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Epigenetic alterations, particularly RNA methylation, play a crucial role in many types of disease development and progression. Among them, N6-methyladenosine (m6A) is the most common epigenetic RNA modification, and its important roles are not only related to the occurrence, progression, and aggressiveness of tumors but also affect the progression of many non-tumor diseases. The biological effects of RNA m6A modification are dynamically and reversibly regulated by methyltransferases (writers), demethylases (erasers), and m6A binding proteins (readers). This review summarized the current finding of the RNA m6A modification regulators in male infertility and genital system tumors and discussed the role and potential clinical application of the RNA m6A modification in spermatogenesis and male genital system tumors.
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INTRODUCTION

Over the last decades, with the rapid development of gene detection technology, epigenetic modification of diseases has become a focus of clinical research. Epigenetics is a branch of genetics that studies heritable and reversible phenotypes of changes in gene expression without alterations in nuclear DNA sequences (Mohammad et al., 2019). Epigenetic processes, including DNA methylation, histone modifications, chromatin rearrangement, and RNA modifications, play a crucial role in the regulation of many physiological and pathological processes, such as embryonic development (Mendel et al., 2018), nervous system development (Li M. et al., 2018), and tumorigenesis (Chen S. et al., 2020; Sun Y. et al., 2020). Therefore, the regulation of these epigenetic processes may be a potential therapeutic intervention. m6A is one of the most common types of eukaryotes in RNA modification (Dominissini et al., 2012; Meyer et al., 2012). Since the pioneering research in the 1970s (Desrosiers et al., 1974; Perry et al., 1975), with the identification of more m6A-related enzymes, the important biological functions played by m6A modification have been gradually revealed around about half a century later.

Since the pioneering research in the 1970s (Desrosiers et al., 1974; Perry et al., 1975), with the identification of more M6A-related enzymes, the important biological functions played by m6A modification have been gradually revealed around about half a century later. With the first m6A demethylase—FTO was found in 2011, more m6A regulators have been found in the past decade which could be divided into three kinds of regulator proteins: methyltransferases (“writer”), such as methyltransferase-like protein 3 (METTL3), methyltransferase-like protein 14 (METTL14), Wilms’ tumor 1-associating protein (WATP) (Liu et al., 2014; Ping et al., 2014; Li Z. et al., 2018), Vir-like m6A methyltransferase-associated (VIRMA; also known as KIAA1429) (Yue et al., 2018); demethylases (“erasers”), such as obesity-associated protein (FTO) and AlkB family homolog 5 (ALKBH5) (Jia et al., 2011; Zheng et al., 2013); and m6A binding proteins, such as the YTH domain family proteins (YTHDFs) and YTH domain-containing protein 1-2 (YTHDC1-2) (Dominissini et al., 2012; Wang et al., 2014, 2015), The insulin-like growth factor 2 mRNA binding proteins (IGF2BPs) (Huang et al., 2018), heterogeneous nuclear ribonucleoprotein A2B1 (HNRNPA2B1) (Alarcón et al., 2015), and eukaryotic translation initiation factor 3 (eIF3) (Meyer et al., 2015).

With changes in environmental pollution and living habits, the incidence and prevalence of male infertility and andrology tumors increase steadily worldwide and have become a prevalent worldwide problem in recent decades. About 2-15% of couples worldwide are reported to suffer from infertility, of which nearly half are caused by male reproduction (Ostermeier et al., 2002; Ji et al., 2012), a large proportion of male infertility was related to defective spermatogeneses, such as abnormal sperm count, morphology, and function (Guzick et al., 2001). Female infertility can usually be induced by hormone therapy to stimulate the production of oocytes, while male infertility is more difficult to treat due to various reasons for sperm abnormalities (Tournaye et al., 2017). Surgery is the primary treatment option for men with obstructive azoospermia and part of non-obstructive infertility such as varicocele and undescended testicles at birth (Dubin and Amelar, 1971; Verza and Esteves, 2008). Recently, intracytoplasmic sperm injection (ICSI) is a relatively novel approach to assisted reproduction that has brought revolutionary changes in clinical therapy for infertility (Kyono et al., 2001). But there are still a large proportion of patients who cannot meet the wish of fatherhood. Therefore, scientists gradually realize that it is very important to study the causes of male infertility.

