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YME1L1, a mitochondrial metalloproteinase, is an Adenosine triphosphate (ATP)-dependent metalloproteinase and locates in the mitochondrial inner membrane. The protease domain of YME1L1 is oriented towards the mitochondrial intermembrane space, which modulates the mitochondrial GTPase optic atrophy type 1 (OPA1) processing. However, during embryonic development, there is no report yet about the role of YME1L1 on mitochondrial biogenesis and function in pigs. In the current study, the mRNA level of YME1L1 was knocked down by double strand RNA microinjection to the 1-cell stage embryos. The expression patterns of YME1L1 and its related proteins were performed by immunofluorescence and western blotting. To access the biological function of YME1L1, we first counted the preimplantation development rate, diameter, and total cell number of blastocyst on day-7. First, the localization of endogenous YME1L1 was found in the punctate structures of the mitochondria, and the expression level of YME1L1 is highly expressed from the 4-cell stage. Following significant knock-down of YME1L1, blastocyst rate and quality were decreased, and mitochondrial fragmentation was induced. YME1L1 knockdown induced excessive ROS production, lower mitochondrial membrane potential, and lower ATP levels. The OPA1 cleavage induced by YME1L1 knockdown was prevented by double knock-down of YME1L1 and OMA1. Moreover, cytochrome c, a pro-apoptotic signal, was released from the mitochondria after the knock-down of YME1L1. Taken together, these results indicate that YME1L1 is essential for regulating mitochondrial fission, function, and apoptosis during porcine embryo preimplantation development.
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1 INTRODUCTION
Mitochondria are energy-supplying organelles that participate in diverse cellular processes and are important determinants for the oocyte maturation and embryo development in mammals (Dumollard et al., 2007; Van Blerkom and Davis, 2007). In oocytes, a greater number of mitochondria is essential for the high ability of oocyte maturation and embryo developmental (Reynier et al., 2001; Santos et al., 2006; Zeng et al., 2007). After fertilization, due to low mitochondrial biosynthetic activity, the number of mitochondria decreases and remains at a low level until the blastocyst stage (May-Panloup et al., 2005). In blastocysts, increased mitochondrial number can activate trophoblasts proliferation (Hendriks et al., 2019; Seli et al., 2019).
The mitochondrial metabolism is related to fusion and fission morphology transitions (Mishra and Chan, 2016). Mitochondrial fission is necessary to create new mitochondria, and autophagosomes can engulf dysfunctional mitochondria (Ashrafi and Schwarz, 2013). One of important regulators of mitochondrial dynamic on the inner membrane of mitochondria is the Dynamin-related GTPase optic atrophy type 1 (OPA1) (Delettre et al., 2000). There are two mitochondrial proteases including OMA1 (the ATP-independent protease) and YME1L (ATP-dependent AAA + protease). YME1L and OMA1 synergistically regulate mitochondrial morphology and balance fusion and fission through processing of OPA1 (the dynamin-like GTPase) (Anand et al., 2014). Moreover, YME1L promotes mitochondrial fusion, whereas OMA1 induces mitochondrial fragmentation by OPA1 processing (Quirós et al., 2012; Anand et al., 2014; Mishra et al., 2014). Both YME1L and OMA1 are degraded by different types of toxic insults (Rainbolt et al., 2016). The degradation of YME1L and OMA1 induced by different stress is a mechanism by which cells are sensitive to the proteolytic activity of the inner membrane of mitochondria and affects various aspects of mitochondrial biology in response to different types of stress. YME1L promotes the turnover of many proteins which are essential for the quality of mitochondria on both the inner membrane and intermembrane space of mitochondria (Rainbolt et al., 2013; Wai et al., 2016), and the lipid transfer proteins (Potting et al., 2013; Saita et al., 2018).
However, the effects of YME1L1, which regulates mitochondrial function and morphology during porcine embryo preimplantation development, have not been reported. In the present research, we hypothesized that YME1L1 is crucial for the porcine embryo preimplantation development by maintaining the mitochondrial morphology and the balance of fission and fusion. To evaluate this hypothesis, YME1L1 was knocked down using double-stranded RNA (dsRNA) at the zygote stage and cultured until the blastocyst stage for further analysis.
2 MATERIALS AND METHODS
2.1 Reagents
All reagents were purchased from Millipore Sigma (Burlington, MA, United States), and all manipulations of live embryos were performed on a heating plate at 38.5°C, unless otherwise indicated.
2.2 Porcine cumulus-oocyte complexes (COCs) collection and in vitro maturation (IVM)
Porcine ovaries were collected and stored at 37 °C in saline containing 75 mg/mL penicillin G and 50 mg/mL streptomycin sulfate and delivered from a local slaughterhouse (Farm Story Dodarm B&F, Umsung, Chungbuk, South Korea) to the laboratory. The diameter of follicles around 3–6 mm was aspirated using a 10 mL disposable syringe with an 18-gauge needle. The porcine COCs with more than two layers cumulus cells were collected and washed with HEPES briefly. Approximately 100 COCs were transported to each well of 4-well plates with IVM medium [TCM-199 (11150–059; Thermo Fisher Scientific, Waltham, MA, United States) containing 0.1 g/L sodium pyruvate, 10 ng/mL epidermal growth factor (EGF), 10 IU/mL follicle-stimulating hormone (FSH), 10 IU/mL luteinizing hormone (LH), and10% (v/v) porcine follicular fluid (PFF)] and incubated for 44–48 h at 38.5°C and 5% CO2.
2.3 Porcine MII stage oocytes parthenogenetic activation and in vitro culture (IVC)
The COCs with extended cumulus cells were pipetting for around 40–50 times in 1 mg/mL hyaluronidase to remove cumulus cells. MII stage oocytes with first polar body were then selected and parthenogenetically activated by 2 direct-current pulses of 120 V for 60 µs in activation buffer [297 mM mannitol (pH 7.2) supplemented with 0.1 mM CaCl2, 0.05 mM MgS04, 0.01% polyvinyl alcohol (PVA, w/v), and 0.5 mM 4-(2-hydroxyethyl) piperazine-l-ethanesulfonic acid]. To prevent the pseudo-second polar body extrusion, the activated oocytes were treated with 7.5 μg/mL cytochalasin B for 3–6 h. Subsequently, approximately 50 embryos were washed and cultured in one of 4-well plates with IVC medium for microinjection. The embryos were then cultured for 7 days at 38.5°C and 5% CO2. The blastocysts on the 7th day were randomly collected for further experiments. The total cell number of blastocyst was counted under the epifluorescence microscope (Nikon).
