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Bladder cancer (BCa) is one of the most prevalent malignant tumors globally, particularly among men. According to data from the Global Cancer Research Agency, the annual incidence of BCa continues to rise, and its clinical features are complex, involving various molecular mechanisms and pathophysiological processes. Although existing treatments such as surgery, chemotherapy, and immunotherapy have improved patient prognosis to some extent, many individuals remain at risk for recurrence and metastasis. Therefore, there is an urgent need to explore new biomarkers and therapeutic targets to enhance the diagnostic and therapeutic efficacy of BCa. In recent years, RNA methylation, as an important post-transcriptional modification, has gradually attracted the attention of researchers. Among the methyltransferases, methyltransferase-like 3 (METTL3) is considered a key regulator, which is mainly responsible for the N6-methyladenosine (m6A) modification of mRNA. More and more studies have shown that METTL3 not only plays an important role in normal physiological processes, but also is closely related to the occurrence and development of a variety of tumors. This review aims to systematically explore the role of METTL3 in BCa, including its biological function, expression characteristics, potential therapeutic targets, and prognosis related research progress. Through the in-depth analysis of METTL3, we hope to provide new ideas and directions for the early diagnosis, prognostic evaluation, and the development of novel treatment strategies for BCa.
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1 Introduction

BCa is one of the most prevalent malignant tumors of the urinary system. In terms of incidence, BCa ranks as the 10th most common cancer worldwide, with an estimated 600,000 new cases reported in 2022 (1). In recent years, both the incidence and mortality rates of BCa in China have been on the rise. Urothelial carcinoma (UBC) is the most common histological subtype, accounting for approximately 90% of BCa cases globally (2). UBC is typically classified into two categories: non-muscle invasive bladder Cancer (NMIBC) and muscle invasive bladder cancer (MIBC). At the time of diagnosis, 75% of UBC cases are classified as NMIBC, while 25% are categorized as MIBC or metastatic disease. For patients with NMIBC, a common treatment strategy involves transurethral bladder tumor resection followed by postoperative intravesical chemotherapy or Bacillus Calmette-Guérin (BCG) therapy (3, 4). For patients with locally advanced or advanced MIBC, the standard treatment remains the gemcitabine and cisplatin (GC) regimen (5). However, once MIBC has metastasized, the five-year survival rate drops to only 15% (6). BCa not only brings physical pain to patients, but also suffers from anxiety, fear and torture psychologically. At the same time, families have to bear financial pressure and the rhythm of life is disrupted. Therefore, there is an urgent need to explore new treatment strategies and personalized treatment methods (7). As an RNA methyltransferase, METTL3 has attracted much attention in cancer research in recent years. Studies have shown that METTL3 regulates gene expression and cell fate by adding m6A modification to mRNA (8), and affects biological processes such as cell proliferation, apoptosis and migration (9). The expression level of METTL3 is abnormally increased in a variety of tumor types, such as lung, liver, breast, gastric, colorectal and pancreatic cancer (10–15), and is closely related to the occurrence, development and prognosis of tumors. In BCa, high expression of METTL3 is thought to be associated with tumor aggressiveness and metastasis (16). METTL3 can participate in the biological behavior of BCa by regulating key genes related to cell cycle, apoptosis and chemotherapy resistance (17). In addition, the expression level of METTL3 may also be used as a prognostic marker in patients with BCa (18), providing a new risk assessment tool for clinical practice. This review focuses on the potential of METTL3 as a potential therapeutic target as well as a prognostic marker in the treatment of BCa by promoting the proliferation and invasion of BCa cells.




2 M6A methylation modification

To date, more than 170 types of post-transcriptional RNA modifications have been identified (19), with m6A being the most prevalent RNA modification found in eukaryotic mRNAs. Numerous studies have demonstrated that m6A modifications play a crucial role in regulating RNA processing, splicing, nucleation, translation, and stability. These modifications significantly impact human diseases, as alterations in m6A may promote tumor development (20, 21) or contribute to neurodegeneration (22–24). In addition to its role in mRNA, m6A modification is also present in non-coding RNAs, such as microRNAs(miRNAs), long non-coding RNAs(lncRNAs), and circular RNAs(circRNAs), which similarly regulate their biological functions (25–27). m6A modulates gene expression in a post-transcriptional manner, involving three parts: “writers,” (28–30) “erasers,” (31, 32) and “readers” (33–35) (see Table 1). Following modification by these three components, the primary transcript RNA is transformed into mature RNA.


Table 1 | m6A post-transcriptional regulation mechanisms: writers, erasers, and readers.
	Functional module
	Key constituent
	Key Features
	References



	Writers
	METTL3, METTL14, WTAP, VIRMA, RBM15/15B
	Adds m6A modifications to RNA, regulating RNA stability and translation efficiency. It is also involved in RNA splicing, nuclear export, and localization.
	(28–30)


	Erasers
	FTO, ALKBH5
	Dynamically removes m6A modifications, regulates RNA stability and translation, and influences the development of diseases such as obesity, cancer, and neurodegenerative disorders.
	(31, 32)


	Readers
	YTH Family (YTHDF1, YTHDF2, YTHDF3),YTHDC Family (YTHDC1, YTHDC2), IGF2BP Family:IGF2BP1, IGF2BP2, IGF2BP3), hnRNP Family: (hnRNPC, hnRNPG)
	Recognizes and binds to m6A modification sites, determining the fate of RNA—whether it is translated, stabilized, degraded, or spliced—and coordinates the role of RNAs in various biological environments.
	(33–35)





METTL3,methyltransferase-like 3; METTL14,methyltransferase 14; WTAP, wilms tumor 1-associated protein; VIRMA, viral RNA methylation adapter; RBM15/15B,RNA binding motif protein 15/15B; FTO, fat mass and obesity-associated protein; ALKBH5,alkB homolog 5; YTHDF1/2/3, YTH N6-methyladenosine RNA binding protein 1/2/3; IGF2BP1/2/3, Insulin like growth factor 2 MRNA binding protein 1/2/3.






3 Structure and function of METTL3

METTL3, also known as MT-A70, is a 70 kDa protein that serves as a key m6A methyltransferase and is widely present in eukaryotes (36). The structural features of METTL3 include an S-adenosylmethionine (SAM) binding domain and an RNA-binding domain. The N-terminus of METTL3 contains two Cys-Cys-Cys-His (CCCH)-type zinc finger (ZnF) motifs, which are commonly found in RNA-binding proteins (37). These structures enable METTL3 to efficiently catalyze methyl transfer reactions. Typically, METTL3 forms a stable dimeric complex with methyltransferase 14 (METTL14) in the nucleus, which subsequently interacts with wilms’ tumor 1-associating protein (WTAP) to create the m6A methyltransferase complex (METTL3/METTL14/WTAP), also referred to as m6A “writers” (38). “In the methyltransferase complex, METTL3 is the first and only catalytic subunit discovered to transfer methyl groups from SAM to adenosine residues in the RNA molecule, forming the m6A modification (39).” This process is an important part of RNA post-transcriptional modification, affecting mRNA stability and translational efficiency. In addition, METTL3 also plays an important role in biological processes such as stem cell differentiation (40), immune cell activation (41), and neural development (42), helping cells to respond to different environments. In terms of disease, the abnormal expression of METTL3 is closely related to the occurrence and development of a variety of cancers, and may affect the behavior of tumors by regulating the proliferation, metastasis and drug resistance of tumor cells. Studies have found that microRNA-600 (miR-600) can inhibit the progression of lung cancer by down-regulating the expression of METTL3 (10). He et al. found that microRNA-4429 (miR-4429) can inhibit m6A modification by targeting METTL3, leading to the stabilization of SEC62 homolog, preprotein translocation factor (SEC62) to prevent the progression of gastric cancer (13). Interestingly, METTL3 is also closely related to neurodegenerative diseases. It has methyltransferase activity and deposits methyl groups on RNA, which can inactivate neurophysiological events and trigger or worsen neuropathological events (23). Overall, the structure and function of METTL3 complement each other, making it an important factor in the regulation of m6A modification.




4 The role of m6A modification and its key proteins in BCa.

Studies have demonstrated that m6A modification is closely associated with the occurrence, progression, and prognosis of BCa. Compared to normal bladder tissue, the expression patterns of various regulatory factors involved in m6A modification differ significantly. Several key regulators are notably upregulated in BCa cells, including METTL3, WTAP (43), fat mass and obesity-associated protein (FTO) (44), insulin-like growth factor 2 mRNA-binding protein 1 (IGF2BP1) (45), YTH n6-methyladenosine RNA-binding protein 1 (YTHDF1) (46), and Heterogeneous nuclear ribonucleoprotein A2/B1 (HNRNPA2B1) (47). Conversely, AlkB homolog 5 (ALKBH5) (48), METTL14 (49), and YTH n6-methyladenosine RNA-binding protein 3 (YTHDF3) (50) are downregulated. FTO is recognized as an oncogenic factor in the development of BCa. The knockdown of FTO enhances the stability of the mRNA for the signal transducer and activator of transcription 3 (STAT3), increases STAT3 expression, effectively reduces cell cycle progression, and diminishes cell proliferation, migration, and invasion capabilities, while also inducing apoptosis and carcinogenic transformation. An increase in FTO levels correlates with poor prognosis in BCa patients (51, 52). Qiu et al. found that knockdown of yes-associated protein 1(YAP1) inhibited the growth, invasion, and migration of BCa cells, and at the same time, hindered YTHDF3-mediated degradation of SMAD family member 7 (SMAD7), ultimately leading to a reduction in the stemness of BCa cells (50). YTHDF1 plays a role in BCa progression and glycolytic activity. It has been found that YTHDF1 can positively regulate the expression of glutamate ionotropic receptor NMDA type subunit 2D (GRIN2D) to promote BCa cell proliferation and enhance aerobic glycolysis. Moreover, inhibition of the m6A-YTHDF1-GRIN2D axis can inhibit cancer progression and metabolic changes (53). Huang et al. found that overexpression of METTL14 inhibited BCa cell migration, invasion in vitro, and tumor metastasis in vivo. METTL14 positively regulated ubiquitin-specific peptidase 38 (USP38) and enhanced the stability of USP38 mRNA through YTHDF2-dependent m6A modification. To inhibit migration, invasion, and epithelial-mesenchymal transition (EMT) of BCa cells (54). In addition, both YTHDC1 and ALKBH5 mediate cisplatin resistance in BCa. YTHDC1 could decrease phosphatase and tensin homolog (PTEN) expression and activate PI3K/AKT signaling by destabilizing PTEN mRNA while enhancing cell viability in BCa cells.” Thus, reduction of YTHDC1 expression promotes resistance to cisplatin, whereas overexpression of YTHDC1 promotes cisplatin sensitivity (55). “ Meanwhile, it has been reported that ALKBH5 knockdown can also promote the proliferation, migration and invasion of BCa cells and sensitize BCa cells to cisplatin in vitro and in vivo in an m6A-dependent manner through the casein kinase 2 (CK2)-mediated glycolysis pathway (56). In summary, m6A modification plays a multifaceted role in the occurrence and development of BCa, affecting the proliferation, migration, invasion and cisplatin resistance of tumor cells by dynamically regulating the fate of RNA. Although current studies on m6A modification in BCa have revealed remarkable functions, many questions remain unanswered.




