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Abstract

:

Cadmium (Cd) is a common environmental heavy metal contaminant of reproduction toxicity. Cd accumulation in animals leads to the damage of granulosa cells. However, its mechanism needs to be elucidated. This research found that treating granulosa cells with Cd resulted in reduced cell viability. The flow cytometry results showed that Cd increased the degree of apoptosis and level of superoxide anion (O2−) in granulosa cells. Further analysis showed that Cd treatment resulted in reduced expression levels of nuclear factor erythroid 2-related factor-2 (Nrf2), superoxide dismutase (SOD), catalase (CAT) and NAD(P)H: quinone oxidoreductase 1 (NQO1), and an increased expression level of malondialdehyde (MDA); the expression levels of Bcl-2 associated X (Bax) and caspase-3 increased, whereas that of B-cell lymphoma 2 (Bcl-2) decreased. Changes in m6A methylation-related enzymes were noted with Cd-induced damage to granulosa cells. The results of transcriptome and MeRIP sequencing revealed that the AKT pathway participated in Cd-induced damage in granulosa cells, and the MAX network transcriptional repressor (MNT) may be a potential target gene of fat mass and obesity-associated protein (FTO). FTO and YTH domain family member 2 (YTHDF2) regulated MNT expression through m6A modification. FTO overexpression alleviated Cd-induced apoptosis and oxidative stress through the activation of the AKT/Nrf2 pathway; this process could be reversed using siMNT. Overall, these findings associated m6A with Cd-induced damage to granulosa cells and provided insights into Cd-induced granulosa cell cytotoxicity from a new perspective centered on m6A modification.
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1. Introduction


The development and maturation of oocytes determine the reproductive ability of female animals. Granulosa cells supply necessary nutrition and small molecules for the oocytes through gap junctions, which is crucial for oocyte maturation [1]. With the acceleration of global industrialization, Cd pollution has gradually spread worldwide. Pollution due to the heavy metal cadmium is particularly severe in developing countries. Several studies have focused on cadmium pollution; some of these studies have explored the alterations in the aquatic environment in Malaysia, agricultural soil in China, and water and food qualities in northern Vietnam with higher cadmium concentrations [2,3,4]. Various industrial activities lead to heavy metal-induced environmental pollution, including water, soil, and plant pollution; the heavy metals in soil and animal feed may accumulate into animal yields. The cadmium content in milk in industrial areas is significantly higher than that in unpolluted areas; the cadmium in milk may come from the soil in the following manner: from soil to silage to milk [5]. A significantly positive correlation has been reported between Cd concentration in cattle tissues and their feed [6]. Cadmium can accumulate in animal tissues, including ovaries, and endanger reproductive functions [7,8,9,10]. Studies have shown that granulosa cells may be one of the targets of Cd toxicity. Cd treatment can affect progesterone secretion in granulosa cells [11], thus increasing follicular atresia and apoptosis [12]. The use of cadmium chloride (CdCl2) to treat porcine granulosa cells demonstrated that Cd can increase reactive oxygen species (ROS) levels, and the degree of apoptosis increases in a dose- and time-dependent manner [13].



The Myc/Max/Mad network is involved in the regulation of various biological processes, including cell proliferation and apoptosis. Myc/Max and Mad/Max dimers play transcriptional activation and transcriptional repression effects, respectively, by binding to the E-box region of target genes. MNT is the most special member of the Mad family because it is the largest protein in the family and is widely expressed in human tissues, participating in a variety of biological processes [14]. MNT has an important role in development, and the deletion of MNT causes the death of mice shortly after birth [15,16]. MNT shares a basic helix-loop-helix-leucine zipper (bHLHLZ) domain and a SIN3-interacting domain (SID). bHLHLZ is used to interact with Max and bind the E-box of DNA, while SID is required for the inhibitory function of MNT [17,18]. Myc can induce apoptosis by inhibiting the expression of anti-apoptotic genes Bcl-X and Bcl-2. Mad/Max can compete with Myc/Max to bind to E-box and regulate the expression of target genes [19].