2.4 Preparation of YME1L1 double-stranded RNA (dsRNA)
The fragments of YME1L1 and OMA1were amplified from cDNA of porcine COCs using the primers containing the T7 promoter sequence (Table 1). In vitro transcription was then performed using the MEGAscript T7 Kit (AM1333; Thermo Fisher Scientific) to synthesize dsRNA according to the manufacturer’s instructions. After 10 h in vitro transcription, dsRNA mixture was treated with DNase I for 15 min to degrade the DNA template, and then purified using Riboclear™ Plus (313–150; GeneAll Biotechnology). The purified dsRNA was dissolved in RNase-free water and stored at −80 °C until use.
TABLE 1 | Summary of PCR primers.
[image: Table 1]2.5 Microinjection
For the knock-down experiments, the dsRNA of YME1L1 or OMA1 was microinjected into 1-cell stage embryos after CB treatment using a Nikon Diaphot Eclipse TE300 inverted microscope (Nikon, Tokyo, Japan) connecting an Eppendorf Femto-Jet (Eppendorf, Hamburg, Germany) and equipped with a Narishige MM0-202N hydraulic 3-D micromanipulator (Narishige, Amityville, NY, United States). After microinjection, the embryos were continually cultured in IVC medium for 7 days. The dsRNA of green fluorescent protein (GFP) was microinjected as the control group.
2.6 Mitochondrial DNA copy number measurements
As previously reported (Niu et al., 2020), three blastocysts per tube were lysis at 65°C for 30 min and 95°C for 5 min in the buffer [20 mM Tris, 0.4 mg/mL proteinase K, 0.9% Nonidet-40, and 0.9% Tween 20]. After dilution 1:50 in ddH2O, real-time qPCR was performed using a pair of primers for ND1 (Table 1).
2.7 ATP measurements
Ten blastocysts per tube were lysis with 30 µL buffer containing 20 mM Tris, 0.9% Nonidet-40, and 0.9% Tween 20 and then vortexed until no blastocyst is visible under the microscope. The ATP determination kit (A22066; Molecular Probes) were used for measurement, the standard reaction solution was prepared and placed on ice avoiding the light before use. Next, 5 µL lysate were transported to 96-well plates and equilibrated for 10 s, and 150 µL of the standard reaction solution was mixed with lysate in each well. ATP levels were measured using a lurninometer (CentroPro LB 962; Berthold Technologies, Bad Wildbad, Germany) for 10 s after 2 s delay. The signal intensity of YME1L1 knock-down group was relative to the control group which was arbitrarily set to one.
2.8 Measurement of mitochondrial ROS
Mitochondrial ROS were detected using MitoSOX Mitochondrial Superoxide Indicator (Thermo Fisher Scientific), as previously described (Nasr-Esfahani et al., 1990; Lee and Hyun, 2017). Briefly, ten blastocysts each group were treated with 10 µM MitoSOX indicator in the IVC medium for 30 min. Subsequently, the blastocysts were washed thrice with PBS/PVA and fixed in 3.7% paraformaldehyde for 30 min in the dark. TOM20 was stained according to the instruction in the immunofluorescence and confocal microscopy subsection. The fluorescence intensity of the mitochondria-derived ROS was analyzed using the ImageJ v. 44 g software (National Institutes of Health, Bethesda, MD, United States).
2.9 Mitochondrial membrane potential assay
The 7th day blastocysts were treated with 2.5 µM 5,5′,6,6′-tetrachloro-1,1′,3,3′-tetraemyl-imidacarbocyanine iodide (JC-1) (M34152; Thermo Fisher Scientific) in the IVC medium for 30 min at 38.5°C in 5% CO2 and visualized by the epifluorescence microscope (Nikon). The ratio of intensity of red fluorescence of the activated mitochondria (J-aggregates), to green fluorescence of less-activated mitochondria (J-monomers) was calculated as the membrane potential (Sutton-McDowall et al., 2012) using ImageJ v. 44 g software (National Institutes of Health, Bethesda, MD, United States).
2.10 TUNEL assay
Following the instructions of the In Situ Cell Death Detection Kit (11684795910; Roche, Basel, Switzerland) (Ferris et al., 2016), ten blastocysts in each group were fixed in 3.7% paraformaldehyde for 30 min at room temperature. Subsequently, the blastocysts were washed trice with PBS/PVA and permeabilized using 1% Triton X-100 for 30 min at room temperature. Next, the blastocysts were fluorescein-conjugated dUTP and terminal deoxynucleotidyl transferase for 2 h. After washing trice with PBS/PVA, the blastocysts were mounted onto slides with VECTASHIELD® Antifade Mounting Medium containing DAPI (H-1200; Vector Laboratories) and visualized by using a confocal microscope (LSM 710 Meta; Zeiss). The number of TUNEL-positive blastomeres was counted under the epifluorescence microscope (Nikon). The ratio of TUNEL-positive to the total blastomeres was indicated as apoptosis index.
2.11 EdU assay
The BeyoClick™ EdU Cell Proliferation Kit with Alexa Fluor 647 (Beyotime) was used for the cell proliferation assay. Briefly, the morula stage embryos were incubated with 10 μM EdU for 10 h at 38.5 °C. Next, the blastocysts were fixed with 3.7% paraformaldehyde at room temperature for 30 min and permeabilized with 1% Triton X-100 for 30 min. After washing thrice with PBS/PVA, the blastocysts were incubated in 100 μL of click reaction cocktail and 5 μg/mL of Hoechst 33342 in the dark for 30 min. Images were captured after mounting in PBS/PVA using a confocal microscope (LSM 710 Meta; Zeiss). The number of EdU-positive blastomeres was counted under the epifluorescence microscope (Nikon). The ratio of EdU-positive blastomeres to the total number of blastomeres was calculated as the proliferation rate.