Another disease that severely impairs male health and quality of life is genital system tumors. Prostate cancer (PCa) is the most common malignant tumor of the male genital system and its pathogenesis involves multiple factors, which mainly affects elderly men (Siegel et al., 2021). Although the mortality rate of prostate cancer is not high (Tsubokura et al., 2018), due to the molecular mechanisms underlying the development and progression of prostate cancer remain unclear as well as its high incidence, it is worth studying and its treatment is of great significance for the longevity of the elderly. Additionally, the most common reproductive system tumors in men aged 15-35 years old are testicular germ cell tumors with increasing incidence in recent years (Ghazarian et al., 2017). Most testicular germ cell tumors (GCTs) are completely curable with cisplatin-based chemotherapy. However, a small proportion of patients who cannot be cured with cisplatin chemotherapy should be the focus of our research. Therefore, greater insights into the mechanisms regulating spermatogenesis and male genital system tumors will help us found novel molecular targets to develop more effective treatment strategies for the disease. In this review, we have provided an overview of the underlying m6A methylation and the mechanisms of development of spermatogenesis and andrology tumors. We further highlight the potential use of m6A methylation modification as a biomarker for andrology diseases risk diagnosis, therapeutic applications, and prognosis.



RNA M6A MODIFICATION

The important biological functions played by mRNA m6A dynamic and reversible modification are mainly catalyzed by m6A related enzymes. A large number of studies have shown that the m6A methylation of mRNA modification was catalyzed by three elements (Figure 1).
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FIGURE 1. m6A enzyme molecular mechanisms in detail. The “writers”, “Erasers”, and “Readers” rely on a variety of related factors to cause m6A modifications through installation, removal and combination and involved in RNA metabolism, including processing, degradation, splicing, and translation.



Methyltransferases (“Writers”)

The methylation process is first controlled by a family of enzymes called methyltransferases, also known as a writer, which are proteins that induce specific RNA methylation, which catalyzes the formation of m6A levels. In 1997, METTL3 was first shown to be m6A methylation transferase, and the expression of METTL3 can direct effects the total methylation level of m6A, which has effects on mRNA stability, leading to dysregulated cellular functions (Bokar et al., 1997). Several studies (Śledź and Jinek, 2016; Wang P. et al., 2016; Wang X. et al., 2016) suggest that mRNAs methyltransferases are primarily formed by the METTL3-METTL14 heterodimer, of which METTL3 is a catalytic active subunit and METTL14 plays a key structural role in substrate recognition, maintaining complex integrity, and substrate binding.

As rapid and sensitive detection technology advances, more methyltransferases were found. METTL5 and METTL16 is a methyltransferase that targets pre-mRNAs and various non-coding RNAs, such as rRNA, snRNA (Pendleton et al., 2017; Warda et al., 2017; Wojtas et al., 2017; van Tran et al., 2019; Ignatova et al., 2020). WATP is another m6A “writer” complex, which stabilizes the core complex and targets the METTL3 and METTL14 complexes to their substrates (Ping et al., 2014). VIRMA prioritizes gene methylation modifications near the 3’-UTR and stop codon regions and recruits the m6A complex to specific RNA sites (Yue et al., 2018). ZC3H13 anchors WTAP to the nucleus to promote m6A methylation and regulation (Wen et al., 2018). Recently, another CCHC-containing zinc finger protein, ZCCHC4, has been identified as a novel methyltransferase, which is involved in the modification of 28S rRNA and mediates the subunit distribution and global translation of rRNA ribosomes (Ma et al., 2019; Ren W. et al., 2019; Pinto et al., 2020).



Demethylases (“Erasers”)

RNA m6A modification was mainly removed by demethylases FTO and ALKBH5, which were an essential enzyme in m6A modification so that maintained m6A modification in a dynamic balance, and dynamically regulated developmental and disease processes (Jia et al., 2011; Zhang X. et al., 2020). FTO, originally known as an obesity-susceptibility gene, is strongly associated with obesity risk (Dina et al., 2007; Frayling et al., 2007; Scuteri et al., 2007). A subsequent study (Jia et al., 2011) demonstrated that FTO is the first m6A demethylase of eukaryotic mRNA and the role of FTO in adipogenesis and tumorigenesis is related to its m6A demethylase activity. The majority of studies (Söderberg et al., 2009; Castillo et al., 2012; Iles et al., 2013; Li et al., 2017) have shown a strong association between FTO and an increased risk of various types of cancer, including breast cancer, prostate cancer, kidney cancer, endometrial cancer, pancreatic cancers, lymphoma, and leukemia. These studies reveal the roles and underlying molecular mechanisms of FTO in cancer pathogenesis. Therefore, the development of selective and effective inhibitors targeting FTO will have the potential to treat cancer, particularly in combination with other therapies to treat cancers that are resistant to currently available therapies. ALKBH5 is another m6A eraser that is localized in the nucleus, which is most highly expressed in the testicles. Therefore, it may be necessary for mouse spermatogenesis and fertility (Zheng et al., 2013; Tang et al., 2018). Available pieces of evidence indicate that ALKBH5 mainly inhibits the development of a variety of cancers.

