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Cryopreservation induces capacitation-like (cryo-capacitation) changes, similar to natural capacitation, and affects the fertility potential of post-thawed sperm. The molecular mechanism of sperm cryo-capacitation during cryopreservation remains unknown. PIWI-interacting RNAs (piRNAs) have been reported to be involved in cryo-capacitation of post-thawed sperm and regulation of sperm motility, capacitation, and chemotaxis. In this study, protein tyrosine phosphatase nonreceptor type 7 (PTPN7) was positively targeted by piR-121380 after a dual luciferase assay. The mRNA expression of PTPN7 and piR-121380 was significantly decreased (p < 0.01); however, PTPN7 protein was significantly increased (p < 0.01) in post-thawed boar sperm. Furthermore, E1RK1/2 phosphorylation was reduced during cryopreservation. Six hours after transfection with piR-121380 mimic and inhibitor, the phosphorylation of ERK2 was significantly increased and decreased (p < 0.01), respectively. Furthermore, the highest and lowest total sperm motility, forward motility, and capacitation rate were observed after piR-121380 mimic and inhibitor treatments, respectively. The concentration of intracellular calcium ([Ca2+]i) showed no significant difference after transfection with either piR-121380 mimic or inhibitor at 1, 3, and 6 h. In conclusion, we demonstrated that piR-121380 modulates ERK2 phosphorylation by targeting PTPN7, which induces sperm cryo-capacitation, and eventually affects the motility and fertility potential of post-thawed sperm.
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INTRODUCTION
Sperm cryopreservation is an invaluable technique involved in artificial insemination (AI) and the most efficient way to preserve male fertility (Yeste et al., 2017). However, the structural and functional aspects of sperm are strongly damaged during cryopreservation, such as chromatin integrity, sperm viability, motility, mitochondrial and plasma membranes, and acrosome integrity, resulting in decreased fertilizing ability (Ozkavukcu et al., 2008; Vadnais and Althouse, 2011; Yeste et al., 2015; Yeste, 2016). In addition, the freezing–thawing procedure also induces capacitation-like changes, including cholesterol efflux, influx of HCO3(−), increased intracellular Ca2+, activation of cAMP/PKA signaling pathway, and protein tyrosine phosphorylation (Cerolini et al., 2000; Xia and Ren, 2009; Kumar and Atreja, 2012; Treulen et al., 2018), similar to natural capacitation. However, these similar changes are not completely analogous and should not be classified as true capacitation (Green and Watson, 2001).
Sperm undergoes physiological and biochemical changes and then acquires fertilizing ability after capacitation (Brener et al., 2003; Grasa et al., 2006; Visconti et al., 2011). Protein tyrosine phosphorylation is involved in epididymal sperm maturation, capacitation, acrosomal reaction, and motility (Roberts et al., 2003; Luconi et al., 2005; Mor et al., 2007). Additionally, tyrosine phosphorylation of acrosin-binding protein (ACRBP), ERP99, HSP60, as well as sperm head proteins facilitates the binding of sperm to the zona pellucida in boar sperm (Asquith et al., 2004; Kato et al., 2021). Compared with natural capacitation, cryo-capacitation-induced protein tyrosine phosphorylation is involved in decreased sperm-binding to zona pellucida across various species (Cormier and Bailey, 2003; Kadirvel et al., 2011). Moreover, different freezing protocols result in different levels of protein tyrosine phosphorylation (Kumaresan et al., 2012). Freezing extenders containing egg yolk have been reported to produce a 33-kDa tyrosine-phosphorylated protein in frozen–thawed boar sperm (Orrego et al., 2019).
The level of protein tyrosine phosphorylation is strictly regulated by downstream protein tyrosine kinases (PTKs) and protein tyrosine phosphatases (PTPs), which links the cAMP pathway that affects protein tyrosine phosphorylation. Additionally, PTKs and PTPs are essential for regulation of human sperm acrosome reaction (Tomes et al., 2004). Seligman et al. observed that although PTP activity was decreased, PTKs remained active, and protein tyrosine phosphorylation was increased in the sperm tail from caput of epididymis (Seligman et al., 2004). Previous studies reported that extracellular signal-regulated kinase1/2 (ERK1/2), a class I PTP cluster (DSP), also play an important role in promoting sperm hyperactivated motility and acrosomal reaction (Almog et al., 2008; Li et al., 2009). However, the expression and function of PTP during sperm cryopreservation remain unknown.
It is well known that PIWI-interacting RNAs (piRNAs) are widely involved in physiological processes including gametes development, germ stem cell differentiation, embryonic development, and sex determination (Malone and Hannon, 2009; Kamminga et al., 2010; Zhao et al., 2013; Kiuchi et al., 2014; Ma et al., 2017; Halbach et al., 2020). Our previous study showed that piR-121380 was differentially expressed between fresh and post-thawed boar sperm. It was speculated to target PTPN7 and be involved in olfactory transduction pathways, which were thought to be involved in sperm motility, acrosome reaction, and sperm-egg recognition (Fukuda et al., 2004; Spehr et al., 2004; Milardi et al., 2017). In this study, we demonstrated that piR-121380 modifies ERK2 phosphorylation by targeting PTPN7, induces sperm capacitation-like changes and eventually affects the motility and fertility potential of post-thawed sperm.
MATERIALS AND METHODS
Ethical Statement
All procedures starting from semen collection to treatments were implemented strictly considering the Regulation of the Administration of Affairs Concerning Experimental Animals (Ministry of Science and Technology, China, revised in June 2004) approved by the Institutional Animal Care and Use Committee in the College of Animal Science and Technology, Sichuan Agricultural University, Sichuan, China, under permit No: 2019202012.
Semen Collection and Treatment
Fresh ejaculates (n = 10) were collected by glove-handed technique from healthy and mature Yorkshire boars. Immediately, the fresh semen was diluted with semen extender (Zenoaq, Zenolong, China) in the ratio of 1:3. After stirring the mixture, the semen was placed in a temperature-controlled container (17°C) and transported to the laboratory. All the fresh ejaculates were confirmed to exhibit normal morphology, more than 80% viability, 90% motility, and over 1 × 108 ml−1 density for subsequent experiments.
