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N6-methyladenosine (m6A) is the most abundant modification on eukaryotic mRNA. m6A plays important roles in the regulation of post-transcriptional RNA splicing, translation, and degradation. Increasing studies have uncovered the significance of m6A in various biological processes such as stem cell fate determination, carcinogenesis, adipogenesis, stress response, etc, which put forwards a novel conception called epitranscriptome. However, functions of the fat mass and obesity-associated protein (FTO), the first characterized m6A demethylase, in spermatogenesis remains obscure. Here we reported that depletion of FTO by CRISPR/Cas9 induces chromosome instability and G2/M arrest in mouse spermatogonia, which was partially rescued by expression of wild type FTO but not demethylase inactivated FTO. FTO depletion significantly decreased the expression of mitotic checkpoint complex and G2/M regulators. We further demonstrated that the m6A modification on Mad1, Mad2, Bub1b, Cdk1, and Ccnb2 were directly targeted by FTO. Therefore, FTO regulates cell cycle and mitosis checkpoint in spermatogonia because of its m6A demethylase activity. The findings give novel insights into the role of RNA methylation in spermatogenesis.
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INTRODUCTION

Life-long male fertility relies on spermatogenesis that is responsible for the generation of millions of sperm (Fok et al., 2014). Spermatogenesis is a complex developmental process that consists of three stages: mitosis of spermatogonia, meiosis of spermatocyte and transformation of sperm from haploid spermatids (Kanatsu-Shinohara and Shinohara, 2013). Thus, spermatogonia are the cornerstone of sperm production (Hamra et al., 2004). Nevertheless, the underlying mechanism regulating spermatogonial proliferation and differentiation remains largely elusive.

Over 100 different types of chemical modifications have been found in RNAs, among which the N6-methyladenosine (m6A) is mostly prevalent in eukaryotes (Niu et al., 2013). In general, m6A is mainly enriched near the stop codon, within the consensus motif DRACH (D = A, G, U; R = A, G; H = A, C, U) (Dominissini et al., 2012). In most species, m6A is installed by the “writer” complex that is composed of METTL3, METTL14, WTAP, and several unknown components (Liu et al., 2014). Interestingly, m6A can be erased by the demethylase FTO and ALKBH5 (Zheng et al., 2013), and is recognized by the YTH-domain-containing proteins (Zhu et al., 2014). Growing evidences have indicated that m6A is involved in post-transcriptional processes including translation, mRNA degradation, alternative splicing, and microRNA maturation, thus affecting gene expression (Wang et al., 2014, 2015; Alarcon et al., 2015). Recent studies have elucidated the significance of m6A in the regulation of stem cell fate determination, pre-adipocytes differentiation, DNA damage response, self-renewal of neural stem cells, and T cell homeostasis (Batista et al., 2014; Zhao et al., 2014; Li H.B. et al., 2017; Xiang et al., 2017; Wang et al., 2018).

The importance of m6A in spermatogenesis have been preliminarily revealed. Depletion of METTL3 leads to inhibition of spermatogonial differentiation and arrest of meiosis initiation, resulting in infertility (Xu et al., 2017). Furthermore, double knockout of METTL3 and METTL14 in advanced germ cells with Stra8-Cre disrupts spermiogenesis (Lin et al., 2017). Knockout of ALKBH5 causes severe apoptosis in spermatogonia and spermatocytes (Zheng et al., 2013). Consistently, YTHDC2 deficient leads to arrest of meiosis at zygotene spermatocytes (Hsu et al., 2017). These evidences provide the proof of concept with respect to the involvement of m6A in spermatogenesis.

The fat mass and obesity-associated (Fto) gene, located at chromosome 16 in humans, encodes FTO protein, which belongs to the α-ketoglutarate-dependent dioxygenase alkB family. Loss of FTO leads to postnatal growth retardation and a significant reduction in adipose tissue and lean body mass (Fischer et al., 2009). It has been sufficiently demonstrated that FTO possesses the activity of m6A demethylase, which regulates pre-adipocyte differentiation, the leukemic oncogene-mediated cell transformation, and tumorigenesis of glioblastoma stem cells (Li L. et al., 2017; Li Z.J. et al., 2017). Recent studies have revealed the significance of FTO in the regulation of neural development and stress response (Du et al., 2018; Engel et al., 2018). Interestingly, two missense mutations in Fto are associated with the reduced semen quality in azoospermic patients (Landfors et al., 2016). However, little is known about the functions of FTO in spermatogenesis.