N6-methyladenosine (m6A) modification is widely present in various tissues and organs of animals and results in dynamic and reversible changes in various tissues across the developmental stages [20,21]. It mainly occurs in the consensus sequence 5’-RRACH-3’ (R = A or G, G > A; H = A, C, or U, U > A > C) and is highly conserved in several species [22,23,24,25]. The research map shows that m6A mainly occurs in the vicinity of stop codons and 3ʹ untranslated regions (3ʹUTRs) [26]. The m6A is influenced by multiple effectors, including the writer, eraser, and reader. The “writer”, as methyltransferases, mainly include methyltransferase-like protein 3 (METTL3), methyltransferase-like protein 14 (METTL14), and Wilms tumor 1-associating protein (WTAP). The “erasers”, as demethylases, mainly include AlkB Homolog 5 (ALKBH5) and fat mass and obesity-associated protein (FTO) [27]. The “readers”, as binding proteins, mainly include YTH domain-containing protein 1−2 (YTHDC1-2) and YTH domain family member 1−3 (YTHDF1-3). The reader can recognize m6A modifications and regulate the translation, shearing, transportation, positioning, and stability of RNA at the posttranscriptional level to ensure that m6A can perform its biological functions [26,28].



As a demethylase, FTO can reduce the m6A modification level of target genes. FTO is involved in a variety of biological processes and cell death. Overexpression of FTO inhibited the expression of pro-apoptotic proteins caspase-3, caspase-9 and Bax in vivo and in vitro experiments, thereby inhibiting mitochondria-dependent apoptosis in adipocytes [29]. FTO functions by recognizing m6A modification, and the inhibition of the FTO-induced m6A modification level may be related to MEHP-induced Leydig cell apoptosis [30]. FTO is involved in cell death, induced by a variety of toxicants. Cobalt is an environmental toxicant that can damage human health. CoCl2 induces the production of ROS in human neuroglioma H4 cells and affects the m6A modification level of apoptosis-related genes by reducing the expression of FTO, resulting in the activation of apoptosis [31]. It has been shown that the demethylase FTO can decrease the level of m6A on flotillin 2 (FLOT2) mRNA, increase the stability of FLOT2 mRNA, and induce the dysfunction of granulosa cells [32]. In human granulosa cells, FTO knockdown decelerates the decomposition of FOS-mRNA and upregulates FOS levels, ultimately leading to GC-mediated ovarian aging [33]. Several studies have reported that m6A methylation-related enzymes affect apoptosis in various cells, including those of the ovaries and testes [34,35,36].



However, the role of RNA m6A modification in Cd-induced apoptosis and oxidative stress in bovine ovarian granulosa cells remains to be investigated. Therefore, this study investigated how the m6A protects granulosa cells from Cd-induced apoptosis.




2. Results


2.1. Cd Increased the Degree of Apoptosis in Granulosa Cells


The viability of granulosa cells treated with Cd was assessed by CCK-8 (Figure 1A). Compared with the control group, 5 μM of Cd significantly reduced cell viability (p < 0.01), and cell viability decreased with an increasing Cd concentration. Flow cytometry analysis results indicated that 15−40 μM of Cd significantly increased the degree of apoptosis of the granulosa cells (p < 0.05; Figure 1B). A concentration of 15 μM was used as the subsequent treatment concentration. The TUNEL results indicated that the proportion of TUNEL-positive cells increased markedly after Cd treatment (Figure 1B). Subsequently, RT-qPCR and a Western assay indicated that Bax and caspase-3 expressions were significantly increased and Bcl-2 expression was significantly reduced after Cd treatment (p < 0.05; Figure 1C,D). In conclusion, Cd induces apoptosis in granulosa cells.




2.2. Cd-Induced Oxidative Stress in Granulosa Cells


CAT, SOD, and NQO1 are the key components of the antioxidant gene, and the RT-qPCR analysis showed that the transcriptional levels of CAT, SOD, and NQO1 decreased following Cd treatment (p < 0.05; Figure 2A–C). In addition, the intracellular CAT, SOD, and NQO1 levels decreased significantly, which was accompanied by an increase in the MDA levels (p < 0.01; Figure 2E–H). Intracellular reactive oxygen species (ROS) was measured using flow cytometry analysis (DHE), and fluorescence intensity increased in the Cd group (p < 0.01; Figure 2I). Further testing found that the protein and mRNA expression of Nrf2 decreased significantly with Cd treatment (p < 0.01; Figure 2D,J). The above results suggested that Cd treatment leads to decreased antioxidant levels and increased ROS levels in granulosa cells, which induced oxidative stress.




2.3. Cd Alters the Expression of m6A Methylation-Regulated Genes in Granulosa Cells


We conducted a determination of mRNA expression levels of essential genes that regulate m6A modification after Cd treatment by RT-qPCR. The results indicated that METTL3, ALKBH5, and FTO were significantly downregulated after Cd treatment (p < 0.05; Figure 3A–D).