Then, all the fresh samples were mixed and equally divided into three aliquots: (1) The first aliquot was directly frozen in a liquid nitrogen (LN) tank and then stored at −80°C for RNA and protein extraction; (2) the second aliquot was cryopreserved as described in the next section; (3) the third aliquot was divided into two groups: (1) negative control group (NC) and (2) capacitation group (capa-). The negative control group was centrifuged (1,500 r/min, 5 min) and then incubated in BTS medium (37 g glucose, 3 g trisodium citrate, 1.25 g Na2-EDTA, 1.25 g NaHCO3, 0.75 g KCl, 0.6 g/L penicillin G sodium, and 1.0 g/L dihydrostreptomycin; all diluted to 1 L) for 1, 3, and 6 h at 37°C. The capacitation group was incubated with 40 ng/ml heparin as described previously (Parrish et al., 1985). Notably, fresh semen collected from pig farm was centrifuged and then diluted with suitable BTS to prepare the electro-transfection group for subsequent determination of parameters, RT-PCR, and Western blot. The following experiments with frozen–thawed group, capacitation group, and transfection group were independent.
Semen Cryopreservation
The second aliquot was cryopreserved according to our laboratory’s procedure (Zeng et al., 2014; Ran et al., 2019). Firstly, semen was centrifuged at 1,500 r/min for 5 min (17°C) to discard the seminal plasma and semen extender. Secondly, lactose-egg yolk (LEY) extender I (11% β-lactose, 20% hen’s egg yolk) was added to sperm suspension and mixed slowly. This compound (containing extender I and sperm) and extender II (LEY extender was supplemented with the same volume of 6% glycerol to yield a final concentration of 3% glycerol) were cooled slowly to 4°C within 2 h. After equilibrating for 2 h, the compound was mixed with the same volume of extender II. Finally, the miscible liquids were inhaled into 0.25-ml straws (FHK, Tokyo, Japan) and equilibrated approximately 3 cm above LN vapors (∼130°C) for 10 min and then immersed into LN (−196°C). Thawing was performed at 37°C for 30 s and then transferred to BTS (37°C).
RNA Stability Assay
Fresh and frozen–thawed sperm were incubated with 5 μg/ml actinomycin D to perform mRNA stability assay as described previously (Rodrigues et al., 2009), and RNA was extracted at time points of 0, 2, 4, 6 and 8 h (Chen et al., 2008). The PTPN7 level was measured by qPCR as described previously. 18S rRNA gene was used as an endogenous control for mRNA normalization in the mRNA stability assay. The mRNA decay was determined by non-linear regression curve fitting (one phase decay) using GraphPad Prism (v.8.0). The parameters were set as follows: least squares (ordinary fit), confidence level (95%), asymmetrical (likelihood) CI, goodness of fit by R square, and convergence criteria (medium).
Sperm Electro-Transfection
Electro-transfection was performed based on a previously standardized method (Wang et al., 2020). Initially, fresh ejaculates were centrifuged (1,500 r/min, 5 min, 17°C) to discard the supernatant and then diluted with suitable BTS to yield a final concentration of 4 × 107 ml−1. Then, transfection was conducted by Cell Manipulation ECM-2001 (BTX, Holliston, MA, United States) with 20 nM of piR-121380 mimic, inhibitor, mimic NC, inhibitor NC, and negative control (NC) (Ribobio, Guangzhou, China); pulse conditions were adjusted as 4 × 300 V for 100 µs. The mixture was incubated at 37°C within 12 h, and after 12 h at 17°C after transfection. The relative expression of piR-121380 and PTPN7 was assessed at 17°C from 12 to 60 h. Western blot was performed at 1, 3, and 6 h after transfection. Similarly, capacitation rate and intracellular calcium were determined at 1, 3, and 6 h after transfection (37°C).
RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR
Total RNA of all ejaculates was extracted using a Trizol LS Reagent kit (Invitrogen, Carlsbad, CA, United States) as described previously (Ran et al., 2019). RNA with the optimal OD260/280 of 1.8–2.0 was selected for the subsequent reverse transcription. The total RNA was reversed by HiScript III RT SuperMix for qPCR Kit (Vazyme, Nanjing, China) and Takara SYBR PrimeScript miRNA RT-PCR Reagent Kit (Takara Biotech, Dalian, China), respectively, according to the manufacturers’ instructions. qPCR was performed on the CFX 96 Real-Time PCR Detection System (Bio-Rad, Hercules, CA, United States). Three biological replicates were set for each group, and the results were accounted for using the 2−∆∆CT method (Livak and Schmittgen, 2001). Internal controls: 18S rRNA, GAPDH gene, and U6 (for piRNA) were used as the reference for normalization in relative mRNA and piRNA expression analysis (Table 1).
Target Prediction of piR-121380 and Dual Luciferase Reporter Assay
Potential target genes of key piRNAs were predicted by miRanda (John et al., 2004), and the binding site was verified using R adhering to the principle as previously described (Zhang et al., 2015). The wild-type vector (pWT-PTPN7) was designed to include the piR-121380 binding site, 200 base pairs upstream and downstream. The mutant type vector was designed by mutating a few bases of the binding site. The wild-type and mutant vectors were amplified and inserted into pmirGLO Luciferase reporter vector (Tsingke, Nanjing, China) to construct the wild-type and mutant plasmids.
Hela cells were cultured in 24-well plates at 105 cells/well in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C in a humid CO2 incubator (5% CO2). Transfection was performed until cell confluency was above 70%. The transfection groups were prepared as follows: pWT-PTPN7-mimic, pWT-PTPN7-mimic NC, pMT-PTPN7-mimic, and pMT-PTPN7-mimic NC, which were individually co-transfected into Hela cells using FuGENE HD Transfection Reagent (Promega, Madison, WI, United States). After 6 h, luciferase activity was measured with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States) according to the manufacturer’s instructions. The final luciferase activity was normalized with Renilla luciferase activity.
