed into precursor miRNAs (pre-miRNAs) by a microprocessor complex that includes Drosha ribonuclease III (Drosha) and DiGeorge syndrome critical region 8 (DGCR8). Finally, pre-miRNAs are further cleaved to produce mature miRNAs. In ESCC, the m6A writer and m6A eraser deposit and delete m6A on pri-miRNA, respectively (Liang et al., 2021; Liu et al., 2021a; Chen P. et al., 2021; Li K. et al., 2021). For example, Li et al. analyzed esophageal cancer data from the TCGA database and found that the expression levels of 25 m6A regulators were elevated and positively correlated. Notably, increased expression of hnRNPA2B1 was associated with lymph node metastasis in esophageal cancer and correlated with poor prognosis. Additionally, knockdown of hnRNPA2B1 significantly reduced the expression of miR-17, miR-18a, miR-20a, miR-93, and miR-106b, leading to decreased proliferation and metastasis of esophageal cancer cells (Li K. et al., 2021). Moreover, METTL3 was shown to elevate the m6A level of pri-miR-200-5p, while ALKBH5 reduced the m6A level of pri-miR-194-2 (Liang et al., 2021; Chen P. et al., 2021). Xue et al. (2021) demonstrated that miR-193a-3p was upregulated in ESCC tumor tissues compared to normal tissues, promoting invasion, metastasis, and recurrence. Additionally, miR-193a-3p and ALKBH5 regulate each other in a feedback loop, affecting the progression of ESCC. The mechanism and function of m6A regulators in regulating MicroRNA in ESCC is shown in Table 3.
TABLE 3 | Shows various m6A regulators in regulating miRNAs in esophageal cancer.
[image: Table 3]3.2.2 lncRNA
Long non-coding RNAs (lncRNAs) are a class of endogenous RNA molecules defined as non-coding RNAs longer than 200 nucleotides. They have been reported to play a significant role in various diseases, including esophageal squamous cell carcinoma. m6A modification is also present on lncRNAs, potentially influencing gene expression by affecting the interaction of lncRNAs with RNA-binding proteins through an “m6A switch” mechanism or by modulating the interaction between lncRNAs and miRNAs (Liu et al., 2015; Yang et al., 2018). Wu et al. (2020) identified a Y-linked lncRNA, LINC00278, which is downregulated in male EC. LINC00278 encodes a micropeptide, YY1BM, that binds to the Yin Yang 1 (YY1) protein and disrupts its interaction with the androgen receptor (AR), leading to reduced expression of eEF2K through the AR signaling pathway. When YY1BM is downregulated, eEF2K levels rise, reducing apoptosis and making ESCC cells more resistant to nutrient deprivation. Cigarette smoking inhibits LINC00278's m6A modification, decreasing YY1BM production and impacting AR signaling. Moreover, smoking decreased the m6A-modified LINC00278 and YY1BM translation. Another study (Cui et al., 2021) demonstrated that lncRNA LINC00022 is upregulated in esophageal squamous cell carcinoma (ESCC). FTO demethylates LINC00022, inhibiting its degradation and thereby promoting tumor growth. In ESCC cells and tissues, IGF2BP2, TK1, and lncRNA CCAT2 are also upregulated, while miR-200b expression is reduced. CCAT2 binds to miR-200b, decreasing its levels and leading to increased expression of IGF2BP2. IGF2BP2 stabilizes TK1 mRNA by recognizing its m6A modification, which enhances TK1 expression and facilitates the migration and invasion of ESCC cells (Wu et al., 2021). The mechanism and function of m6A regulators in regulating lncRNA in ESCC is shown in Table 4.
TABLE 4 | Shows various m6A regulators in regulating lncRNAs in esophageal cancer.