Taken together, as m6A demethylases, FTO and ALKBH5 have opposite effects in some tumors, and the specific reasons are worth further study. In addition, recent studies have shown that ALKB family homolog 3 (ALKBH3) may be a novel demethylase modified by m6A, and modified mammalian tRNA demethylation promotes protein synthesis in cancer cells (Ueda et al., 2017).



m6A Binding Proteins (“Readers”)

The effect of m6A modification is primarily dependent on downstream RNA-binding proteins, known as m6A “readers”, which prioritize the recognition of m6A modified RNA and combine m6A methylation with RNA processing and biological functions (Li F. et al., 2014; Zhu et al., 2014). Recent studies have shown that m6A modification regulates most RNA processing steps, including mRNA translation (Tanabe et al., 2016; Shi et al., 2017; Mao et al., 2019), mRNA splicing (Hartmann et al., 1999; Xiao et al., 2016; Kasowitz et al., 2018; Luxton et al., 2019), stability (Du et al., 2016), and transport (Roundtree et al., 2017). In the known m6A readers, most proteins contain a YTH domain that specifically recognizes m6A and A (Stoilov et al., 2002), including YTHDC1 in the nucleus (Hartmann et al., 1999), YTHDFs family in the cytoplasm (Wang et al., 2014), and YTHDC2 in the nucleus and cytoplasm (Wojtas et al., 2017).

YTHDC1 increases Akt phosphorylation by promoting PTEN mRNA degradation, which promotes neuronal survival, especially after ischemia (Zhang Z. et al., 2020). The lack of YTHDC1 in oocytes impedes its development at the primary follicular stage, additionally, result in a large number of selective splicing defects in oocytes (Kasowitz et al., 2018). Specifically, YTHDC1 is required for female oocyte growth and maturation. Chen H. et al. (2020) conducted a seven-center case-control study in Chinese children concluded that YTHDC1 gene polymorphism may have a cumulative effect on the susceptibility of hepatoblastoma oncogene. This study suggests that YTHDC1 might be a potential biomarker and therapeutic target for certain diseases, not only the biological profile of the malignant disease.

According to previous researches, YTHDC2 may play an important role in a variety of diseases genesis, and development. More recent studies suggest that YTHDC2 is a potential candidate gene for pancreatic cancer susceptibility (Fanale et al., 2014) and is associated with immune infiltration in head and neck squamous cell carcinoma (Li Y. et al., 2020). In lung adenocarcinoma, it suppresses the tumorigenesis and development by inhibiting SLC7A11-dependent antioxidant function (Ma et al., 2021). In non-small cell lung cancer, downregulation of m6A reader YTHDC2 promotes tumor progression and predicts poor prognosis (Sun S. et al., 2020). YTHDC2 may promote the metastasis of colon cancer by promoting the translation of HIF-1α, and YTHDC2 may be a diagnostic marker and target gene for the treatment of colon cancer (Tanabe et al., 2016). Zeng et al. (2020) suggest that mRNA m6A modification and YTHDC2 expression are crucial to meiotic initiation and progression in female germ cells. And YTHDC2 also regulates the transition from proliferation to differentiation of germline (Bailey et al., 2017).

Another recognized YTH domain-containing protein member is YTHDF1-3, which all have a conserved m6A-binding domain. In 2020, Liu J. et al. (2020) shown that autophagy YTHDF2/3 is required for pluripotent stem cells reprogramming. Shi et al. (2019) found that high expression of YTHDF1 is associated with better hypoxic adaptation suppression of non-small cell lung cancer (NSCLC), however when its depletion causes cancer cells to develop resistance to cisplatin (DDP) therapy via the KEAP1-NRF2-AKR1C1 axis, especially the accumulation of reactive oxygen species (ROS) induced by cisplatin treatment. Also, By stabilizing MAP2K4 and MAP4K4mRNA transcription, YTHDF2 activates MAPK and NF-κB signaling pathways promotes the expression of pro-inflammatory cytokines, and aggravates the inflammatory response (Yu et al., 2019).