The aim of the present study was to gain more insights into the role of FTO in spermatogonia division. To this end, we employed the mouse GC-1 spermatogonial cell line as a research model and performed loss-of-function study by CRISPR/Cas9. We found that knockout of FTO triggered abnormal chromosome segregation and cell cycle arrest. This phenotype could be partially rescued by wild-type FTO but not mutant FTO. FTO depletion elevated the m6A level of core mitosis checkpoint complex (MCC) components and G2/M regulators. Therefore, FTO regulates cell cycle and mitosis checkpoint in spermatogonia because of its m6A demethylase activity.

MATERIALS AND METHODS

Cell Culture and Plasmid Transfection

The mouse spermatogonia cell line (GC-1) were maintained in Dulbecco’s Modified Eagle’s Medium (GE) with 10% fetal bovine serum (Gibco), 100 U/ml penicillin and 0.1 mg/ml streptomycin (PS) and incubated at 37°C with 5% CO2. For plasmid transfection, cells were seeded to 6-well plate (2 × 105 cells per plate) and cultured overnight. Plasmids were transfected to cells using TurboFectTM Transfection Reagent (Thermo Fisher ScientificTM) following the instructions. Twenty-four hours post-transfection, cells were subjected to puromycin (2 μg/ml, Sigma) selection for 2 days.

Antibodies

The primary and secondary antibodies were purchased from commercial sources as follows: Mouse anti-FTO, Mouse anti-Mad2, Mouse anti-Cdc20, Mouse anti-Bub1, Mouse anti-Bub1b, Mouse anti-Bub3, Mouse anti Tubulin (Santa Cruz Biotechnology), Rabbit anti m6A (Synaptic Systems), Rabbit anti-Actin (Sigma-Aldrich). HRP-goat anti rabbit IgG (CWbio) and HRP-goat anti mouse IgG (CWbio).

Vectors Construction

For knocking out FTO in GC-1 cells, the following sgRNAs were designed and synthesized, sg-FTO1U: 5′-ACCGCCGTCCTGCGATGATGAAG-3′, sg-FTO1D: 5′-AAACCTTCATCATCGCAGGACGG-3′, sg-FTO2U: 5′-ACCGGAACTCTGCCATGCACAG-3′, sg-FTO2D: 5′-AAACCTGTGCATGGCAGAGTTC-3′. The PGL3-U6-PGK plasmid (gifted from Shanghai Tech University) was used as the backbone. Plasmid was ligated with annealed sgRNAs via T4 ligase (Thermo Fisher Scientific). For the FTO rescue experiment, total RNA was extracted from GC-1 cells using RNAiso plus Reagent (Takara Clontech). cDNA was synthesized by the first strand cDNA synthesis kit (Takara Clontech) following the manufacturer’s instructions. The following primers were designed and synthesized for the amplification of FTO CDS, FTO-res-F: 5′-GAATCTAGAATGAAGCGCGTCCAGAC-3′, FTO-res-R: 5′-GGAGAATTCTGCTGGAAGCAAGATCCTAG-3′. PCR products were purified by the PCR clean-up Kit (Axgen). CD513B plasmid and purified PCR products were digested by restriction enzymes EcoRI and XbaI (NEB), following by ligation using the T4 ligase.

For the FTO mutant experiment, the following primers were designed and synthesized. FTO-mut-1F: 5′-GAATCTAGAATGAAGCGCGTCCAGAC-3′, FTO-mut-1R: 5′-GCGTGAGTGGAACTAAACGCAGGCTGTGAGCCAGC-3′, FTO-mut-2F: 5′-GCTGGCTCACAGCCTGCGTTTAGTTCCACTCACCG-3′, FTO-mut-2R: 5′-GGAGAATTCTGCTGGAAGCAAGATCCTAG-3′. cDNA of FTO was used as the PCR template. PCR products were purified using Gel Extraction Kit (Omega) following by recombinant using Neotec reagent. Recombined fragments were purified and ligated with CD513-B1 plasmids.