[image: Table 4]3.2.3 circRNA
Circular RNAs (circRNAs) represent a novel class of non-coding RNAs that form covalently closed continuous loops through a process known as reverse splicing, distinguishing them from linear RNAs. These circRNAs perform multiple biological functions, largely dependent on their specific cellular distribution. Nuclear circRNAs can influence transcription and splicing (Yang L. et al., 2020; Conn et al., 2017). In the cytoplasm, circRNAs can act as sponges to absorb microRNAs, reducing their ability to suppress target mRNAs, thereby enhancing gene expression (Thomson and Dinger, 2016; Hansen et al., 2013). Recent studies have revealed that m6A modification is prevalent in circRNAs, exhibiting a read-write mechanism akin to that observed in mRNAs (Zhou et al., 2017). Wang et al. (2020) analyzed plasma samples from 10 EC patients across different TNM stages, as well as samples from 5 healthy controls, to investigate circRNA expression profiles. They found that levels of plasma circ-SLC7A5 correlated with TNM staging. Circ-SLC7A5 contained numerous m6A modification sites, indicating a high potential for translation. Furthermore, it demonstrated a strong affinity for binding to open reading frames and harbored a higher number of microRNA-recognition elements (MREs), indicating that circRNAs may play multifaceted roles in EC. Unfortunately, to date, no other studies have investigated how m6A modification regulates the expression and function of circRNAs in the development and progression of esophageal cancer, highlighting an important avenue for future research.
4 EXPRESSION OF M6A MODIFICATION RELATED PROTEINS IN ESCA
4.1 ALKBH5
Previous studies have indicated that ALKBH5 expression is diminished in esophageal cancer (EC) tissues, with functional analyses demonstrating that ALKBH5 inhibits the proliferation, migration, and invasion of EC cell. However, a recent investigation suggested that ALKBH5 may instead promote the proliferation and migration of EC (Yang N. et al., 2020). This finding contradicts earlier results, potentially due to the absence of a comparative analysis between ESCC and normal esophageal tissues; the recent study focused solely on ALKBH5 expression within ESCC. Data from The Cancer Genome Atlas (TCGA), analyzed using the online tool GEPIA, reveal that patients with high ALKBH5 expression exhibit longer overall survival compared to those with low expression, suggesting a tumor-suppressive role for ALKBH5 in EC. This protein is implicated in regulating various processes, including cell proliferation, migration, invasion, tumor progression, metastasis, tumorigenesis, and chemoresistance through its influence on m6A methylation. Xiao et al. (2021) reported reduced expression of ALKBH5, an m6A demethylase, in EC tissue specimens, with more pronounced reductions observed in advanced stages (T3-T4, N1-N3, clinical stages III-IV) and higher histological grades (grade III). This suggests a role for ALKBH5 in the progression of ESCC. Exogenous expression of ALKBH5 was found to inhibit the in vitro proliferation of ESCC cells, whereas depletion of endogenous ALKBH5 significantly enhanced proliferation. These results imply that ALKBH5 exerts anti-proliferative effects on EC growth. Furthermore, overexpression of ALKBH5 suppressed tumor growth of Eca-109 cells in nude mice, while depletion of endogenous ALKBH5 accelerated tumor growth in TE-13 cells in vivo. The growth-inhibitory effects associated with ALKBH5 overexpression appear to be partially mediated by a G1-phase arrest. Additionally, ALKBH5 overexpression was linked to reduced migration and invasion of ESCC cells in vitro.
4.2 YTHDC2
Yang et al. (2020b) observed that the expression of YTHDC2 is downregulated in esophageal cancer, based on analyses of relevant databases. In proliferation experiments, low levels of YTHDC2 significantly enhanced cell growth, indicating its potential role as a tumor suppressor in EC tissues. Further enrichment analysis using the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways revealed that several key pathological pathways associated with ESCC—including the p53 signaling pathway, NF-kappaB signaling pathway, and JAK-STAT signaling pathway—were notably enriched with downregulated genes. This enrichment suggests that the diminished expression of YTHDC2 may promote the proliferation of ESCC cells by disrupting these critical signaling pathways.