5 The role of METTL3 in BCa

As one of the key methyltransferases involved in m6A methylation modification, METTL3 plays a significant role in the occurrence and progression of BCa (see Figure 1). Studies have demonstrated that METTL3 precisely regulates the expression of tumor-related genes by modulating the levels of m6A modification. This regulation promotes the proliferation, invasion, and migration of tumor cells and may also contribute to the remodeling of the tumor microenvironment and the development of chemotherapy resistance. Its abnormally high expression is often closely associated with poor prognosis in patients with BCa, highlighting its considerable potential for use in diagnosis, prognosis assessment, and targeted therapy.
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Figure 1 | The role of METTL3 in BCa. METTL3 plays a crucial role in BCa primarily by promoting the proliferation, invasion, and migration of BCa cells. It accelerates angiogenesis around bladder tumor cells, drives the metastasis of BCa, and can also predict the response of MIBC to neoadjuvant chemotherapy. M6A,N6-methyladenosine; MIBC, muscle invasive bladder cancer; BCa, bladder cancer; AFF4/NF-κB/MYC,FMR2 family member 4/nuclear factor kappa-light-chain-enhancer of activated B cells/MYC proto-oncogene;ENO1,Enolase 1,SETD7,SET domain containing 7; KLF4,kruppel-like factor 4; RRAS,RAS-related protein R-Ras; RPN2,ribophorin II; pri-miR-221/222,Primary microRNA-221/222;RBM15,RNA binding motif protein 15; HIF1A,hypoxia-inducible factor 1 alpha; P3H4,prolyl 3-hydroxylase 4; PI3K/Akt, phosphoinositide 3-kinase/protein kinase B;TEK,TEK tyrosine kinase; VEGF-A, vascular endothelial growth factor A;CLASP2,Cytoplasmic linker associated protein 2; IQGAP1,IQ motif containing GTPase activating protein 1.



5.1 METTL3 enhances the proliferation, invasion, and migration of BCa cells

More and more studies have found that METTL3 shows a significant upward trend in BCa tumor tissues, and the overexpression of METTL3 significantly promotes the growth and invasion of BCa cells. METTL3 can promote cancer cell proliferation and anti-apoptosis by regulating various targets and pathways, including miRNAs and non-coding RNAs, which are critical for BCa. Cheng et al. first revealed METTL3-mediated m6A modification in BCa cells. Knockdown of METTL3 significantly reduced the proliferation, invasion, in vitro survival rate, and in vivo tumorigenicity of BCa cells. At the same time, FMR2 family member 4/nuclear factor kappa-light-chain-enhancer of activated B cells/MYC proto-oncogene (AFF4/NF-κB/MYC) was further identified as the direct targets of METTL3. It can promote the progression of BCa through this signaling pathway (57). In addition, Shen et al. found that oncogene enolase 1 (ENO1) was methylated and highly expressed in BCa, and the RNA binding motif protein 15 (RBM15)/METTL3 complex enhanced the translation efficiency of ENO1 mRNA through m6A modification, thereby promoting BCa cell proliferation (58). YTHDF2, the first discovered m6A “reader” protein, regulates mRNA degradation and cell viability (59, 60). Mettl3-mediated m6A modification is recognized by YTHDF2, which mediates the mRNA reduction of tumor suppressors SET domain containing 7 (SETD7) and kruppel-like factor 4 (KLF4). In turn, it induces the progression of BCa (61). In addition, YTHDF2 may also bind to the m6A modification site RAS-related protein R-Ras (RRAS) and cause the degradation of RRAS mRNA, and bioinformatics analysis showed that RRAS is a potential downstream target of METTL3. METTL3 can bind to the m6A site of RRAS mRNA and inhibit the transcriptional activity of RRAS, thereby promoting the proliferation, migration, and invasion of BCa cells (62). Studies have found that METTL3 can also bind to YTHDF1 to significantly reduce the ribophorin II (RPN2) mRNA and protein, thereby reducing the phosphorylation level of the phosphoinositide 3-kinase/protein kinase B/mammalian target of rapamycin (PI3K/AKT/mTOR). pathway and leading to proliferation of BCa cells (63). Recent studies have found that METTL3 can interact with microprocessor protein DiGeorge syndrome critical region gene 8 (DGCR8) and positively regulate and accelerate the maturation of Primary microRNA-221/222 (pri-miR-221/222) in an m6A-dependent manner, leading to PTEN reduction and ultimately promoting the proliferation of BCa (64). Huang et al. found that RNA binding motif protein 15(RBM15) and METTL3 are potential master regulators of lncRNAs, and the level of m6A modification of lncRNA was significantly reduced after knocking down METTL3 and RBM15. This suggests that METTL3 and RBM15 may promote the development and progression of BCa by jointly regulating the level of RNA modification (16). Interestingly, Liu et al. found that long-term exposure to fine particulate matter is also closely related to the development of BCa, and particulate matter 2.5 (PM2.5) can enhance the expression of METTL3 by inducing hypomethylation of its promoter and increasing the binding affinity of transcription factor hypoxia-inducible factor 1 alpha (HIF1A). PM2.5 exposure exerts epigenetic regulation on BCa through the HIF1A/METTL3 network (65). EMT is an important biological process in the development of cancer and plays a key role in the invasion and metastasis of tumor cells (66). Liu et al. found that prolyl 3-hydroxylase 4 (P3H4) was significantly highly expressed in BCa samples, and METTL3 overexpression increased the stability of P3H4 mRNA, thereby promoting proliferation, migration, invasion, and EMT progression in BCa (67). Taken together, these studies suggest that METTL3 acts as an oncogene contributing to BCa progression and metastasis.




5.2 METTL3 accelerates angiogenesis in the vicinity of bladder tumor cells

Tumor blood vessel formation plays a crucial role in the growth of primary solid tumors, as well as in tumor progression and metastasis. An increase in tumor blood vessel density facilitates the entry of tumor cells into the circulation, and this enhanced blood vessel formation appears to be closely associated with the invasive characteristics of tumors (68). Vascular endothelial growth factor (VEGF), also known as vascular permeability factor (VPF) (69), has been identified as a significant pro-angiogenic factor that is frequently overexpressed in various tumors, including BCa, breast cancer (70). VEGF can induce the proliferation, migration, and neovascularization of vascular endothelial cells in the normal tissues surrounding BCa, thereby providing adequate oxygen and nutrients to the tumor (71). Targeting VEGF, its receptors, and downstream signaling cascades represents a viable strategy to inhibit BCa growth and metastasis (72). Wang et al. found that METTL3 could promote angiogenesis, epithelial-mesenchymal transition, and metastasis in BCa by regulating the phosphoinositide 3-kinase/protein kinase B (PI3K/AkT) signaling pathway, and METTL3 inhibited transcripts and proteins of TEK tyrosine kinase (TEK) and vascular endothelial growth factor A (VEGF-A) involved in the PI3K/AKT pathway. In addition, in order to further study whether METTL3-mediated m6A modification could effectively affect the biological process of BCa, gene ontology (GO) analysis of the m6A-enriched gene set showed that METTL3 methylation could accelerate the formation of neovascularization around BCa and promote the progression of BCa (73).




5.3 METTL3-mediated m6A modification drives BCa metastasis

Metastasis of BCa is a complex, multistep process primarily triggered by cytoskeletal reorganization. Cytoplasmic linker associated protein 2 (CLASP2), a microtubule-binding protein, plays a crucial role in the dynamic regulation of the cytoskeleton and cell migration (74). Elevated expression of CLASP2 is associated with shorter overall survival in BCa patients (75). Tumor necrosis factor-alpha (TNF-α) has been shown to promote METTL3-mediated m6A modification of CLASP2, thereby enhancing the stability of CLASP2 mRNA. Additionally, CLASP2 interacts with IQ motif-containing IQ motif containing GTPase activating protein 1 (IQGAP1). Consequently, the remodeling of the F-actin cytoskeleton drives the metastasis of BCa (76).