Sperm Motility Detection
Fresh ejaculates, after transfection, were subjected to 12–60 h of incubation under liquid preservation conditions. Prior to measuring sperm motility, the sperm counting chamber (Leja®, Holland) was pre-heated on 37°C hot-stage and the CASA detection system (Hamilton, Germany) was debugged until the camera image was clear (Dardmeh et al., 2021). The following calibration parameters were considered for this study: immotile is defined by lateral head displacement (ALH) < 1 µm and curvilinear velocity (VCL) < 24 μm/s; total motility is defined by ALH > 1 µm and VCL > 24 μm/s; progressive motility is defined by straight-line velocity (VSL) > 10 μm/s and VCL > 48 μm/s; non-progressive motility is defined by VSL < 10 μm/s and 24 < VCL< 48 μm/s. Five microliters of semen was dropped on the pre-heated slide after maintenance for 15 min in a water bath and tested for sperm motility. Five visual fields containing more than 200 sperm were selected to measure the sperm parameters. All the procedures were repeated at least three times to minimize errors.
Assessment of Acrosomal Status and Capacitation
After transfection for 1, 3, and 6 h, sperm was washed and then fixed with paraformaldehyde for 10 min. Peanut agglutinin (PNA) was used to measure the acrosomal status according to the method used by Mendoza et al. (1992). Sperm was cultured with FITC-PNA (Sigma-Aldrich, United States) working fluid (20 μg/ml) at 37°C for 20 min and then 1 µl of PI (Sigma-Aldrich, United States) solution was added into the mixture and co-incubated at 37°C for 5 min. The samples were washed three times with PBS. Epifluorescence microscopy (Olympus, Tokyo, Japan) was used to evaluate the acrosomal status of sperm with no less than 200 sperm per replicate and ImageJ was used to overlap the red and green fluorescence.
Measurement of Intracellular Calcium
The concentration of intracellular calcium was measured with Fluo 4, AM (Yesean, Shanghai, China). After transfection and incubation with 40 ng/ml heparin, sperm were washed once and re-suspended in HBSS buffer with 4 µM Fluo 4, AM (Solarbio, Beijing, China). The sperm suspension was incubated at 37°C for 30 min and then washed three times. After that, another incubation was performed at 37°C for 20 min to ensure complete de-esterification of AM groups in sperm. The fluorescence of sperm was detected using a microplate reader (Thermo Scientific, United States) at 494 nm excitation/516 nm emission. The [Ca2+]i was determined by the following equation: ΔF/F0 (%) = (F − F0)/F0 × 100%. F indicates the fluorescence intensity of each group, and F0 indicates the fluorescence intensity of sperm suspension without treatment.
Immunolocalization of ERK1/2 and PTPN7 in Boar Sperm
Indirect immunofluorescence was used to detect the localization of PTPN7, ERK1, and ERK2 protein in boar sperm. Sperm precipitate was fixed with 4% paraformaldehyde for 10 min, washed with PBS, and permeabilized with 0.5% Triton X-100 (Beyotime Biotechnology, Shanghai, China). Then, 5% bovine serum albumin (BSA) (Sigma-Aldrich, United States) was added and incubated for 30 min. After that, the samples were incubated with primary antibodies including anti-PTPN7 (Origene, Beijing, China), ERK1 (Proteintech, 11257-1-AP), and ERK2 (Proteintech, 16443-1-AP) polyclonal antibodies diluted 1:25 in Western primary anti diluent (Beyotime Biotechnology, Shanghai, China) at 37°C for 1 h. After three washes, the samples were incubated with secondary antibody of goat anti-rabbit IgG (H + L) conjugated with CoraLite 594 (Proteintech, SA00013-4) diluted at 1:25 in Western secondary anti diluent (Beyotime Biotechnology, Shanghai, China) at 37°C for 1 h. After three washes with PBST (PBS, 1% Tween, and 0.02 g glycine), sperm were observed and evaluated using a fluorescence microscope equipped with a DP70 camera (Olympus, Tokyo, Japan).
Western Blotting Analysis
Total protein was extracted from sperm using RIPA lysis buffer (Beyotime Biotechnology, P0013B, China) supplemented with protease and phosphatase inhibitors, containing 1% PMSF (Beyotime Biotechnology, ST506, China), phosphatase inhibitor cocktail, and 0.05 M EGTA (Beyotime Biotechnology, P1045, China). The denatured proteins dissolved in SDS-PAGE sample loading buffer were separated by 10% Hepes gel (Beyotime Biotechnology, P0508S, China) and transferred to PVDF membrane (Beyotime Biotechnology, FFP32, China). The membrane was then blocked with blocking buffer (Beyotime Biotechnology, P0252, China) at room temperature for 1 h. Then, the membrane was incubated with anti-PTPN7 (1:500, Proteintech, 15286-1-AP, China), anti-ERK1/2 (1:500, Cell Signaling Technology, 4695, United States), anti-phospho- ERK1/2 (1:1,000, Cell Signaling Technology, 9101, United States), and anti-β-tubulin (1:1,000, Abcam, ab179513, United States) antibodies diluted in primary antibody diluent (Beyotime Biotechnology, Shanghai, China) overnight at 4°C. Notably, each incubation was an individual experiment. The membrane was then incubated with goat anti-rabbit IgG conjugated with HRP (1:4,000, Proteintech, SA00001-2, China) at room temperature for 1 h, and washed three times with PBST. Enhanced chemiluminescence (ECL) detection was then performed using BeyoEcl Moon kit (Beyotime Biotechnology, P0018FS, China) and Immun-StarTM Western CTM Chemiluminescence Kit (BIO-RAD, Hercules, CA, United States). The intensities of bands were quantified with ImageJ software. At least three independent experiments were performed.
Statistical Analysis
The results are presented as mean ± standard error of mean (SEM). The differences between two groups were analyzed by independent sample t-test using SPSS (v.19.0) and R (v.4.0) in sperm viability, qPCR, and Western blot experiment (mimic versus mimic NC, inhibitor versus inhibitor NC). The differences among the groups were analyzed by one-way analysis of variance (ANOVA) followed by Dunnett post-test comparing each treatment column to control column. The relative piR121380 gene expression level was quantified by the 2−∆∆CT method (Livak and Schmittgen, 2001). The gray values of protein bands were calculated using ImageJ (v. 1.48). To compare the effect of cryopreservation on the time–response curves of PTPN7 mRNA, nonlinear regression was performed using GraphPad Prism (v.8.0). p < 0.05 was considered statistically significant.