4.3 METTL3
METTL3 serves as the core catalytic component of the methyltransferase complex. Wang W. et al. (2021) analyzed data from The Cancer Genome Atlas (TCGA), revealing that METTL3 is highly expressed in 200 paired esophageal squamous cell carcinoma (ESCC) specimens compared to adjacent normal tissues. Xia et al. (2020) demonstrated that METTL3 expression is elevated in tumor tissues relative to normal counterparts, and higher levels of METTL3 correlate with poorer survival outcomes. In addition, METTL3 levels serve as an independent predictor of disease-free survival and overall survival in EC patients. Hou et al. (2020) further elucidated that METTL3 promotes the progression of human esophageal cancer through AKT signaling pathways, suggesting its potential as a therapeutic target. In conclusion, METTL3 is a promising biomarker for predicting prognosis in EC.
4.4 FTO
A previous study (Duan et al., 2022) utilizing immunohistochemistry and data analysis of cancer tissues and paracancerous tissues from 106 patients with esophageal cancer revealed that FTO expression was upregulated in esophageal cancer cells, serving as a negative prognostic indicator for patients. HSD17B11, a member of the short chain dehydrogenase family, is likely to be a target gene regulated by FTO. FTO enhances lipid droplet (LD) formation in esophageal cancer cells by promoting HSD17B11 expression, thereby facilitating the progression of esophageal cancer. Furthermore, Liu S. et al. (2020) conducted immunohistochemical studies on 80 pairs of esophageal cancer tissues and observed significantly elevated FTO expression compared to normal tissues; upregulation of matrix metallopeptidase 13 (MMP13) was found to promote cell proliferation and metastasis. Long non-coding RNA (lncRNA) plays a crucial role in regulating cell proliferation. Cui et al. (2021) identified LNC00022 as a specific m6A target; LINC00022 directly binds to p21 protein and promotes its ubiquitin-mediated degradation, thus driving cell cycle progression and proliferation. Elevated FTO levels in ESCC cells reduced m6A methylation of LINC00022 transcript, inhibiting its degradation through YTHDF2; ultimately leading to increased LNC00022-dependent cell proliferation and ESCC tumor growth. Therefore, targeting FTO as a demethylase presents potential for novel therapeutic strategies against esophageal cancer.
4.5 HNRNPA2B1
Guo et al. (2020) found HNRNPA2B1 levels are significantly increased in EC tissues, with high expression positively correlated to tumor diameter and lymph node metastasis. Functional studies indicated that knockout of the HNRNPA2B1 gene inhibits the proliferation, migration, and invasion of EC cells. From a mechanistic perspective, HNRNPA2B1 facilitates the progression of EC by upregulating the expression of key enzymes involved in fatty acid synthesis, namely ATP citrate lyase (ACLY) and acetyl-CoA carboxylase (ACC1). This indicates that HNRNPA2B1 functions as a carcinogenic factor by enhancing fatty acid synthesis, thereby highlighting its potential as a prognostic biomarker and therapeutic target in esophageal cancer. Moreover, both ALKBH5 and HNRNPA2B1 serve as effective indicators for predicting overall survival (OS) in EC patients. High levels of HNRNPA2B1 and low levels of ALKBH5 are identified as risk factors for survival in ESCC. Notably, the combined assessment of these two factors demonstrates superior predictive capability compared to the use of either factor in isolation.
4.6 HNRNPC
Studies have demonstrated that HNRNPC is overexpressed in esophageal squamous cell carcinoma (ESCC) tissues, with its expression inversely correlated with the overall survival of patients. Zhou et al. (2023) identified a novel circular RNA, circ-FIRRE, which acts as a platform to interact with the HNRNPC protein. This interaction stabilizes GLI2 mRNA by directly binding to its 3′-untranslated region (UTR) in the cytoplasm, leading to increased GLI2 protein levels. Consequently, this elevation drives the transcription of target genes such as MYC, CCNE1, and CCNE2, thereby contributing to the progression of EC.