5.4 METTL3 mutations can predict the response of MIBC to neoadjuvant chemotherapy

MIBC is a highly aggressive subtype of BCa, characterized by tumor invasion into the muscular layer of the bladder. This subtype is associated with a higher risk of metastasis and a poor prognosis. Currently, the gold standard for treating MIBC is radical cystectomy following cisplatin-based neoadjuvant chemotherapy (NAC) (77). However, two-thirds of MIBC patients exhibit partial or no pathological response to NAC, leading to delayed surgery and a worse prognosis (78). Therefore, accurately predicting the pathological response to NAC is crucial, as it significantly aids in the subsequent treatment and prognosis of MIBC patients (79). By employing whole exome sequencing (WES) to identify gene mutations in MIBC that can predict NAC response, Yang et al. discovered that BCa patients with mutations in METTL3 experienced a significant survival benefit after NAC treatment (80).





6 Potential clinical applications of METTL3-targeted therapeutic strategies in BCa

Currently, treatment strategies for BCa are rapidly evolving, particularly due to breakthroughs in immunotherapy (81, 82) and targeted therapy (83), which have significantly transformed the treatment landscape. Immune checkpoint inhibitors have been extensively utilized in the management of advanced or metastatic bladder cancer, demonstrating remarkable efficacy in prolonging patient survival and enhancing quality of life (84). Additionally, targeted therapies that focus on specific molecular characteristics provide tailored treatment options for patients with fibroblast growth factor receptor (FGFR) mutations or fusions (85). Furthermore, emerging therapies such as antibody-drug conjugates (ADCs) broaden the available treatment options (86). These advancements not only offer patients a wider array of choices but also advance bladder cancer treatment toward a more personalized and diverse approach. One such molecule, METTL3, is a key methyltransferase responsible for m6A modification and plays a crucial role in cancer development and progression. Targeting METTL3 as a therapeutic strategy for various types of tumors has received widespread attention (87). Compared to normal bladder tissues, METTL3 is highly expressed in BCa tissues and regulates multiple tumor characteristics, including cell proliferation, metastasis, anti-apoptosis, and chemoresistance. Therefore, targeting METTL3 may achieve multiple anti-tumor effects and possibly possess favorable tumor specificity. Currently, research on the development of METTL3-targeted therapies for BCa treatment is still mostly at an early stage, mainly focusing on small molecule inhibitors, RNA-targeted therapies, and combination treatment strategies.




6.1 Small molecule inhibitors

The development of small molecule inhibitors targeting METTL3 aims to inhibit its m6A methylation function and block its oncogenic effects in BCa (88). Although no METTL3-targeted drugs have been approved yet, inhibitors based on the structure of its methyltransferase, such as the METTL3/METTL14 heterodimer, are currently undergoing early-stage research. These inhibitors primarily fall into two categories: nucleoside and non-nucleoside compounds. STM2457 is the first widely studied small molecule inhibitor of METTL3. It competitively binds to the SAM binding site of METTL3, inhibiting its m6A methyltransferase activity and thereby reducing RNA methylation levels. In acute myeloid leukemia (AML) models, STM2457 significantly inhibits tumor cell proliferation, induces apoptosis, and blocks the proliferation and colony formation of the Human Acute Myeloid Leukemia Cell Line (MOLM-13), all without affecting normal hematopoietic function (89). STM2457 is also being considered for the treatment of non-small cell lung cancer (NSCLC), where it can upregulate programmed death-ligand 1 (PD-L1) both in vivo and in vitro, enhance the efficacy of NSCLC immunotherapy, and inhibit tumor progression while overcoming heterogeneity through its impact on the translatome (90). In addition to STM2457, several pharmaceutical companies and academic institutions are utilizing high-throughput screening technology to develop new small molecule inhibitors of METTL3, although these specific drugs are still in the early stages of research (91). A derivative of STM2457, known as STC-15, has reportedly entered clinical trials, and preliminary results indicate that it shows promise for inhibiting tumor growth through direct antitumor effects and anticancer immune responses (92). In summary, the successful development of STM2457 provides a crucial research foundation for targeting BCa treatment and holds significant potential in BCa therapy. By inhibiting m6A modification and blocking the stability and expression of oncogenic genes, it can effectively suppress the progression of BCa.




6.2 RNA-targeted therapy

Currently, there are few reports on RNA-targeted therapies for BCa; however, targeting METTL3 presents significant potential for BCa treatment, particularly in the realms of small interfering RNA (siRNA) (93)and antisense oligonucleotides (ASO) (94).



6.2.1 SiRNA

siRNA technology can specifically silence the expression of target genes and has emerged as a promising treatment for cancer (95). By designing specific siRNAs to target the Mettl3 gene, it may be possible to inhibit the proliferation and invasion of BCa cells or enhance their chemosensitivity. Although there are few reports on siRNA targeting Mettl3 in BCa, the use of siRNA delivered by nanocarriers has become a new focus in cancer therapy (96). Studies have demonstrated that siRNA-mediated silencing of the METTL3 gene can significantly inhibit the proliferation and invasive capacity of BCa cells. In vitro experiments have shown that METTL3 knockdown leads to cell cycle arrest and increased apoptosis. In mouse models, siRNA-mediated silencing of the METTL3 gene significantly inhibits BCa tumor growth and metastasis (16, 64). However, the lack of effective in vivo delivery carriers remains a major challenge in translating siRNA into therapeutic drugs (97). Liu et al. found that utilizing natural halloysite nanotubes (HNTs) for nucleic acid delivery can address issues related to the low efficiency, rapid degradation, and toxicity of siRNA. HNT-encapsulated siRNA is more stable in serum, has a longer circulation time in the bloodstream, is more readily absorbed by BCa cells, and accumulates in BCa tumors (98). These findings provide valuable insights for the study of siRNA targeting Mettl3 in the treatment of BCa.




6.2.2 ASO

ASOs are single-stranded DNA or RNA molecules that can bind to target mRNA through complementary base pairing, leading to mRNA degradation or the inhibition of translation (99). Li et al. discovered that in castration-resistant prostate cancer (CRPC), targeting METTL3 with ASO technology can significantly reduce the mRNA levels of METTL3, thereby diminishing its regulatory effects on downstream genes such as harvey rat sarcoma viral oncogene homolog (HRAS) and mitogen-activated protein kinase kinase 2 (MEK2), which in turn inhibits the proliferation and drug resistance of CRPC cells (100). Although there are currently no direct studies supporting the application of ASOs targeting METTL3 in BCa, research on ASOs for BCa treatment has consistently garnered significant interest (101). Given its molecular mechanism, the technological advancements in BCa treatment, and its applications in other tumors, this area warrants further investigation.

RNA-targeted therapies present an innovative approach for targeting METTL3 in BCa (88). Compared to traditional small molecule inhibitors, RNA-based therapies offer higher specificity and greater design flexibility, making them a promising therapeutic strategy (102). By utilizing technologies such as siRNA and ASO, the expression of METTL3 can be effectively reduced, its oncogenic effects can be inhibited, and consequently, the growth and metastasis of BCa can be suppressed. However, RNA-targeted therapies still encounter challenges related to delivery efficiency, off-target effects, and clinical translation (103). In the future, advancements in delivery technologies, chemical modifications, and precision medicine are expected to enhance the efficacy of RNA-targeted therapies, positioning them as a vital option for BCa treatment and providing patients with more precise and effective therapeutic solutions.





6.3 Combination treatment strategies

BCa is a complex disease associated with high incidence and mortality rates if not treated optimally. The primary treatment options include surgery, chemotherapy, radiotherapy, and immunotherapy; however, their effectiveness is often limited by patient-specific differences and drug resistance (2). In recent years, the oncogenic mechanisms of METTL3, a key enzyme involved in m6A methylation, have been extensively studied in BCa (104). Research has shown that METTL3 promotes tumor progression by stabilizing oncogenes, enhancing chemoresistance (17), and regulating the tumor immune microenvironment. Consequently, combination therapeutic strategies targeting METTL3 are emerging as a new research direction. Mao et al., by using the RNA Molecule Targeting (RM2Target) database, identified important regulatory associations between 20 pairs of prognostic immune genes (PIGs) and m6A regulators among the 28 PIGs identified. METTL3 and virulence factor protein (VIRMA) play key roles in immune-related m6A modifications, indicating that the design of inhibitors targeting METTL3 and VIRMA may represent a promising approach to combining anti-m6A therapy with immunotherapy (105). METTL3 significantly influences the function of immune cell subpopulations, including CD8+ T cells and myeloid-derived suppressor cells (MDSCs), by regulating the m6A modification of RNA. This regulation impacts the response to immunotherapy in BCa. In CD8+ T cells, METTL3 enhances the stability and translational efficiency of genes associated with the T cell receptor (TCR) signaling pathway, thereby promoting their proliferation, activation, and the expression of effector molecules, which ultimately strengthens anti-tumor immunity (106). Furthermore, METTL3’s regulation can decrease the expression of molecules related to T cell exhaustion, thereby improving the efficacy of immune checkpoint inhibitor therapies (107).Wang et al. found that by altering the tumor microenvironment and recruiting CD8+ tumor-infiltrating lymphocytes (TILs), inhibiting m6A modification can sensitize tumors to immunotherapy. The growth-inhibitory effects of Mettl3/14-deficient tumors are comparable to those of various combination immunotherapies, thus opening the door to combining immunotherapy with newly developed methyltransferase inhibitors for BCa treatment (106). In addition, Wu et al. found that inhibiting METTL3 can improve anti-programmed death protein 1 (PD-1) therapy in an m6A-YTHDF2-dependent manner. METTL3 inhibition or knockout affects tumor cell proliferation and tumor growth, with YTHDF2 playing a key role and enhancing antitumor effects in a T-cell-dependent manner, indicating that YTHDF2 is a downstream executor of STM2457’s antitumor effects (107). In MDSCs, METTL3 enhances the expression of inhibitory factors through m6A modification, thereby amplifying their immunosuppressive effects on T cells. Simultaneously, it regulates the metabolic pathways and differentiation of MDSCs, further bolstering the tumor’s capacity to evade the immune response (108). The latest studies have found that METTL3 increases C-X-C motif chemokine ligand 5 (CXCL5) levels and inhibits C-C motif chemokine ligand 5 (CCL5) expression in an m6A-dependent manner, leading to increased recruitment of MDSCs and reduced infiltration of CD8+ T cells. Silencing or inhibiting METTL3 can restore immune cell balance and significantly enhance the efficacy of anti-PD-1 therapy (109). These studies have identified METTL3 as a key regulator of the tumor immune microenvironment and a promising therapeutic target for improving immunotherapy outcomes. However, combination therapies targeting METTL3 still face challenges such as drug delivery efficiency, off-target effects, and toxicity (110), which need to be further optimized and confirmed for their safety and efficacy through clinical trials (111). These explorations provide new perspectives and research directions for the precision treatment of BCa.