2.4. Transcriptome and MeRIP Sequencing to Identified m6A modification Targets


Differentially expressed genes were screened out via transcriptome sequencing under the conditions of |log2(FC)| of ≥1 and a p-value of <0.05. The heat and volcano map revealed significant differences between the two groups, and 2891 genes were screened for differential expression, 1698 of which were upregulated and 1193 were downregulated (Figure 4A,B). The different genes in the control and Cd groups were analyzed through GO and KEGG analyses. Under the standard of p < 0.05, 20 GO function enrichment and 20 KEGG pathways were screened out (Figure 4C,D). In the control and Cd groups, phosphatidylinositol 3-kinase complex (GO:0005942) and PI3K-Akt signaling pathway (ko04151) were enriched. In addition, positive regulations of O2− generation (GO:0032930) and apoptotic process (GO:0043065) were significantly enriched. MeRIP sequencing results confirmed that the m6A consensus motif was GGAC (Figure 4E). These methylation sites were primarily enriched in stop codons and 3′UTRs (Figure 4F). Finally, in the control and Cd groups, 165 significantly different genes from MeRIP-seq and mRNA-seq sequencing were screened out, of which 38 genes were upregulated in m6A modification and downregulated in mRNA expression (Figure 4G).




2.5. FTO Affects m6A Modification and Expression Level of the MNT mRNA


Based on the sequencing results, we preferentially screened seven highly expressed genes related to apoptosis from the hyper-down group (Figure 4G) for further verification. The results showed that the potential targets were significantly decreased after Cd treatment (Figure 5A). Among them, are WNT5A (GO:0043066, negative regulation of the apoptotic process), BMP4 (GO:0043066, negative regulation of the apoptotic process), and MNT (GO:2001234, negative regulation of the apoptotic signaling pathway) were involved in the negative apoptosis regulation. These genes were most likely FTO target genes. FTO overexpression treatment was performed, and FTO was highly expressed after transfection with pcDNA3.1-FTO (p < 0.05; Supplementary Figure S1 and Figure 5B). The results indicated that FTO overexpression increased BMP4 and MNT mRNA levels significantly (p < 0.05; Figure 5C). The distribution of m6A peaks of MNT was analyzed; the m6A modification of MNT increased after Cd treatment (Figure 5D). MeRIP-RT-qPCR results revealed that m6A modification of MNT was significantly increased after Cd treatment and it was significantly decreased when FTO was overexpressed (p < 0.05; Figure 5E), identifying MNT as a potential target of FTO. Next, Western blot results confirmed that FTO upregulated the Cd-induced decrease in MNT expression (p < 0.05; Figure 5F). YTHDF2 can recognize m6A modification and degrade target genes. We treated cells with siTYHDF2 (p < 0.05; Supplementary Figure S2) and found that a decreased YTHDF2 expression increased MNT expression (p < 0.05; Figure 5G).




2.6. FTO Overexpression Suppressed Cd-Induced Apoptosis, Perhaps by Activating the AKT Pathway in Granulosa Cells


The role of FTO on Cd-induced apoptosis was researched. The degree of apoptosis assay showed that FTO overexpression suppressed Cd-induced apoptosis in granulosa cells (p < 0.01; Figure 6A). Further analysis showed that FTO overexpression reduced the expression levels of Bax and caspase-3 and increased that of Bcl-2 (p < 0.05; Figure 6C,D). Investigation of the associated pathways indicated that Cd significantly reduced the protein expression of p-AKT and FTO overexpression reversed this phenomenon (p < 0.05; Figure 6B). In short, the AKT pathway participates in the protective function of FTO on Cd-induced damage of granulosa cells.




2.7. FTO Overexpression Suppressed Cd-Induced Oxidative Stress


The role of FTO in Cd-induced oxidative stress was assessed. RT-qPCR indicated that increasing FTO expression increased the transcriptional levels of CAT, SOD, and NQO1 (p < 0.01; Figure 7A–C) and significantly increased the intracellular levels of CAT, SOD, and NQO1, which was accompanied by a decrease in the level of MDA (p < 0.05; Figure 7E–H). Further analysis using flow cytometry analysis (DHE) showed that FTO overexpression reduced the levels of intracellular ROS (p < 0.05; Figure 7I). These might be because of FTO overexpression, which increased the expression of Nrf2 mRNA and protein (p < 0.05; Figure 7D,J).




