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miR-222 Suppresses Immature Porcine Sertoli Cell Growth by Targeting the GRB10 Gene Through Inactivating the PI3K/AKT Signaling Pathway
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Sertoli cells are central and essential coordinators of spermatogenesis. Accumulating evidence has demonstrated that miRNAs participate in the regulation of Sertoli cell growth. However, the functions and the regulatory mechanisms of miRNAs in Sertoli cells of domestic animals remain largely unknown. Here we report that miR-222 overexpression repressed cell cycle progression and proliferation and promoted the apoptosis of immature porcine Sertoli cells, whereas miR-222 inhibition resulted in the opposite result. miR-222 directly targeted the 3′-UTR of the GRB10 gene and inhibited its mRNA abundance. An siRNA-induced GRB10 knockdown showed similar effects as did miR-222 overexpression on cell proliferation and apoptosis and further attenuated the role of miR-222 inhibition. Furthermore, both miR-222 overexpression and GRB10 inhibition repressed the phosphorylation of PI3K and AKT, the key elements of the PI3K/AKT signaling pathway, whereas GRB10 inhibition offsets the effects of the miR-222 knockdown. Overall, we concluded that miR-222 suppresses immature porcine Sertoli cell growth by targeting the GRB10 gene through inactivation of the PI3K/AKT signaling pathway. This study provides novel insights into the epigenetic regulation of porcine spermatogenesis by determining the fate of Sertoli cells.
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INTRODUCTION

Spermatogenesis is an extraordinarily complex and tightly regulated process, which finally produces spermatids with the participation of multiple cell types, including macrophage, endothelial, myoid, Leydig, Sertoli, and innate lymphoid type II cells (Green et al., 2018). Sertoli cells play key roles in guaranteeing normal spermatogenesis by generating a stable microenvironment, maintaining immune tolerance, and secreting several functional proteins for generative cells. Additionally, Sertoli cells are the final targets of follicle-stimulating hormone and testosterone during spermatogenesis (Mancuso et al., 2018). However, each Sertoli cell has a fixed capacity to support the development of germ cells, indicating that Sertoli cell proliferation determines sperm production in adults. Recent studies pointed out that non-coding RNAs [such as microRNA (miRNA)] regulate Sertoli cell proliferation (Papaioannou et al., 2009, 2011; Procopio et al., 2017).

miRNAs are a series of conserved small non-coding RNAs that are widely involved in various physiological processes, including cell proliferation, apoptosis, and differentiation, by targeting the 3′-untranslated region (3′-UTR) of mRNA and thereby causing translational inhibition or activation (Suzuki et al., 2017; Xiao et al., 2017). Selective ablation of Dicer, an RNase III endonuclease required for miRNA biogenesis, in Sertoli cells impeded cell–cell junctions in the seminiferous epithelium (Korhonen et al., 2015), affected the testicular proteome (Papaioannou et al., 2011), and induced progressive testicular degeneration, which further led to male infertility (Papaioannou et al., 2009). Regulatory roles of miRNAs in Sertoli cell proliferation, apoptosis, and synthesis functions were further proposed. For example, miR-202-3p induced Sertoli cell apoptosis and inhibited cell proliferation and synthesis by targeting LRP6 and Cyclin D1 of Wnt/β-catenin signaling (Yang et al., 2019). miR-7450 inhibited non-thermal plasma-induced chicken Sertoli cell apoptosis by activating the AMPK signaling pathway (Zhang et al., 2018). miR-301b-3p/3584-5p enhances low-dose mono-n-butyl phthalate-induced Sertoli cell proliferation by targeting Rasd1 (Yin et al., 2018). However, knowledge of the functions and the regulatory mechanisms of miRNAs in Sertoli cells is still in its infancy, especially regarding porcine Sertoli cell proliferation.

Our previous studies have shown that miR-222, a member of the miR-222 family, exhibits higher expression levels in the neonatal and prepubertal periods of the developing porcine testicular tissues (Ran et al., 2015; Weng et al., 2017b). miR-222 participated in spermatogenesis through maintaining the undifferentiated state of mammalian spermatogonia by repression of KIT expression (Yang et al., 2013). In addition, miR-222 could be cloned from purified mice Sertoli cells at P6 (Papaioannou et al., 2009) and function as a regulator of cell proliferation and apoptosis in multiple types of cancer cells (Zeng et al., 2016; Li et al., 2017). These findings suggested that miR-222 might participate in regulating porcine Sertoli cell proliferation; however, the mechanisms involved remain unknown. In the present study, we found that miR-222 inhibited immature porcine Sertoli cell proliferation and promoted apoptosis. miR-222 directly targeted the 3′-UTR of the growth factor receptor-binding protein 10 (GRB10) gene and repressed its mRNA abundance. A GRB10 knockdown offsets the effects of miR-222 inhibition on immature porcine Sertoli cell proliferation. Furthermore, miR-222 inactivated the PI3K/AKT signaling pathway by inhibiting GRB10 gene expression.



MATERIALS AND METHODS


Cell Culture and Transfection

The commercial swine testis cells (ATCC CRL-1746) isolated from swine 80- to 90-day-old fetal testes have been identified as immature porcine Sertoli cells (Ma C. P. et al., 2016). Additionally, we also detected that the marker genes of Sertoli cells, SOX9, Amh, and Wt1, are specifically expressed in this commercial swine testis cells (Ran et al., 2018). The immature porcine Sertoli cells were cultured in Dulbecco’s modified Eagle medium (HyClone, United States) containing 10% fetal bovine serum (Gibco, Grand Island, United States) at 37°C with 5% CO2.

For cell transfection, 100 pmol (final concentration, 50 nM in the cells) miR-222 mimic (GenePharma, China), which mimics a negative control (mimic NC) (GenePharma, China), miR-222 inhibitor (RiboBio, China), inhibitor NC (RiboBio, China), GRB10 siRNA (RiboBio, China), siRNA NC (RiboBio, China), NC + mimic NC, miR-222 inhibitor + siRNA NC, or miR-222 inhibitor + GRB10 siRNA was diluted with 250 μl serum-free Opti-MEM (Thermo Fisher Scientific Inc., United States) and incubated at 28°C for 5 min. Then, 5 μl LipofectamineTM 2000 (Invitrogen, United States) was also diluted with 250 μl serum-free Opti-MEM and incubated at room temperature for 5 min. These two mixtures were mixed and incubated at room temperature for 15 min. Finally, the mixtures were added to each well when the cells reached approximately 80% confluence. After cultivation for 6 to 8 h at 37°C with 5% CO2, the complete medium was used for cultivation.

[image: image]



Cell Cycle Assay

The cell cycle was analyzed using a cell cycle testing kit (Nanjing KeyGen Biotech, China) according to the manufacturer’s protocols. After 24 h of transfection, the cells were washed three times with phosphate-buffered saline and harvested in a 1.5-ml centrifuge tube. Then, the cells were incubated in 70% (v/v) ethanol overnight at −20°C and then in propidium iodide (PI) solution (50 mg/ml) for 30 min at 4°C. The cell suspension was analyzed using a FACSCanto II flow cytometer (Becton Dickinson, United States). Three independent replicates were conducted for each cell group.