In eukaryotic cells, in addition to the well-characterized YTH protein, there is also a unique m6A “code reader” protein. These readers recognize and directly and specifically bind to the m6A site, which plays an important role in RNA metabolism. The IGF2BP family is newly reported m6A readers, which are consisted of three members of IGF2BP1-3 (Huang et al., 2018). These proteins are responsible for the stability of targeted mRNAs and are associated with thousands of targets, such as MDR1, MYC, and KRAS (Bell et al., 2013). In short, IGF2BPS recognizes mRNAs modified by m6A and promotes cancer progression by recruiting RNA stabilizers, thus maintaining their stability (Huang et al., 2018; Li et al., 2019; Hanniford et al., 2020).

The primary role of eIF3 is to facilitate translation. Protein translation typically begins with the recruitment of the 43S ribosomal complex to the 5′ cap of mRNAs by a cap-binding complex. However, m6A directly binds eukaryotic initiation factor 3 (eIF3) and recruits the 43S complex to initiate translation in the absence of the cap-binding factor eIF4E (Meyer et al., 2015). Recently, Lee et al. (2016) revealed that eIF3d (a subunit of the eIF3 complex) is an mRNA cap-binding protein required for specific translation initiation. DAP5, an eIF4GI homolog that lacks eIF4E binding, which promotes cap-dependent translation by combining directly with eIF3d (de la Parra et al., 2018). (Alarcón et al., 2015) found that the RNA-binding protein hnRNPA2B1 binds to the m6A RNA, whose biochemical footprint matches the m6A common motif, and proposed that hnRNPA2B1 is A nuclear reader of m6A markers, and modulated the effect of this marker on the processing and selective splicing of primary microRNAs to A certain extent.



ROLE OF RNA M6A MODIFICATION IN MALE FERTILITY

Infertility is one of the common health problems in modern society, with about 50 percent of problems being caused by male factors (Drobnis and Johnson, 2015; Whitfield et al., 2015). Sperm defects are the primary cause of male infertility, including sperm concentration, sperm motility, and morphology (Huynh et al., 2002). In recent years, A growing number of studies have shown that modification of germ cell RNA m6A can lead to defects in the process of spermatogenesis, leading to male infertility, and which can not be cured by assisted reproductive technology (Table 1 and Figure 2). So we will discuss the effects of different enzymes modified by m6A on spermatogenesis, which provides a novel insight for improving the therapeutic effect of this kind of patients, which may be beneficial to the further clinical application of this kind of patients in male infertility treatment.


TABLE 1. Roles of m6A proteins and biological mechanisms exerted in spermatogenesis.
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FIGURE 2. The process of spermatogenesis and the potential role of m6A in spermatogenesis. The effect of M6A on male fertility is reflected in the regulation of spermatogenesis. In general, m6A modification promotes sperm production through various factors.


Mammalian spermatogenesis is a highly specialized differentiation process involving multiple regulatory mechanisms, and m6A can influence pre-mRNA splicing, mRNA output, turnover, and translation, which are controlled in the male germline to ensure coordinated gene expression. In 2019, Yang et al. (2016) collected semen samples and tested the content of m6A in sperm ribonucleic acid using liquid mass spectrometry and the expression of m6A-modified proteins using real-time polymerase chain reaction. The results showed that increased M6a content was a risk factor for asthenozoospermia and affected sperm motility. Methyltransferases, especially METTL3, play a key role in increasing the amount of m6A in sperm RNA. Xu et al. (2017) found that METTL3 regulates spermatogonia differentiation and controls meiosis initiation in germ cells. Lin et al. (2017) proposed the m6A mRNA methylomes of mouse spermatogenic cells from the five developmental stages: undifferentiated spermatogonia, A1 type spermatogonia, pre-embryonic spermatogonia, pachytene/diploid spermatogonia, and round spermatogonia. The study highlights the key role of m6A gene modification in germline development and the potential to ensure coordinated translation at different stages of spermatogenesis. YTHDC2 improves the translation efficiency of target genes, affects the testicular volume of male mice, and enables the development of germ cells in mice, which plays a key role in spermatogenesis (Hsu et al., 2017). The sterile mutant “ketu”, caused by YTHDC2 missense mutation, makes the mutant germ cells enter meiosis, but prematurely enter abnormal metaphase and apoptosis. And defective genes that lead from spermatogonia to meiosis (Jain et al., 2018). A recent study (Tang et al., 2020) shows that in mouse spermatogenesis, the start and stop codon of linear ribonucleic acid is usually located around the m6A enriched sites, causing late pachytene spermatocytes to develop into round cells, which then extend into spermatoblast cells.