2.8. siMNT Reverses the Protective Effect of FTO during Cd Injury in Granulosa Cells


To explore the role of MNT in FTO protection of granulosa cells from Cd-induced damage, siMNT was transfected into granulosa cells co-treated with FTO and Cd. The interference efficiency of MNT is indicated in Supplementary Figure S3. In addition, FTO decreased Cd-induced apoptosis of granulosa cells, whereas the interference with MNT attenuated the effect of FTO (p < 0.05; Figure 8A). Similarly, interfering with MNT reduced the protein level of Bcl-2 and increased that of cleaved caspase-3 and Bax (p < 0.05; Figure 8B). Additionally, MNT was involved in protecting FTO against Cd-induced oxidative damage. Flow cytometry analysis (DHE) revealed that MNT interference leads to increased intracellular levels of ROS (p < 0.01; Figure 8C). In the MNT interference group, intracellular levels of CAT, SOD, and NQO1 were also significantly reduced, which was accompanied by an increase in the level of MDA (p < 0.05; Figure 8D). In detecting the Nrf2 and AKT pathways, it was found that MNT knockdown resulted in the downregulation of the protein levels of Nrf2 and AKT (p < 0.05; Figure 8E), which might be the reason why the protective effect of FTO on Cd-induced damage of granulosa cells was weakened after MNT interference.





3. Discussion


As far as we know, the effect of Cd on the apoptosis and oxidative stress of bovine ovarian granulosa cells has not yet been reported. Our study indicated that m6A modification is involved in Cd-induced granulosa cell apoptosis and oxidative stress and identified FTO as a crucial factor affecting this process. In Cd injury, FTO regulates MNT expression through the m6A modification pathway. Additionally, FTO overexpression attenuates Cd-induced apoptosis and oxidative stress and activates the AKT and Nrf2 pathways, which were attenuated after MNT interference. In short, Cd modulates the expression of MNT in an m6A-modified manner, affecting apoptosis and oxidative stress in granulosa cells through the AKT/Nrf2 pathway.



Cd is reproductively toxic and affects the reproductive performance of animals. Several studies have reported the effect of Cd on germ cells. In the human granulosa cell line (KGN), Cd induces apoptosis in a dose- and time-dependent manner, and is accompanied by changes in the expression levels of Bax, BAK and Bcl-2. Cd may increase the intracellular ROS and Ca2+ levels and reduce mitochondrial membrane potential, thereby inducing oxidative stress in KGN cells [37]. Moreover, reported in chicken ovarian granulosa cells, Cd increases ROS production and apoptosis [38]. Cd also enhances ROS production and induces apoptosis in many other cells, including the thymus, hepatocytes, and leydig TM3 cells [39,40,41]. These findings are in line with our research, which revealed that Cd decreases the viability of granulosa cells in a concentration-dependent manner. Cd treatment promotes apoptosis, increases Bax and caspase-3 expression levels, and decreases Bcl-2 expression levels. Moreover, Cd induces oxidative stress in granulosa cells; particularly, the expression levels of CAT, SOD, and NQO1 decreased and those of MDA and O2− increased. In our study, Cd-induced damage of granulosa cells resulted in changes in m6A methylases, including the demethylase FTO. Previous studies have also reported that Cd leads to changes in the level of m6A modification [42,43], and FTO is involved in regulating ovarian aging and granulosa cell dysfunction [32,33].



The m6A could be participating in regulating Cd-induced damage in granulosa cells. Therefore, further analysis was performed through transcriptome and MeRIP sequencing. MeRIP sequencing indicated that the m6A consensus motif was consistent with 5’-RRACH-3’. Through the combined analysis of transcriptome and MeRIP sequencing, a potential target gene MNT was screened, which acts as a MAX network transcriptional repressor and is involved in the negative regulation of the apoptotic signaling pathway. MNT proteins use MAX as a cofactor for DNA binding and both MNT and MAX as a complex for the transcriptional repression [14]. MNT can also work independently, and it is highly expressed in the human ovary. MNT is associated with various cellular processes, including apoptosis [14]. MNT is expressed in the granulosa cell, and the lack thereof leads to embryonic growth defects and death in mice [15]. The deletion of MNT promotes apoptosis in mouse embryo fibroblasts [16]. The reduction in MNT expression enhances the induction of apoptosis by lithocholic acid in primary human hepatocytes [44]. In addition, the deletion of MNT promotes ROS generation [45]. Our results indicated that Cd increases the m6A modification level of MNT mRNA and decreases MNT expression, whereas siYTHDF2 increases MNT expression, which may be because YTHDF2 recognizes m6A modification to degrade MNT mRNA. Previous evidence shows that YTHDF2 recognizes m6A-modified degradation target genes [46]. Cd-induced reduction in the MNT level in an m6A-dependent manner may be responsible for granulosa cell damage. When FTO was overexpressed, the level of m6A modification of MNT mRNA decreased, whereas the expression level of MNT protein increased. These results suggest that, in Cd-treated granulosa cells, MNT expression is regulated via m6A modification involved in Cd injury. To our knowledge, this research is the first to explore the function of MNT in granulosa cell damage.