5 THE DIAGNOSTIC AND THERAPEUTIC POTENTIAL OF M6A FOR THE EC
Early studies have demonstrated that METTL3 is highly expressed in tumor tissue, that the higher the expression level of METTL3 is, the shorter the survival time of patients is, and that upregulation of METTL3 in tumor tissue is inversely associated with DFS and OS of patients. Liu XS. et al. (2020) conducted immunohistochemical staining on 57 tumor samples from esophageal cancer (ESCA) patients who underwent PET/CT scans prior to surgery. They evaluated the expression of METTL3, glucose transporter 1 (GLUT1), and hexokinase 2 (HK2) in both tumor and peritumoral tissues, analyzing the relationship between maximum standardized uptake value (SUVmax) and the expression levels of METTL3, HK2, and GLUT1. Their findings indicated that increased 18F-FDG uptake was associated with high METTL3 expression. The mechanism underlying this enhanced 18F-FDG uptake may involve the regulation of GLUT1 and HK2 by METTL3. This suggests that PET/CT may serve as a noninvasive method to monitor METTL3 levels, potentially allowing for the use of PET/CT in conjunction with METTL3 as predictors for esophageal cancer. Li L. et al. (2021) developed a 4-miRNA survival prediction model by integrating data from The Cancer Genome Atlas (TCGA) and Gene Expression Omnibus (GEO) datasets. With the advancement of m6A research, modifications may emerge as promising early detection biomarkers for esophageal cancer.
The main treatment methods of esophageal cancer include surgery, radiotherapy, chemotherapy and immunotherapy. However, because most patients are diagnosed with esophageal cancer at an advanced stage, the effect of surgical treatment is limited, and the 5-year survival rate is only 25%. In the early stages of esophageal cancer, endoscopic resection is a treatment option with good therapeutic results, and data suggest that endoscopic treatment is equivalent to surgery in terms of overall and cancer-specific survival, with lower surgical morbidity and mortality (Naveed and Kubiliun, 2018). For patients with advanced esophageal cancer, the main purpose of treatment is to relieve symptoms and prolong the survival time of patients. Concurrent chemoradiotherapy may achieve good curative effect (Herskovic et al., 2012). MO-I-500, as a kind of particular FTO inhibitor, can inhibit the aggressive inflammatory breast cancer cell line SUM149-MA or cell colony formation of survival (Singh et al., 2016). IGF2BP3 stabilizes COX6B2 to increase oxidative phosphorylation and drive resistance to EGFR inhibitors in lung cancer, providing a therapeutic strategy to overcome acquired resistance by targeting metabolic shifts (Lin et al., 2023). Yankova et al. (2021) found that the METTL3 inhibitor STM2457 reduced the growth of acute myeloid leukemia AML and increased differentiation and apoptosis. Sun et al. (2023a) also found that METTL3 promoted chemotherapy resistance in small cell lung cancer by positively regulating mitophagy, while STM2457 could reverse chemotherapy resistance in small cell lung cancer. The anti-HIV drug Elvitegravir has been shown to enhance the ubiquitination and subsequent degradation of METTL3 by facilitating its interaction with the E3 ubiquitin ligase STUB1. This mechanism highlights the drug’s significant inhibitory effect on the invasion and metastasis of EC (Liao et al., 2022). Despite these promising findings, the development of inhibitors targeting m6A regulatory proteins is still in its early stages. Current inhibitors often face challenges such as low activity and poor specificity. Most m6A regulatory protein inhibitors are primarily employed in preclinical studies, with no reported applications in EC patients to date. This underscores the need for further research to develop more effective and targeted therapies based on m6A regulation in esophageal cancer. An overview picture summarizing the therapeutic targeting of m6A is shown in Figure 4.