CCK-8 Assay

Cells were seeded in a 96-well culture plate at a density of 1 × 104 cells/well in 100 μl of culture medium. For the cell counting kit-8 (CCK-8, Multiscience, China) assay, 10 μl CCK-8 medium was added to each well at 0 (used as the negative control) or 48 h after transfection. Then, the cells were incubated for 4 h at 37°C. The absorbance value of each well was detected using an ELISA plate reader (Molecular Devices, United States) at 450 nm. At least three independent biological replicates were used in this assay.



EdU Assay

For the 5-ethynyl-2′-deoxyuridine (EdU, RiboBio, China) assay, 100 μl EdU medium (50 μmol) was added to each well 24 h after transfection, and the cells were incubated for 2 h at 37°C. Then, DNA staining solution and EdU staining solution were added to each well to mark living (blue) and proliferating (red) cells, respectively, according to the manufacturer’s protocols. We used a fluorescence microscope to observe the cells at × 20 and ImageJ software (NIH, United States) to determine the cell numbers. At least three independent biological replicates were used in this assay.



Cell Apoptosis Assay

Cell apoptosis was detected using an Annexin V-FITC apoptosis detection kit (Nanjing KeyGen Biotech, China) and an adenosine triphosphate (ATP) assay kit (Beyotime, China). Cells were cultured in six-well plates with 2 ml of medium. After 24 h of transfection, the cells were collected in a 1.5-ml centrifugation tube. Before Annexin V-FITC apoptosis analysis, the cells were washed three times and double-stained with FITC-Annexin V and PI. The cell samples were analyzed using a FACSCanto II flow cytometer (Becton Dickinson, United States). Percentages of early and late apoptosis cells were counted and used to calculate the cell apoptosis rate. The ATP concentration was evaluated using an ATP assay kit (Beyotime, China), according to the manufacturer’s protocols. The relative ATP levels of the experimental groups were normalized to that of the NC group. Additionally, the protein expression levels of cell survival-related genes (BCL2, BAX, and Caspase-3) were also measured using western blotting.



Dual-Luciferase Activity Assay

A target site between miR-222 and GRB10 3′-UTR was predicted using TargetScan 7.21 and RNAhybrid2 online software. The GRB10 3′-UTR sequence (wild type or mutant type) was amplified using RT-PCR assay (Supplementary Table S1). Then, they were subcloned into pmirGLO dual-luciferase vectors (Promega, United States). The vectors were co-transfected with miR-222 mimic or mimic NC into immature porcine Sertoli cells. After 48 h of transfection, we measured the luciferase activity of each cell group using the Dual-Glo luciferase assay system (Promega, United States). Renilla luciferase (Promega) activity was used as the internal control.



Real-Time qPCR

Real-time quantitative PCR (qPCR) was performed as described in our previous studies (Ran et al., 2016, 2017, 2018; Weng et al., 2017a). Total RNA was extracted using TRIzol reagent (Invitrogen, United States), according to the manufacturer’s protocols. The primers were designed using Oligo 7.0 software (Molecular Biology Insights Inc., United States) (Supplementary Table S1) and synthesized by Sango Bio. (Shanghai, China). The cDNA of each sample was synthesized using a PrimeScript first-strand cDNA synthesis kit (TaKaRa, China), according to the manufacturer’s protocols. The qPCR amplifications were performed on a PIKO REAL 96 real-time PCR System (Thermo Scientific, United States) using an SYBR Green kit (TaKaRa, China). All qPCR reactions were performed in triplicate. U6 and pig-TBP genes were used as internal controls for the miR-222 and GRB10 genes, respectively. The relative expression of each gene was evaluated using the 2–△△Ct method.



Western Blotting

Total cellular protein was extracted using a radioimmunoprecipitation assay lysis buffer (Beyotime, China). The protein concentration was measured using a bicinchoninic acid protein assay kit (Beyotime, China), according to the manufacturer’s protocols. The boiled protein samples were electrophoresed on 10% sodium dodecyl sulfate-polyacrylamide gels and then transferred onto a polyvinylidene fluoride membrane (Beyotime, China). The membrane containing protein fractions was blocked with 5% non-fat milk for 2 h and incubated with primary antibodies overnight at 4°C, including GRB10 (1:500, Merck Millipore, Germany), BCL2 (1:1,000, Proteintech Group, United States), BAX (1:2,000, Proteintech Group, United States), Caspase-3 (1:100, Abcam, Cambridge, MA), p-PI3K (1:1,000, phospho Tyr458, Cell Signaling Technology, United States), p-AKT (1:1,000, phospho Ser473, Affinity, United States), PI3K (1:1,000, Proteintech Group, United States), AKT (1:2,000, Proteintech Group, United States), and β-actin (1:2,000, Proteintech Group, United States). After washing, the membrane was incubated with secondary antibodies (1:5,000, Proteintech Group, United States) for 2 h at room temperature. Protein bands were visualized using an ECL Advanced Western Blotting detection kit (Beyotime, China). β-actin served as the loading control.



Statistical Analysis

Data are presented as mean ± standard deviation (SD). Data from experiments with multiple cell groups were subjected to a one-way ANOVA, followed by Duncan’s multiple-comparison test of significance using SPSS 17.0 software (IBM, United States). A t-test was used to test the differences in the experiment with only two cell groups. P < 0.05 or P < 0.01 was considered as statistically significant.



RESULTS


miR-222 Inhibits Cell Cycle Progression and Proliferation in Immature Porcine Sertoli Cells

To evaluate the effects of miR-222 on immature porcine Sertoli cells, we performed four-cell transfection groups with multiple assays. Transfection efficiency was measured using qRT-PCR, and the results demonstrated that the relative expression of miR-222 was significantly increased by the miR-222 mimic and decreased by the miR-222 inhibitor (P < 0.01) (Supplementary Figure S1A). Cell cycle analysis showed that miR-222 overexpression increased the percentage of cells in G1 phase and decreased that in the S and G2 phases compared with that of the mimic NC-transfected cell group (P < 0.05) (Figures 1A,B). Conversely, knockdown of miR-222 reduced the G1 phase cell population (P < 0.05) (Figures 1A,C). These results indicated that miR-222 arrested cells in the G1 phase and further repressed cell cycle progression.
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FIGURE 1. miR-222 represses immature porcine Sertoli cell proliferation. (A) The immature porcine Sertoli cells were transfected with mimic NC, miR-222 mimic, inhibitor NC, or miR-222 inhibitor (n = 3). The cell cycle was analyzed using a FACSCanto II flow cytometer. (B,C) The cell cycle distribution was calculated using the miR-222 mimic (B) or miR-222 inhibitor (C) transfected cell group (n = 3). (D) The CCK-8 kit was used to measure the effect of miR-222 on cell proliferation (n = 3). The absorbance value of each well was detected using an ELISA plate reader at 450 nm. (E) The cell mitotic activity was detected using the EdU corporation assay (n = 3). Representative images of EdU staining of immature porcine Sertoli cells 24 h after transfection. Scale bar = 200 μm. Data are presented as mean ± SD. ∗P < 0.05 and ∗∗P < 0.01.