T7E1 Assay

Genomic DNA was extracted using phenol-chloroform followed by ethyl alcohol precipitation. For indels detection, following primers were designed and synthesized, FTO-F: 5′-CCAGTGTCTCGCATCCTCATC-3′, FTO-R: 5′-TTACTCATCCTCAGAGCCTCAGA-3′. PCR products were purified using PCR clean up Kit. The purified DNA was annealed following by digested by T7 endonuclease (NEB). After digestion at 37°C for 30 min, DNA was analyzed by the agarose gel electrophoresis. Image J was used to calculate the cleavage efficiency.

Establishment of the FTO−/− Cell Strain

Plasmids expressing cas9 and sgRNAs were co-transfected to spermatogonia using the TurboFectTM Transfection Reagent as previously described. Twenty-four hours post-transfection, cells were screened using 2 μg/ml puromycin for 2 days. The residual cells were suspended to 300 cells/ml and seeded to the 100-mm-dish. After 7 days of culture, mono clones were observed under the microscope. Monoclones were picked and transferred to the 96-well plate (one clone per well) followed by a 7-day culture. Subsequently, genomic DNA of each cell clone were extracted using the QuickExtractTM DNA Extraction Solution 1.0 (Epicenter) following the manufacturer’s instructions. The DNA fragments containing sgRNA target sites were amplified using PCR followed by Sanger sequencing. Cell strains harboring frameshift mutations within Fto locus in di-alleles were considered as the Fto−/− cell strain.

m6A Dot Blot

Total RNA was extracted from cells using Trizol reagent (TAKARA). mRNA was isolated and purified using Poly Attract mRNA Isolation System III with Magnetic Stand (Promega) following the manufacturer’s instructions. For m6A dot blot, mRNA was hybridized onto the Hybond-N+ membrane (GE Healthcare). After crosslinking at 80°C for 30 min, the membrane was blocked with 5% non-fat milk (Bio-Rad) for 1 h, incubated with rabbit anti-m6A antibody (1:1000, Synaptic Systems) at 4°C overnight. Then the membrane was incubated with HRP-conjugated goat anti-rabbit IgG at room temperature for 2 h. After being incubated with Immobilon Western Chemiluminescent HRP Substrate (Millipore), the immunocomplex was photographed using the ECL imaging system (Bio-Rad). Finally, the membrane was stained with 0.02% methylene blue to eliminate the difference in mRNA amount. Relative m6A level was quantified via gray intensity analysis using ImageJ.

Western Blot Assay

Cells were lysed with RIPA buffer containing 1% PMSF followed by ultrasonication. Cell lysates were incubated on ice for 30 min, centrifuged at 10,000 g for 10 min. The supernatants were collected and the protein concentration was detected using a BCA detection Kit. Equal amount of proteins was loaded to the polyacrylamide gel. The proteins were separated through SDS-PAGE using the electrophoresis apparatus (Bio-Rad). After electrophoresis, the proteins were transferred to the PVDF membrane (Millipore, IBFP0785C) using a semi-dry transfer instrument (Bio-Rad). The membranes were blocked with 5% non-fat milk for 1 h at room temperature, incubated with primary antibodies at 4°C overnight. Subsequently, the membranes were washed with PBST and incubated with HRP-conjugated secondary antibodies for 1 h at room temperature. After washing, the membranes were incubated with the Immobilon Western Chemiluminescent HRP Substrate (Millipore, United States) and photographed using the ECL imaging system (Bio-Rad, United States).

Flow Cytometric Analysis

For cell cycle analysis, cells were suspended in 75% cold ethanol and treated with 0.1% Triton X-100 and 100 μg /ml RNase at 37°C for 30 min. Subsequently, the cells were stained with 50 μg/ml PI for 2 h and analyzed by flow cytometry. For cell clustering analysis, cells were fixed in cold 70% ethanol, permeablized with 0.1% Triton X-100. Then the cells were stained with 4′,6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scientific) for 30 min and analyzed by flow cytometry.