[image: Figure 4]FIGURE 4 | Different therapeutic targets of m6A. (A) MO-I-500, as a kind of particular FTO inhibitor, can inhibit the aggressive inflammatory breast cancer cell line SUM149-MA or cell colony formation of survival. (B) IGF2BP3 stabilizes COX6B2 to increase oxidative phosphorylation and drive resistance to EGFR inhibitors in lung cancer. (C) METTL3 inhibitor STM2457 decreases the growth of acute myeloid leukemia AML and increased differentiation and apoptosis. (D) METTL3 promotes chemotherapy resistance in small cell lung cancer by positively regulating mitophagy, while STM2457 could reverse chemotherapy resistance in small cell lung cancer. (E) The anti-HIV drug Elvitegravir has been shown to enhance the ubiquitination and subsequent degradation of METTL3 by facilitating its interaction with the E3 ubiquitin ligase STUB1.
6 REGULATION OF CELLULAR SIGNALING PATHWAYS
Recent studies have shown that m6A regulation extends beyond the modulation of mRNA stability, influencing key cellular signaling pathways involved in cell proliferation, migration, and immune response. These pathways include the PI3K/Akt, Wnt/β-catenin, and JAK/STAT pathways and so on, all of which are critical in tumorigenesis and metastasis.
Previous studies have established a strong correlation between the activation of the JAK-STAT signaling pathway and various diseases (Yue et al., 2020),including non-small lung cancer (Prabhu et al., 2021), breast cancer (Chen J. et al., 2021) and ovarian cancer (Gao et al., 2022). Sun et al. (2023b) demonstrated that the m6A methyltransferase METTL3 enhances the translation of critical oncogenes, such as JAK1 and STAT3, which play a pivotal role in the signaling cascade driving colorectal cancer progression. By promoting m6A modification, METTL3 facilitates the activation of the JAK/STAT signaling pathway, thereby contributing to the oncogenic transformation of colorectal cancer cells.
The PI3K/AKT signaling pathway serves as a crucial regulatory mechanism for cell proliferation and metabolism, and it is intricately linked to tumorigenesis and development. Liu X. et al. (2021) indicates that METTL14 is the main regulator for the abnormal m6A modification in GC and METTL14 suppresses GC cell progression and aggression by deactivating the PI3K/AKT/mTOR pathway and the EMT pathway as a tumor suppressor. Chronic infections with the hepatitis B virus (HBV) constitute a prominent cause of liver cirrhosis and hepatocellular carcinoma (HCC). Studies has unveiled a notable finding: HBV infection induces a substantial elevation in the m6A modification of Foxp4 mRNA, which in turn enhances the stability of this mRNA and leads to a subsequent surge in Foxp4 mRNA levels. Furthermore, researchers also demonstrated that HBV gene expression activates the PI3K/AKT pathway in HCC cells by modulating the stability of Foxp4 mRNA. This study offers profound insights into the fundamental mechanisms underlying HBV infection and its potential ramifications for cancer progression (Wang et al., 2024).
Osteoarthritis (OA) is the most common form of arthritis, An et al. (2024) revealed that WTAP-dependent m6A modification of RNA activates the Wnt/β-catenin pathway and promotes OA progression by regulating FRZB mRNA post-transcriptionally, suggesting a potential therapeutic strategy for OA. Ma et al. (2024) identified and characterized PSEN1 as a novel target regulated by m6A modification during craniofacial development. Mechanistically, METTL3-mediated m6A modification controls the expression of PSEN1 by modulating its mRNA stability in a YTHDF1-dependent manner. Subsequently, PSEN1 regulates Wnt/β-catenin signaling through binding to β-catenin, thereby influencing craniofacial developmental processes via METTL3-mediated m6A modification.