The role of miR-222 in immature porcine Sertoli cell proliferation was further measured using CCK-8 and EdU incorporation assays. The CCK-8 proliferation assay demonstrated that miR-222 overexpression significantly decreased the cell proliferation index, whereas miR-222 inhibition promoted immature porcine Sertoli cells (P < 0.01) (Figure 1D). Similarly, the results from the EdU staining assay also showed that the percentage of EdU-positive cells was significantly lower in the miR-222 mimic-treated cell group than that in the control group (P < 0.05), whereas the EdU-positive cell population was significantly higher in the miR-222 inhibitor-transfected cell group than in the inhibitor NC-transfected cell group (P < 0.01) (Figure 1E). These results suggested that miR-222 inhibited immature porcine Sertoli cells.



miR-222 Promotes Immature Porcine Sertoli Cell Apoptosis

We also examined the regulatory role of miR-222 in cell apoptosis. The results of Annexin V and PI staining and flow cytometry indicated that the cell apoptosis rate was significantly increased in the cell group overexpressing miR-222 (P < 0.01) and significantly decreased after miR-222 inhibition (P < 0.05) (Figures 2A,B). Furthermore, BCL2 protein expression, an inhibitor of cell apoptosis, was significantly downregulated by miR-222 overexpression (P < 0.05), whereas it was significantly upregulated by miR-222 inhibition (P < 0.05). miR-222 overexpression increased the protein expression of Caspase-3, an apoptosis indicator (P < 0.01), whereas it showed the opposite effects when miR-222 was inhibited in immature porcine Sertoli cells (Figures 2C–E). These results suggested that miR-222 induced immature porcine Sertoli cell apoptosis.
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FIGURE 2. miR-222 promotes apoptosis in immature porcine Sertoli cells. (A) The apoptosis phase distributions were identified using the Annexin V-FITC/PI staining assay (n = 3). (B) The cell apoptosis rate was induced by the miR-222 mimic or the miR-222 inhibitor. (C,D) The effect of the miR-222 mimic (C) and miR-222 inhibitor (D) on the protein expression of cell survival-related genes, BCL2, BAX, and Caspase-3. (E) The protein expression of cell survival-related genes was measured using western blot assay. The β-actin gene was used as the internal control. Data are presented as mean ± SD. ∗P < 0.05 and ∗∗P < 0.01.




miR-222 Directly Targets the GRB10 Gene

To investigate the potential molecular mechanism underlying the effects of miR-222 on the proliferation and the apoptosis of immature porcine Sertoli cells, the GRB10 gene was predicted as a potential target gene of miR-222 using TargetScan online software. We constructed the 3′-UTR of the GRB10 dual-luciferase reporter vector with the wild type (wt) and mutant type (mut) and then co-transfected them into immature porcine Sertoli cells with either the miR-222 mimic or the mimic NC. The results indicated that miR-222 overexpression significantly suppressed the relative luciferase activity of the GRB10-wt reporter vector (P < 0.01) but had no effect on the GRB10-mut reporter vector. However, mimic NC did not influence the luciferase activity of both of the abovementioned reporter vectors (Figure 3A). Additionally, the mRNA and protein expression of the GRB10 gene was significantly downregulated by miR-222 overexpression and upregulated in response to miR-222 inhibition (Figures 3B,C). These results showed that miR-222 directly targeted the GRB10 gene and further repressed its mRNA abundance.


[image: image]

FIGURE 3. miR-222 directly targets the GRB10 gene. (A) The target site of miR-222 and GRB10 gene was predicted using the TargetScan and RNAhybrid online software. (B) Luciferase reporter assay results were measured in immature porcine Sertoli cells with co-transfection of the miR-222 mimic/mimic NC and GRB10-3′-UTR-wt/mut vector (n = 3). Renilla luciferase (Promega) activity was used as an internal control. (C,D) The GRB10 mRNA and protein expressions were detected using qRT-PCR (C) and western blot (D) assays, respectively. pig-TBP and β-actin were used as internal controls, respectively. Data are presented as mean ± SD. ∗P < 0.05 and ∗∗P < 0.01.




GRB10 Knockdown Inhibits Immature Porcine Sertoli Cell Proliferation and Induces Apoptosis

To explore the regulatory roles of the GRB10 gene in immature porcine Sertoli cells, a specific siRNA was transfected to knock down the expression of the GRB10 gene (P < 0.01) (Supplementary Figure S1B). The cell cycle analysis results revealed that the GRB10 knockdown resulted in an increase in the G1 phase cell population but a decline in the cell population in the S and G2 phases (P < 0.05) (Figure 4A), which indicated that GRB10 inhibition repressed cell cycle progression by arresting cells in the G1 phase. To determine cell proliferation, we used the CCK-8 assay and found that cell proliferation was inhibited by the siRNA-induced GRB10 inhibition (P < 0.01) (Figure 4B). The EdU incorporation assay also indicated that knockdown of the GRB10 gene significantly decreased cell mitotic activity (P < 0.01) (Figure 4C).
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FIGURE 4. GRB10 deficiency inhibits proliferation and induces apoptosis in immature porcine Sertoli cells. (A) The cell cycle was analyzed using a FACSCanto II flow cytometer, and its distribution was calculated (n = 3). (B,C) The effects of GRB10 inhibition on cell proliferation was detected using CCK-8 (B) and EdU corporation (C) assays (n = 3). Scale bar = 100 μm. (D,E) The cell apoptosis rate was measured using the Annexin V-FITC/PI staining assay (n = 3). (F) The protein expression of cell survival-related genes was measured using western blot assay. The β-actin gene was used as the internal control. Data are presented as mean ± S.D. ∗P < 0.05 and ∗∗P < 0.01.


We further established the effect of GRB10 on cell apoptosis. The Annexin V and PI staining assay demonstrated that the apoptosis rate in the cell group with GRB10 siRNA was significantly higher than that in the siRNA NC-transfected cell group (P < 0.01) (Figures 4D,E). Furthermore, the GRB10 knockdown significantly decreased BCL2 protein expression (P < 0.01) and significantly increased the protein expression of BAX and Caspase-3 (P < 0.01) (Figure 4F). These results showed that GRB10 knockdown inhibited immature porcine Sertoli cell proliferation and induced cell apoptosis.



GRB10 Knockdown Attenuates the Effects of miR-222 Inhibition on Immature Porcine Sertoli Cells

These results demonstrated that GRB10 inhibition induced similar effects as miR-222 overexpression on cell proliferation and apoptosis. Therefore, we constructed three co-transfection treatments to validate that the GRB10 gene mediated the regulatory roles of miR-222, including the inhibitor NC + siRNA NC, miR-222 inhibitor + siRNA NC, and miR-222 inhibitor + GRB10 siRNA. The CCK-8 and EdU incorporation assays showed that cell proliferation activity was significantly increased by the miR-222 inhibitor + siRNA NC treatment (P < 0.05), whereas it was reduced by the miR-222 inhibitor + GRB10 siRNA treatment compared with that of the NC + siRNA NC treatment (P < 0.05) (Figures 5A,B). Additionally, detection during the Annexin V-FITC/PI staining assay showed that miR-222 inhibition induced a lower cell apoptosis rate, which was significantly increased after translation with GRB10 siRNA (P < 0.01) (Figure 5C). Similarly, miR-222 inhibition significantly increased BCL2 protein expression and decreased the protein expression of BAX and Caspase-3 (P < 0.05), whereas these effects were offset by the GRB10 knockdown (P < 0.05) (Figure 5D). Taken together, GRB10 knockdown antagonized the effects of miR-222 inhibition in immature porcine Sertoli cells.
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FIGURE 5. GRB10 knockdown attenuated the effects of miR-222 inhibition. Three co-transfection treatments were constructed in this experiment, including inhibitor NC + siRNA NC, miR-222 inhibitor + siRNA NC, and miR-222 inhibitor + GRB10 siRNA. (A,B) The effects of these three co-transfection treatments on cell proliferation were detected using CCK-8 (A) and EdU corporation (B) assays (n = 3). Scale bar = 200 μm. (C) The cell apoptosis rate was measured using the Annexin V-FITC/PI staining assay (n = 3). (D) The protein expression of cell survival-related genes was measured using western blot assay. The β-actin gene was used as the internal control. Data are presented as mean ± SD. ∗P < 0.05 and ∗∗P < 0.01.