Quantitative Real-Time PCR

Cells were lysed with Trizol regent (TAKARA). Total RNA was isolated by chloroform followed by precipitating with isopropanol. cDNA was synthesized with the PrimeScriptTM RT reagent Kit (TAKARA) following the manufactory’s instructions. Primers designed and synthesized for RT-qPCR were listed in Supplementary Table S1. Quantitative PCR was performed using the SYBR Green II PCR Mix (TAKARA) and the IQ5 (Bio-Rad).

Chromosome Spread Assays

Wild-type and FTO-KO cells were cultured in complete medium to 70% confluence and treated with 50 ng/μL nocodazole for 16 h. Cells were collected and subjected to hypotonical swell in 75 mM KCl at 37°C for 30 min. Subsequently, cells were fixed in Carnoy’s fluid (methanol: acetic acid 3:1) at room temperature for 30 min. Cells were dropped onto pre-cooling glass slides and air dried. Slides were stained with Hochest 33342 (1:500) and photographed under the fluorescence microscope. For each biological repetition, chromosome number of 150 cells were counted and analyzed.

Immunofluorescence

For immunofluorescence analysis, cells were fixed in 4% paraformaldehyde/PBS for 30 min, permeabilized in 0.5% Triton X-100/PBS and blocked with 5% bovine serum albumin (BSA). After washed with PBS for three times, the cells were incubated with rabbit anti-CREST antibody (1:200) and mouse anti β-tubulin (1:200) antibody at 4°C overnight. Then the cells were washed for another three times with PBS and incubated with FITC-conjugated goat anti rabbit and rhodamine red-conjugated goat anti-mouse secondary antibodies (1:2000) at room temperature for 1 h. Cells were washed in PBS for three times and counterstaining with DAPI. Images were photographed under an inverted fluorescence microscope (Olympus, IX71).

m6A-IP-qPCR

Total RNA was extracted from cells using the RNAiso plus regent (TAKARA). mRNA was isolated using the PolyATtract®mRNA Isolation Systems (Promega, Z5310) following the manufacturer’s instructions. The m6A-IP was performed as previously described (Dominissini et al., 2012). In brief, 3 μg mRNA was mixed with 12.5 μL of rabbit anti m6A antibody (0.5 mg/mL, Synaptic Systems, 202003), 5× IP buffer (50 mM Tris–HCl, pH 7.4, 750 mM NaCl, and 0.5% NP-40), RNA inhibitor and DEPC-treated nuclease free water to make 500 μL of IP mixture. Protein A beads were washed with wash buffer (IP buffer mixed with RNA inhibitor) for three times, and then blocked with 0.5 mg/mL BSA. After blocking, the beads were incubated with IP mixture and rotated at 4°C overnight followed by extensive washing. Bound RNA was eluted using 100 μL elution buffer (1× IP buffer, 6.7 mM m6A). For m6A level measurement, 40 ng of IP-RNA and Input-RNA was used for cDNA synthesis. The m6A+ mRNA level was finally determined by real-time quantitative PCR.

RNA-Decay Assay

WT cells and FTO-KO cells were treated with 5 μg/mL actinomycin D for 0, 3, and 6 h, respectively. Cells were harvested and subjected to RNA extraction. Real-time quantitative PCR were used to analyze the mRNA level of target genes in each group.

Statistical Analysis

All data were collected from at least three independent experiments. Data were analyzed using two-tailed Student’s t-test or one-way ANOVA followed by a Duncan’s multiple range test (SPSS 22 for windows). Significance were presented as ∗p < 0.05, ∗∗p < 0.01, and ∗∗∗p < 0.001. Error bars represented SEM of the mean.