Methyltransferases (“Writers”) in Spermatogenesis

In 2017, Xu et al. (2017) shown that loss of METTL3 in germ cells severely inhibits spermatogonia differentiation and blocks the onset of meiosis by cultivating germ cell-specific METTL3 knockout mice. Therefore, they demonstrated that METTL3 is necessary for male fertility and spermatogenesis. Consistent with this, Lin et al. (2017) found that the m6A RNA methyltransferase METTL3 and METTL14 proteins colocalize to the nucleus of male germ cells. m6A deficiency caused by germ cell-specific inactivation of METTL3 and METTL14 can lead to excessive proliferation of spermatogonial cells, which would, in turn, result in depletion of spermatogonial stem cells. Immediately after studies proved (Chen Y. et al., 2020) there was a negative correlation between m6A methyltransferase METTL14 and autophagy in testicular stromal cells. The regulation of autophagy in testicular stromal cells can affect the synthesis of testosterone. So, it provides insights into therapeutic strategies for azoospermia and oligozoospermia in patients with reduced serum testosterone. Xia et al. (2018) found defects in sperm maturation and sperm motility are significantly reduced in m6A methyltransferase METTL3 mutant zebrafish. Meanwhile, they pointed that m6A METTL3 is playing important role in the expression of genes critical for sex hormone synthesis and gonadotropin signaling.



Demethylases (“Erasers”) in Spermatogenesis

Zheng et al. (2013) were detected the ALKBH5 gene’s highest expression levels in testes. m6A gene was increased in male mice with ALKBH5-targeted deletion, and the number of sperm released and incised caudal epididymis were significantly reduced, sperm morphology was abnormal and motility was greatly reduced. The results showed that fertility was impaired due to the abnormal apoptosis and production of a small number of abnormal spermatozoa during meiosis. Tang et al. (2018) came to a similar conclusion, male mice with ALKBH5-targeted deletion testes were approximately half of the size of wild-type controls, the apoptotic germ cells in testis increased, the meiosis process was delayed, and the active germ cells decreased. Meanwhile, they found that m6A tends to label the 3 ‘-UTR of longer mRNAs destined to be degraded during spermatogenesis to keep the stability of long 3’-UTR mRNAs and prevent abnormal splicing to produce shorter transcripts that rapidly degrade.

Landfors et al. (2016) found that FTO genetic variant to be associated with decreased semen quality. In Zhao et al. (2020) conduct a series of studies (Zhao et al., 2020, 2021) demonstrated that Di-(2-Ethylhexyl) phthalate increases m6A RNA modification, deteriorates testicular histology, reduces testosterone concentration, down-regulates spermatogenesis inducer expression, enhances oxidative stress, and increases testicular cell apoptosis by altering the expression of two important RNA methylation regulatory genes, FTO and YTHDC2. These findings link oxidative stress imbalance to the epigenetic effects of DEHP toxicity and provide insights into the testicular toxicity of DEHP from a new perspective of m6A modification.



m6A Binding Proteins (“Readers”) in Spermatogenesis

Several previous studies (Bailey et al., 2017; Hsu et al., 2017; Wojtas et al., 2017) have shown that YTHDC2 improves the translation efficiency of target genes, Unlike other commonly expressed YTH proteins, YTHDC2 is enriched in the testis. The YTHDC2 knockout mice showed defects in spermatogenesis but no other significant developmental defects. Male mice with YTHDC2 knockout were infertile and the germ cells don’t develop to the zygotic stage. The sterile mutant “ketu” is a missense mutant of the YTHDC2 gene, which causes defects in the transition of germ cells to the meiotic RNA expression program (Jain et al., 2018). Thus, the regulation of M6A transcription by YTHDC2 is the key to the success of meiosis in the mammalian germline. Recent research (Huang et al., 2020) demonstrated that YTHDF2 also regulates the expression of MMPs through the m6A/mRNA degradation pathway to regulate spermatogonia cell-matrix adhesion and proliferation.