miR-222 Inactivates the PI3K/AKT Signaling Pathway by Downregulating GRB10 Expression

We then measured the effects of miR-222 on the phosphorylation of PI3K and AKT, the key elements of the PI3K/AKT signaling pathway. Compared with the controls, the expression of p-PI3K and p-AKT was significantly decreased by miR-222 overexpression (P < 0.01) (Figure 6A), whereas their expression was elevated by miR-222 inhibition (P < 0.05) (Figure 6B). siRNA-induced GRB10 inhibition significantly reduced the expression of p-PI3K and p-AKT, which was similar to that of miR-222 overexpression (P < 0.05) (Figure 6C). Additionally, GRB10 inhibition attenuated the effects of miR-222 inhibition on the expression of p-PI3K and p-AKT (Figure 6D). Collectively, these data demonstrated that miR-222 inactivated the PI3K/AKT signaling pathway by downregulation of GRB10 expression.
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FIGURE 6. miR-222 inactivates PI3K/AKT signaling pathway through the downregulation of GRB10 expression. The p-PI3K (phospho Tyr458), p-AKT (phospho Ser473), PI3K, and AKT protein levels were detected using western blot assay (n = 3). The β-actin gene was used as the internal control. (A–C) The effects of miR-222 mimic (A), miR-222 inhibitor (B), and GRB10 siRNA (C) on the p-PI3K and p-AKT protein levels. (D) The GRB10 knockdown attenuated the effects of miR-222 inhibition on the p-PI3K and p-AKT protein levels. Data are presented as mean ± SD. ∗P < 0.05 and ∗∗P < 0.01.




DISCUSSION

Sertoli cells are the central and essential coordinators of spermatogenesis. In pigs, the intense proliferation of Sertoli cells in the prepubertal period determines their final number in adults, which further affects sperm production and male fertility. Recently, several miRNAs have been implicated in the regulation of porcine Sertoli cell proliferation and apoptosis via different target genes and signaling pathways, including miR-638 (Hu et al., 2017), miR-762 (Ma C. et al., 2016), miR-196a (Zhang S. et al., 2019), miR-1285 (Jiao et al., 2015), miR-499 (Gao et al., 2019), miR-26a (Ran et al., 2018), and miR-34c (Ran et al., 2019). However, hundreds of mature miRNAs have been detected in developing porcine testicular tissues. Therefore, further studies are needed to explore the functional roles of miRNAs in porcine Sertoli cells (Luo et al., 2015, 2018; Li et al., 2016; Xu et al., 2018). In the present study, we report that miR-222 inhibited cell cycle and proliferation and induced cell apoptosis in immature Sertoli cells by targeting the GRB10 gene through the inactivation of the PI3K/AKT signaling pathway.

miR-222 has been reported as a key regulator of the proliferation of multiple cell types. For instance, miR-222 inhibits the proliferation of ovarian cancer cells (Fu et al., 2016) and nucleus pulposus cells (Wang W. et al., 2019), whereas it promotes proliferation in gastric cancer cells (Li et al., 2017), pulmonary arterial smooth muscle cells (Xu et al., 2017), prostate cancer cells (Wang et al., 2015), and primary mouse hepatocyte cells (Higashi et al., 2019). In this study, the results from CCK-8 and EdU incorporation assays indicated that overexpression of miR-222 decreased cell proliferation, and miR-222 inhibition resulted in the opposite effect. These findings demonstrated that the effect of miR-222 on cell proliferation was cell type dependent. Additionally, miR-222 affects the cell cycle by regulating the expression of the cell cycle inhibitor p27(kip1) in human thyroid papillary carcinomas (Visone et al., 2007), mast cells (Mayoral et al., 2009), and human hepatocellular carcinoma cells (Dai et al., 2010). We determined that miR-222 arrested cells in the G1 phase and further repressed cell cycle progression. These findings indicated that miR-222 repressed immature porcine Sertoli cell proliferation partly by impeding cell cycle progression. Furthermore, we also detected the effects of miR-222 on immature Sertoli cell apoptosis. In the BCL2 family, BCL2 (an anti-apoptotic protein) and BAX (the pro-apoptotic protein) have opposite effects on regulating the mitochondria to release the caspase activators (Volkmann et al., 2014). The caspase protease family (such as Caspase-3) will be activated when the BAX-to-BCL2 ratio is increased. It then catalyzes the specific cleavage of many key cellular proteins, leading to apoptosis (Horbay and Bilyy, 2016). In this study, we observed that miR-222 overexpression resulted in a decrease in BCL2 expression and an increase in protein expression of Caspase-3, which further contributed to the cell apoptosis rate, whereas miR-222 inhibition showed the opposite effect. Taken together, miR-222 inhibited the cell cycle and proliferation and promoted apoptosis in immature porcine Sertoli cells.

Hundreds of the target genes of miR-222 were predicted using the TargetScan online software, and the GRB10 aroused our attention as it is involved in the regulation of gene transcription and translation, the cell cycle, and cell growth and proliferation by inducing the PI3K-AKT signaling pathway (Kazi and Ronnstrand, 2013; Khan et al., 2019; Zhang T. et al., 2019). Furthermore, it has been reported that LY294002-induced inhibition of the PI3K/AKT signaling pathway inhibits porcine Sertoli cell proliferation and promotes cell apoptosis (Gao et al., 2019). Therefore, the GRB10 gene was set as a potential target of miR-222 to explore the mechanism of miR-222 in the regulation of proliferation and apoptosis in immature porcine Sertoli cells. In our study, the GRB10 gene was further confirmed as a target of miR-222 using bioinformatic analysis and dual-luciferase assay. Furthermore, miR-222 repressed mRNA abundance for the GRB10 gene. The GRB10 gene, a member of the GRB7 family of adaptor molecules, has been shown to participate in the regulation of cell proliferation and apoptosis by associating with multiple proteins and signaling molecules (Han et al., 2001). For example, GRB10 increases DNA synthesis through the upregulation of growth factors, PDGF BB, IGF-I, and insulin (Kabir and Kazi, 2014). GRB10 also increases cell survival by interacting with the anti-apoptotic mitochondrial Raf targeted by Bcl-2 and the putative phosphorylation sites on the dynein binding domain of Bim (Hu et al., 2010). Additionally, miR-199a inhibits cell proliferation and promotes cell apoptosis by targeting GRB10 (Xia et al., 2014). In the present study, the siRNA-induced GRB10 knockdown inhibited cell proliferation and promoted cell apoptosis in immature porcine Sertoli cells and further abolished the effects of miR-222 inhibition.