Transcriptome sequencing revealed that the PI3K-Akt signaling pathway was enriched in KEGG and GO analyses after Cd treatment, suggesting that the PI3K-Akt pathway participated in Cd-induced damage of granulosa cells. A study regarding the effect of Cd on germ cells found that the PI3K/Akt/Nrf2 pathway is involved in Cd-induced cell damage [13,47], and the PI3K-Akt pathway has an essential role in cell survival and regulates apoptosis by MNT [48]. These findings are consistent with our findings obtained from this study. In addition, positive regulation of O2− generation was significantly enriched in the GO analysis, and we confirmed that Cd treatment leads to an increased level of O2−.



Furthermore, m6A methylation is involved in the regulation of apoptosis and oxidative stress. Our results showed that FTO overexpression decreased Cd-induced granulosa cell apoptosis and oxidative stress; the AKT/Nrf2 pathway is activated in this process. siMNT partially reversed the effect of FTO. Although an AKT inhibitor was not used in this study, it is well known that the AKT/Nrf2 pathway is involved in anti-apoptotic and oxidative stress processes. As noted in previous studies, AKT/Nrf2 inhibited granulosa cell apoptosis and oxidative stress in different treatments [49,50,51,52]. The effect of m6A on the AKT/Nrf2 pathway has been studied previously. In ovarian cancer cells, FTO overexpression significantly reduced apoptosis and promoted AKT phosphorylation. FTO silencing exhibited contrasting results [34]. Another study found that the environmental endocrine disruptor di(2-ethylhexyl) phthalate leads to testicular damage in rats, inhibits the antioxidant function of Nrf2, and increases apoptosis and oxidative stress, which is accompanied by an increased level of m6A modification of the Nrf2 mRNA and decreased level of FTO [35]. The above studies suggest the reliability of our results. FTO may play a role in protecting granulosa cells from Cd-induced damage by regulating MNT expression and AKT/Nrf2 activity through m6A modification. Heavy metal poisoning is a chronic and long-term process, and the reproductive toxicity associated with Cd pollution should be further verified using in vivo experiments.




4. Materials and Methods


4.1. Primary Cell Culture


The ovaries of healthy cattle were collected from a slaughterhouse, stored in a container with 37 °C normal saline, and sent to the study laboratory within 4 h. The ovaries were washed five times with normal saline containing penicillin/streptomycin (Sangon Biotech, Shanghai, China) and were immediately transferred to the cell culture room for extraction. We used a 5 mL syringe to aspirate the follicular fluid from 3–8 mm follicles, centrifuged at 1000 rpm for 5 min to collect the cells, then washed with PBS containing penicillin/streptomycin for 2–3 times, and centrifuged again to collect the cells. Granulosa cells were cultured in DMEM/F-12 (Gibco, Waltham, MA, USA). The seeding density was 2 × 105 cells/well. The granulosa cells were cultured at 37 °C in the presence of 5% CO2. Granulosa cells were processed with 5, 10, 15, 20, and 40 μM of CdCl2 (MACKLIN, Shanghai, China). At least 40 ovaries were used at a time for the analysis.




4.2. Cell Viability


Granulosa cells were cultured in 96-well plates (2 × 104 cells/well) at 37 °C in the presence of 5% CO2 for 24 h. The cells were treated with 5, 10, 15, 20, and 40 μM of CdCl2 for 24 h, with six replicate wells for each concentration. Then, 10 μL of CCK-8 (APEXBIO, Houston, TX, USA) solution was added and incubated for 4 h in the dark. A microplate reader (BioTek, Winooski, VT, USA) was used to determine the absorbance at 450 nm.