7 ROLE OF M5C IN ESOPHAGEAL CANCER
Previous studies have found that the expression of NSUN2 protein and mRNA is elevated in esophageal cancer tissues, and the expression of NSUN2 is higher with later tumor staging, indicating that high expression of NUSUN2 is closely related to poor prognosis in patients (Su et al., 2021; Okamoto et al., 2012). Li et al. (2016) found that TET1 expression is downregulated in esophageal cancer Shi et al. (2016) found that compared to paired non tumor tissues, the expression of TET2 and TET3 was significantly reduced in tumor tissues. TET2 is regulated by epigenetics in esophageal cancer tissue and mutations occur in nearly 6% of Japanese esophageal cancer patients (Sawada et al., 2016). According to the Japanese study, TET2 mutation can be considered as a negative prognostic indicator for the survival of esophageal cancer patients. However, Xu et al. (2020) found that the expression of TET3 was elevated and negatively correlated with patient survival rate. Through screening and experimental verification of public databases, Su et al. (2021) found a positive correlation between NSUN2 and E2F1 expression, demonstrating that E2F1 acts as a transcription factor that upregulates NSUN2 in esophageal cancer. This regulation was evidenced by significant downregulation of NSUN2 at both mRNA and protein levels following the silencing of E2F1. Niu et al. (2022) further investigated the genetic aspects of NSUN2 expression, identifying rs10076470 G to A mutations in the NSUN2 gene in certain ESCC patients. These mutations led to the formation of cis eQTLs, which bind to STAT1 and transcription factors, thereby promoting the expression of NSUN2. This highlights the role of genetic variations in influencing NSUN2 levels and potentially impacting esophageal cancer progression. The TET1 promoter and exon 1 region have typical methylated CpG islands, and carcinogen-induced CpG methylation can inhibit TET1 expression in esophageal cells (Li et al., 2016). TET2 expression is regulated negatively by the microRNA-196a/UHRF2 axis, indicating a complex interplay between microRNAs and TET family members in esophageal cancer (Hu et al., 2022). Xu et al. (2020) found that TET3 is upregulated via the TLR4/p38/ERK-MAPK pathway in response to lipopolysaccharide stimulation, and this upregulation is negatively correlated with patient survival. This suggests that TET3 may play a role in tumor progression. NSUN2 enhances the expression of various cancer-related genes through mRNA m5C methylation, which contributes to radiochemotherapy resistance in patients (Niu et al., 2022). It mediates the m5C modification of GRB2, promoting its interaction with LIN28B, a key m5C mediator alongside YBX1 and ALYREF. The binding of LIN28B stabilizes GRB2 mRNA, leading to the activation of important signaling pathways like PI3K/AKT and ERK/MAPK, further influencing tumor growth and survival (Su et al., 2021). Li et al. (2018) identified lncRNA NMR as a methylation target of NSUN2, playing various roles in esophageal cancer. m 5C-methylated NMR can increase chemoresistance in ESCC cells and bind to the chromatin regulator BPTF to mediate tumor progression. Interestingly, methylated NMR may also inhibit the methylation of certain mRNAs associated with cell migration and invasion, including LAMB1, PLOD3, HSPG2, and COL4A5. YBX1 interacts with the 3′UTR of c-Myc mRNA, aided by the linc02042 scaffold, which enhances c-Myc mRNA stability. This stabilization promotes the proliferation and metastasis of EC (Du et al., 2020). The TET family, while not extensively discussed in terms of its function as RNA methylation regulators, has been investigated in relation to esophageal cancer. LncRNA ZNF667-AS1 activates its target genes, ZNF667 and E-cadherin, by recruiting TET1, thereby inhibiting ESCC progression (Dong et al., 2019). The suppression of TET1 demethylase is linked to low chromosomal copy-number alterations (CNAs) in HPV-positive EC (Campbell et al., 2018). Han et al. (2022) elucidated that loss of TET1 expression promotes tumor suppressor gene inactivation in tumor pathogenesis. Knockdown of TET2 enhances malignant phenotypes of ESCC by increasing cell proliferation, migration, and invasion (Sawada et al., 2016; Hu et al., 2022). Moreover, overexpression of TET3 has been reported to induce the stemness of EC cells (Xu et al., 2020).