Previous studies have shown that GRB10 functions as a regulator of the PI3K/AKT signaling pathway through the regulation of PI3-kinase catalytic activity and AKT phosphorylation (Jahn et al., 2002; Deng et al., 2003; Khan et al., 2019). In this study, we found that miR-222 overexpression or GRB10 inhibition induced a decrease in the phosphorylation levels of PI3K and AKT, whereas the miR-222 knockdown showed the opposite effect. Furthermore, GRB10 inhibition offsets the regulatory role of the miR-222 knockdown on the phosphorylation of PI3K and AKT. Recently, it has been widely reported that the PI3K/AKT signaling pathway is involved in the proliferation and apoptosis of Sertoli cells. Thyroid hormone, follicle-stimulating hormone, and dibutyl phthalate inhibit cell proliferation or induce cell apoptosis in Sertoli cells through the repression of the PI3K/AKT signaling pathway (Riera et al., 2012; Sun et al., 2015; Wang C. et al., 2019), whereas 17β-estradiol promotes Sertoli cells by activating this pathway (Yang et al., 2017). Additionally, the PI3K/AKT signaling pathway also mediates the effects of miR-638 and miR-499 on the proliferation and apoptosis of immature porcine Sertoli cells (Hu et al., 2017; Gao et al., 2019). Based on these abovementioned clues and our results, we concluded that miR-222 inhibited proliferation and induced apoptosis in immature porcine Sertoli cells through the inactivation of the PI3K/AKT signaling pathway.



CONCLUSION

Collectively, this study provided evidence that miR-222 suppressed immature porcine Sertoli cell growth by targeting the GRB10 gene through the inactivation of the PI3K/AKT signaling pathway. We suspected that miR-222, GRB10, and the PI3K/AKT signaling pathway were involved in porcine spermatogenesis via the control of Sertoli cell number and sperm production.
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Supplementary Figure 1 | The transfection efficiency of miR-222 and GRB10. (A) The immature porcine Sertoli cells were transfected with mimic NC, miR-222 mimic, inhibitor NC, and miR-222 inhibitor (n = 3). The relative expression of miR-222 was measured using a qRT-PCR assay. U6 was used as the internal control. (B) siRNA NC and GRB10 siRNA were, respectively, transfected in the immature porcine Sertoli cells (n = 3). The relative mRNA expression of the GRB10 gene was detected using the qRT-PCR assay. pig-TBP was used as an internal control. Data are presented as mean ± SD. ∗P < 0.05 and ∗∗P < 0.01.

Supplementary Table 1 | The sequences of the primers used in this study.


FOOTNOTES

1
http://www.targetscan.org/vert_72/

2
https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid/


REFERENCES

Dai, R., Li, J., Liu, Y., Yan, D., Chen, S., Duan, C., et al. (2010). miR-221/222 suppression protects against endoplasmic reticulum stress-induced apoptosis via p27(Kip1)- and MEK/ERK-mediated cell cycle regulation. Biol. Chem. 391, 791–801.

Deng, Y., Bhattacharya, S., Swamy, O. R., Tandon, R., Wang, Y., Janda, R., et al. (2003). Growth factor receptor-binding protein 10 (Grb10) as a partner of phosphatidylinositol 3-kinase in metabolic insulin action. J. Biol. Chem. 278, 39311–39322. doi: 10.1074/jbc.m304599200

Fu, X., Li, Y., Alvero, A., Li, J., Wu, Q., Xiao, Q., et al. (2016). MicroRNA-222-3p/GNAI2/AKT axis inhibits epithelial ovarian cancer cell growth and associates with good overall survival. Oncotarget 7, 80633–80654. doi: 10.18632/oncotarget.13017

Gao, H., Ran, M., Luo, H., Weng, B., Tang, X., Chen, Y., et al. (2019). miR-499 promotes immature porcine Sertoli cell growth by the PI3K/AKT pathway by targeting the PTEN gene. Reproduction Online ahead of print.

Green, C. D., Ma, Q., Manske, G. L., Shami, A. N., Zheng, X., Marini, S., et al. (2018). A comprehensive roadmap of murine spermatogenesis defined by single-cell RNA-seq. Dev. Cell 46:e610.

Han, D. C., Shen, T. L., and Guan, J. L. (2001). The Grb7 family proteins: structure, interactions with other signaling molecules and potential cellular functions. Oncogene 20, 6315–6321. doi: 10.1038/sj.onc.1204775

Higashi, M., Yoneda, M., Nakagawa, T., Ikeda, M., and Ito, T. (2019). miR-222 regulates proliferation of primary mouse hepatocytes in vitro. Biochem. Biophys. Res. Commun. 511, 644–649. doi: 10.1016/j.bbrc.2019.02.093

Horbay, R., and Bilyy, R. (2016). Mitochondrial dynamics during cell cycling. Apoptosis 21, 1327–1335. doi: 10.1007/s10495-016-1295-5

Hu, P., Guan, K., Feng, Y., Ma, C., Song, H., Li, Y., et al. (2017). miR-638 Inhibits immature Sertoli cell growth by indirectly inactivating PI3K/AKT pathway via SPAG1 gene. Cell Cycle 16, 2290–2300. doi: 10.1080/15384101.2017.1380130

Hu, Z. Q., Zhang, J. Y., Ji, C. N., Xie, Y., Chen, J. Z., and Mao, Y. M. (2010). Grb10 interacts with Bim L and inhibits apoptosis. Mol. Biol. Rep. 37, 3547–3552. doi: 10.1007/s11033-010-0002-9

Jahn, T., Seipel, P., Urschel, S., Peschel, C., and Duyster, J. (2002). Role for the adaptor protein Grb10 in the activation of Akt. Mol. Cell Biol. 22, 979–991. doi: 10.1128/mcb.22.4.979-991.2002

Jiao, Z. J., Yi, W., Rong, Y. W., Kee, J. D., and Zhong, W. X. (2015). MicroRNA-1285 regulates 17beta-estradiol-inhibited immature boar sertoli cell proliferation via adenosine monophosphate-activated protein kinase activation. Endocrinology 156, 4059–4070. doi: 10.1210/en.2014-1982

Kabir, N. N., and Kazi, J. U. (2014). Grb10 is a dual regulator of receptor tyrosine kinase signaling. Mol. Biol. Rep. 41, 1985–1992. doi: 10.1007/s11033-014-3046-4

Kazi, J. U., and Ronnstrand, L. (2013). FLT3 signals via the adapter protein Grb10 and overexpression of Grb10 leads to aberrant cell proliferation in acute myeloid leukemia. Mol. Oncol. 7, 402–418. doi: 10.1016/j.molonc.2012.11.003

Khan, M. I., Al Johani, A., Hamid, A., Ateeq, B., Manzar, N., Adhami, V. M., et al. (2019). Proproliferative function of adaptor protein GRB10 in prostate carcinoma. FASEB J. 33, 3198–3211. doi: 10.1096/fj.201800265rr

Korhonen, H. M., Yadav, R. P., Da Ros, M., Chalmel, F., Zimmermann, C., Toppari, J., et al. (2015). DICER regulates the formation and maintenance of cell-cell junctions in the mouse seminiferous epithelium. Biol. Reprod. 93:139.