2.12 Mitochondria and cytochrome c colocalization assay
Ten blastocysts per group were treated with 500 nM MitoTracker Red CMXRos (M7512; Thermo Fisher Scientific) in IVC medium at 38.5°C for 30 min. After washing thrice with PBS/PVA, blastocysts were fixed, and cytochrome c was stained following the instruction in the immunofluorescence and confocal microscopy subsection.
2.13 Immunofluorescence and confocal microscopy
Approximately ten embryos in each group were fixed in 3.7% paraformaldehyde at room temperature for 30 min, permeabilized with 1% Triton X-100 in the PBS/PVA for 30 min, and then blocked in 3% BSA containing 0.1% Triton X-100 in the PBS/PVA for 1 h at room temperature. Subsequently, the embryos were incubated with 1st antibody at 4 °C overnight including anti-YME1L1 (1:50, 11510-1-AP; Proteintech, Cambridge, UK), anti- TOM20 (1:50, F-10, SC-17764; Santa Cruz Biotechnology, Dallas, TX, United States), anti-cytochrome c (1:50; ab110325; Abcam) and anti-cleaved caspase-3 (1:50; 9664S; Cell Signaling) diluted in blocking solution (3% BSA and 0.1% Triton X-100). After washing more than thrice with PBS/PVA, the embryos were incubated with 2nd antibody such as Donkey anti-Mouse IgG, Alexa Fluor™ 488 (1:200; A-21202; Thermo Fisher Scientific), Goat anti-Rabbit IgG, Alexa Fluor™ 488 (1:200; A-11034; Thermo Fisher Scientific) or Donkey anti-Rabbit IgG, Alexa Fluor™ 546 (1:200; A10040; Thermo Fisher Scientific) for 1 h at room temperature. After washing thrice with PBS/PVA, the embryos were then mounted onto slides using VECTASHIELD® Antifade Mounting Medium with DAPI (H-1200; Vector Laboratories) and captured using the confocal microscope (Zeiss LSM 710 Meta). Images were processed using the Zen software (v.8.0; Zeiss).
2.14 Real-time RT-PCR
According to the manufacturer’s instructions, approximately 30 embryos in each group were collected for mRNA extraction using the DynaBeads mRNA Direct Kit (61012; Thermo Fisher Scientific). Reverse transcription was performed using the LeGene Express 1st Strand cDNA Synthesis System (6210–05; LeGene Bioscience). Real-time RT-PCR for the YME1L1 mRNA and 18S rRNA (reference gene) was performed as follows: initial denaturation at 95°C for 3 min, followed by 40 repeats of cycle for the denaturation at 95°C for 15 s, annealing at 60°C for 25 s, and extension at 72°C for 15 s, and a final extension at 72°C for 5 min. The data were quantified using the 2−ΔΔCT method (Livak and Schmittgen, 2001).
2.15 Western blot analysis
Approximately one hundred embryos in each group were lysis with 10 μL RIPA buffer and 10 μL 2X loading buffer on ice. After boiling the samples for 10–15 min, protein samples were separated by the different concentration of SDS-PAGE gel depends on the size of target protein and transferred onto polyvinylidene fluoride membranes for 1 h under 250 mA. Subsequently, the membranes were blocked with 5% skim milk in TBST buffer at room temperature for 1 h and then incubated with first antibody at 4°C overnight such as anti - YME1L1 (1:1000, 11510-1-AP; Proteintech), anti - DRP1 (1:1000; ab184247; Abcam), anti - LC3B (1:1000; NB100-2220; Novus Biological, Littleton, CO, United States), anti - OPA1 (1:1000, 27733-1-AP; Proteintech), anti - OMA1 (1:1000, sc-515788; Santa Cruz Biotechnology), anti-cleaved caspase-3 (1:1000; 9664S; Cell Signaling) or anti - GAPDH (1:1000; 5174S; Cell Signaling). After washing with TBST buffer for three times, the membranes were treated with secondary antibody for 1 h at room temperature such as horseradish peroxidase-conjugated goat anti-mouse or goat anti-rabbit IgG (1:20000; Santa Cruz Biotechnology). The membranes were then exposed using a UviSoft software (Uvitec, Cambridge, UK) with SuperSignal™ West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific, Waltham, United States).
2.16 Cytosol and mitochondrial fraction isolation
According to the manufacturer’s protocol, cytosolic and mitochondrial proteins of 500 blastocyst stage embryos were extracted using the Mitochondria/Cytosol Fractionation Kit (Cat# ab65320, Abcam). The expression of glyceraldehyde 3-phosphate dehydrogenase (GADPH) was measured as the purity of mitochondria fraction by western blot analysis.
2.17 Statistical analysis
The statistical data analysis was carried out by one-way analysis of variance (ANOVA) or Student’s t-test. All data were presented as the mean ± SEM. p < 0.05 was considered statistical significance. SPSS software v.19 (IBM SPSS, Chicago, IL, United States) was used for all calculations. All of experiments were replicated at least three times.
3 RESULTS
3.1 Expression pattern of YME1L1 during early porcine embryonic development
To evaluate the subcellular localization of YME1L1 during porcine embryo preimplantation development, YME1L1 and TOM20 were detected using immunofluorescence. The expression of YME1L1 was lower and colocalized with TOM20 in 1–2-cell stage embryos. However, YME1L1 was partially colocalized with TOM20 after the 4-cell stage at a higher level (Figure 1A). The mRNA expression of YME1L1 was detected by RT-qPCR and showed a gradual increase during embryo preimplantation development (Figure 1B). As shown in Figure 1C, the protein level of YME1L1 was verified by western blotting from 1-cell to blastocyst stage, which was highly expressed from 4-cell stage.
[image: Figure 1]FIGURE 1 | Expression of YME1L1 protein and mRNA during embryonic development in pig. (A) Representative confocal immunofluorescence images for YME1L1 and TOM20 expression at different stages during embryo development. (B) Quantitative PCR data of YME1L1 relative to the 1-cell expression level. (C) Western blot bands showed protein levels of YME1L1 in 1 at different stages during embryo development. Scale bar, 20 μm.