Therefore, it can be speculated that m6A plays a major regulatory role in sperm production and development, and provides a new direction for the treatment of male infertility, but further exploration is needed.



ROLE OF RNA M6A MODIFICATIONS IN MALE GENITAL SYSTEM TUMORS

In recent years, breakthroughs have been made in the diagnosis and treatment of male genital system tumors (Nilsson et al., 2009; Chovanec et al., 2018; Lobo et al., 2019b). However, morbidity and mortality rates remain high. This indicates an urgent need to understand the mechanisms of metastasis and drug resistance of tumors. Recent evidence suggests that RNA m6A methylation is closely related to the development and progression of genital system tumors, including carcinogenesis, proliferation, metastasis, and tumor suppression. According to the existing literature, m6A modifications in genital system tumors are mainly concentrated in prostate cancer and testicular germ cell tumors. Therefore, we firstly analyzed the expression of the m6A regulator in prostate cancer and testicular tumors using databases such as The Cancer Genome Atlas (TCGA) dataset1 (Figure 3). The results also showed that m6A related genes were closely related to male genital system tumors. Next, we briefly review the mechanism of m6A methylation in prostate cancer, testicular germ cell tumors, and seminoma for future treatment (Table 2 and Figure 4).
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FIGURE 3. Expression release map and expression heat map of m6A related genes in male genital system tumors, in which different colors represent expression trends of different groups and m6A in different samples. (A) represents the expression of m6A in prostate cancer (Pca) and normal prostate tissue, The blue bar chart represents Pca and the gray bar chart represents normal prostate tissueand. Asterisks represents the correlation. (B) on behalf of the heatmap of m6A-related genes in testicular germ cell tumors (TGCTs). The left part of figure represents TGCTs, and right represents normal testicular germ cell. Heat map color key: red to blue represents decrease of p value. Where “-” represents no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001. P value less than 0.05 indicates statistically significant results. The significance of the two groups of samples passed the Wilcox test. All data from TCGA and GTEx datasets. All the above analysis methods and R package were implemented by R foundation for statistical computing (2020) version 4.0.3 and software packages ggplot2 and pheatmap.



TABLE 2. Roles of m6A proteins and biological mechanisms exerted in genital system tumor.
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FIGURE 4. The momentous biological pathways of m6A exertedin genital system tumors.



Prostate Cancer

Globally, about 1.3 million new cases of prostate cancer and 359,000 associated deaths worldwide are reported in 2018, ranking as the second most common cancer and the fifth most leading cause of cancer death in men (Bray et al., 2018). In 2021, in America estimated about 248,530 new prostate cancer cases account for 26% of all incident cases in men, and the second most leading cause of cancer death in the United States (Siegel et al., 2021). Although there are many treatments available, such as androgen-deprivation therapy, a small number of patients still develops resistance (Castration-Resistant Prostate Cancer, CRPC), and progress to lethal metastatic disease (mCRPC). Therefore, identifying novel molecular targets, and understanding the mechanisms driving PCa is of critical importance to treatment. Since 2019, several groups have explored the mechanisms of m6A in prostate cancer.

Cai et al. suggested that upregulation of m6A methyltransferase METTL3 promotes the growth and movement of prostate cancer cells by the Hedgehog pathway for the first time in 2019 (Cai et al., 2019). In 2020, several studies have shown that m6A writer MELLT3 and VIRMA serve an oncogenic role to promotes the development and progression of PCa by Wnt pathway (Ma et al., 2020) and promoting the translation of MYC (Yuan et al., 2020), lncRNAs CCAT1/2 (Barros-Silva et al., 2020). Other studies have proposed that MELLT3 regulates the expression of Integrin β1 (ITGB1) and a high m6A level of LncRNA NEAT1–1 promotes the bone and lung metastasis of PCa (Li E. et al., 2020; Wen et al., 2020). Du and Li et al. showed that YTHDF2 performed Oncogene functions in PCa through the KDM5A/miRNA-495/YTHDF2/m6A-MOB3B axis and the downstream AKT phosphorylation of METTL3/YTHDF2/LHPP/NKX 3-1, respectively (Du et al., 2020; Li J. et al., 2020). According to a new study in 2021 (Zhu et al., 2021), the m6A demethylase FTO inhibits the invasion and migration of prostate cancer cells by regulating and reducing the total m6A level. Wu et al. found the abnormal expression of m6A modification-related enzymes in PCa leads to the elevated m6A level, which is related to Gleason classification (Wu et al., 2021). Thus, based on the current study, we can be concluded that m6A levels may contribute to the development and progression of PCa. But the specific mechanism still needs to be further explored.