4.3. Transient Cell Transfection


Transfection was performed when the granulosa cells reached 70% confluence. The siRNAs (Supplementary Table S1) were produced by GenePharma (GenePharma Biotechnology, Shanghai, China). The procedure was as previously described [53]. In short, to prepare the transfection solution for each group, 200 μL of DMEM/F-12 was used to dilute 9 μL of Lipofectamine™ 2000 and 3 μg of pcDNA3.1-FTO or pcDNA3.1-Vector and incubated for 5 min at room temperature. Subsequently, Lipofectamine™ 2000 and pcDNA3.1-FTO or pcDNA3.1-Vector dilution were mixed and incubated for 20 min at room temperature. The cells were washed twice or thrice with PBS, transferred to a 1.6 mL serum-free culture medium, and incubated for 6 h at 37 °C in the presence of 5% CO2. The complete culture medium was replaced to continue culture for 18 h. The amounts of silencing MNT (siMNT) and siYTHDF2 used were 200 pmol for both, and the operation steps were similar to the abovementioned steps. The cultured cells were obtained for subsequent experiments.




4.4. Real-Time Quantitative PCR (RT-qPCR)


Total RNA from the granulosa cells was extracted using TRIzol (Takara, Tokyo, Japan). The steps for RNA reverse transcription and RT-qPCR were the same as before [53]. PrimeScript™ RT reagent Kit (Takara, Tokyo, Japan) and SYBR® Premix Ex Taq™ II (Takara, Tokyo, Japan) for reverse transcription and RT-qPCR processes were used, respectively. The relative gene expression was analyzed by the 2−∆∆Ct comparison method. Primer sequences are provided in Supplementary Table S2.




4.5. Western Blot Analysis


Cells were lysed in RIPA buffer (Beyotime, Shanghai, China), and then centrifuged at 12,000 rpm for 15 min at 4 °C. The proteins were separated by 10–12% SDS-PAGE and transferred to nitrocellulose membranes (Merck Millipore, Darmstadt, Germany). After blocking with Intercept PBS blocking buffer (LI-COR Biosciences, Lincoln, NE, USA) for 1.5 h, they were incubated with the primary antibodies at 4 °C overnight. After washing with TBST (5 × 5 min), the secondary antibody was incubated for 1 h. ECL (NCM Biotech, Suzhou, China) was used for chemiluminescence detection. The antibodies are provided in Supplementary Table S3.




4.6. Apoptosis Assay


Cd-treated cells in dishes were collected with trypsin and resuspended in 200 μL of 1X buffer containing FITC-Annexin V (5 μL) and PI (5 μL) (BD Biosciences, San Jose, CA, USA) for staining. Then, incubated at 37 °C for 15 min in the dark. Subsequently, 200 μL of 1X buffer was added to each tube. Approximately 30,000 cells were examined for each sample. The apoptosis was determined by a flow cytometer (FITC and PerCP channels) (ACEA Biosciences, Hangzhou, China).




4.7. TUNEL Assay


Cells were fixed with 4% paraformaldehyde for 20 min, permeabilized with 0.2% Triton X-100, incubated with TUNEL reagent at 37 °C for 1 h, and stained with DAPI for 10 min (Beyotime, Shanghai, China). Finally, Gene5 software was used to acquire the images of apoptotic cells.




4.8. ELISA


After Cd treatment, the cells were disrupted by repeated freezing and thawing to obtain an intracellular suspension. They were centrifuged at 3000 rpm for 20 min at 4 °C, and the supernatant was collected carefully. The intracellular components were analyzed by ELISA kit (MEIMIAN, Jiangsu, China), following the producer’s instructions.




4.9. ROS Assay


Following the manufacturer’s instructions, detection of superoxide anion (O2−) in granulosa cells by dihydroethidium (DHE) fluorescent probe occurred (Beyotime, Shanghai, China). The procedure was as follows. The DHE powder was dissolved in DMSO to prepare a stock solution at a concentration of 10 mM. The cells were collected into a 1.5 mL centrifuge tube, DHE stock solution at a ratio of 1:1000 was added, and the final concentration of DHE was 10 μM. Incubate at 37 °C for 30 min, and then wash the cells with PBS 2–3 times for ROS detection.