RESULTS
PTPN7 is a Target Gene of piR-121380
Previous studies showed that the 3′ UTR of PTPN7 harbors only one potential target site for piR-121380 (Figure 1B), which is consistent with the preference of piRNA to the 3′UTR region of mRNA (Dai et al., 2019). The dual luciferase results showed a positive correlation between piR-121380 and PTPN7 expression (Figure 1A). The expression of piR-121380 was significantly increased (p < 0.01) in the pWT mimic group as compared to the mimic NC group, while no significant difference (p > 0.05) was observed between the pMT mimic group and the mimic NC group. To further explore the target relationship between piR-121380 and PTPN7, the expression of piR-121380 and PTPN7 was observed every 12 h up till 48 h after transfection. The results showed that the expression of piR-121380 increased from 12 to 48 h and significantly increased (p < 0.01) at 36 and 48 h in the mimic group as compared to the mimic NC group (Figure 1C). Similarly, the expression of PTPN7 decreased (p < 0.05) in the inhibitor group as compared to the inhibitor NC group from 12 to 48 h, except at 24 h (Figure 1C). Therefore, these findings demonstrated that PTPN7 is a target gene of piR121380, and piR-121380 has an effect on the expression of PTPN7 at the mRNA level.
[image: Figure 1]FIGURE 1 | Target gene prediction of piR-121380 and dual-luciferase reporter assay. (A) The result of dual-luciferase reporter assay. **p < 0.01. (B) The structure of recombinant plasmid and the sequences of wild and mutant types and the predicted target site of piR-121380 on the 3′ UTR of PTPN7 in boar. Imperfect base pairing between piR-121380 and 3′UTR of PTPN7. (C) The expression of piR-121380 and PTPN7 after transfection from 12 to 48 h, respectively. *p < 0.05. **p < 0.01. The data are representative of at least three independent experiments (mean ± SEM).
TABLE 1 | Primers used for quantitative reverse transcription PCR (RT-qPCR).
[image: Table 1]Effect of Cryopreservation and Capacitation on the Expression of piR-121380, PTPN7 and ERK1/2
The RT-PCR results showed that the expression of piR-121380 and PTPN7 was significantly decreased (p < 0.01) in frozen–thawed sperm as compared to fresh sperm (Figure 2A). Similarly, significantly reduced expression (p < 0.01) of piR-121380 and PTPN7 was observed in capacitated sperm as compared to fresh sperm. Given that cryopreservation induces the degradation of mRNA, we further performed mRNA stability assay to explore the effect of cryopreservation on the mRNA level of PTPN7. As shown in Supplementary Figure S1, no significant differences were observed in PTPN7 mRNA half-life between fresh and frozen–thawed sperm (frozen–thawed versus fresh: 1.165 versus 1.288 h), illustrating that the changes in PTPN7 mRNA level were not caused by mRNA degradation during cryopreservation. Additionally, the mRNA expression of ERK1 and ERK2 was also shown as a supplement. The expression levels of ERK1 and ERK2 in frozen–thawed sperm were remarkably higher than those in fresh sperm; however, they were significantly decreased in the capacitated group compared to those in the NC group (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) The expression levels of piR-121380 and PTPN7 in fresh, frozen–thawed, and capacitated sperm. **p < 0.01. (B) The expression levels of ERK1 and ERK2 in fresh, frozen–thawed, and capacitated sperm. **p < 0.01. *p < 0.05. The data are representative of at least three independent experiments (mean ± SEM).
piR-121380 has a Facilitating Effect on Sperm Motility
Sperm total and forward motility, and kinetic parameters were measured using the CASA system after transfection of piR-121380 under liquid storage conditions (Figure 3A). Sperm motility was approximately 90% at 12 h in each group, and no significant differences were found among the other treatment groups. Sperm motility in the mimic group was significantly higher (p < 0.01) than that in the mimic NC group from 24 to 60 h. Conversely, sperm motility in the inhibitor group was significantly lower (p < 0.01) than that in the inhibitor NC group between 36 and 60 h (Figure 3B). Moreover, sperm forward motility showed synchronous changes with sperm motility except at 24 h. The highest sperm forward motility in the inhibitor group was consistent with the change of PTPN7 mRNA (Figure 1C). The kinetic parameters of piR-121380 transfected sperm are shown in Supplementary Table S1.
[image: Figure 3]FIGURE 3 | Sperm motility and forward motility in piR-121380 transfected sperm at 17°C. (A) Total sperm motility after transfection. (B) Sperm forward motility after transfection. The data are representative of at least three independent experiments (mean ± SEM).
Effect of piR-121380 on Sperm Acrosome Reaction
The PNA staining patterns correspond to different acrosomal statuses, which are shown in Figure 4A. The results showed that the capacitation rate of boar sperm in the mimic group was significantly higher than that in the mimic NC group, while the capacitation rate in the inhibitor group was significantly lower than that in inhibitor NC group at 3 and 6 h (Figure 4B). However, no differences were observed between the mimic or inhibitor group and their respective controls at 1 h. Compared to the capacitation group, the capacitation rate of the mimic group was continuously lower within 3 h.
[image: Figure 4]FIGURE 4 | (A) Assessment of the acrosomal status and capacitation rate at 37°C by a PNA/PI staining assay. Furthermore, 40 ng/ml heparin was used to stimulate acrosome reaction as the positive control. A: integral acrosome (green, PI−/PNA+), B: dead sperm (red, PI+/PNA−), C: acrosomal reaction (green/red, PI+/PNA+), D: damaged acrosome and incomplete membrane (green/red, PI+/PNA+). (B) The capacitation rate is equal to the sum of C group divided by the total sperm. The data are representative of at least three independent experiments (mean ± SEM).