Li, Y., Gu, J., and Lu, H. (2017). The GAS5/miR-222 axis regulates proliferation of gastric cancer cells through the PTEN/Akt/mTOR pathway. Dig. Dis. Sci. 62, 3426–3437. doi: 10.1007/s10620-017-4831-4

Li, Y., Li, J., Fang, C., Shi, L., Tan, J., Xiong, Y., et al. (2016). Genome-wide differential expression of genes and small RNAs in testis of two different porcine breeds and at two different ages. Sci. Rep. 6:26852.

Luo, Z., Liu, Y., Chen, L., Ellis, M., Li, M., Wang, J., et al. (2015). microRNA profiling in three main stages during porcine spermatogenesis. J. Assist. Reprod. Genet. 32, 451–460. doi: 10.1007/s10815-014-0406-x

Luo, Z. Y., Dai, X. L., Ran, X. Q., Cen, Y. X., Niu, X., Li, S., et al. (2018). Identification and profile of microRNAs in Xiang pig testes in four different ages detected by Solexa sequencing. Theriogenology 117, 61–71. doi: 10.1016/j.theriogenology.2017.06.023

Ma, C., Song, H., Yu, L., Guan, K., Hu, P., Li, Y., et al. (2016). miR-762 promotes porcine immature Sertoli cell growth via the ring finger protein 4 (RNF4) gene. Sci. Rep. 6:32783.

Ma, C. P., Song, H. B., Guan, K. F., Zhou, J. W., Xia, X. Y., and Li, F. G. (2016). Characterization of swine testicular cell line as immature porcine Sertoli cell line. Vitro Cell. Dev. Biol. Ani. 52, 427–433. doi: 10.1007/s11626-015-9994-8

Mancuso, F., Calvitti, M., Milardi, D., Grande, G., Falabella, G., Arato, I., et al. (2018). Testosterone and FSH modulate sertoli cell extracellular secretion: proteomic analysis. Mol. Cell Endocrinol. 476, 1–7. doi: 10.1016/j.mce.2018.04.001

Mayoral, R. J., Pipkin, M. E., Pachkov, M., van Nimwegen, E., Rao, A., and Monticelli, S. (2009). MicroRNA-221-222 regulate the cell cycle in mast cells. J. Immunol. 182, 433–445. doi: 10.4049/jimmunol.182.1.433

Papaioannou, M. D., Lagarrigue, M., Vejnar, C. E., Rolland, A. D., Kuhne, F., Aubry, F., et al. (2011). Loss of Dicer in Sertoli cells has a major impact on the testicular proteome of mice. Mol. Cell Proteom. 10:M900587MC900200.

Papaioannou, M. D., Pitetti, J. L., Ro, S., Park, C., Aubry, F., Schaad, O., et al. (2009). Sertoli cell Dicer is essential for spermatogenesis in mice. Dev. Biol. 326, 250–259. doi: 10.1016/j.ydbio.2008.11.011

Procopio, M. S., de Avelar, G. F., Costa, G. M. J., Lacerda, S., Resende, R. R., and de Franca, L. R. (2017). MicroRNAs in Sertoli cells: implications for spermatogenesis and fertility. Cell Tissue Res. 370, 335–346. doi: 10.1007/s00441-017-2667-z

Ran, M., Chen, B., Li, Z., Wu, M., Liu, X., He, C., et al. (2016). Systematic identification of long noncoding RNAs in immature and mature porcine testes. Biol. Reprod. 94:77.

Ran, M., Weng, B., Cao, R., Li, Z., Peng, F., Luo, H., et al. (2018). miR-26a inhibits proliferation and promotes apoptosis in porcine immature sertoli cells by targeting the PAK2 gene. Reprod. Domest. Animals 53, 1375–1385. doi: 10.1111/rda.13254

Ran, M. L., Chen, B., Wu, M. S., Liu, X. C., He, C. Q., Yang, A. Q., et al. (2015). Integrated analysis of miRNA and mRNA expression profiles in development of porcine testes. Rsc Adv. 5, 63439–63449. doi: 10.1039/c5ra07488f

Ran, M. L., Weng, B., Cao, R., Li, Z., Peng, F. Z., Luo, H., et al. (2018). miR-26a inhibits proliferation and promotes apoptosis in porcine immature sertoli cells by targeting the PAK2 gene. Reprod. Domestic Animals 53, 1375–1385. doi: 10.1111/rda.13254

Ran, M. L., Weng, B., Cao, R., Peng, F. Z., Luo, H., Gao, H., et al. (2019). miR-34c inhibits proliferation and enhances apoptosis in immature porcine Sertoli cells by targeting the SMAD7 gene. J. Integrat. Agricul. 18, 449–459. doi: 10.1016/s2095-3119(19)62612-2

Ran, M. L., Weng, B., Chen, B., Wu, M. S., He, C. Q., and Zhang, S. W. (2017). Strand-specific RNA sequencing in pig testes identifies developmentally regulated genes and circular RNAs. Genes Genom. 39, 1083–1094. doi: 10.1007/s13258-017-0576-x

Riera, M. F., Regueira, M., Galardo, M. N., Pellizzari, E. H., Meroni, S. B., and Cigorraga, S. B. (2012). Signal transduction pathways in FSH regulation of rat Sertoli cell proliferation. Am. J. Physiol. Endocrinol. Metab. 302, E914–E923.

Sun, Y., Yang, W., Luo, H., Wang, X., Chen, Z., Zhang, J., et al. (2015). Thyroid hormone inhibits the proliferation of piglet Sertoli cell via PI3K signaling pathway. Theriogenology 83, 86–94. doi: 10.1016/j.theriogenology.2014.08.003

Suzuki, H. I., Young, R. A., and Sharp, P. A. (2017). Super-Enhancer-Mediated RNA processing revealed by integrative MicroRNA network analysis. Cell 168:e1015.

Visone, R., Russo, L., Pallante, P., De Martino, I., Ferraro, A., Leone, V., et al. (2007). MicroRNAs (miR)-221 and miR-222, both overexpressed in human thyroid papillary carcinomas, regulate p27Kip1 protein levels and cell cycle. Endocr. Relat. Cancer 14, 791–798. doi: 10.1677/erc-07-0129

Volkmann, N., Marassi, F. M., Newmeyer, D. D., and Hanein, D. (2014). The rheostat in the membrane: BCL-2 family proteins and apoptosis. Cell Death Differ. 21, 206–215. doi: 10.1038/cdd.2013.153

Wang, C., Zheng, P., Adeniran, S. O., Ma, M., Huang, F., Adegoke, E. O., et al. (2019). Thyroid hormone (T3) is involved in inhibiting the proliferation of newborn calf Sertoli cells via the PI3K/Akt signaling pathway in vitro. Theriogenology 133, 1–9. doi: 10.1016/j.theriogenology.2019.04.025

Wang, L., Liu, C., Li, C., Xue, J., Zhao, S., Zhan, P., et al. (2015). Effects of microRNA-221/222 on cell proliferation and apoptosis in prostate cancer cells. Gene 572, 252–258. doi: 10.1016/j.gene.2015.07.017

Wang, W., Wang, J., Zhang, J., Taq, W., and Zhang, Z. (2019). miR222 induces apoptosis in human intervertebral disc nucleus pulposus cells by targeting Bcl2. Mol. Med. Rep. 20, 4875–4882.