4.10. Transcriptome Sequencing and MeRIP Sequencing Assay


This method is similar to the previous study in [30]. Briefly, total RNA from the granulosa cells was extracted using TRIzol (Invitrogen, Carlsbad, CA, USA). RNA quality and quantity were determined by NanoDrop ND-1000 (NanoDrop, Wilmington, DE, USA) and Bioanalyzer 2100 (Agilent, Santa Clara, CA, USA), and a RIN number of >7.0. Purify Poly(A) RNA was purified from 50 μg of total RNA by Dynabeads Oligo (dT)25-61005 (Thermo Fisher, Lake Success, NY, USA) and then was fragmented into small pieces using the Magnesium RNA Fragmentation Module (NEB, Ipswich, MA, USA). Subsequently, the fragmented RNA was incubated for 2 h at 4 °C with an m6A antibody (No. 202003, Synaptic Systems, Gottingen, SN, Germany). The above products were reverse transcribed, and further screened and purified to construct a cDNA library with a fragment size of 300 bp ± 50 bp. Finally, 2 × 150 bp paired-end sequencing was performed using the Illumina Novaseq™ 6000 (LC-Bio, Hangzhou, China) according to the vendor’s protocol.




4.11. Bioinformatics


This method is similar to the previous study in [54]. Reads containing adapter contamination, low-quality bases, and undetermined bases were removed using the Fastp software [55] (https://github.com/OpenGene/fastp, accessed on 24 August 2021). Next, the sequence quality was confirmed using Fastp. HISAT2 [56] (http://daehwankimlab.github.io/hisat2, accessed on 24 August 2021) was used to map reads to the Bos taurus genome (version: v96). Mapped reads of IP and input libraries were provided for the R package exomePeak [57] (https://bioconductor.org/packages/exomePeak, accessed on 24 August 2021). This identifies m6A peaks using the bed or bigwig formats and is suitable for visualization with IGV software (http://www.igv.org, accessed on 11 January 2022). Motif analysis was conducted with MEME [58] (http://meme-suite.org, accessed on 11 January 2022) and HOMER (http://homer.ucsd.edu/homer/motif, accessed on 11 January 2022). Annotation of called peaks by intersection with gene structure was conducted using the R package ChIPseeker (https://bioconductor.org/packages/ChIPseeker, accessed on 24 August 2021) [59]. The gene assembly and quantification software were StringTie (https://ccb.jhu.edu/software/stringtie, accessed on 24 August 2021) [60], and FPKM was used for quantification. Differential analysis was conducted by using the R package edgeR (https://bioconductor.org/packages/edgeR, accessed on 24 August 2021) [61]. The screening of differentially expressed mRNAs was conducted according to the thresholds of a log2 (fold change) >1 or log2 (fold change) <−1 and a p-value of <0.05. The MeRIP-enriched regions (peaks) were visualized using IGV.




4.12. MeRIP-RT-qPCR


All operations were performed using the MeRIP™ m6A Kit (cat.A-P-9018, IVDSHOW), following the producer’s instructions. Primer sequences are provided in Supplementary Table S2.




4.13. Statistical Analysis


Statistical analysis was performed using GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA, USA). Data were presented as means ± standard deviations. One-way analysis of variance (ANOVA) and Tukey’s post hoc test was used for the statistical analysis of more than two groups, while the Student’s t-test was used for the statistical analysis of two groups. Statistical significance was established when p < 0.05. Each experiment was repeated three times.





5. Conclusions


In conclusion, our study identified a possible epigenetic mechanism during Cd injury in granulosa cells. Cd induces apoptosis and oxidative stress in granulosa cells by reducing FTO expression to increase the degradation of MNT mRNA through m6A modification, thereby decreasing MNT expression. This mechanism may be mediated through the AKT/Nrf2 pathway.
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Figure 1. Cd increased the degree of apoptosis in granulosa cells. (A) Analysis of the viability of cells exposed to Cd using CCK-8. (B) Flow cytometry analysis of the degree of apoptosis in the control and Cd groups. The TUNEL assay detected apoptotic cells in the control and Cd groups. Green fluorescence represents apoptotic cells. (C) RT-qPCR results revealed the transcript levels of these genes after Cd treatment. (D) Protein levels after Cd treatment were analyzed by Western blotting. * p < 0.05; ** p < 0.01. 
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Figure 2. Cd-induced oxidative stress in granulosa cells. (A–C) RT-qPCR results revealed the transcript levels of CAT, SOD, and NQO1 after Cd treatment. (D) RT-qPCR results revealed the transcript levels of Nrf2 after Cd treatment. (E–H) ELISA results revealed the intracellular levels of CAT, SOD, NQO1, and MDA after Cd treatment. (I) Intracellular reactive oxygen species (ROS) was measured using flow cytometry analysis (DHE) in the control and Cd groups. (J) Nrf2 protein levels were analyzed by Western blotting after Cd treatment. * p < 0.05; ** p < 0.01. 
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Figure 3. Expression of m6A methylation-regulated genes in Cd-treated granulosa cells. (A–D) RT-qPCR results revealed transcript levels of METTL14. METTL3, ALKBH5, and FTO after Cd treatment. * p < 0.05; ** p < 0.01. 
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Figure 4. Transcriptome and MeRIP sequencing of the control and Cd groups. (A) Heat map results revealed differential transcript levels after Cd treatment. (B) Volcano map showed the differentially expressed mRNAs in the control and Cd groups. (C,D) GO and KEGG analyses results revealed the enrichment of differential genes in the control and Cd groups. (E) The HOMER motif analysis results revealed the m6A motif in granulosa cells. (F) Density distribution of m6A enrichment across mRNA transcriptome in granulosa cells. (G) Distribution of peaks with significant differences in the RNA expression and m6A modification level in the control and Cd groups. 