8 ROLE OF M7G IN ESOPHAGEAL CANCER
In 2022, Han et al. (2022) demonstrated that the m7G methyltransferase complex proteins METTL1 and WDR4 are significantly upregulated in ESCC tissues and are associated with adverse prognosis in ESCC. Knockdown of METTL1 or WDR4 can lead to reduced expression of m7G-modified tRNA and decrease translation of a subset of oncogenic transcripts enriched in the RPTOR/ULK1/autophagy pathway. High WBSCR22 expression predicts adverse prognosis in ESCC patients (Li C. et al., 2017). Zhao et al. (2022) developed a robust and effective prognostic marker related to m7G regulatory factors for LNCRNA, which offers superior predictive value compared to traditional clinical risk factors. Their findings revealed that, compared to normal adjacent tissues, expression levels of AC025754.2, AL4, 51165.2, and AL513550.1 significantly increase in ESCC tissues, whereas HAND2-AS1, SNHG7, SRP14-AS1, and AC007566.1 are downregulated in ESCC tissues.
9 M6A MODIFICATION IN OTHER CANCERS
Beyond esophageal cancer, N6-methyladenosine (m6A) RNA methylation has been identified as a critical factor in the pathogenesis of various malignancies. In hepatocellular carcinoma (HCC), m6A regulators such as METTL3 and FTO have been demonstrated to modulate tumor progression by influencing the stability and translation efficiency of oncogenic mRNAs (Chen et al., 2018). Similarly, in glioblastoma, m6A modification regulates cancer stem cell maintenance and tumorigenesis through modulation of key signaling pathways, including Wnt/β-catenin (Cui et al., 2017). In breast cancer, m6A methylation has been linked to epithelial-mesenchymal transition (EMT) and metastasis, with METTL14 playing a critical role in suppressing tumor invasion (Zhang et al., 2016). Furthermore, in acute myeloid leukemia (AML), aberrant m6A levels contribute to dysregulated hematopoietic differentiation and leukemogenesis, emphasizing the extensive influence of m6A modification on cancer biology (Vu et al., 2017). Another research revealed that the m6A demethylase ALKBH5 was markedly downregulated in GC tissues, which was associated with poor patient prognosis (Zheng et al., 2025). Collectively, these findings highlight the pervasive and multifaceted role of m6A methylation across diverse cancer types, suggesting its potential as a universal therapeutic target.
10 CONCLUSION
There has been an increasing awareness of RNA methylation’s role in esophageal cancer in recent years, but m6A modification research is still in its infancy, posing various challenges. The purpose of this review is to discuss m6A, m5C, and m7G modifications of RNA in esophageal cancer. We begin by describing the three types of RNA methylation and their respective regulators. Subsequently, we highlight the roles and clinical significance of these RNA methylation regulators in esophageal cancer, emphasizing their potential impact on tumor progression and patient outcomes. Furthermore, we conduct a systematic review of the regulatory expression of these factors in esophageal cancer, synthesizing findings from published studies to offer a comprehensive overview of their implications in this malignancy. The purpose of this work is to better understand how RNA methylation is related to esophageal cancer, as well as to identify future research and therapeutic avenues.
There has been a growing interest in immunotherapy as a treatment strategy for esophageal cancer, highlighting the importance of targeting RNA methylation within the tumor microenvironment. To understand the molecular mechanisms behind esophageal cancer, a holistic approach must be taken that takes into account both tumor cells and the surrounding microenvironment (Lin EW. et al., 2016). Research has shown that targeting m6A modification can influence the response to immunotherapy. Similarly, Liu et al. (2021c) suggested that targeting m6A modifications could enhance the efficacy of anti-PD-1 therapy in non-small cell lung cancer. Wan et al. (2022) demonstrated that m6A modification of PD-L1 mRNA stabilizes its expression in breast cancer, thereby inhibiting immune surveillance. Moreover, several studies indicate that targeting m6A could help overcome chemoradiotherapy resistance in various malignant tumors, including esophageal cancer. Therefore, future research should prioritize exploring the roles of m6A methylation regulators in the context of ESCC tumor immunotherapy, as this could reveal new strategies for enhancing treatment responses and improving patient outcomes.