Weng, B., Ran, M., Chen, B., He, C., Dong, L., and Peng, F. (2017a). Genome-wide analysis of long non-coding RNAs and their role in postnatal porcine testis development. Genomics 109, 446–456. doi: 10.1016/j.ygeno.2017.07.001

Weng, B., Ran, M. L., Chen, B., Wu, M. S., Peng, F. Z., Dong, L. H., et al. (2017b). Systematic identification and characterization of miRNAs and piRNAs from porcine testes. Genes Genom. 39, 1047–1057. doi: 10.1007/s13258-017-0573-0

Xia, H. F., Cao, J. L., Jin, X. H., and Ma, X. (2014). MiR199a is implicated in embryo implantation by regulating Grb10 in rat. Reproduction 147, 91–99. doi: 10.1530/rep-13-0290

Xiao, M., Li, J., Li, W., Wang, Y., Wu, F., Xi, Y., et al. (2017). MicroRNAs activate gene transcription epigenetically as an enhancer trigger. RNA Biol. 14, 1326–1334. doi: 10.1080/15476286.2015.1112487

Xu, X. Y., Wu, Xu, S. Y., Che, L. Q., Fang, Z. F., Feng, B., et al. (2018). Comparison of microRNA transcriptomes reveals differential regulation of microRNAs in different-aged boars. Theriogenology 119, 105–113. doi: 10.1016/j.theriogenology.2018.06.026

Xu, Y., Bei, Y., Shen, S., Zhang, J., Lu, Y., Xiao, J., et al. (2017). MicroRNA-222 promotes the proliferation of pulmonary arterial smooth muscle cells by targeting P27 and TIMP3. Cell Physiol. Biochem. 43, 282–292. doi: 10.1159/000480371

Yang, C., Yao, C., Tian, R., Zhu, Z., Zhao, L., Li, P., et al. (2019). miR-202-3p Regulates Sertoli Cell Proliferation, Synthesis Function, and Apoptosis by Targeting LRP6 and Cyclin D1 of Wnt/beta-Catenin Signaling. Mol. Ther. Nucleic Acids 14, 1–19. doi: 10.1016/j.omtn.2018.10.012

Yang, Q. E., Racicot, K. E., Kaucher, A. V., Oatley, M. J., and Oatley, J. M. (2013). MicroRNAs 221 and 222 regulate the undifferentiated state in mammalian male germ cells. Development 140, 280–290. doi: 10.1242/dev.087403

Yang, W. R., Zhu, F. W., Zhang, J. J., Wang, Y., Zhang, J. H., Lu, C., et al. (2017). PI3K/Akt activated by GPR30 and Src regulates 17beta-Estradiol-Induced cultured immature boar sertoli cells proliferation. Reprod. Sci. 24, 57–66. doi: 10.1177/1933719116649696

Yin, X., Ma, T., Han, R., Ding, J., Zhang, H., Han, X., et al. (2018). MiR-301b-3p/3584-5p enhances low-dose mono-n-butyl phthalate (MBP)-induced proliferation by targeting Rasd1 in Sertoli cells. Toxicol. Vitro 47, 79–88. doi: 10.1016/j.tiv.2017.11.009

Zeng, L. P., Hu, Z. M., Li, K., and Xia, K. (2016). miR-222 attenuates cisplatin-induced cell death by targeting the PPP2R2A/Akt/mTOR Axis in bladder cancer cells. J. Cell Mol. Med. 20, 559–567. doi: 10.1111/jcmm.12760

Zhang, J. J., Wang, X. Z., Luong, Do, H., Chandimali, N., Kang, T. Y., et al. (2018). MicroRNA-7450 regulates non-thermal plasma-induced chicken Sertoli cell apoptosis via adenosine monophosphate-activated protein kinase activation. Sci. Rep. 8:8761.

Zhang, S., Guo, J., Liang, M., Qi, J., Wang, Z., Jian, X., et al. (2019). miR-196a promotes proliferation and inhibits apoptosis of immature porcine Sertoli Cells. DNA Cell Biol. 38, 41–48. doi: 10.1089/dna.2018.4387

Zhang, T., Ma, Y., Fang, J., Liu, C., and Chen, L. (2019). A deregulated PI3K-AKT signaling pathway in patients with colorectal Cancer. J. Gastrointest Cancer 50, 35–41. doi: 10.1007/s12029-017-0024-9

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

Copyright © 2020 Luo, Peng, Weng, Tang, Chen, Yang, Chen and Ran. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		miR-222 Suppresses Immature Porcine Sertoli Cell Growth by Targeting the GRB10 Gene Through Inactivating the PI3K/AKT Signaling Pathway



		INTRODUCTION



		MATERIALS AND METHODS



		Cell Culture and Transfection



		Cell Cycle Assay



		CCK-8 Assay



		EdU Assay



		Cell Apoptosis Assay



		Dual-Luciferase Activity Assay



		Real-Time qPCR



		Western Blotting



		Statistical Analysis







		RESULTS



		miR-222 Inhibits Cell Cycle Progression and Proliferation in Immature Porcine Sertoli Cells



		miR-222 Promotes Immature Porcine Sertoli Cell Apoptosis



		miR-222 Directly Targets the GRB10 Gene



		GRB10 Knockdown Inhibits Immature Porcine Sertoli Cell Proliferation and Induces Apoptosis



		GRB10 Knockdown Attenuates the Effects of miR-222 Inhibition on Immature Porcine Sertoli Cells



		miR-222 Inactivates the PI3K/AKT Signaling Pathway by Downregulating GRB10 Expression







		DISCUSSION



		CONCLUSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-11-581593-g006.jpg
w

Bl mimic NC 5 inhibitor NC w w— " - e p-PI3K

1.5+ —— s s s g D-PI3K 2 e
B miR-222 mimic - mlR—222 inhibitor:
_acti @ @ p-actin
Y Y L L X I ol -.-.
1.0- B BT B ﬂp—AKT - - ey . pAKT
f 1.5-
- W o w» e 8 5-actin ...... B-actin

-
(=]
1

S ——— o o 13K
D e D B e & AKT

=
)
1

R GER e AW RS ame D|3K
e wmn e owen s s AKT

o

Relative protein expression
o
1

Relative protein expression

..---- B-actin ..--.. B-actin
0.0- 0.0-
p-PI3K p-AKT :E—’ 2 é & é 2 p-PI3K p-AKT g 5 2 5 2 5
= = = o} - o - o -
E L g L2 g °2 c o © 9 < 9
N £ N £ N £ = 8 £ g9 £ 38
§ B & E & E 8 € 8§ € &8 €
o o S § £ § = § =
£ £ =
D
e ) oo — W p'P|3K
-actin
T e o1 weve ey P inhibitor NC + SIRNA NC b e 4 e 4 e W e D-PISK
15,8 SiRNA NC 25 miR-222 inhibitor + SIRNA NC
== GRB10 siRNA bou B e e o s D-AKT I MiR-222 inhibitor+GRB10 SIRNA . ey w4 %% s s P-AKT
a