7 METTL3 mediates drug resistance and poor prognosis in BCa

Chemotherapy is a crucial strategy for treating MIBC and metastatic BCa (112), particularly as adjuvant therapy before or after surgery or in cases where surgery is not feasible. Combination therapies, such as methotrexate, vinblastine, doxorubicin, and cisplatin (MVAC), as well as GC, are considered the primary treatment regimens for MIBC and metastatic BCa (113). However, the emergence of cisplatin resistance significantly limits therapeutic efficacy and adversely affects patient prognosis (114). METTL3 may become a potential biomarker for BCa resistance and prognosis assessment in BCa (18, 115), providing new targets for clinical treatment. It has been found that in BCa tissues and cell lines, a novel circRNA 0008399 (circ0008399), which is upregulated by the eukaryotic translation initiation factor 4A3 (EIF4A3), promotes the formation of the WTAP/METTL3/METTL14 m6A methyltransferase complex by binding to WTAP. It regulates the expression of target RNA through m6A modification and reduces cisplatin sensitivity and tumor occurrence and development in BCa (17). Meanwhile, Xu et al. found that the expression of circRNA 104797 (circ_104797) is upregulated in cisplatin-resistant BCa cells and plays a key role in maintaining cisplatin resistance. In addition, the demethylation of circ_104797 significantly enhances the efficacy of cisplatin-mediated apoptosis. Bioinformatics analysis also indicates potential interactions between circ_104797 and RNA-binding proteins (RBPs), and these findings suggest that METTL3-mediated m6A modification may regulate cisplatin resistance in BCa (116). The latest research has found that in cisplatin-resistant BCa cells, METTL3 stabilizes the mRNA of ring finger protein 220 (RNF220) through m6A modification, thereby promoting RNF220 protein expression. RNF220 can promote the ubiquitination and degradation of phosphodiesterase 10A (PDE10A), leading to a decrease in PDE10A protein levels and enhanced cisplatin resistance. At the same time, RNF220 can also destroy the stability of PDE10A and promote PD-L1 expression, leading to immune evasion. Therefore, METTL3 can indirectly affect PDE10A and PD-L1 through RNF220 to regulate drug resistance and immune evasion (117). Zhang et al. developed an m6A subtype classifier from the perspective of m6A, using single-sample gene set enrichment analysis(ssGSEA), estimation of STromal and immune cells in MAlignant tumors using expression data (ESTIMATE), microenvironment cell populations counter (MCPcounter), the tumor immune dysfunction and exclusion (TIDE) algorithm, Kaplan-Meier (K-M) survival curves, and cox proportional hazards model (Cox) regression analysis to identify patients with different prognostic risks and treatment responsiveness for precise treatment of BCa (118). It has also been shown that by investigating the copy number variation (CNV) status of 23 m6A methylation-related genes (MRGs) in the cancer genome atlas (TCGA) of BCa patients, 24.51% of the 411 TCGA BCa patients had mutations in these 23 genes, with METTL3 mutations being the most frequent, indicating that METTL3 is one of the key m6A MRGs in BCa and is related to BCa survival (119). Wang et al. used the TCGA database to study CNVs of all known m6A regulatory genes and found that CNVs of METTL3, METTL14, and METTL16 are associated with the molecular characteristics of BCa patients, and CNVs of METTL3 are also associated with the overall survival (OS) of BCa patients. Therefore, METTL3 is a prognostic and immune-related biomarker for BCa (120).Yan et al. discovered that melittin can selectively induce apoptosis in BCa cells through a METTL3-dependent mechanism. METTL3 facilitates the maturation of primary microRNA-146 (pri-miR-146) via m6A modification, while microRNA-146a-5p (miR-146a-5p) exerts oncogenic effects by regulating the NUMB protein and NOTCH2 receptor (NUMB/NOTCH2) axis. Inhibiting METTL3 or miR-146a-5p can enhance the antitumor effects of melittin; thus, high expression levels of METTL3 and miR-146a-5p are associated with BCa recurrence and poor prognosis (121). Overall, targeting METTL3 may represent a promising therapeutic strategy to overcome resistance in BCa and improve patient outcomes.




8 Discussion

BCa is a highly heterogeneous malignant tumor characterized by a complex pathogenesis, and its treatment outcomes are often hindered by chemoresistance and high recurrence rates. In recent years, epigenetic research has increasingly highlighted the significant role of m6A RNA methylation in tumor initiation and progression (122). As a key enzyme responsible for m6A modification, METTL3 has attracted considerable attention for its functions across various cancer types. In BCa, METTL3 exhibits multifaceted oncogenic roles, significantly influencing patient prognosis by promoting tumor cell proliferation, migration, invasion, and chemoresistance. Studies have demonstrated that METTL3 enhances tumor cell proliferation and invasion through the MYC, inhibitor of nuclear factor kappa-B kinase subunit beta (IKBKB), and RELA proto-oncogene, NF-kB subunit (RELA) signaling pathways. Furthermore, METTL3 is closely associated with chemoresistance in BCa (116) and poor patient outcomes (119). These findings suggest that METTL3 not only serves as a potential therapeutic target for BCa but also possesses clinical value as a prognostic biomarker. Although the oncogenic roles of METTL3 in BCa have been extensively documented, its specific molecular mechanisms warrant further investigation. The interactions of METTL3 with other m6A regulators, such as FTO and ALKBH5, in either a synergistic or antagonistic manner remain largely unexplored. While therapeutic strategies targeting METTL3 present promising prospects for BCa treatment, In the context of combination therapy strategies for BCa, the role of METTL3 in ADC therapy, as well as ADC combined with immunotherapy, requires further in-depth exploration. A multicenter, real-world cohort study conducted by Hu et al. included 253 patients receiving neoadjuvant treatment across 15 tertiary hospitals (98 patients in combination therapy, 107 in chemotherapy, and 48 in immunotherapy). The results indicated that neoadjuvant combination therapy significantly outperformed single-agent chemotherapy or immunotherapy, achieving the highest rates of complete response and pathological downstaging. This finding underscores the clear advantage of combination therapy in enhancing patient prognosis (123). Furthermore, their latest research confirmed that Disitamab Vedotin (RC48-ADC) combined with immunotherapy exhibited good efficacy in patients with MIBC who were not suitable for cisplatin. However, the durability of this efficacy and its safety still need to be validated through longer follow-up studies. Additionally, RC48-ADC is currently primarily utilized domestically, and its global application faces certain challenges, highlighting the importance of future international collaborative studies (124). Currently, no specific drugs have been clinically approved for the treatment of BCa, and several challenges hinder the development of METTL3-targeting drugs. Firstly, issues such as the delivery efficiency of targeted therapies, off-target effects, potential toxic side effects, low bioavailability, and insufficient specificity limit their practical application in BCa treatment. Secondly, the limitations of existing research data—including inadequate sample sizes, heterogeneity in experimental design, and inconsistencies in results—result in a lack of comprehensive understanding of METTL3’s mechanisms. Additionally, there are challenges with the research methodologies themselves, such as limitations in the sensitivity and specificity of m6A modification detection techniques, which compromise the reliability of the findings. Therefore, to effectively translate METTL3 from basic research to clinical application, continuous improvements are necessary in drug development, data accumulation, and methodological optimization. Nevertheless, therapeutic strategies aimed at METTL3 offer new avenues for precision treatment of BCa, although their clinical translation necessitates more comprehensive research.




9 Conclusions and future prospects

In recent years, research on m6A RNA methylation has deepened, gradually revealing the role of METTL3, a key enzyme for methylation, in BCa has gradually been revealed. Existing studies indicate that METTL3 promotes the proliferation, migration, invasion, and chemoresistance of BCa cells by regulating the stability and translation efficiency of oncogenes and tumor suppressor genes through m6A modification. Additionally, it facilitates immune evasion by modulating the tumor immune microenvironment. These functions position METTL3 as a significant potential target for BCa treatment and a crucial molecular marker for predicting patient prognosis. Although significant progress has been made in understanding the oncogenic role and molecular mechanisms of METTL3, many questions remain to be explored. First, how METTL3 collaborates with or opposes other m6A regulators in BCa and the specific networks and mechanisms of its action are still unclear. whether there are differences in the expression characteristics and functional roles of METTL3 in different BCa subtypes requires further investigation. Secondly, the current accumulation of research data and the existing methodological limitations require further enhancement. Additionally, therapeutic strategies targeting METTL3 remain in the exploratory phase. The development of highly specific, low-toxicity targeted drugs, along with the assessment of their combined effects with existing treatment modalities, necessitates further validation through preclinical and clinical studies. However, the advancement of METTL3-targeted drugs encounters significant challenges, including low bioavailability, off-target effects, and the absence of efficient delivery systems. Moreover, the limited sample sizes and heterogeneity in the experimental designs of current studies restrict the broader applicability of the findings. Addressing these issues will establish a solid foundation for the clinical application of METTL3 in bladder cancer. With the continuous advancement of RNA epigenetic tools and technologies, therapeutic strategies targeting METTL3 are anticipated to be clinically translated in BCa. By integrating multi-omics data, including genomics, transcriptomics, and epigenetics, the precise role of METTL3 in BCa progression can be further elucidated, providing a foundation for the development of personalized treatment plans. Furthermore, as a prognostic marker for BCa, the clinical diagnostic value of METTL3 requires additional validation, particularly in predicting disease recurrence, metastatic risk, and sensitivity to chemotherapy and immunotherapy. Overall, therapeutic strategies targeting METTL3 not only have the potential to overcome chemoresistance in BCa but may also enhance the efficacy of existing immunotherapy outcomes, thereby improving overall survival rates and quality of life for patients. In the future, a comprehensive exploration of the molecular mechanisms of METTL3 and the promotion of its clinical application will yield more precise and effective solutions for the diagnosis and treatment of BCa.