Effect of piR-121380 on Intracellular Ca2+ Concentration ([Ca2+]i) in Boar Sperm
Our data demonstrated that piR-121380 exhibited a facilitating effect on the intracellular Ca2+ concentration ([Ca2+]i)-dependent sperm functions, including sperm motility and capacitation rate, implying that piR-121380 may affect sperm Ca2+ signaling. Therefore, we further investigated whether piR-121380 affects boar sperm [Ca2+]i. Since the change of calcium ions is fast, we detected the intracellular concentration of Ca2+ at 0, 1, 3 and 6 h after transfection (Figure 5A). The results indicated that there were no statistically significant differences between the control group and transfection groups within 6 h. However, the sperm [Ca2+]i in the capacitation group was significantly higher than that in the control group at 1 and 6 h. To further identify the relationship between piR-121380 and intracellular calcium, we examined the relative expression of piR-121380 in calcium free medium. The results showed that the expression of piR-121380 was significantly increased (p < 0.01) when there was no extracellular Ca2+ (Figure 5B).
[image: Figure 5]FIGURE 5 | Effect of piR-121380 on [Ca2+]i of boar sperm at 37°C. (A) After transfection and incubation with heparin, sperm were stained with 4 μM Fluo 4, am. The [Ca2+]i was determined by the following equation: ΔF/F0 (%) = (F − F0)/F0 × 100%. F indicates the fluorescent intensity of each group, and F0 indicates the fluorescence intensity of sperm suspension without treatment. (B) The expression of piR-121380 after adding 5 μM EGTA, 20 μM nifedipine and 50 μM EGTA, 50 μM nifedipine and 50 μM EGTA, and 100 μM nifedipine and 50 μM EGTA, respectively, into sperm to inhibit the influx of Ca2+. The data are representative of at least three independent experiments (mean ± SEM).
Localization of PTPN7, ERK1, and ERK2 Proteins in Boar Sperm
To clarify the localization of PTPN7, ERK1, and ERK2 in boar sperm, sperm without methanol treatment were incubated with anti-PTPN7, ERK1, and ERK2 antibodies. ERK1/2 was located on the head and distributed along the tail of mature ejaculated boar spermatozoa (Figures 6A,B). PTPN7 was mainly located on the head of boar sperm with a little distribution on the neck and tail (Figure 6C).
[image: Figure 6]FIGURE 6 | Localization of ERK1/2 and PTPN7 on boar sperm. (A) ERK1, (B) ERK2, and (C) PTPN7.
piR-121380 Negatively Regulates ERK2 Phosphorylation by Targeting PTPN7
To observe the effect of piR-121380 on ERK1/2 phosphorylation, and the difference in pattern of PTPN7 and ERK1/2 phosphorylation between cryopreservation and capacitation, we detected the protein levels of PTPN7, ERK1/2, and phosphorylated ERK1/2 in transfected, frozen–thawed, and capacitated sperm. Results showed that the protein level of PTPN7 was significantly decreased (p < 0.01) in the mimic group as compared to the mimic NC group at 6 h (Figure 7C). Conversely, the protein level of PTPN7 was significantly increased (p < 0.01) in the inhibitor group as compared to the inhibitor NC group at 6 h. Similarly, the protein level of PTPN7 was significantly increased (p < 0.01) in frozen–thawed sperm, which showed no significant difference between the NC group and capacitation group (Figure 7B). The protein level of phosphorylated ERK1/2, when normalized to total ERK1/2 protein, was significantly decreased (p < 0.01) in frozen–thawed and capacitation groups (Figure 7B). Interestingly, we found the existence of total ERK1/2 protein and phosphorylated ERK2 protein, without phosphorylated ERK1 protein at 6 h (Figure 7A). Results also showed that the protein level of phosphorylated ERK2, when normalized to total ERK2 protein, was significantly increased (p < 0.01) and decreased (p < 0.01) in the mimic group and inhibitor group at 6 h, respectively. The protein bands of phosphorylated ERK1/2 and PTPN7 in transfected sperm at 0 and 3 h are shown in Supplementary Figure S2.
[image: Figure 7]FIGURE 7 | The protein levels of PTPN7, total ERK1/2, and phosphorylated ERK1/2 in boar sperm were measured by Western blot. (A) Anti-phosphorylated proteins were extracted from transfected, frozen–thawed, and capacitated sperm. Western blots performed using anti-ERK1/2, phospho-ERK1/2, PTPN7, and β-Tubulin antibodies. The results are representative of three independent experiments. (B) The protein levels of phosphorylated ERK1/2 and PTPN7 in fresh, frozen–thawed, NC, and capacitated sperm. “NC” means negative control group incubated at 37°C. “Capa-” means capacitation group. The protein level of phosphorylated ERK1/2 was quantified by normalization to total ERK1/2 protein using ImageJ, and the level of PTPN7 was quantified by normalization to β-Tubulin. (C) The protein levels of phosphorylated ERK2 and PTPN7 were shown in transfected sperm at 6 h.
DISCUSSION
In addition to the common changes during cryopreservation, the freezing–thawing procedure also affects other important components related to sperm functions, such as DNA integrity, messenger RNAs (mRNAs), and non-coding RNAs (Ran et al., 2019; Peris-Frau et al., 2021; Wang et al., 2021). Although significant progress has been made in the identification of markers of cryopreservation, including certain mRNA, miRNA transcripts, and proteins, little attention has been paid to piRNAs involved in cryoresistance. Our current study provides a novel insight that piR-121380 regulates boar sperm motility and is involved in sperm cryo-capacitation through phosphorylation of ERK2 by targeting PTPN7. We observed that PTPN7 was positively targeted by piR-121380 (Figure 1A). Following transfection with piR-121380 mimic and inhibitor, the mRNA expression of PTPN7, sperm motility and forward motility was increased and decreased, respectively (Figures 2A, 3), consistent with a previous study showing that sperm motilities of human and mouse were decreased with PTPN7 inhibition (Tomes et al., 2004). A previous study also explained the relationship between piRNAs and sperm motility (Capra et al., 2017). Furthermore, extracellular signal-regulated kinase (ERK) module of the MAPK pathway seems to promote sperm hyperactivated motility and acrosomal reaction (Almog et al., 2008; Li et al., 2009). In the present study, an increased phosphorylation of ERK2 was observed in the mimic group, suggesting that piR-121380 regulates sperm motility through phosphorylation of ERK2 by targeting PTPN7. Our findings provide molecular evidence and reveal a potential link between piR-121380, PTPN7, and sperm motility.