3.2 Effects of YME1L1 knock-down on early porcine embryonic development
To investigate the role of YME1L1 in porcine embryo preimplantation development, YME1L1 dsRNA (YME1L1 KD) was injected into 1-cell stage embryos, and then cultured in IVC medium for 7 days. The efficiency of YME1L1 knock-down was analyzed at blastocyst stages (Figure 2A). Compared to the control group (GFP dsRNA), YME1L1 expression was significantly reduced after YME1L1 dsRNA microinjection (p < 0.001). YME1L1 knock-down was evaluated by western blotting and immunofluorescence, which showed that the protein level of YME1L1 was also significantly reduced in YME1L1 KD blastocysts (Figures 2B–D, p < 0.05). The ability of development to blastocyst stage was significantly decreased after YME1L1 knock-down (control: 46.33 ± 5.23 vs. YME1L1 KD: 21.67 ± 3.63, p < 0.005) (Figures 2E, F). Additionally, blastocyst quality in the YME1L1 KD group was worse than that in the control group (Figures 2G, H). YME1L1 KD significantly induced smaller diameter and less total cell number of blastocysts compared with control group (142.33 ± 8.92 vs. 217.67 ± 24.71 μm, p < 0.01; 30.33 ± 5.23 vs. 59.33 ± 3.67, p < 0.005). These data suggest that defective YME1L1 may disrupt early embryo development.
[image: Figure 2]FIGURE 2 | Effects of YME1L1 knock-down on embryonic development. (A) Quantitative PCR confirmed YME1L1 knock-down in the blastocyst stage embryos. (B) Protein levels of YME1L1 after YME1L1 knock-down at the blastocyst stage by western blot analysis. (C, D) Representative immunofluorescence images and relative intensity analysis of YME1L1 and TOM20 expression after YME1L1 knock-down at the blastocyst stage. (E) The morphology of the blastocyst stage embryos in both Control and YME1L1 KD groups. Scale bars, 100 μm. (F) The blastocyst rate in YME1L1 KD and Control groups. (G) Total cell number of YME1L1 KD (n = 25) and Control (n = 20) embryos. (H) Blastocyst diameter in the Control (n = 35) and YME1L1 KD (n = 20) group. **p < 0.01, ***p < 0.001 and ****p < 0.0001 were considered as significant differences.
3.3 Knock-down of YME1L1 induces mitochondrial fragmentation
To evaluate the effect of YME1L1 on the porcine embryo mitochondrial morphology after knock-down, the blastocysts were stained with TOM20 as total mitochondria and MitoTracker Red CMORos as active mitochondria. The intensity of MitoTracker and fragmentation of mitochondrial clusters were analyzed using ImageJ, the MitoTracker signal were highly distributed and colocalized with TOM20 in all control blastomeres. However, the active mitochondria were observed in partial blastomeres with lower intensity in YME1L1 KD group (p < 0.01, Figures 3A, B). Mitochondrial cluster fragmentation was significantly higher after knock-down of YME1L1 (p < 0.05, Figures 3A, C). Mitochondrial fragmentation is the result of increased fission in the mitochondria; thus, DRP1, a fission-related protein, was detected by western blotting. The bands showed that the level of DRP1 was higher when YME1L1 was knocked down in both cytosolic and mitochondrial fractions (Figure 3D). The balance of mitochondrial fusion and fission is important for mitochondrial function. The fragmented mitochondria induced by imbalance of mitochondrial fission and fusion leads to disease (Chan, 2006).
[image: Figure 3]FIGURE 3 | Knock-down of YME1L1 induces mitochondrial fragmentation and mitochondrial fission in embryos. (A) Representative immunofluorescence images for the mito-tracker and TOM20 in the Control and YME1L1 KD blastocysts. (B, C) Quantification of immunofluorescence images of Control (n = 10) and YME1L1 KD (n = 10) blastocyst stage embryos showing the mitochondria intensity and relative mitochondrial fragmentation rate, respectively. (D) Western blotting of blastocysts after isolation of cytosol and mitochondria fraction was performed to detect the level of DRP1, cytochrome c and LC3 in Control and YME1L1 KD group. (E) Protein levels of OPA1 and OMA1 after YME1L1 knock-down at the blastocyst stage by western blot analysis. (F) Protein levels of OMA1 after OMA1 knock-down at the blastocyst stage by western blot analysis. (G) Western blotting of the OPA1 and OMA1 level of blastocysts in Control, YME1L1 KD, OMA1 KD and Y + O KD (YME1L1 and OMA1 double knock-down) group. *p < 0.05 and **p < 0.01 were considered as significant differences. Scale bars, 20 μm.
Additionally, YME1L1 KD induced more OMA1 due to the reduced degradation of OMA1 (Figure 3E). YME1L1 KD significantly increased the level of the short form of OPA1 (S-OPA1) compared with the control group (Figure 3E). Reduced OPA1 oligomerization can increase cellular sensitivity to apoptotic insults (Chung et al., 2006). To rescue this, dsRNA of OMA1 was co-injected into 1-cell stage embryos with dsRNA of YME1L1. The western blot results showed that OMA1 levels were significantly decreased and S-OPA1 levels were increased after dsRNA of OMA1 microinjection (Figures 3F, G). However, the expression of S-OPA1 and OMA1 was recovered by double knock-down of OMA1 and YME1L1 (Figure 3G).
3.4 Knock-down of YME1L1 induces dysfunction of mitochondria
Based on the changes in the morphology of mitochondria, we next investigated if YME1L1 knock-down can promote the mitochondrial dysfunction in porcine embryos, which can be induced by ROS over generation, low mitochondrial membrane potential, and low ATP levels. Accordingly, mitochondrial ROS were detected at the blastocyst stage. As expected, compared to control blastocysts, mitochondrial ROS levels in YME1L1 KD blastocysts were significantly increased (p < 0.05, Figures 4A, B). Furthermore, quantification analysis of JC-1 staining showed that the ratio of green fluorescence to red fluorescence of the JC-1 dye was reduced by YME1L1 KD, compared with the control group (p < 0.001, Figures 4C, D), indicating that YME1L1 KD may induce mitochondrial membrane potential loss. Moreover, the relative mitochondrial DNA (mtDNA) copy number was quantified by RT-qPCR and showed more copy number of mtDNA in YME1L1 KD blastocysts than in the control blastocysts (Figure 4E). ATP levels were lower in YME1L1 KD blastocysts than in the control blastocysts (Figure 4F). These data indicated that knock-down of YME1L1 could induce mitochondrial fragmentation and ATP reduction.