Figure 4. Transcriptome and MeRIP sequencing of the control and Cd groups. (A) Heat map results revealed differential transcript levels after Cd treatment. (B) Volcano map showed the differentially expressed mRNAs in the control and Cd groups. (C,D) GO and KEGG analyses results revealed the enrichment of differential genes in the control and Cd groups. (E) The HOMER motif analysis results revealed the m6A motif in granulosa cells. (F) Density distribution of m6A enrichment across mRNA transcriptome in granulosa cells. (G) Distribution of peaks with significant differences in the RNA expression and m6A modification level in the control and Cd groups.



[image: Ijms 23 04948 g004a][image: Ijms 23 04948 g004b]







[image: Ijms 23 04948 g005 550] 





Figure 5. FTO affects m6A modification and the expression level of the MNT mRNA. (A) RT-qPCR results revealed the relative expression of seven potential target genes in the control and Cd groups. (B) Determination of FTO expression level after transfection with pcDNA3.1-FTO or pcDNA3.1-Vector. (C) RT-qPCR results revealed the mRNA expression of target genes after FTO overexpression. (D) Distribution of m6A peaks across MNT transcriptome. (E) Determination of m6A modification level of MNT mRNA after Cd treatment and FTO overexpression using MeRIP-RT-qPCR. (F) Western blotting results showed MNT protein expression after Cd treatment and FTO overexpression. (G) Western blotting results showed MNT protein expression after Cd and siYTHDF2 treatments. * p < 0.05; ** p < 0.01. 
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Figure 6. FTO overexpression suppressed Cd-induced apoptosis, perhaps by activating the AKT pathway in granulosa cells. (A) Flow cytometry analysis results detected apoptosis rate in the control, Cd, Vector + Cd, and FTO + Cd groups. (B) The p-AKT protein levels were analyzed by Western blotting after Cd and FTO treatments. (C,D) RT-qPCR and Western blotting results indicated the mRNA and protein levels of Bax, Bcl-2, and caspase-3 after FTO overexpression. * p < 0.05; ** p < 0.01. 
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Figure 7. FTO overexpression suppressed Cd-induced oxidative stress. (A–D) RT-qPCR revealed the mRNA levels of CAT, SOD, NQO1, and Nrf2 after Cd and FTO treatments. (E–H) ELISA results showed the intracellular levels of CAT, SOD, NQO1, and MDA after Cd and FTO treatments. (I) Intracellular ROS level was measured using flow cytometry analysis (DHE) in the control, Cd, Vector + Cd, and FTO + Cd groups. (J) Nrf2 protein levels were analyzed by Western blotting after Cd and FTO treatments. * p < 0.05; ** p < 0.01. 
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Figure 8. siMNT reverses the protective effect of FTO during Cd injury in granulosa cells. (A) Determination of the degree of apoptosis in the Vector + Cd, FTO + Cd, FTO + NC + Cd, and FTO + siM + Cd groups using flow cytometry analysis. (B) Western blotting results showed the protein expression levels of Bax, Bcl-2, and cleaved caspase-3 after siMNT and FTO treatments under Cd injury. (C) Intracellular level of ROS was measured using flow cytometry analysis (DHE) in Vector + Cd, FTO + Cd, FTO + NC + Cd, and FTO + siM + Cd groups. (D) ELISA results show the intracellular levels of CAT, SOD, NQO1, and MDA. (E) Nrf2 and AKT protein levels were analyzed by Western blotting after siMNT and FTO treatments under Cd injury. * p < 0.05; ** p < 0.01. 
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