Although the central role of cAMP/PKA/protein tyrosine phosphorylation cascade has been identified in cryo-capacitation changes, the molecular mechanism of protein tyrosine phosphorylation during cryopreservation has not been fully investigated. Multiple subtypes of PTP have been identified in mouse, human, and pig sperm (except for PTPN7), all of which are involved in sperm motility and capacitation (Tomes et al., 2004; Gonzalez-Fernandez et al., 2009). In this study, we first reported the pattern of PTPN7 protein in boar sperm, falling into class I cysteine-based PTPs. Compared to fresh sperm, the protein level of PTPN7 was significantly increased (p < 0.01) in frozen–thawed sperm, but no differences were observed between fresh and capacitated sperm (Figure 7B), implying the different patterns of PTPN7 between cryo-capacitation and true capacitation. To further investigate whether cryopreservation affects ERK1/2 phosphorylation via PTPN7, we showed that after transfection with piR-121380 inhibitor, the levels of phosphorylated PTPN7 and ERK2 were increased and decreased, respectively (Figures 7B,C), consistent with the negative regulation relationship between PTPN7 and ERK2 identified in somatic cells reported previously (Inamdar et al., 2019). Normally, protein tyrosine phosphorylation occurs in the head of sperm, such as a kinase anchor protein (AKAP82), fibrous sheath protein of 95 kDa (FSP95), and calcium-binding tyrosine phosphorylation-regulated protein (CABYR), all of which play an important role in hyperactivation (Johnson et al., 1997; Mandal et al., 1999; Naaby-Hansen et al., 2002). In this study, the distribution of PTPN7 overlapped with that of ERK1/2 in acrosomal compartments, which helps elucidate the involvement of PTPN7 and ERK2 phosphorylation in boar sperm motility.
Notably, after transfection with piR-121380 mimic, the decreased mRNA expression of PTPN7 was inconsistent with the amount of PTPN7 protein, which was similar with the changes during cryopreservation (Figures 2A, 7B). Comparing PTPN7 mRNA half-life between fresh and frozen–thawed sperm (Supplementary Figure S1) leads us to believe that decreased PTPN7 mRNA expression induced by cryopreservation results in PTPN7 protein synthesis and is not a product of mRNA degradation. Although transcription and translation are considered silent events in spermatozoa, there are many mRNA transcripts that can result in promotion of translation for protein synthesis (Lv et al., 2020; Lymbery et al., 2020).
Phosphorylation of ERK1/2 has been demonstrated to be tightly coupled with intracellular calcium concentration (Jaldety and Breitbart, 2015). Influx of Ca2+ is one of the decisive events to regulate sperm motility, acrosomal reaction, and chemotaxis (Trevino et al., 2006; Mizuno et al., 2012; Liu et al., 2018). The influx of Ca2+ is mainly carried by the CatSper channels located on sperm flagellar. It is well known that cryopreservation impairs the CatSper channel due to the loss of cholesterol, resulting in a massive influx of Ca2+ into the sperm, further leading to activation of a set of soluble adenylate cyclase (sAC)/cAMP/PKA (Gungor et al., 2021). In this study, no significant differences in the concentration of intracellular calcium were observed after transfection with piR-121380 mimic and inhibitor. However, the expression of piR-121380 was significantly increased (p < 0.01) in the absence of extracellular Ca2+ in the culture medium. Therefore, we believe that piR-121380, downstream of calcium influx, regulates PTPN7 to affect sperm motility.
In addition to the roles in sperm motility, piR-121380 also plays an important role in acrosomal reaction in sperm. In our study, increased and decreased capacitation rates were observed in mimic and inhibitor groups, respectively. Defective capacitation and failure to bind and penetrate the zona pellucida have been reported in pachytene piRNA mutant sperm (Wu et al., 2020). Choi et al. found sperm acrosome growth and infertility in mice lacking chromosome 18 pachytene piRNA (Choi et al., 2021). In light of the significant regulatory role of ERK1/2 in boar sperm capacitation (Awda and Buhr, 2010), piR-121380 might have an indirect role in regulating acrosomal reaction through ERK2 phosphorylation in mature boar sperm.
CONCLUSION
In this study, we demonstrated that the mRNA expression of piR-121380 was significantly decreased in post-thawed boar sperm. Further studies showed that piR-121380 regulates boar sperm motility and is involved in sperm cryo-capacitation through phosphorylation of ERK2 via targeting PTPN7. We explored the role of piRNA in the process of sperm cryo-capacitation, which helps to further understand the molecular mechanism of cryo-capacitation and improve the quality of frozen–thawed boar sperm.
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 author.
ETHICS STATEMENT
The animal study was reviewed and approved by the Institutional Animal Care and Use Committee in the College of Animal Science and Technology, Sichuan Agricultural University, Sichuan, China, under permit No. 2019202012. Written informed consent was obtained from the owners for the participation of their animals in this study.
AUTHOR CONTRIBUTIONS
YW and XY collected samples, performed the experiments, analyzed the data, and drafted the manuscript. MA and ZQ revised the manuscript critically. YZ revised the manuscript critically and gave final approval for publication. CZ gave the concept, designed, and granted the experiment and revised before giving final approval for publication of manuscript. All authors reviewed and approved the final manuscript.
FUNDING
This research was supported by the National Natural Science Foundation of China (No. 31872356 and No. 31570533) and Sichuan Science and Technology Program (No. 2021ZDZX0008).
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.