[image: Figure 4]FIGURE 4 | Knock-down of YME1L1 stimulates production of ROS and depolarizes mitochondrial membrane potential during embryo development. (A, B) Representative confocal images of Control and YME1L1 KD blastocysts showing MitoSOX and TOM20 staining and mitochondrial ROS levels. (C, D) JC-1 staining of blastocyst stage embryos in control and YME1L1 KD group. (E) Quantitative PCR confirmed relative copy numbers of mtDNA in control and YME1L1 KD group. (F) ATP levels at blastocyst stage in control and YME1L1 KD group. Scale bars, 20 μm *p < 0.05, ***p < 0.005, and ****p < 0.001 were considered as significant differences.
3.5 Knock-down of YME1L1 induced apoptosis during porcine embryo preimplantation development
Previous research has demonstrated that cytochrome c is released from the mitochondria (Eleftheriadis et al., 2016). The colocalization of mitochondria and cytochrome c and the level of cytochrome c in mitochondria fraction at blastocysts stage was evaluated using immunofluorescence and western blotting after YME1L1 knock-down (Figure 3D; Figure 5A). Immunofluorescence images showed that co-localization of cytochrome c and MitoTracker was less in YME1L1 KD blastocysts, as detected by Mander’s overlap coefficient (Figure 5A). As shown in Figure 3D, fractionated mitochondrial and cytosolic proteins from control and YME1L1 KD blastocysts were analyzed for the content of cytochrome c by western blot. The cytochrome c in the cytosol remained relatively unchanged between the control and YME1L1 KD groups; however, mitochondrial cytochrome c decreased in the YME1L1 KD groups compared with the control.
[image: Figure 5]FIGURE 5 | Knock-down of YME1L1 induces apoptosis in porcine embryos. (A) Representative images of blastocysts showed cytochrome c and MitoTracker Red staining in control and YME1L1 KD group. Scale bars, 20 μm. (B, C) TUNEL assay and apoptosis index at blastocyst stage in control and YME1L1 KD group. (D) Representative images of Control and YME1L1 KD blastocysts showed activated caspase 3 expression and relative intensity. Scale bars, 20 μm. (E) Western blotting of blastocysts in Control and YME1L1 KD group showing activated caspase 3 expression. *p < 0.05 indicate significant differences between treatment groups.
As YME1L1 KD induced mitochondrial dysfunction and blastocyst total cell number reduction, the TUNEL assay was performed to evaluate whether apoptosis can be induced by the knock-down of YME1L1. The ratio of TUNEL-positive signal number to total nuclear number was significantly higher in YME1L1 KD blastocysts than in the control group (p < 0.05, Figures 5B, C). In addition, the active caspase 3 expression level was determined by immunofluorescence and western blotting, which showed a significant increase after the knock-down of YME1L1 (Figures 5D, E). Collectively, these results indicated that YME1L1 KD induces apoptosis during porcine embryo preimplantation development.
3.6 YME1L1 knock-down disrupts porcine embryo preimplantation development by inhibition of proliferation
Because of the poor developmental ability and poor quality of embryos after YME1L1 KD, we investigated whether YME1L1 could regulate embryo proliferation. As shown in Figures 6A, B, the percentage of EdU-positive nuclei was lower in the YME1L1 KD blastocysts than in the control group. This result suggested that YME1L1 KD-induced defects reduced the proliferation of porcine embryos.
[image: Figure 6]FIGURE 6 | Knock-down of YME1L1 disrupts embryo development by inhibition of proliferation. (A) Representative images of Control and YME1L1 KD blastocysts showed EdU positive signals. Scale bars, 20 μm. (B) The ratio of EdU positive nuclear to total nuclear number (proliferative ability index) in Control and YME1L1 KD group. *p < 0.05 indicate significant differences between treatment groups.
4 DISCUSSION
Previous work reported that mitochondria are important for the apoptosis, calcium homeostasis, cellular signaling pathways, gene expression, organic compound biosynthesis and thermogenesis (Gut and Verdin, 2013; Chandel, 2014; Shadel and Horvath, 2015). Approximately 1500 mitochondrial proteins are encoded by the nuclear genome and subsequently transported into the mitochondria. In the present study, we investigated the localization of YME1L1, which were co-localized with mitochondria before zygotic genome activation (ZGA, 4-cell stage in pigs). YME1L1 was also expressed in the cytoplasm after ZGA (Figure 1A), which demonstrates that newly synthesized YME1L1 is imported into the mitochondria. The protein level of YME1L1 was highly expressed from 4-cell stage (Figure 1C). These data indicate that high levels of YME1L1 after ZGA may be essential for embryo preimplantation development in pigs.
Low oocyte mtDNA content has been reported to result in abnormal embryo development in pigs (El Shourbagy et al., 2006). Therefore, a higher mtDNA copy number is essential for proper embryonic development (Wai et al., 2010). However, our results showed that few embryos in the YME1L1 KD group developed to the blastocyst stage (Figure 2F), and the mtDNA copy number was higher than that in control blastocysts (Figure 4E). This may be because the knock-down of YME1L1 disrupted the balance of mitochondrial fusion and fission. Because mitochondrial dynamics are regulated by GTPases, such as dynamin-related protein 1 (DRP1) and optic atrophy protein 1 (OPA1), we evaluated the levels of DRP1 and OPA1 by western blotting. Our data showed that both DRP1 and short form OPA1 were higher in the YME1L1 KD group than in the control (Figure 3D, E), which suggested that knockdown of YME1L1 can induce more mitochondrial fission than fusion. An insufficient ATP content has been considered one of the reasons for fertilization failure and abnormal embryo development (Van Blerkom et al., 1995). Therefore, mitochondrial mass must be sufficient to produce sufficient ATP and metabolites essential for embryonic development. Our results showed that knock-down of YME1L1 induced a reduction in ATP content in porcine embryos (Figure 4F). In addition, the LC3 level in both mitochondria and cytosol fraction was determined by western blotting, which showed higher expression after the knock-down of YME1L1 (Figure 3D). These data indicate that mitochondria induced by mitochondrial fission cannot produce enough ATP to support embryo development, because more mitophagy was induced by the knock-down of YME1L1.