RESULTS

Depletion of FTO in Spermatogonia Subjected to CRISPR-Cas9 Gene Editing

The endogenous FTO of spermatogonia was abrogated using the CRISPR-Cas9 genome editing technique with Fto-specific sgRNAs. Two sgRNAs targeting exon 3 of Fto were designed and synthesized (Figure 1A). The CRISPR-Cas9 mutations resulted in 7 and 49 nucleotide deletions in the two alleles of the Fto gene, respectively, and thus induced the frameshift mutations at the target sites (Figure 1A). Western blot analysis showed that the FTO protein was completely absent in the KO cells (Figure 1B). We next detected total m6A level of mRNA extracted from wild type cells and FTO-KO cells. The blot signal strength showed significant increases in mRNA of FTO depletion cells (Figure 1C), indicating that depletion of FTO elevated the m6A level in spermatogonia.
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FIGURE 1. Depletion of fat mass and obesity-associated protein (FTO) in spermatogonia via CRISPR/Cas9 system. (A) Schematic diagram of sgRNAs designed for FTO knockout. Sequences of modified Fto loci in FTO-KO cells. (B) Western blot analysis of FTO expression in wild-type cells and FTO-KO cells. β-actin was used as the loading control. (C) m6A dot blot analysis of wild-type cells and FTO-KO cells. Methyl blue stain was used to eliminate the difference in RNA amount.



FTO Depletion Induces Formation of Multinuclear Giant Cells

CCK-8 assay was used to detect cell viability. FTO depletion did not affect cell viability (Figure 2A). The morphology in the FTO-KO cells was markedly different from the Cas9-transfected controls, which was characterized by an increasing population of cells with large cell sizes and spreading areas (Figure 2B). In general, a small number of giant cells can be found in the wild type cells, which was considered as the binucleated spermatocytes. Un-expectedly, in the FTO-KO cells the rate and size of giant cells dramatically increased (Figure 2D). To further investigate the giant cells in detail, we stained cell nuclei using DAPI. As shown in Figure 2C, giant cells were aneuploidies that contained large and irregular nuclei. Flow cytometry analysis showed that the ratio of aneuploidies was significantly increased in FTO-KO cells compared with WT cells (Supplementary Figure S1). These results suggested that FTO deletion caused aneuploidy formation in spermatogonia.
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FIGURE 2. Phenotypes of FTO depletion in spermatogonia. (A) Effect of FTO depletion on cell viability. (B) Image of morphology of wild-type cells and FTO-KO cells. Bar = 100 μM. (C) Morphology of nuclei of giant cells and normal cells. (D) Percentage of giant cells were shown in column diagram. Data were represented by the mean ± SEM, n = 3, ∗∗p < 0.01. (E) Wild-type cells and FTO-KO cells were stained with red and green dye, respectively, and were co-cultured for 48 h. Representative image of cell fusion status. White arrows indicate the fused cells. Scale bar = 20 μm. (F) Percentage of cell fusion were shown in column diagram. Data were represented by the mean ± SEM, n = 3.



FTO Depletion Suppresses Chromosome Segregation

Either cell fusion or abnormal chromosome segregation probably leads to aneuploidy formation. To determine whether the increase in aneuploidy proportion was caused by cell fusion, we stained the cells using the double fluorescent tracer assay. The cells stained with red dye and the one stained with green dye were mixed and cultured for 48 h, the fused cells showed bifluorescence (Figure 2E). However, the proportion of fused cells in FTO-KO cells was not different with that in wild-type cells (Figure 2F), indicating that the giant cells were not induced by cell fusion.