ACKNOWLEDGMENTS
We offer special thanks to Sichuan Pengzhou Golden Pig Agriculture Co., Ltd. for semen collection.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2021.792994/full#supplementary-material
REFERENCES
 Almog, T., Lazar, S., Reiss, N., Etkovitz, N., Milch, E., Rahamim, N., et al. (2008). Identification of Extracellular Signal-Regulated Kinase 1/2 and P38 MAPK as Regulators of Human Sperm Motility and Acrosome Reaction and as Predictors of Poor Spermatozoan Quality. J. Biol. Chem. 283, 14479–14489. doi:10.1074/jbc.M710492200
 Asquith, K. L., Baleato, R. M., Mclaughlin, E. A., Nixon, B., and Aitken, R. J. (2004). Tyrosine Phosphorylation Activates Surface Chaperones Facilitating Sperm-Zona Recognition. J. Cel Sci. 117, 3645–3657. doi:10.1242/jcs.01214
 Awda, B. J., and Buhr, M. M. (2010). Extracellular Signal-Regulated Kinases (ERKs) Pathway and Reactive Oxygen Species Regulate Tyrosine Phosphorylation in Capacitating Boar Spermatozoa1. Biol. Reprod. 83, 750–758. doi:10.1095/biolreprod.109.082008
 Brener, E., Rubinstein, S., Cohen, G., Shternall, K., Rivlin, J., and Breitbart, H. (2003). Remodeling of the Actin Cytoskeleton during Mammalian Sperm Capacitation and Acrosome Reaction1. Biol. Reprod. 68, 837–845. doi:10.1095/biolreprod.102.009233
 Capra, E., Turri, F., Lazzari, B., Cremonesi, P., Gliozzi, T. M., Fojadelli, I., et al. (2017). Small RNA Sequencing of Cryopreserved Semen from Single Bull Revealed Altered miRNAs and piRNAs Expression between High- and Low-Motile Sperm Populations. BMC Genomics 18, 14. doi:10.1186/s12864-016-3394-7
 Cerolini, S., Maldjian, A., Surai, P., and Noble, R. (2000). Viability, Susceptibility to Peroxidation and Fatty Acid Composition of Boar Semen during Liquid Storage. Anim. Reprod. Sci. 58, 99–111. doi:10.1016/s0378-4320(99)00035-4
 Chen, C. Y. A., Ezzeddine, N., and Shyu, A. B. (2008). Chapter 17 Messenger RNA Half‐Life Measurements in Mammalian Cells. Methods Enzymol. 448, 335–357. doi:10.1016/S0076-6879(08)02617-7
 Choi, H., Wang, Z., and Dean, J. (2021). Sperm Acrosome Overgrowth and Infertility in Mice Lacking Chromosome 18 Pachytene piRNA. Plos Genet. 17, e1009485. doi:10.1371/journal.pgen.1009485
 Cormier, N., and Bailey, J. L. (2003). A Differential Mechanism Is Involved during Heparin- and Cryopreservation-Induced Capacitation of Bovine Spermatozoa. Biol. Reprod. 69, 177–185. doi:10.1095/biolreprod.102.011056
 Dai, P., Wang, X., Gou, L.-T., Li, Z.-T., Wen, Z., Chen, Z.-G., et al. (2019). A Translation-Activating Function of MIWI/piRNA during Mouse Spermiogenesis. Cell 179, 1566–1581. doi:10.1016/j.cell.2019.11.022
 Dardmeh, F., Heidari, M., and Alipour, H. (2021). Comparison of Commercially Available Chamber Slides for Computer-Aided Analysis of Human Sperm. Syst. Biol. Reprod. Med. 67, 168–175. doi:10.1080/19396368.2020.1850907
 Fukuda, N., Yomogida, K., Okabe, M., and Touhara, K. (2004). Functional Characterization of a Mouse Testicular Olfactory Receptor and its Role in Chemosensing and in Regulation of Sperm Motility. J. Cel Sci. 117, 5835–5845. doi:10.1242/jcs.01507
 González-Fernández, L., Ortega-Ferrusola, C., Macias-Garcia, B., Salido, G. M., Peña, F. J., and Tapia, J. A. (2009). Identification of Protein Tyrosine Phosphatases and Dual-Specificity Phosphatases in Mammalian Spermatozoa and Their Role in Sperm Motility and Protein Tyrosine Phosphorylation1. Biol. Reprod. 80, 1239–1252. doi:10.1095/biolreprod.108.073486
 Grasa, P., Cebrián-Pérez, J. A., and Muiño-Blanco, T. (2006). Signal Transduction Mechanisms Involved in In Vitro Ram Sperm Capacitation. Reproduction 132, 721–732. doi:10.1530/rep.1.00770
 Green, C., and Watson, P. (2001). Comparison of the Capacitation-like State of Cooled Boar Spermatozoa with True Capacitation. Reproduction 122, 889–898. doi:10.1530/rep.0.1220889
 Güngör, İ. H., Tektemur, A., Arkali, G., Dayan Cinkara, S., Acisu, T. C., Koca, R. H., et al. (2021). Effect of Freeze-Thawing Process on Lipid Peroxidation, miRNAs, Ion Channels, Apoptosis and Global DNA Methylation in Ram Spermatozoa. Reprod. Fertil. Dev. 33, 747–759. doi:10.1071/RD21091
 Guo, X. H., Zhang, Q., Li, M., Gao, P. F., Cao, G. Q., Cheng, Z. M., et al. (2018). Novel Alternatively Spliced Isoforms of MEF2A and Their mRNA Expression Patterns in Pigs. J. Genet. 97, 977–985. doi:10.1007/s12041-018-0990-0
 Halbach, R., Miesen, P., Joosten, J., Taşköprü, E., Rondeel, I., Pennings, B., et al. (2020). A Satellite Repeat-Derived piRNA Controls Embryonic Development of Aedes. Nature 580, 274–277. doi:10.1038/s41586-020-2159-2
 Inamdar, V. V., Reddy, H., Dangelmaier, C., Kostyak, J. C., and Kunapuli, S. P. (2019). The Protein Tyrosine Phosphatase PTPN7 Is a Negative Regulator of ERK Activation and Thromboxane Generation in Platelets. J. Biol. Chem. 294, 12547–12554. doi:10.1074/jbc.RA119.007735