The dynamic organization of mitochondria with a high membrane potential is crucial for embryo development (Au et al., 2005; Van Blerkom, 2009). Therefore, we evaluated the mitochondrial membrane potential after YME1L1 knock-down, and a lower in mitochondrial membrane potential was observed in the YME1L1 KD group (Figures 4C, D). In addition, ROS, as signals of mitochondrial dysfunction, plays a essential role in promoting apoptosis and cellular repair mechanisms (May-Panloup et al., 2021). When ROS are overproduced, different biomolecules are modified, and cellular damage is also induced (Cross et al., 1987; Guérin et al., 2001). Mitochondrial ROS levels were evaluated in blastocyst-stage embryos, which were increased by knock-down of YME1L1 (Figures 4A, B). Previous investigators have suggested that mitochondria is critical to the cell death pathways (Ong and Gustafsson, 2012; Vakifahmetoglu-Norberg et al., 2017). Mitochondrial fission and ROS over generation induce mitochondrial dysfunction in embryos (Frank et al., 2001; Youle and Karbowski, 2005; Yang et al., 2018), release of cytochrome c (Colombini, 2017). The release of cytochrome c promotes the caspase 3 activation, resulting in apoptosis (Seervi et al., 2011). In this regard, we evaluated apoptosis by measuring the cytochrome c release and the level of active caspase 3. We found that YME1L1 knock-down modulated the cytochrome c release (Figure 3D; Figure 5A) and induced higher level of the active caspase 3 in porcine embryos (Figures 5D, E). Moreover, during the embryo development, mitochondria play a role not only in the synthesis ATP, but also in maintaining redox homeostasis and producing intermediate metabolites (Guantes et al., 2016). We found that YME1L1 knock-down reduced embryo proliferation in the EdU assay (Figure 6).
5 CONCLUSION
Overall, YME1L1 knock-down significantly reduced the blastocyst quality during porcine embryo preimplantation development (Figure 7). YME1L1 knock-down stimulates excessive ROS production, disrupts mitochondrial morphology and function, and increases cytochrome c release in porcine blastocysts. Moreover, the TUNEL and activated caspase-3 were induced by the knock-down of YME1L1 during porcine embryo preimplantation development. These results indicate that YME1L1 plays a crucial role in porcine embryo preimplantation development by modulating the oxidative stress, mitochondrial morphology and functions, and apoptosis.
[image: Figure 7]FIGURE 7 | The balance of mitochondrial fusion and fission maintains functional morphology of mitochondria to support the porcine embryonic development. However, knock-down of YME1L1 during porcine embryo development results in mitochondrial dysfunction and fission which causes reduction of mitochondrial membrane potential and increased mitochondrial ROS generation, leading to mitochondrial fragmentation and apoptosis.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material further inquiries can be directed to the corresponding authors.
AUTHOR CONTRIBUTIONS
DZ and X-SC designed the research; DZ conducted the experiments, analysed the results, and wrote the manuscript; M-HS, W-JJ, X-HL and JC helped with the analyses of the results and revised the figures; S-HL and GH performed some of the experiments; and X-SC and K-SK assisted in the analyses of the results and helped revise of the manuscript.
FUNDING
This work was supported by the National Research Foundation (NRF) of Korea grant funded by the Korea government (MSIT) (No. 2022R1A2C300769, 2022R1I1A1A01068836, and 2020R1A4A1017552), Republic of Korea.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Anand, R., Wai, T., Baker, M. J., Kladt, N., Schauss, A. C., Rugarli, E., et al. (2014). The i-AAA protease YME1L and OMA1 cleave OPA1 to balance mitochondrial fusion and fission. J. Cell Biol. 204 (6), 919–929. doi:10.1083/jcb.201308006
 Ashrafi, G., and Schwarz, T. L. (2013). The pathways of mitophagy for quality control and clearance of mitochondria. Cell Death Differ. 20 (1), 31–42. doi:10.1038/cdd.2012.81
 Au, H. K., Yeh, T. S., Kao, S. H., Tzeng, C. R., and Hsieh, R. H. (2005). Abnormal mitochondrial structure in human unfertilized oocytes and arrested embryos. Ann. N. Y. Acad. Sci. 1042, 177–185. doi:10.1196/annals.1338.020
 Chan, D. C. (2006). Mitochondrial fusion and fission in mammals. Annu. Rev. Cell Dev. Biol. 22, 79–99. doi:10.1146/annurev.cellbio.22.010305.104638
 Chandel, N. S. (2014). Mitochondria as signaling organelles. BMC Biol. 12, 34. doi:10.1186/1741-7007-12-34
 Chung, Y. M., Kim, J. S., and Yoo, Y. D. (2006). A novel protein, Romo1, induces ROS production in the mitochondria. Biochem. Biophys. Res. Commun. 347 (3), 649–655. doi:10.1016/j.bbrc.2006.06.140
 Colombini, M. (2017). Ceramide channels and mitochondrial outer membrane permeability. J. Bioenerg. Biomembr. 49 (1), 57–64. doi:10.1007/s10863-016-9646-z