Testicular Germ Cell Tumors

Testicular tumors are relatively rare, accounting for only 1-2% of all tumors in men. The testicular germ cell tumor (TGCTs) accounts for 95% of testicular carcinoma, which is divided into seminoma and non-seminoma histologically (Walsh et al., 2006), while seminoma represents more than 55% of germ cell tumors (GCTs) (Chia et al., 2010).

Nettersheim et al.’s studies (Nettersheim et al., 2019) have shown that RNA levels of m6A were increased during differentiation of GCT cell lines. Lobo et al. (Lobo et al., 2019a) found that the abundance of m6A and the expression of VIRMA/YTHDF3 differed among TGCT subtypes, and the level of m6A was high in seminoma (SE), which accurately distinguished SEs and non-seminomatous tumor (NSTs), forming a new candidate biomarker for patient management. Testicular germ cell tumors are significantly sensitive to anticancer drug cisplatin (Motzer et al., 1991; Einhorn, 1993), which contributes to an overall good prognosis. However, some patients have developed resistance to platinum-based treatments, the emergence of cisplatin (CDDP) resistance is the main cause of treatment failure and death in patients with testicular germ cell tumors (TGCT), but its biologic background is poorly understood (Motzer et al., 1991; Bagrodia et al., 2016; Bakardjieva-Mihaylova et al., 2019). Recently, Wei et al. (2020) found that METTL3 enhances resistance to cisplatin by m6A modification of TFAP2C in seminoma. According to the above evidence, m6A modification plays an important carcinogenic role in the development and progression of TGCT. Therefore, the m6A related genes can be used as a prognostic indicator of early TGCT and may be a potential therapeutic target to prevent the progression of TGCT.



THE POTENTIAL APPLICATION OF RNA M6A IN CLINICAL

Although there are rarely studies on the use of m6A in andrology, for the treatment of other diseases which points us in the direction of research in the future. The treatment of PD-1 has achieved great success in the clinic. However, only a small proportion of cancer patients benefit from PD-1 blocking therapy, and overcoming resistance to PD-1 blocking has become a priority. METTL3/14 can regulate immune responses to PD-1-treated tumors (Wang et al., 2020). Yang et al. (2019) shown that knocking out FTO made melanoma cells hypersensitive to interferon γ (IFN-γ) and PD-1 therapy in melanoma. Li N. et al. (2020) found that in melanoma, colorectal, loss of the m6A demethylase ALKBH5 makes tumors sensitive to cancer immunotherapy by suppressive immune cell accumulation in the tumor microenvironment. Han et al. (2019) found that binding of YTHDF1 to a transcript encoding a lysosomal protease produces an adequate and persistent anti-tumor immune response. Meanwhile, the therapeutic effect of PD-L1 checkpoint blockade was significantly enhanced in YTHDF1 mice.

In a groundbreaking study, Su et al. (2018) found that the oncometabolite R-2-hydroxyglutarate (R-2HG) inhibits FTO activity. In this study, R-2HG was used to directly inhibit FTO in R-2HG-sensitive acute myeloid leukemia and glioma cells, leading to increased methylation and decreased expression of c-MYC and CEBPA mRNAs, thereby enhancing the anti-tumor effects. A study provides evidence of the non-steroidal anti-inflammatory drug Meclofenamic acid (MA) is a highly selective FTO inhibitor, which leads to increased levels of m6A modification in glioblastoma cells, inhibiting tumor progression and prolonging the life span of glioblastoma stem cell (GSC) transplanted mice (Huang et al., 2015; Cui et al., 2017). Recent studies have developed two FTO inhibitors, FB23 and FB23-2, they have been shown to promote differentiation/apoptosis of acute myeloid leukemia cell lines in vitro, and significantly inhibit the proliferation of human acute myeloid leukemia (AML) cell lines and primary AML cells, and the progression of human acute myeloid leukemia in xenografted mice (Huang et al., 2019). Deoxycholic acid reduces the expression of miR-92b-3p by m6A-dependent post-transcriptional modification by promoting the dissociation of METTL3 from METTL 3-METTL 14-WTAP complex and plays a role as a tumor suppressor in gallbladder cancer (Lin et al., 2020).