To investigate whether the aneuploidy was induced by abnormal chromosome segregation, we counted the chromosomes in wild-type cells and FTO-KO cells through the chromosome spreading assay. Interestingly, chromosome number in FTO-KO cells showed a significant increase, compared with wild-type cells (Figures 3A,B). The mitotic checkpoint complex (MCC) is the effector of the spindle assembly checkpoint (SAC) that prevents cells from undergoing cytokinesis when the spindle is assembled improperly with chromosome at metaphase (Lara-Gonzalez et al., 2012). Previous studies have reported that dys-regulation of MCC components resulted in chromosomal instability and aneuploidy (Kapanidou et al., 2015). Here, we hypothesized that FTO depletion induced the formation of aneuploidy due to aberrant expression of MCC. To verify it, we detected the expression of the core MCC components Mad1, Mad2, Bub1, Bub1b, Bub3, and Cdc20. Interestingly, the expression of all detected MCC components significantly decreased in FTO-KO cells both in mRNA and protein levels (Figures 3C,D). These results suggested that FTO deletion suppressed chromosome segregation and induced aneuploidy formation through up-regulation of MCC expression.
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FIGURE 3. Effect of FTO depletion on chromosome segregation. (A) Representative images of normal diploidy and aneuploidy chromosome spread in FTO-KO cells. (B) Chromosome numbers from individual metaphase spreads of FTO-KO and wild-type cells. (C) Relative mRNA expression of MCC components. Data were represented by the mean ± SEM, n = 3, ∗p < 0.05, ∗∗p < 0.01. (D) Western blot analysis of MCC components expression in wild-type cells and FTO-KO cells. β-actin was used as the loading control.



FTO Depletion Arrests G2/M Transition

Previous studies have shown that m6A methylation is correlated with cell cycle progress during oocyte meiotic maturation (Qi et al., 2016). Therefore, we presumed that FTO regulates cell cycle in spermatogonia. To this end, we analyzed the cell cycle by flow cytometry. Interestingly, we found that the proportion of G2 stage cells significantly increased in FTO-KO cells, compared with wild-type cells (Figures 4A,B). We next detected the expression of core regulatory proteins involved in G2/M transition. As shown in Figures 4C,D, the expression of CDK1 and CCNB2 was significantly down-regulated in FTO-KO cells, indicating that FTO modulated G2/M transition through regulating the expression of Cdk1/Ccnb2 complex.
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FIGURE 4. Effect of FTO depletion on cell cycle. (A) Cell cycle of FTO-KO and wild-type cells were analyzed by flow cytometry. (B) Percentage of G2 stage cells were shown in column diagram. Data were represented by the mean ± SEM, n = 3, ∗∗p < 0.01. (C) Relative mRNA level of genes involved in G2/M transition. Data were represented by the mean ± SEM, n = 3, ∗∗p < 0.01. (D) Western blot analysis of proteins involved in G2/M transition. β-actin was used as the loading control.



FTO Regulates Cell Cycle and Aneuploidy Formation Through the m6A Demethylase Activity

Previous studies have reported that mutation of the critical amino acid residue 313R to A (R313A) in the catalytic center of FTO protein can completely ablate its m6A demethylase activity (Zhao et al., 2014). Hence, to investigate whether the FTO knockout phenotype in spermatogonia is due to its m6A demethylase activity, we constructed two lentivirus vectors that expressed wild-type FTO (named FTO-wt) and R313A mutant FTO (named FTO-mut), respectively (Figure 5A). We next established three cell lines by transfection of the FTO-wt, the FTO-mut and the control (GFP) lentivirus to the FTO-KO cells, respectively. Western blot analysis showed that the FTO expression was rescued in FTO-wt and FTO-mut cells, but not control cells (Figure 5B). We next detected the proportion of aneuploidy and G2 stage cells in the three cell lines. Interestingly, the rate of aneuploidy and G2 stage cells in FTO-wt group was significantly less than those in the FTO-mut and control cells, indicating that the FTO depletion phenotype could be partially rescued by wild-type FTO but not mutant FTO (Figures 5C–F). These results suggested that FTO regulated cell cycle in spermatogonia mainly through its m6A demethylase activity.
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FIGURE 5. Fat mass and obesity-associated protein regulates giant cell formation and G2/M transition dependent on the m6A demethylase activity. (A) Schematic diagram of FTO-wt and FTO-mut plasmids. Green and red letters represent the mutation of 313R to A. (B) Western blot analysis of FTO expression in the FTO-wt cells and the FTO-mut cells. β-actin was used as the loading control. (C) Morphology of FTO-wt cells and FTO-mut cells. Bar = 100 μm. (D) Percentage of giant cells were shown in column diagram. Data were represented by the mean ± SEM, n = 3, ∗∗p < 0.01. (E) Cell cycle of FTO-wt and FTO-mut cells were analyzed by flow cytometry. (F) Percentage of G2 stage cells were shown in column diagram. Data were represented by the mean ± SEM, n = 3, ∗p < 0.05.