Author contributions

DW: Conceptualization, Writing – review & editing, Methodology, Writing – original draft, Investigation. PF: Writing – original draft, Writing – review & editing, Investigation. GS: Conceptualization, Investigation, Writing – review & editing. YW: Conceptualization, Investigation, Writing – review & editing. SY: Writing – review & editing, Conceptualization, Investigation. WW: Writing – review & editing, Conceptualization, Investigation. HL: Writing – review & editing, Investigation, Conceptualization. JZ: Writing – review & editing, Conceptualization, Investigation. XZ: Supervision, Writing – review & editing, Methodology, Resources, Funding acquisition.





Funding

The author(s) declare that financial support was received for the research and/or publication of this article. Supported by the Key Research and Development Program of Jiangxi Province (No. 20212BBG71013), the Ganzhou Science and Technology Innovation Talent Project (No. 2022CXRC9621), and the Jiangxi Graduate Student Innovation Fund (No. YC2023-S952).





Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.





Generative AI statement

The author(s) declare that no Generative AI was used in the creation of this manuscript.





References

	 Bray, F, Laversanne, M, Sung, H, Ferlay, J, Siegel, RL, Soerjomataram, I, et al. Global cancer statistics 2022: GLOBOCAN estimates of incidence and mortality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. (2024) 74:229–63. doi: 10.3322/caac.21834


	 Lopez-Beltran, A, Cookson, MS, Guercio, BJ, and Cheng, L. Advances in diagnosis and treatment of bladder cancer. BMJ. (2024) 384:e076743. doi: 10.1136/bmj-2023-076743


	 Saginala, K, Barsouk, A, Aluru, JS, Rawla, P, Padala, SA, and Barsouk, A. Epidemiology of bladder cancer. Med Sci (Basel). (2020) 8:15. doi: 10.3390/medsci8010015


	 Chang, SS, Boorjian, SA, Chou, R, Clark, PE, Daneshmand, S, Konety, BR, et al. Diagnosis and treatment of non-muscle invasive bladder cancer: AUA/SUO guideline. J Urol. (2016) 196(4):1021–9. doi: 10.1016/j.juro.2016.06.049


	 Powles, T, Bellmunt, J, Comperat, E, De Santis, M, Huddart, R, Loriot, Y, et al. Bladder cancer: ESMO Clinical Practice Guideline for diagnosis, treatment and follow-up. Ann Oncol. (2022) 33:244–58. doi: 10.1016/j.annonc.2021.11.012


	 Burger, M, Catto, JWF, Dalbagni, G, Grossman, HB, Herr, H, Karakiewicz, P, et al. Epidemiology and risk factors of urothelial bladder cancer. Eur Urol. (2013) 63:234–41. doi: 10.1016/j.eururo.2012.07.033


	 Dobruch, J, and Oszczudłowski, M. Bladder cancer: current challenges and future directions. Med (Kaunas). (2021) 57:749. doi: 10.3390/medicina57080749


	 Zhang, N, Sun, Y, Mei, Z, He, Z, and Gu, S. Novel insights into mutual regulation between N6-methyladenosine modification and LncRNAs in tumors. Cancer Cell Int. (2023) 23:127. doi: 10.1186/s12935-023-02955-1


	 Liu, S, Zhuo, L, Wang, J, Zhang, Q, Li, Q, Li, G, et al. METTL3 plays multiple functions in biological processes. Am J Cancer Res. (2020) 10:1631–46.


	 Wei, W, Huo, B, and Shi, X. miR-600 inhibits lung cancer via downregulating the expression of METTL3. Cancer Manag Res. (2019) 11:1177–87. doi: 10.2147/CMAR.S181058


	 Chen, M, Wei, L, Law, C-T, Tsang, FH-C, Shen, J, Cheng, CL-H, et al. RNA N6-methyladenosine methyltransferase-like 3 promotes liver cancer progression through YTHDF2-dependent posttranscriptional silencing of SOCS2. Hepatology. (2018) 67:2254–70. doi: 10.1002/hep.29683


	 Cai, X, Wang, X, Cao, C, Gao, Y, Zhang, S, Yang, Z, et al. HBXIP-elevated methyltransferase METTL3 promotes the progression of breast cancer via inhibiting tumor suppressor let-7g. Cancer Lett. (2018) 415:11–9. doi: 10.1016/j.canlet.2017.11.018


	 He, H, Wu, W, Sun, Z, and Chai, L. MiR-4429 prevented gastric cancer progression through targeting METTL3 to inhibit m6A-caused stabilization of SEC62. Biochem Biophys Res Commun. (2019) 517:581–7. doi: 10.1016/j.bbrc.2019.07.058


	 Li, T, Hu, P-S, Zuo, Z, Lin, J-F, Li, X, Wu, Q-N, et al. METTL3 facilitates tumor progression via an m6A-IGF2BP2-dependent mechanism in colorectal carcinoma. Mol Cancer. (2019) 18:112. doi: 10.1186/s12943-019-1038-7


	 Zhang, J, Bai, R, Li, M, Ye, H, Wu, C, Wang, C, et al. Excessive miR-25-3p maturation via N6-methyladenosine stimulated by cigarette smoke promotes pancreatic cancer progression. Nat Commun. (2019) 10:1858. doi: 10.1038/s41467-019-09712-x


	 Huang, Y, Lv, Y, Yang, B, Zhang, S, liu, B, Zhang, C, et al. Enhancing m6A modification of lncRNA through METTL3 and RBM15 to promote Malignant progression in bladder cancer. Heliyon. (2024) 10:e28165. doi: 10.1016/j.heliyon.2024.e28165


	 Wei, W, Sun, J, Zhang, H, Xiao, X, Huang, C, Wang, L, et al. Circ0008399 interaction with WTAP promotes assembly and activity of the m6A methyltransferase complex and promotes cisplatin resistance in bladder cancer. Cancer Res. (2021) 81:6142–56. doi: 10.1158/0008-5472.CAN-21-1518


	 Zheng, B, Wang, J, Zhao, G, Chen, X, Yao, Z, Niu, Z, et al. A new m6A methylation-related gene signature for prognostic value in patient with urothelial carcinoma of the bladder. Biosci Rep. (2021) 41:BSR20204456. doi: 10.1042/BSR20204456


	 Wiener, D, and Schwartz, S. The epitranscriptome beyond m6A. Nat Rev Genet. (2021) 22:119–31. doi: 10.1038/s41576-020-00295-8


	 Wang, T, Kong, S, Tao, M, and Ju, S. The potential role of RNA N6-methyladenosine in Cancer progression. Mol Cancer. (2020) 19:88. doi: 10.1186/s12943-020-01204-7


	 Barbieri, I, and Kouzarides, T. Role of RNA modifications in cancer. Nat Rev Cancer. (2020) 20:303–22. doi: 10.1038/s41568-020-0253-2


	 Pupak, A, Rodríguez-Navarro, I, Sathasivam, K, Singh, A, Essmann, A, Del Toro, D, et al. m6A modification of mutant huntingtin RNA promotes the biogenesis of pathogenic huntingtin transcripts. EMBO Rep. (2024) 25:5026–52. doi: 10.1038/s44319-024-00283-7


	 Tan, Q, Zhou, D, Guo, Y, Chen, H, and Xie, P. Identification of the m6A/m5C/m1A methylation modification genes in Alzheimer’s disease based on bioinformatic analysis. Aging (Albany NY). (2024) 16:13340–55. doi: 10.18632/aging.206146


	 Wang, X, Xie, J, Tan, L, Lu, Y, Shen, N, Li, J, et al. N6-methyladenosine-modified circRIMS2 mediates synaptic and memory impairments by activating GluN2B ubiquitination in Alzheimer’s disease. Transl Neurodegener. (2023) 12:53. doi: 10.1186/s40035-023-00386-6


	 Alarcón, CR, Lee, H, Goodarzi, H, Halberg, N, and Tavazoie, SF. N6-methyladenosine marks primary microRNAs for processing. Nature. (2015) 519:482–5. doi: 10.1038/nature14281


	 Yang, Y, Fan, X, Mao, M, Song, X, Wu, P, Zhang, Y, et al. Extensive translation of circular RNAs driven by N6-methyladenosine. Cell Res. (2017) 27:626–41. doi: 10.1038/cr.2017.31


	 Ma, J-Z, Yang, F, Zhou, C-C, Liu, F, Yuan, J-H, Wang, F, et al. METTL14 suppresses the metastatic potential of hepatocellular carcinoma by modulating N6 -methyladenosine-dependent primary MicroRNA processing. Hepatology. (2017) 65:529–43. doi: 10.1002/hep.28885