Radiotherapy is a common method for the treatment of tumors. However, many cancer patients develop radiation resistance after radiotherapy. The exact reason is not yet clear. Studies have shown that the silencing METTL3 increases the sensitivity of glioma stem-like cells (Visvanathan et al., 2018), colon cancer cells (Zhang et al., 2019), and pancreatic cancer cells (Taketo et al., 2018) to chemotherapy and radiation resistance. FTO modulates β-catenin expression by decreasing the level of m6A in its gene transcriptome, and increasing the activity of excision repair cross complementation group 1 (ERCC1), thereby enhancing radiotherapy tolerance in vivo and in vitro (Zhou et al., 2018). In Nasopharyngeal Carcinoma (He et al., 2020), YTHDC2 promotes radiotherapy resistance through activating IGF1R/AKT/S6 Signaling Axis.

Chemotherapy is the standard treatment for a variety of cancers, especially for patients who cannot tolerate surgery; however, acquired chemotherapeutic resistance is one of the major causes of treatment failure. Downregulation of m6A demethylase FTO and ALKBH5 increased the modification of the FZD10mRNA gene to reduce the sensitivity of ovarian epithelial cell carcinoma to PARPI by upregulating the Wnt/β-catenin pathway (Fukumoto et al., 2019). m6A methyltransferase METTL3 mediated autophagy increases the sensitivity of non-small cell lung cancer cells to gefitinib by β-elemene (Liu S. et al., 2020). And METTL3 also directly promotes YAP translation and increases YAP activity by regulating the MALAT1-miR-1914-3p-YAP axis to induce drug resistance and metastasis of non-small cell lung cancer (Jin et al., 2019). m6A-methyladenosine modification modulates the β-catenin signaling pathway to maintain sorafenib resistance in hepatocellular carcinoma (Xu et al., 2020).

According to existing studies, RNA m6 modification not only provides a new idea for male infertility with spermatogenesis disorders but also plays a role in tumorigenesis, showing great potential for early tumor diagnosis, targeted therapy, and improving the sensitivity of chemotherapy drugs and radiotherapy. However, there may still be limitations in the future clinical application of m6A, such as which patients need m6A assistance; Who can afford to pay; Whether the detection of m6A related proteins involves ethics, etc.



DISCUSSION

As a newly discovered type of post-transcriptional regulation, dynamic reversible m6A modification is the most common type of internal modification for RNA methylation. Although According to previous researches, m6A plays an important role in spermatogenesis, there are still many unsolved problems that need to be further explored, such as the specific mechanism of m6A in spermatogenesis, whether there is a direct link between writer, erasers, and readers. Besides, the majority of the current studies on m6A methylation are focused on animal experiments, which may have specific limitations. What additional external factors can change these enzymes and further affect spermatogenesis. In this review, we found mRNA m6A modifications have been intensely studied in male genital system tumors in the past few years. However, most studies focused on the specific mechanism related to m6A while there is a lack of studies about the application of m6A such as new drug targeting m6A and diagnostic biomarkers based on m6A regulators.

Despite the fruitful results of the preliminary studies, we believe that the following exploratory work still needs to be completed. Above all, more efforts and multi-center, large-scale studies are needed to explore the specific role of m6A in the various pathways that regulate gene expression. Besides, it is still possible that some of the enzymes that modify m6A have not been identified. Such as FMR and HNRNPC may act as a novel m6A binding protein (van Tran et al., 2019). Therefore, the development of new detection methods for m6A will be helpful for the identification of m6A modifiers and the discovery of new regulatory mechanisms. Finally, m6A modifies not only mRNA but also other RNAs including miRNAs (Qi et al., 2019; Thyagarajan et al., 2019), lncRNA (Quinn and Chang, 2016; Yang et al., 2018), and circRNA (Yang et al., 2017; Zhou et al., 2017; Ren C. et al., 2019). Therefore, non-coding RNAs have the potential to become new therapeutic targets for diseases. However, whether there is a potential link between RNA m6A modification and other types of RNA modification remains to be determined.



CONCLUSION

According to the reviewed studies, m6A modification plays an important role in spermatogenesis and male genital system tumor occurrence and development. However, the current research is still only at the basic research level. So, to apply in the clinical as soon as possible, we need more efforts and more multicenter, large-scale studies to further explore the role of m6A gene modification in tumor biology. In a word, our research and understanding of the modification of m6A are still in their infancy.
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