 Cross, C. E., Halliwell, B., Borish, E. T., Pryor, W. A., Ames, B. N., Saul, R. L., et al. (1987). Oxygen radicals and human disease. Ann. Intern Med. 107 (4), 526–545. doi:10.7326/0003-4819-107-4-526
 Delettre, C., Lenaers, G., Griffoin, J.-M., Gigarel, N., Lorenzo, C., Belenguer, P., et al. (2000). Nuclear gene OPA1, encoding a mitochondrial dynamin-related protein, is mutated in dominant optic atrophy. Nat. Genet. 26 (2), 207–210. doi:10.1038/79936
 Dumollard, R., Duchen, M., and Carroll, J. (2007). The role of mitochondrial function in the oocyte and embryo. Curr. Top. Dev. Biol. 77, 21–49. doi:10.1016/s0070-2153(06)77002-8
 El Shourbagy, S. H., Spikings, E. C., Freitas, M., and St John, J. C. (2006). Mitochondria directly influence fertilisation outcome in the pig. Reproduction 131 (2), 233–245. doi:10.1530/rep.1.00551
 Eleftheriadis, T., Pissas, G., Liakopoulos, V., and Stefanidis, I. (2016). Cytochrome c as a potentially clinical useful marker of mitochondrial and cellular damage. Front. Immunol. 7, 279. doi:10.3389/fimmu.2016.00279
 Ferris, J., Mahboubi, K., MacLusky, N., King, W. A., and Favetta, L. A. (2016). BPA exposure during in vitro oocyte maturation results in dose-dependent alterations to embryo development rates, apoptosis rate, sex ratio and gene expression. Reprod. Toxicol. 59, 128–138. doi:10.1016/j.reprotox.2015.12.002
 Frank, S., Gaume, B., Bergmann-Leitner, E. S., Leitner, W. W., Robert, E. G., Catez, F., et al. (2001). The role of dynamin-related protein 1, a mediator of mitochondrial fission, in apoptosis. Dev. Cell 1 (4), 515–525. doi:10.1016/s1534-5807(01)00055-7
 Guantes, R., Díaz-Colunga, J., and Iborra, F. J. (2016). Mitochondria and the non-genetic origins of cell-to-cell variability: More is different. Bioessays 38 (1), 64–76. doi:10.1002/bies.201500082
 Guérin, P., El Mouatassim, S., and Ménézo, Y. (2001). Oxidative stress and protection against reactive oxygen species in the pre-implantation embryo and its surroundings. Hum. Reprod. Update 7 (2), 175–189. doi:10.1093/humupd/7.2.175
 Gut, P., and Verdin, E. (2013). The nexus of chromatin regulation and intermediary metabolism. Nature 502 (7472), 489–498. doi:10.1038/nature12752
 Hendriks, W. K., Colleoni, S., Galli, C., Paris, D., Colenbrander, B., and Stout, T. A. E. (2019). Mitochondrial DNA replication is initiated at blastocyst formation in equine embryos. Reprod. Fertil. Dev. 31 (3), 570–578. doi:10.1071/rd17387
 Lee, K.-M., and Hyun, S.-H. (2017). The beneficial effects of ferulic acid supplementation during in vitro maturation of porcine oocytes on their parthenogenetic development. JET 32 (4), 257–265. doi:10.12750/JET.2017.32.4.257
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of relative gene expression data using real-time quantitative PCR and the 2(-Delta Delta C(T)) Method. Methods 25 (4), 402–408. doi:10.1006/meth.2001.1262
 May-Panloup, P., Boguenet, M., Hachem, H. E., Bouet, P. E., and Reynier, P. (2021). Embryo and its mitochondria. Antioxidants (Basel) 10 (2), 139. doi:10.3390/antiox10020139
 May-Panloup, P., Vignon, X., Chrétien, M. F., Heyman, Y., Tamassia, M., Malthièry, Y., et al. (2005). Increase of mitochondrial DNA content and transcripts in early bovine embryogenesis associated with upregulation of mtTFA and NRF1 transcription factors. Reprod. Biol. Endocrinol. 3, 65. doi:10.1186/1477-7827-3-65
 Mishra, P., Carelli, V., Manfredi, G., and Chan, D. C. (2014). Proteolytic cleavage of Opa1 stimulates mitochondrial inner membrane fusion and couples fusion to oxidative phosphorylation. Cell Metab. 19 (4), 630–641. doi:10.1016/j.cmet.2014.03.011
 Mishra, P., and Chan, D. C. (2016). Metabolic regulation of mitochondrial dynamics. J. Cell Biol. 212 (4), 379–387. doi:10.1083/jcb.201511036
 Nasr-Esfahani, M. H., Aitken, J. R., and Johnson, M. H. (1990). Hydrogen peroxide levels in mouse oocytes and early cleavage stage embryos developed in vitro or in vivo. Development 109 (2), 501–507. doi:10.1242/dev.109.2.501
 Niu, Y.-J., Zhou, D., Zhou, W., Nie, Z.-W., Kim, J.-Y., Oh, Y., et al. (2020). Nitric oxide-induced protein S-nitrosylation causes mitochondrial dysfunction and accelerates post-ovulatory aging of oocytes in cattle. JARB 35 (1), 102–111. doi:10.12750/JARB.35.1.102
 Ong, S. B., and Gustafsson, A. B. (2012). New roles for mitochondria in cell death in the reperfused myocardium. Cardiovasc Res. 94 (2), 190–196. doi:10.1093/cvr/cvr312
 Potting, C., Tatsuta, T., König, T., Haag, M., Wai, T., Aaltonen, M. J., et al. (2013). TRIAP1/PRELI complexes prevent apoptosis by mediating intramitochondrial transport of phosphatidic acid. Cell Metab. 18 (2), 287–295. doi:10.1016/j.cmet.2013.07.008
 Quirós, P. M., Ramsay, A. J., Sala, D., Fernández-Vizarra, E., Rodríguez, F., Peinado, J. R., et al. (2012). Loss of mitochondrial protease OMA1 alters processing of the GTPase OPA1 and causes obesity and defective thermogenesis in mice. Embo J. 31 (9), 2117–2133. doi:10.1038/emboj.2012.70