	 Niu, Y, Zhao, X, Wu, Y-S, Li, M-M, Wang, X-J, and Yang, Y-G. N6-methyl-adenosine (m6A) in RNA: an old modification with a novel epigenetic function. Genomics Proteomics Bioinf. (2013) 11:8–17. doi: 10.1016/j.gpb.2012.12.002


	 Wang, P, Doxtader, KA, and Nam, Y. Structural basis for cooperative function of mettl3 and mettl14 methyltransferases. Mol Cell. (2016) 63:306–17. doi: 10.1016/j.molcel.2016.05.041


	 Zhu, W, Wang, J-Z, Wei, J-F, and Lu, C. Role of m6A methyltransferase component VIRMA in multiple human cancers (Review). Cancer Cell Int. (2021) 21:172. doi: 10.1186/s12935-021-01868-1


	 Ueda, Y, Ooshio, I, Fusamae, Y, Kitae, K, Kawaguchi, M, Jingushi, K, et al. AlkB homolog 3-mediated tRNA demethylation promotes protein synthesis in cancer cells. Sci Rep. (2017) 7:42271. doi: 10.1038/srep42271


	 Zou, S, Toh, JDW, Wong, KHQ, Gao, Y-G, Hong, W, and Woon, ECY. N(6)-Methyladenosine: a conformational marker that regulates the substrate specificity of human demethylases FTO and ALKBH5. Sci Rep. (2016) 6:25677. doi: 10.1038/srep25677


	 Zou, Z, and He, C. The YTHDF proteins display distinct cellular functions on m6A-modified RNA. Trends Biochem Sci. (2024) 49:611–21. doi: 10.1016/j.tibs.2024.04.001


	 Chen, L, Gao, Y, Xu, S, Yuan, J, Wang, M, Li, T, et al. N6-methyladenosine reader YTHDF family in biological processes: Structures, roles, and mechanisms. Front Immunol. (2023) 14:1162607. doi: 10.3389/fimmu.2023.1162607


	 Huang, H, Weng, H, Sun, W, Qin, X, Shi, H, Wu, H, et al. Recognition of RNA N6-methyladenosine by IGF2BP proteins enhances mRNA stability and translation. Nat Cell Biol. (2018) 20:285–95. doi: 10.1038/s41556-018-0045-z


	 Bokar, JA, Shambaugh, ME, Polayes, D, Matera, AG, and Rottman, FM. Purification and cDNA cloning of the AdoMet-binding subunit of the human mRNA (N6-adenosine)-methyltransferase. RNA. (1997) 3:1233–47.


	 Wang, X, Feng, J, Xue, Y, Guan, Z, Zhang, D, Liu, Z, et al. Structural basis of N(6)-adenosine methylation by the METTL3-METTL14 complex. Nature. (2016) 534:575–8. doi: 10.1038/nature18298


	 Schöller, E, Weichmann, F, Treiber, T, Ringle, S, Treiber, N, Flatley, A, et al. Interactions, localization, and phosphorylation of the m6A generating METTL3-METTL14-WTAP complex. RNA. (2018) 24:499–512. doi: 10.1261/rna.064063.117


	 Zeng, C, Huang, W, Li, Y, and Weng, H. Roles of METTL3 in cancer: mechanisms and therapeutic targeting. J Hematol Oncol. (2020) 13:117. doi: 10.1186/s13045-020-00951-w


	 Lu, Y, Liu, Z, Zhang, Y, Wu, X, Bian, W, Shan, S, et al. METTL3-mediated m6A RNA methylation induces the differentiation of lung resident mesenchymal stem cells into myofibroblasts via the miR-21/PTEN pathway. Respir Res. (2023) 24:300. doi: 10.1186/s12931-023-02606-z


	 Lence, T, Paolantoni, C, Worpenberg, L, and Roignant, J-Y. Mechanistic insights into m6A RNA enzymes. Biochim Biophys Acta Gene Regul Mech. (2019) 1862:222–9. doi: 10.1016/j.bbagrm.2018.10.014


	 Shu, L, Huang, X, Cheng, X, and Li, X. Emerging roles of N6-methyladenosine modification in neurodevelopment and neurodegeneration. Cells. (2021) 10:2694. doi: 10.3390/cells10102694


	 Wang, K, Wang, G, Li, G, Zhang, W, Wang, Y, Lin, X, et al. m6A writer WTAP targets NRF2 to accelerate bladder cancer Malignancy via m6A-dependent ferroptosis regulation. Apoptosis. (2023) 28:627–38. doi: 10.1007/s10495-023-01817-5


	 Wu, N, Sun, Y, Xue, D, and He, X. FTO promotes the progression of bladder cancer via demethylating m6A modifications in PTPN6 mRNA. Heliyon. (2024) 10:e34031. doi: 10.1016/j.heliyon.2024.e34031


	 Xie, F, Huang, C, Liu, F, Zhang, H, Xiao, X, Sun, J, et al. CircPTPRA blocks the recognition of RNA N6-methyladenosine through interacting with IGF2BP1 to suppress bladder cancer progression. Mol Cancer. (2021) 20:68. doi: 10.1186/s12943-021-01359-x


	 Yu, A, Fu, L, Jing, L, Wang, Y, Ma, Z, Zhou, X, et al. Methionine-driven YTHDF1 expression facilitates bladder cancer progression by attenuating RIG-I-modulated immune responses and enhancing the eIF5B-PD-L1 axis. Cell Death Differ. (2024) 32:776–91. doi: 10.1038/s41418-024-01434-y


	 Kong, J, Lu, S, Zhang, L, Yao, Y, Zhang, J, Shen, Z, et al. m6A methylation regulators as predictors for treatment of advanced urothelial carcinoma with anti-PDL1 agent. Front Immunol. (2022) 13:1014861. doi: 10.3389/fimmu.2022.1014861


	 Yu, H, Yang, X, Tang, J, Si, S, Zhou, Z, Lu, J, et al. ALKBH5 inhibited cell proliferation and sensitized bladder cancer cells to cisplatin by m6A-CK2α-mediated glycolysis. Mol Ther Nucleic Acids. (2021) 23:27–41. doi: 10.1016/j.omtn.2020.10.031


	 Gu, C, Wang, Z, Zhou, N, Li, G, Kou, Y, Luo, Y, et al. Mettl14 inhibits bladder TIC self-renewal and bladder tumorigenesis through N6-methyladenosine of Notch1. Mol Cancer. (2019) 18:168. doi: 10.1186/s12943-019-1084-1


	 Qiu, D, Gao, L, and Yu, X. Knockdown of YAP1 reduces YTHDF3 to stabilize SMAD7 and thus inhibit bladder cancer stem cell stemness. Discov Med. (2024) 36:1486–98. doi: 10.24976/Discov.Med.202436186.138


	 Song, W, Yang, K, Luo, J, Gao, Z, and Gao, Y. Dysregulation of USP18/FTO/PYCR1 signaling network promotes bladder cancer development and progression. Aging (Albany NY). (2021) 13:3909–25. doi: 10.18632/aging.202359


	 Sun, Z, Sun, X, Qin, G, Li, Y, Zhou, G, and Jiang, X. FTO promotes proliferation and migration of bladder cancer via enhancing stability of STAT3 mRNA in an m6A-dependent manner. Epigenetics. (2023) 18:2242688. doi: 10.1080/15592294.2023.2242688


	 Le, M, Qing, M, Zeng, X, and Cheng, S. m6A-YTHDF1 mediated regulation of GRIN2D in bladder cancer progression and aerobic glycolysis. Biochem Genet. (2024). doi: 10.1007/s10528-024-10875-6


	 Huang, J, Zhou, W, Hao, C, He, Q, and Tu, X. The feedback loop of METTL14 and USP38 regulates cell migration, invasion and EMT as well as metastasis in bladder cancer. PloS Genet. (2022) 18:e1010366. doi: 10.1371/journal.pgen.1010366


	 Su, Y, Wang, B, Huang, J, Huang, M, and Lin, T. YTHDC1 positively regulates PTEN expression and plays a critical role in cisplatin resistance of bladder cancer. Cell Prolif. (2023) 56:e13404. doi: 10.1111/cpr.13404


	 Yu, H, Yang, X, Tang, J, Si, S, Zhou, Z, Lu, J, et al. ALKBH5 inhibited cell proliferation and sensitized bladder cancer cells to cisplatin by m6A-CK2α-mediated glycolysis. Mol Ther Nucleic Acids. (2020) 23:27. doi: 10.1016/j.omtn.2020.10.031


	 Cheng, M, Sheng, L, Gao, Q, Xiong, Q, Zhang, H, Wu, M, et al. The m6A methyltransferase METTL3 promotes bladder cancer progression via AFF4/NF-κB/MYC signaling network. Oncogene. (2019) 38:3667–80. doi: 10.1038/s41388-019-0683-z


	 Shen, C, Liu, J, Xie, F, Yu, Y, Ma, X, Hu, D, et al. N6-Methyladenosine enhances the translation of ENO1 to promote the progression of bladder cancer by inhibiting PCNA ubiquitination. Cancer Lett. (2024) 595:217002. doi: 10.1016/j.canlet.2024.217002


	 Du, H, Zhao, Y, He, J, Zhang, Y, Xi, H, Liu, M, et al. YTHDF2 destabilizes m(6)A-containing RNA through direct recruitment of the CCR4-NOT deadenylase complex. Nat Commun. (2016) 7:12626. doi: 10.1038/ncomms12626


	 Wang, X, Lu, Z, Gomez, A, Hon, GC, Yue, Y, Han, D, et al. N6-methyladenosine-dependent regulation of messenger RNA stability. Nature. (2014) 505:117–20. doi: 10.1038/nature12730