To verify whether FTO deletion leads to increase of m6A level in the transcripts of target genes, we performed m6A-IP-qPCR. As shown in Figure 6A, in the m6A-IP transcripts, the abundance of Bub1b, Mad1, Mad2, Cdk1 and Ccnb2 was significantly up-regulated in FTO depletion group, while Bub1, Cdc20, and Bub3 were undetectable under the sensitivity of q-PCR, suggesting that m6A level in the transcripts of Bub1b, Mad1, Mad2, Cdk1, and Ccnb2 is elevated due to FTO knockout.
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FIGURE 6. Fat mass and obesity-associated protein targets the m6A modification on the key components of MCC and G2/M regulators. (A) mRNA isolated from wild-type cells and FTO-KO cells were subjected to m6A-IP. The m6A positive mRNA were detected via quantitative PCR. Y axes represent the relative mRNA level in IP-mRNA compared to input. Data were represented by the mean ± SEM, n = 3, ∗p < 0.05, ∗∗p < 0.01. (B) Cells were treated with 5 μg/mL actinomycin and harvested for RNA extraction. Target mRNA level were quantitated by q-PCR. X axes represent hours post treatment. Y axes represent the remained mRNA level. Data were represented by the mean ± SEM, n = 3, ∗p < 0.05, ∗∗p < 0.01.



To further demonstrate whether the increased m6A level accelerates the degradation of target mRNAs, we performed an RNA decay assay. Cells were treated with 5 μg/mL actinomycin D for 0, 3, and 6 h and harvested for RNA extraction. The remained mRNA level was normalized by real-time quantitative PCR. As shown in Figure 6B, mRNA stability of Mad1, Mad2, Bub1b, CDK1, and Ccnb2 were significantly decreased after FTO depletion. These results suggested that FTO regulated the expression of target transcripts through the regulation of RNA stability.

Together, these data indicate that FTO directly regulates the expression of the core MCC components and G2/M regulators through the m6A/RNA decay pathway, thus regulating cell cycle and mitosis checkpoint in spermatogonia.

DISCUSSION

Spermatogenesis is a highly dynamic developmental process involving intricate regulation of gene expression. The significance of m6A in spermatogenesis has increasingly been unraveled. FTO, the first discovered m6A demethylase, regulates RNA splicing, stability or translation, thereby making a difference in cell fate determination (Li L. et al., 2017). However, FTO function in spermatogonia remain unclear. Here, we established a Fto-null mouse spermatogonial cell line using CRISPR/Cas9 system. We found that FTO deletion led to aneuploidy formation and G2/M arrest. We further demonstrated that FTO demethylated five transcripts of core MCC components and G2/M regulators. The findings suggest that FTO regulates chromosome segregation and cell cycle progression via m6A demethylase activity.

Accurate segregation of duplicated chromosomes is indispensable for the cell division. The accurate chromosome segregation relies on precise temporal regulation of sequential processes including the orientation of bipolar spindle, the attachment of kinetochore and microtubules and the separation of daughter cells during cytokinesis (Thompson et al., 2010). Error occurred at any step may lead to chromosome mis-segregation and aneuploidy formation (Meraldi, 2016). The mitotic checkpoint is a safeguard mechanism against the aneuploidy formation (London and Biggins, 2014). When chromosomes fails to assemble with spindle, the checkpoint activates to inhibit the downstream anaphase promoting complex (APC/C), resulting in prevention of cells from entry the next cell cycle (Thompson et al., 2010). The importance of MCC in the regulation of chromosome instability have been largely reported (Lara-Gonzalez et al., 2012). Chromosome segregation errors in mitosis are the most common cause for aneuploidies formation in vitro, as well as in clinical cancer samples (van Jaarsveld and Kops, 2016). Hence, the MCC components have been selected as promising targets for the therapy of cancers (Tanaka and Hirota, 2016). In the present study, we found that FTO regulates the expression of core MCC components, thus regulating chromosome segregation. The roles of FTO and m6A in the regulation of chromosome stability have not been reported yet. Therefore, our results suggested that FTO may play important roles in the progression of seminoma for the first time. It will be interesting to deeply investigate the functions of FTO in seminoma carcinogenesis.