The emergence of mutations at m6A methylation sites has garnered significant attention due to their potential impact on RNA function and regulation. However, the frequency of mutations occurring at the m6A locus and their potential consequences remain largely unexplored. This phenomenon is influenced by multiple factors, such as the genomic background, the specificity of surrounding sequences, and the biological or pathological state of the cell. Once a mutation occurs, it may disrupt the normal process of m6A modification, thereby affecting gene expression regulation. Studies have reported varying mutation frequencies among m6A regulatory genes. For instance, an analysis Wang et al. (2022) revealed a mutation rate of 4.69% in m6A regulators, with YTHDC2 being notably affected. Another comprehensive study identified ZC3H13 as having the highest mutation frequency among m6A-related genes (Jiang et al., 2023). In addition, a study analyzing 184 endometrial carcinoma patients found that 12.5% exhibited mutations in m6A regulators (Sheng et al., 2023). CRISPR-Cas9 technology has emerged as a promising tool for addressing these mutations by enabling precise genome editing that includes targeted modifications to m6A-related sequences within RNA transcripts (Vaghari-Tabari et al., 2022; Shi et al., 2022). Additionally, RNA-focused technologies, such as CRISPR-Cas13, provide direct RNA editing capabilities. This enables the precise correction of m6A-related mutations in a transcript-specific manner without necessitating alterations to the genome (Abudayyeh et al., 2017; Cox et al., 2017). However, the use of CRISPR-Cas9 or Cas13 in this context must overcome challenges such as off-target effects, the transient nature of RNA editing, and the precise targeting of m6A-associated sequences. Despite these challenges, initial studies have demonstrated the feasibility of employing CRISPR-based tools to restore the functionality of mutated m6A sites, suggesting a promising avenue for therapeutic applications.
While the role of m6A modification in esophageal cancer (EC) has attracted substantial attention, significant challenges and unresolved controversies remain in this rapidly advancing field. First, the functional duality of m6A regulators presents a major challenge. For instance, ALKBH5 has been reported to function as both a tumor suppressor by inhibiting proliferation and metastasis (Xiao et al., 2021) and an oncogene by promoting cell cycle progression (Nagaki et al., 2020). This highlights context-dependent roles that may vary with tumor stage, molecular subtypes, or microenvironmental cues. Similarly, METTL3 exhibits oncogenic effects via AKT/EGR1 signaling (Hou et al., 2020), contrasting with its potential tumor-suppressive roles in other cancers. These findings suggest tissue-specific regulatory networks that warrant further investigation. Such discrepancies emphasize the necessity for standardized models and larger multi-center clinical cohorts to validate findings across diverse populations. Second, the dynamic interplay between m6A and other RNA modifications (e.g., m5C, m7G) remains incompletely understood. For example, NSUN2-mediated m5C modification synergizes with m6A to stabilize oncogenic transcripts such as GRB2 in EC (Su et al., 2021). However, the mechanisms by which these modifications co-regulate RNA metabolism or compete for shared substrates remain unclear. Additionally, the clinical significance of m6A-related mutations and their influence on therapeutic resistance remain speculative, underscoring the need for functional genomics studies to elucidate mutation-specific mechanisms. Third, translational gaps impede progress. While inhibitors targeting METTL3 (e.g., STM2457) or FTO (e.g., MO-I-500) demonstrate preclinical promise, their efficacy and toxicity in EC patients have yet to be evaluated. Furthermore, non-invasive detection of m6A markers via liquid biopsies (e.g., circ-SLC7A5) requires validation in prospective clinical trials. The integration of m6A profiling with immunotherapy response, as observed in non-small cell lung cancer (NSCLC), remains unexplored in EC despite the increasing importance of immune checkpoint inhibitors in clinical practice. Finally, emerging technologies such as single-cell m6A sequencing and CRISPR-based RNA editing tools (e.g., Cas13) hold potential for resolving spatial heterogeneity in m6A deposition and enabling precise modulation of specific epitranscriptomic targets. Addressing these challenges will not only clarify the mechanistic complexities of m6A in EC but also accelerate the development of RNA methylation-based diagnostics and therapies, bridging the gap between basic research and clinical applications.
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