	 Xie, H, Li, J, Ying, Y, Yan, H, Jin, K, Ma, X, et al. METTL3/YTHDF2 m6A axis promotes tumorigenesis by degrading SETD7 and KLF4 mRNAs in bladder cancer. J Cell Mol Med. (2020) 24:4092–104. doi: 10.1111/jcmm.15063


	 Chen, J-X, Chen, D-M, Wang, D, Xiao, Y, Zhu, S, and Xu, X-L. METTL3/YTHDF2 m6A axis promotes the Malignant progression of bladder cancer by epigenetically suppressing RRAS. Oncol Rep. (2023) 49:94. doi: 10.3892/or.2023.8531


	 Zhu, J, Tong, H, Sun, Y, Li, T, Yang, G, and He, W. YTHDF1 promotes bladder cancer cell proliferation via the METTL3/YTHDF1–RPN2–PI3K/AKT/mTOR axis. Int J Mol Sci. (2023) 24:6905. doi: 10.3390/ijms24086905


	 Han, J, Wang, J, Yang, X, Yu, H, Zhou, R, Lu, H-C, et al. METTL3 promote tumor proliferation of bladder cancer by accelerating pri-miR221/222 maturation in m6A-dependent manner. Mol Cancer. (2019) 18:110. doi: 10.1186/s12943-019-1036-9


	 Liu, H, Gu, J, Huang, Z, Han, Z, Xin, J, Yuan, L, et al. Fine particulate matter induces METTL3-mediated m6A modification of BIRC5 mRNA in bladder cancer. J Hazard Mater. (2022) 437:129310. doi: 10.1016/j.jhazmat.2022.129310


	 Dongre, A, and Weinberg, RA. New insights into the mechanisms of epithelial-mesenchymal transition and implications for cancer. Nat Rev Mol Cell Biol. (2019) 20:69–84. doi: 10.1038/s41580-018-0080-4


	 Liu, C-H, Zhang, J-J, Zhang, Q-J, Dong, Y, Shi, Z-D, Hong, S-H, et al. METTL3 regulates the proliferation, metastasis and EMT progression of bladder cancer through P3H4. Cell Signal. (2024) 113:110971. doi: 10.1016/j.cellsig.2023.110971


	 Cavallaro, U, and Christofori, G. Molecular mechanisms of tumor angiogenesis and tumor progression. J Neurooncol. (2000) 50:63–70. doi: 10.1023/a:1006414621286


	 Clauss, M, Gerlach, M, Gerlach, H, Brett, J, Wang, F, Familletti, PC, et al. Vascular permeability factor: a tumor-derived polypeptide that induces endothelial cell and monocyte procoagulant activity, and promotes monocyte migration. J Exp Med. (1990) 172:1535–45. doi: 10.1084/jem.172.6.1535


	 Sohn, EJ, Jung, D-B, Lee, H, Han, I, Lee, J, Lee, H, et al. CNOT2 promotes proliferation and angiogenesis via VEGF signaling in MDA-MB-231 breast cancer cells. Cancer Lett. (2018) 412:88–98. doi: 10.1016/j.canlet.2017.09.052


	 Elebiyo, TC, Rotimi, D, Evbuomwan, IO, Maimako, RF, Iyobhebhe, M, Ojo, OA, et al. Reassessing vascular endothelial growth factor (VEGF) in anti-angiogenic cancer therapy. Cancer Treat Res Commun. (2022) 32:100620. doi: 10.1016/j.ctarc.2022.100620


	 Siveen, KS, Prabhu, K, Krishnankutty, R, Kuttikrishnan, S, Tsakou, M, Alali, FQ, et al. Vascular endothelial growth factor (VEGF) signaling in tumour vascularization: potential and challenges. Curr Vasc Pharmacol. (2017) 15:339–51. doi: 10.2174/1570161115666170105124038


	 Wang, G, Dai, Y, Li, K, Cheng, M, Xiong, G, Wang, X, et al. Deficiency of mettl3 in bladder cancer stem cells inhibits bladder cancer progression and angiogenesis. Front Cell Dev Biol. (2021) 9:627706. doi: 10.3389/fcell.2021.627706


	 Akhmanova, A, Hoogenraad, CC, Drabek, K, Stepanova, T, Dortland, B, Verkerk, T, et al. CLASPs are CLIP-115 and -170 associating proteins involved in the regional regulation of microtubule dynamics in motile fibroblasts. Cell. (2001) 104:923–35. doi: 10.1016/S0092-8674(01)00288-4


	 Chen, L, Xiong, W, Guo, W, Su, S, Qi, L, Zhu, B, et al. Significance of CLASP2 expression in prognosis for muscle-invasive bladder cancer patients: A propensity score-based analysis. Urol Oncol. (2019) 37:800–7. doi: 10.1016/j.urolonc.2019.05.003


	 Chen, L, He, C, Ou, Z, and Zhao, C. TNF-α drives bladder cancer metastasis via METTL3-mediated m6A modification to promote CLASP2/IQGAP1-dependent cytoskeleton remodeling. Biochim Biophys Acta Mol Basis Dis. (2025) 1871:167811. doi: 10.1016/j.bbadis.2025.167811


	 Choi, W, Porten, S, Kim, S, Willis, D, Plimack, ER, Hoffman-Censits, J, et al. Identification of distinct basal and luminal subtypes of muscle-invasive bladder cancer with different sensitivities to frontline chemotherapy. Cancer Cell. (2014) 25:152–65. doi: 10.1016/j.ccr.2014.01.009


	 Plimack, ER, Dunbrack, RL, Brennan, TA, Andrake, MD, Zhou, Y, Serebriiskii, IG, et al. Defects in DNA repair genes predict response to neoadjuvant cisplatin-based chemotherapy in muscle-invasive bladder cancer. Eur Urol. (2015) 68:959–67. doi: 10.1016/j.eururo.2015.07.009


	 Van Allen, EM, Mouw, KW, Kim, P, Iyer, G, Wagle, N, Al-Ahmadie, H, et al. Somatic ERCC2 mutations correlate with cisplatin sensitivity in muscle-invasive urothelial carcinoma. Cancer Discov. (2014) 4:1140–53. doi: 10.1158/2159-8290.CD-14-0623


	 Yang, Z, Shen, Z, Jin, D, Zhang, N, Wang, Y, Lei, W, et al. Mutations of METTL3 predict response to neoadjuvant chemotherapy in muscle-invasive bladder cancer. J Clin Transl Res. (2021) 7:386–413.


	 Liu, F, Li, K, and Zhu, Q. Targeting metabolic reprogramming in bladder cancer immunotherapy: A precision medicine approach. Biomedicines. (2025) 13:1145. doi: 10.3390/biomedicines13051145


	 Giannakodimos, I, Ziogou, A, Giannakodimos, A, Tzelepis, K, Kratiras, Z, Fragkiadis, E, et al. Neoadjuvant immunotherapy for muscle-invasive bladder cancer: a 2025 update. Immunotherapy. (2025) 17:447–55. doi: 10.1080/1750743X.2025.2501929


	 Thibault, C, and Loriot, Y. Emerging targeted therapy for bladder cancer. Hematol Oncol Clin North Am. (2021) 35:585–96. doi: 10.1016/j.hoc.2021.02.011


	 Ramamurthy, C, Wheeler, KM, Trecarten, S, Hassouneh, Z, Ji, N, Lee, Y, et al. Perioperative immune checkpoint blockade for muscle-invasive and metastatic bladder cancer. J Cancer Immunol (Wilmington). (2024) 6:29–39. doi: 10.33696/cancerimmunol.6.081


	 Loriot, Y, Necchi, A, Park, SH, Garcia-Donas, J, Huddart, R, Burgess, E, et al. Erdafitinib in locally advanced or metastatic urothelial carcinoma. N Engl J Med. (2019) 381:338–48. doi: 10.1056/NEJMoa1817323


	 Zhang, F, and Li, S. Antibody-drug conjugates as game changers in bladder cancer: current progress and future directions. Front Immunol. (2025) 16:1591191. doi: 10.3389/fimmu.2025.1591191


	 Xu, P, and Ge, R. Roles and drug development of METTL3 (methyltransferase-like 3) in anti-tumor therapy. Eur J Med Chem. (2022) 230:114118. doi: 10.1016/j.ejmech.2022.114118


	 Bowles, IE, and Orellana, EA. Rethinking RNA modifications: therapeutic strategies for targeting dysregulated RNA. J Mol Biol. (2025) 437:169046. doi: 10.1016/j.jmb.2025.169046


	 Wu, X, Ye, W, and Gong, Y. The role of RNA methyltransferase METTL3 in normal and Malignant hematopoiesis. Front Oncol. (2022) 12:873903. doi: 10.3389/fonc.2022.873903


	 Xiao, H, Zhao, R, Meng, W, and Liao, Y. Effects and translatomics characteristics of a small-molecule inhibitor of METTL3 against non-small cell lung cancer. J Pharm Anal. (2023) 13:625–39. doi: 10.1016/j.jpha.2023.04.009


	 Du, Y, Yuan, Y, Xu, L, Zhao, F, Wang, W, Xu, Y, et al. Discovery of METTL3 small molecule inhibitors by virtual screening of natural products. Front Pharmacol. (2022) 13:878135. doi: 10.3389/fphar.2022.878135


	 Wu, Z, Smith, AR, Qian, Z, and Zheng, G. Patent landscape of small molecule inhibitors of METTL3 (2020-present). Expert Opin Ther Patents. (2025) 35:305–20. doi: 10.1080/13543776.2024.2447056


	 Bobbin, ML, and Rossi, JJ. RNA interference (RNAi)-based therapeutics: delivering on the promise? Annu Rev Pharmacol Toxicol. (2016) 56:103–22. doi: 10.1146/annurev-pharmtox-010715-103633