The Cdk1/Ccnb complex is the main composition of the maturation-promoting factor (MPF) that triggers the G2/M transition (Adhikari and Liu, 2014). The role of Cdk1/Ccnb in the regulation of metaphase arrest during oogenesis have been well documented (Turner, 2015). In contrast, studies on the function of MFP in spermatogenesis are limited. Clement et al. (2015) reported that decreased expression of Cdk1 caused late meiotic arrest and infertility in mice. Recent studies showed that FTO regulates the expression of CDK2 and CCNB2, thus affecting cell cycle progression during adipogenesis (Wu et al., 2018). In the present study, we showed that FTO depletion led to decreased expression of the Cdk1 and Ccnb2, resulting in G2/M arrest in spermatogonia.

A few studies have reported the significance of m6A relative proteins in spermatogenesis (Zheng et al., 2013; Hsu et al., 2017; Lin et al., 2017). The underlying mechanisms of how m6A regulates the spermatogenesis remain obscure. Previous studies mainly analyzed the global m6A methylome, combined the variation of m6A peaks with the differentiation in global expression or splicing of transcriptome, thus determined the function of m6A in stability or splicing of target transcripts (Xu et al., 2017). In the present study, we detected the m6A level of target genes via the m6A-IP-qPCR assay, which can precisely reveal the m6A variation on target transcripts. We found that three transcripts of the core MCC components (Bub1b, Mad1, and Mad2) and two transcripts of the G2/M regulatory proteins (Cdk1 and Ccnb2), were directly targeted by FTO. We also demonstrated that the increased m6A level retarded the stability of target transcripts. Recent reports have shown that FTO simultaneously demethylates m6A and m6Am in mammalian cells. To further elucidate the mechanism by which FTO knockout leads to the phenotypes, it will be interesting to detect m6Am through the miCLIP-seq (Mauer et al., 2017; Wei et al., 2018). Additionally, our results showed that m6A modification did not occur in the transcripts of Bub1, Bub3, and Cdc20, indicating that FTO regulates the three genes through other pathways. It is no doubt that changes on gene expression can be global after FTO depletion. Though the target genes we focused on are directly associated with the phenotypes, contributions of other differentially expressed genes through other pathways should not be ignored. The mechanisms of m6A on the regulation of gene expression are comprehensive. Changes in m6A level can make differences in mRNA decay, splicing or translation, which relies on the recognition of different readers. Here we mainly focused on the effects of FTO on the decay of target transcripts. Hence, to gain deeper insights into the regulatory role of FTO to the phenotype, RNA-seq combined with splicing analysis and translation efficiency assay will be necessary.

Male infertility has been becoming a worldwide problem in recent years (Mascarenhas et al., 2012). To understand the underlying mechanisms of spermatogenesis is important for the precise therapy of male infertility. As spermatogonia are the precursor of male germ cells, to elucidate the regulation of spermatogonia homeostasis is important for understanding male infertility. The present study first revealed the role of RNA demethylase FTO in the regulation of chromosome instability and cell cycle progression in spermatogonia, thus giving novel insights into the role of RNA methylation in spermatogenesis and potentially, in seminoma progression. Our studies are limited to the functions of FTO in immortalized cell line.It will be important to generate conditional knockout mice to gain better understandings of the roles of FTO plays in spermatogenesis.

CONCLUSION

In conclusion, knockout of FTO triggered aberrant chromosome segregation and cell cycle arrest, which could be partially rescued by wild-type FTO but not mutant FTO. FTO depletion elevated the m6A level of core MCC components and G2/M regulators. Therefore, FTO regulates cell cycle and mitosis checkpoint in spermatogonia through the m6A/mRNA degradation pathway. Our findings give novel insights into the role of RNA methylation in spermatogenesis.
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