 Rainbolt, T. K., Atanassova, N., Genereux, J. C., and Wiseman, R. L. (2013). Stress-regulated translational attenuation adapts mitochondrial protein import through Tim17A degradation. Cell Metab. 18 (6), 908–919. doi:10.1016/j.cmet.2013.11.006
 Rainbolt, T. K., Lebeau, J., Puchades, C., and Wiseman, R. L. (2016). Reciprocal degradation of YME1L and OMA1 adapts mitochondrial proteolytic activity during stress. Cell Rep. 14 (9), 2041–2049. doi:10.1016/j.celrep.2016.02.011
 Reynier, P., May-Panloup, P., Chrétien, M. F., Morgan, C. J., Jean, M., Savagner, F., et al. (2001). Mitochondrial DNA content affects the fertilizability of human oocytes. Mol. Hum. Reprod. 7 (5), 425–429. doi:10.1093/molehr/7.5.425
 Saita, S., Tatsuta, T., Lampe, P. A., König, T., Ohba, Y., and Langer, T. (2018). PARL partitions the lipid transfer protein STARD7 between the cytosol and mitochondria. Embo J. 37 (4), e97909. doi:10.15252/embj.201797909
 Santos, T. A., El Shourbagy, S., and St John, J. C. (2006). Mitochondrial content reflects oocyte variability and fertilization outcome. Fertil. Steril. 85 (3), 584–591. doi:10.1016/j.fertnstert.2005.09.017
 Seervi, M., Joseph, J., Sobhan, P. K., Bhavya, B. C., and Santhoshkumar, T. R. (2011). Essential requirement of cytochrome c release for caspase activation by procaspase-activating compound defined by cellular models. Cell Death Dis. 2 (9), e207. doi:10.1038/cddis.2011.90
 Seli, E., Wang, T., and Horvath, T. L. (2019). Mitochondrial unfolded protein response: A stress response with implications for fertility and reproductive aging. Fertil. Steril. 111 (2), 197–204. doi:10.1016/j.fertnstert.2018.11.048
 Shadel, G. S., and Horvath, T. L. (2015). Mitochondrial ROS signaling in organismal homeostasis. Cell 163 (3), 560–569. doi:10.1016/j.cell.2015.10.001
 Sutton-McDowall, M. L., Feil, D., Robker, R. L., Thompson, J. G., and Dunning, K. R. (2012). Utilization of endogenous fatty acid stores for energy production in bovine preimplantation embryos. Theriogenology 77 (8), 1632–1641. doi:10.1016/j.theriogenology.2011.12.008
 Vakifahmetoglu-Norberg, H., Ouchida, A. T., and Norberg, E. (2017). The role of mitochondria in metabolism and cell death. Biochem. Biophys. Res. Commun. 482 (3), 426–431. doi:10.1016/j.bbrc.2016.11.088
 Van Blerkom, J., and Davis, P. (2007). Mitochondrial signaling and fertilization. Mol. Hum. Reprod. 13 (11), 759–770. doi:10.1093/molehr/gam068
 Van Blerkom, J., Davis, P. W., and Lee, J. (1995). ATP content of human oocytes and developmental potential and outcome after in-vitro fertilization and embryo transfer. Hum. Reprod. 10 (2), 415–424. doi:10.1093/oxfordjournals.humrep.a135954
 Van Blerkom, J. (2009). Mitochondria in early mammalian development. Semin. Cell Dev. Biol. 20 (3), 354–364. doi:10.1016/j.semcdb.2008.12.005
 Wai, T., Ao, A., Zhang, X., Cyr, D., Dufort, D., and Shoubridge, E. A. (2010). The role of mitochondrial DNA copy number in mammalian fertility. Biol. Reprod. 83 (1), 52–62. doi:10.1095/biolreprod.109.080887
 Wai, T., Saita, S., Nolte, H., Müller, S., König, T., Richter-Dennerlein, R., et al. (2016). The membrane scaffold SLP2 anchors a proteolytic hub in mitochondria containing PARL and the i-AAA protease YME1L. EMBO Rep. 17 (12), 1844–1856. doi:10.15252/embr.201642698
 Yang, S. G., Park, H. J., Kim, J. W., Jung, J. M., Kim, M. J., Jegal, H. G., et al. (2018). Mito-TEMPO improves development competence by reducing superoxide in preimplantation porcine embryos. Sci. Rep. 8 (1), 10130. doi:10.1038/s41598-018-28497-5
 Youle, R. J., and Karbowski, M. (2005). Mitochondrial fission in apoptosis. Nat. Rev. Mol. Cell Biol. 6 (8), 657–663. doi:10.1038/nrm1697
 Zeng, H. T., Ren, Z., Yeung, W. S., Shu, Y. M., Xu, Y. W., Zhuang, G. L., et al. (2007). Low mitochondrial DNA and ATP contents contribute to the absence of birefringent spindle imaged with PolScope in in vitro matured human oocytes. Hum. Reprod. 22 (6), 1681–1686. doi:10.1093/humrep/dem070
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 © 2023 Zhou, Sun, Jiang, Li, Lee, Heo, Choi, Kim and Cui. 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/fcell-11-1147095-g005.gif





OPS/images/fcell-11-1147095-g006.gif





OPS/images/fcell-11-1147095-g003.gif





OPS/images/fcell-11-1147095-g004.gif
2






OPS/images/fcell-11-1147095-g007.gif





OPS/images/fcell-11-1147095-t001.jpg
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YMEIL] XM_021064882.1 F: TGTTGGTGGGAAGCGAATTG 640 dsRNA
R: CATGCTGACGTCCATCTGTG

YMEIL] XM_021064882.1 F: TITCTTTTGCGGGACAGAGG 631 dsRNA
R: CAATTCGCTTCCCACCAACAG

YMEIL] XM_021064882.1 F: AAAGCTACGATCATGCCACG 114 RT-qPCR
R: CATGCTGACGTCCATCTGTG

OMAI XM_013999356.2 F: CACCCTTCTCATGGCAATCG 730 dsRNA
R: AAGTCTGTAGCCCAAGGTCC

188 NR_046261 F: CGCGGTTCTATTTTGTTGGT 219 RT-gPCR
R: AGTCGGCATCGTTTATGGTC

NDI NC_000845.1 F: CCTACTGGCCGTAGCATTCC 162 mtDNA copy number
R: GAGGATGTGCCTGGTCGTAG
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