	 DeFranciscis, V, Amabile, G, and Kortylewski, M. Clinical applications of oligonucleotides for cancer therapy. Mol Ther. (2025) 33:2705–18. doi: 10.1016/j.ymthe.2025.02.045


	 Bumcrot, D, Manoharan, M, Koteliansky, V, and Sah, DWY. RNAi therapeutics: a potential new class of pharmaceutical drugs. Nat Chem Biol. (2006) 2:711–9. doi: 10.1038/nchembio839


	 Kanasty, RL, Whitehead, KA, Vegas, AJ, and Anderson, DG. Action and reaction: the biological response to siRNA and its delivery vehicles. Mol Ther. (2012) 20:513–24. doi: 10.1038/mt.2011.294


	 Whitehead, KA, Langer, R, and Anderson, DG. Knocking down barriers: advances in siRNA delivery. Nat Rev Drug Discov. (2009) 8:129–38. doi: 10.1038/nrd2742


	 Liu, J, Zhang, Y, Zeng, Q, Zeng, H, Liu, X, Wu, P, et al. Delivery of RIPK4 small interfering RNA for bladder cancer therapy using natural halloysite nanotubes. Sci Adv. (2019) 5:eaaw6499. doi: 10.1126/sciadv.aaw6499


	 Aboul-Fadl, T. Antisense oligonucleotides: the state of the art. Curr Med Chem. (2005) 12:2193–214. doi: 10.2174/0929867054864859


	 Li, Y, Zhu, S, Chen, Y, Ma, Q, Kan, D, Yu, W, et al. Post-transcriptional modification of m6A methylase METTL3 regulates ERK-induced androgen-deprived treatment resistance prostate cancer. Cell Death Dis. (2023) 14:289. doi: 10.1038/s41419-023-05773-5


	 So, A, Rocchi, P, and Gleave, M. Antisense oligonucleotide therapy in the management of bladder cancer. Curr Opin Urol. (2005) 15:320–7. doi: 10.1097/01.mou.0000175572.46986.2c


	 Dowdy, SF. Overcoming cellular barriers for RNA therapeutics. Nat Biotechnol. (2017) 35:222–9. doi: 10.1038/nbt.3802


	 Roberts, TC, Langer, R, and Wood, MJA. Advances in oligonucleotide drug delivery. Nat Rev Drug Discov. (2020) 19:673–94. doi: 10.1038/s41573-020-0075-7


	 Meng, W, Xiao, H, Mei, P, Chen, J, Wang, Y, Zhao, R, et al. Critical roles of METTL3 in translation regulation of cancer. Biomolecules. (2023) 13:243. doi: 10.3390/biom13020243


	 Mao, X, Chen, X, Xu, Z, Ding, L, Luo, W, Lin, Y, et al. The identification of a N6-methyladenosin-modifed immune pattern to predict immunotherapy response and survival in urothelial carcinoma. Aging (Albany NY). (2024) 16:7774–98. doi: 10.18632/aging.205782


	 Wang, L, Hui, H, Agrawal, K, Kang, Y, Li, N, Tang, R, et al. m6A RNA methyltransferases METTL3/14 regulate immune responses to anti-PD-1 therapy. EMBO J. (2020) 39:e104514. doi: 10.15252/embj.2020104514


	 Wu, K, Li, S, Hong, G, Dong, H, Tang, T, Liu, H, et al. Targeting METTL3 as a checkpoint to enhance T cells for tumour immunotherapy. Clin Transl Med. (2024) 14:e70089. doi: 10.1002/ctm2.70089


	 Chen, H, Pan, Y, Zhou, Q, Liang, C, Wong, C-C, Zhou, Y, et al. METTL3 inhibits antitumor immunity by targeting m6A-BHLHE41-CXCL1/CXCR2 axis to promote colorectal cancer. Gastroenterology. (2022) 163:891–907. doi: 10.1053/j.gastro.2022.06.024


	 Tong, Y, Chen, Z, Wu, J, Huang, Q, He, Y, Shang, H, et al. METTL3 promotes an immunosuppressive microenvironment in bladder cancer via m6A-dependent CXCL5/CCL5 regulation. J Immunother Cancer. (2025) 13:e011108. doi: 10.1136/jitc-2024-011108


	 Kanasty, R, Dorkin, JR, Vegas, A, and Anderson, D. Delivery materials for siRNA therapeutics. Nat Mater. (2013) 12:967–77. doi: 10.1038/nmat3765


	 Li, G, Chen, W, Liu, D, and Tang, S. Recent advances in medicinal chemistry strategies for the development of METTL3 inhibitors. Eur J Med Chem. (2025) 290:117560. doi: 10.1016/j.ejmech.2025.117560


	 von der Maase, H, Hansen, SW, Roberts, JT, Dogliotti, L, Oliver, T, Moore, MJ, et al. Gemcitabine and cisplatin versus methotrexate, vinblastine, doxorubicin, and cisplatin in advanced or metastatic bladder cancer: results of a large, randomized, multinational, multicenter, phase III study. J Clin Oncol. (2000) 18:3068–77. doi: 10.1200/JCO.2000.18.17.3068


	 Alfred Witjes, J, Max Bruins, H, Carrión, A, Cathomas, R, Compérat, E, Efstathiou, JA, et al. European association of urology guidelines on muscle-invasive and metastatic bladder cancer: summary of the 2023 guidelines. Eur Urol. (2024) 85:17–31. doi: 10.1016/j.eururo.2023.08.016


	 Kamat, AM, Hahn, NM, Efstathiou, JA, Lerner, SP, Malmström, P-U, Choi, W, et al. Bladder cancer. Lancet. (2016) 388:2796–810. doi: 10.1016/S0140-6736(16)30512-8


	 Koch, J, Neuberger, M, Schmidt-Dengler, M, Xu, J, Carneiro, VC, Ellinger, J, et al. Reinvestigating the clinical relevance of the m6A writer METTL3 in urothelial carcinoma of the bladder. iScience. (2023) 26:107300. doi: 10.1016/j.isci.2023.107300


	 Xu, C, Zhou, J, Zhang, X, Kang, X, Liu, S, Song, M, et al. N6-methyladenosine-modified circ_104797 sustains cisplatin resistance in bladder cancer through acting as RNA sponges. Cell Mol Biol Lett. (2024) 29:28. doi: 10.1186/s11658-024-00543-3


	 Li, K, Li, Y, Zhang, Y, Lv, J, Zhao, T, Dong, Y, et al. N6-methyladenosine-modified RNF220 induces cisplatin resistance and immune escape via regulating PDE10A K48-linked ubiquitination in bladder cancer. Biochem Pharmacol. (2025) 236:116903. doi: 10.1016/j.bcp.2025.116903


	 Zhang, G, Yang, J, Fang, J, Yu, R, Yin, Z, Chen, G, et al. Development of an m6A subtype classifier to guide precision therapy for patients with bladder cancer. J Cancer. (2024) 15:5204–17. doi: 10.7150/jca.99483


	 Liu, Y, Pang, Z, Wang, J, Wang, J, Ji, B, Xu, Y, et al. Multi-omics comprehensive analysis reveals the predictive value of N6-methyladenosine- related genes in prognosis and immune escape of bladder cancer. Cancer Biomark. (2024) 40:79–94. doi: 10.3233/CBM-230286


	 Wang, X, Yu, J, Chen, J, Hou, Y, Du, Z, Huang, H, et al. Copy number variation analysis of m6 A regulators identified METTL3 as a prognostic and immune-related biomarker in bladder cancer. Cancer Med. (2021) 10:7804–15. doi: 10.1002/cam4.3981


	 Yan, R, Dai, W, Wu, R, Huang, H, and Shu, M. Therapeutic targeting m6A-guided miR-146a-5p signaling contributes to the melittin-induced selective suppression of bladder cancer. Cancer Lett. (2022) 534:215615. doi: 10.1016/j.canlet.2022.215615


	 Sun, T, Wu, R, and Ming, L. The role of m6A RNA methylation in cancer. BioMed Pharmacother. (2019) 112:108613. doi: 10.1016/j.biopha.2019.108613


	 Hu, J, Chen, J, Ou, Z, Chen, H, Liu, Z, Chen, M, et al. Neoadjuvant immunotherapy, chemotherapy, and combination therapy in muscle-invasive bladder cancer: A multi-center real-world retrospective study. Cell Rep Med. (2022) 3:100785. doi: 10.1016/j.xcrm.2022.100785


	 Hu, J, Yan, L, Liu, J, Chen, M, Liu, P, Deng, D, et al. Efficacy and biomarker analysis of neoadjuvant disitamab vedotin (RC48-ADC) combined immunotherapy in patients with muscle-invasive bladder cancer: A multi-center real-world study. iMeta. (2025) 4:e70033. doi: 10.1002/imt2.70033







Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2025 Wen, Fu, Shuai, Wang, Yu, Liu, Wan, Zou and Zou. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/cover.jpg
& frontiers | Frontiers in Oncology

The impact of METTL3 on bladder cancer
through m®A modification: a potential
therapeutic target and prognostic biomarker





OEBPS/Images/fonc-15-1622117-g001.jpg
aitions can

esponse of

RNA

— PI3K/AKT/mTOR

PTEN

S

.CAFF4/NF-kB/MYC>
»C ENOI )
Y,
N\
»C SETD7/KLF4 )
S
’( RRAS )
7 =
{ ReN2 )
J pri-miR221/222 \4(
N\ Y,
4 RBM15 A
N Y,
" HIFIA )
N Y
»C P3H4
(" PIBK-AKT )’
\

angiogenesis
der tumor cells

N
Q
>
W
3

cation drives BCa metastasis






OEBPS/Images/crossmark.jpg
©

2

i

|