2.04

& e ™ e e e e F-actin
1231231 2 3

1-inhibitor NC+siRNA NC

W 8 8 8 8 s-acin

— G W W ww® wwm 3K
e evee SR omn oR wmw AKT

-
o
1

1.54

Relative protein expression

Relative protein expression

0.5+
-- . . .. B-actin 2-miR-222 inhibitor+siRNA NC
0.0- s 2 £ 2 2 3-miR-222 inhibitor+GRB10 SiRNA
p-PI3K p-AKT 14 < 14 < x < p-PI3K p-AKT

n pd n =z n Z

© X o X o X

m ® m ® o °

e e x

o o o





OPS/images/cover.jpg
frontiers
in Genetics

miR-222 Suppresses Immature
Porcine Sertoli Cell Growth by
Targeting the GRB70 Gene
Through Inactivating
the PISK/AKT Signaling Pathway





OPS/images/fgene-11-581593-g001.jpg
A mimic NC

] | |

W

B mimic NC

Cell cycle distribution (%)

m

EdU positive cells

" miR-222 mimic

mMiR-222 mimic.

|
(|

|

(@)

o

Cell cycle distribution (%)
N
o

mimic
o

mimic NC

Hoechst

G1

Merge Hoechst

Numbar
200 300

inhibitor NC

100 150
Channals (FL2-A-Pl-Area)

HEl inhibitor NC
mMiR-222 inhibitor

—
o
=
2
<
£

inhibitor NC

miR-222 inhibitor

150
ChaﬂﬂE'E (FL2-A-Pl-Area)








OPS/images/fgene-11-581593-g003.jpg
> 1.5- .
'E mimic NC
'*3 - miR-222 mimic
ssc-miR-222 3’CUCUGGGUCAUCGGUClIJAI\CIJAI\lfCl(?A 210
GRB10-3-UTR-wt 5'... ACACGGCAACUCUAUGUAGCA... § '
' ' >< 2
GRB10-3-UTR-mut 5'...ACACGGCAACUCUCGTGCGCA... 5 s’k
=2 0.5-
o
2
o
o
X 0.0-
GRB10-wt GRB10-mut
c § 15 D
3 %
5] TR T e
S 10 CRE10 v ey 0 e,
> - (75 KD)
=
. oo D G W
2K © O
5 q}(\ QO O
3 AN\ EPSN W
14 s’ ((\ ‘7, ‘(\\(\
& L
P N






OPS/images/fgene-11-581593-e000.jpg
i
nmx nmx
£ =a0+ 3 (ancos T+ bysin 1)

n=1






OPS/images/fgene-11-581593-g002.jpg
mimic NC . mMiR-222mimic  inhibitor NC

. MiR-222 inhibitor

iy o
;e R :
s ‘2’.‘3??!}"':' 1 .
. . 1 - - -’_:;__ -

27 = L
: g
2 B -
-g k] 1
2 1
[vE S

E : EE

I ] ’ = 1 :

2 i s = = " g k P2 i A

2 T T T =) T T T = L L) UL B LI R B R AL DR AL L = IO_"""""I1 R S PR L

E 1 2 2 4 a0 o he 3 4 100 10° 102 103 104 10 10 10 10 10

wr a An nExiEV FITC " " - s Annexﬁlir?v FITC " - AnnexinV FITC AnnexinV FITC
20+
= 3 25 o
157 B mimic NC s « Bl inhibitor NC
B miR-222 mimic 2.0 Bl miR-222 inhibitor

cell apoptosis rate (%)

Relative protein expression )

10- 2-
54 %
1-
0= - &
N OO A\\ )
< \ . \®) -
(((\«‘\ ,quL((\ R SO (L‘\O\\\ 0 BCL2 BAX Caspase-3
((\\

e s e wen s BCL2 0™ e Ee S g oo
— gy e wawe owew  DAX e e e e G

v g w0 gy wowmCaspase-3WtT R RS e wem -

- o> o e ee e [ocin EDTPCOTHEY D
1 2 1 | 7 3 4 3 4 3 4

Relative protein expression O

BCL2 BAX Caspase-3

1-miR-222 mimic
2-mimic NC
3-miR-222 inhibitor
4-inhibitor NC






OPS/images/fgene-11-581593-g005.jpg
0.6- a )
X b Z0
[} = Z
T ) 2«
£ [T} oZ
5 > £%
$ .-
= (o} 2 g
(o] Q
= = £z
? = - °
= <
Z
x
. 53
3 ‘\ Qo E
& «, €5
Hoechst EdU Merge
C
10- O o o
io\ a - §Q1-UL(1.12%) Q1-UR(1.34%) - §Q1-UL(O,38%) Q1-UR(0.70%) ) TQ1-UL(0.09%) QI-UR(0.24%)
: 8+ ‘e .
E mE‘: o
w 61 . S
lg EE Eq EWO
‘E. 44 b . Lo E =
3 c = %
= 2-
8 ] Q1-LR(1.67%) 7 Q1-LR(1.64%) ° e - O1LRK(833%)
o- G \O‘ \O‘ IIII:]I'O4 FIT1C;J—5AI ”m:]l;)el | ””;07 | 10I;‘ITC-A1II05I ””:::)GI '”"1"07 ’ "~ FITCjﬁs -
.\(\\(\(0 ?‘\\\ 'ﬂ\(\ ,ﬂ\\\ W inhibitor NC miR-222 inhibitor miR-222 inhibitor
é\?ﬁ (({\9\3?‘\\\0 ((i\?‘:L'\Q é\?‘ siRNANC siRNA NC GRB10 siRNA
& e
D :
B inhibitor NC + siRNA NC - ——— e — o o— e BCL2
20- HE miR-222 inhibitor + siRNA NC ‘
miR-222 inhibitora+ GRB10 siRNA # . s e e a— - e S— BAX

D ap e o ous @I BE0 @TR a8 [-actn
1 2 8 1 2 3 1 2 3
1 miR-222 inhibitor + GRB10 siRNA

2 miR-222 inhibitor + siRNANC
3 inhibitor NC + siRNA NC

Relative protein expression level

Caspase-3





OPS/images/fgene-11-581593-g004.jpg
v

GRB10 siRNA ) ST g

Bl GRB10 siRNA

2]
(=]

IS
')

S
Cell proliferation index

Cell cycle distribution (%)

o

i 150 ul 0
Channals (FL2-A-Pl-Area

C < D
Z g
0.5- 0 = %0
N7 5’; ok
2 o £ 15-
3 o o
2 I g 101
% 5 §
o c_u 5
2 O 3
w Z
< §
v O n0°
‘»
Hoechst EdU
E ) .
.. siRNANC . GRB10SsiRNA
= = 8- B siRNA NC B B e g R BCL2
’ ’ Bl GRB10 SiRNA x5 p— — — BAX

=)}
1

S ss WS wu 8 == Caspase-3

o~ TR R e p-actin

(]
1

siRNANC

GRB10 siRNA
siRNANC

GRB10 siRNA
siRNANC

BCL2 BAX Caspase-3

T =

103 104

Relative protein expression level =
S
1

10 104

GRB10 siRNA

102
Annexiny' FITC





OPS/images/logo.jpg
’ frontiers
in Genetics