 Jaldety, Y., and Breitbart, H. (2015). ERK1/2 Mediates Sperm Acrosome Reaction through Elevation of Intracellular Calcium Concentration. Zygote 23, 652–661. doi:10.1017/S096719941400029X
 John, B., Enright, A. J., Aravin, A., Tuschl, T., Sander, C., and Marks, D. S. (2004). Human MicroRNA Targets. Plos Biol. 2, e363. doi:10.1371/journal.pbio.0020363
 Johnson, L. R., Foster, J. A., Haig-Ladewig, L., Vanscoy, H., Rubin, C. S., Moss, S. B., et al. (1997). Assembly of AKAP82, a Protein Kinase A Anchor Protein, into the Fibrous Sheath of Mouse Sperm. Develop. Biol. 192, 340–350. doi:10.1006/dbio.1997.8767
 Kadirvel, G., Kathiravan, P., and Kumar, S. (2011). Protein Tyrosine Phosphorylation and Zona Binding Ability of In Vitro Capacitated and Cryopreserved buffalo Spermatozoa. Theriogenology 75, 1630–1639. doi:10.1016/j.theriogenology.2011.01.003
 Kamminga, L. M., Luteijn, M. J., Den Broeder, M. J., Redl, S., Kaaij, L. J. T., Roovers, E. F., et al. (2010). Hen1 Is Required for Oocyte Development and piRNA Stability in Zebrafish. EMBO J. 29, 3688–3700. doi:10.1038/emboj.2010.233
 Kato, Y., Kumar, S., Lessard, C., and Bailey, J. L. (2021). ACRBP (Sp32) Is Involved in Priming Sperm for the Acrosome Reaction and the Binding of Sperm to the Zona Pellucida in a Porcine Model. PLoS One 16, e0251973. doi:10.1371/journal.pone.0251973
 Kiuchi, T., Koga, H., Kawamoto, M., Shoji, K., Sakai, H., Arai, Y., et al. (2014). A Single Female-specific piRNA Is the Primary Determiner of Sex in the Silkworm. Nature 509, 633–636. doi:10.1038/nature13315
 Kumar, R., and Atreja, S. (2012). Effect of Incorporation of Additives in Tris-Based Egg Yolk Extender on buffalo (Bubalus Bubalis) Sperm Tyrosine Phosphorylation during Cryopreservation. Reprod. Domest. Anim. 47, 485–490. doi:10.1111/j.1439-0531.2011.01908.x
 Kumaresan, A., Johannisson, A., Saravia, F., and Bergqvist, A. S. (2012). The Effect of Oviductal Fluid on Protein Tyrosine Phosphorylation in Cryopreserved Boar Spermatozoa Differs with the Freezing Method. Theriogenology 77, 588–599. doi:10.1016/j.theriogenology.2011.08.035
 Li, M. W. M., Mruk, D. D., and Cheng, C. Y. (2009). Mitogen-activated Protein Kinases in Male Reproductive Function. Trends Mol. Med. 15, 159–168. doi:10.1016/j.molmed.2009.02.002
 Liu, Y., Cheng, H., and Tiersch, T. R. (2018). The Role of Alkalinization-Induced Ca2+ Influx in Sperm Motility Activation of a Viviparous Fish Redtail Splitfin (Xenotoca Eiseni)†. Biol. Reprod. 99, 1159–1170. doi:10.1093/biolre/ioy150
 Livak, K. J., and Schmittgen, T. D. (2001). Analysis of Relative Gene Expression Data Using Real-Time Quantitative PCR and the 2−ΔΔCT Method. Methods 25, 402–408. doi:10.1006/meth.2001.1262
 Luconi, M., Porazzi, I., Ferruzzi, P., Marchiani, S., Forti, G., and Baldi, E. (2005). Tyrosine Phosphorylation of the A Kinase Anchoring Protein 3 (AKAP3) and Soluble Adenylate Cyclase Are Involved in the Increase of Human Sperm Motility by Bicarbonate1. Biol. Reprod. 72, 22–32. doi:10.1095/biolreprod.104.032490
 Lv, C., Larbi, A., Memon, S., Liang, J., Zhao, X., Shao, Q., et al. (2020). The Proteomic Characterization of Ram Sperm during Cryopreservation Analyzed by the Two-Dimensional Electrophoresis Coupled with Mass Spectrometry. Cryobiology 97, 37–45. doi:10.1016/j.cryobiol.2020.10.011
 Lymbery, R. A., Evans, J. P., and Kennington, W. J. (2020). Post-ejaculation thermal Stress Causes Changes to the RNA Profile of Sperm in an External Fertilizer. Proc. R. Soc. B. 287, 20202147. doi:10.1098/rspb.2020.2147
 Ma, X., Zhu, X., Han, Y., Story, B., Do, T., Song, X., et al. (2017). Aubergine Controls Germline Stem Cell Self-Renewal and Progeny Differentiation via Distinct Mechanisms. Develop. Cel 41, 157–169. doi:10.1016/j.devcel.2017.03.023
 Malone, C. D., and Hannon, G. J. (2009). Small RNAs as Guardians of the Genome. Cell 136, 656–668. doi:10.1016/j.cell.2009.01.045
 Mandal, A., Naaby-Hansen, S., Wolkowicz, M. J., Klotz, K., Shetty, J., Retief, J. D., et al. (1999). FSP95, A Testis-specific 95-Kilodalton Fibrous Sheath Antigen that Undergoes Tyrosine Phosphorylation in Capacitated Human Spermatozoa1. Biol. Reprod. 61, 1184–1197. doi:10.1095/biolreprod61.5.1184
 Mendoza, C., Carreras, A., Moos, J., and Tesarik, J. (1992). Distinction between True Acrosome Reaction and Degenerative Acrosome Loss by a One-step Staining Method Using Pisum Sativum Agglutinin. Reproduction 95, 755–763. doi:10.1530/jrf.0.0950755
 Milardi, D., Colussi, C., Grande, G., Vincenzoni, F., Pierconti, F., Mancini, F., et al. (2017). Olfactory Receptors in Semen and in the Male Tract: From Proteome to Proteins. Front. Endocrinol. 8, 379. doi:10.3389/fendo.2017.00379
 Mizuno, K., Shiba, K., Okai, M., Takahashi, Y., Shitaka, Y., Oiwa, K., et al. (2012). Calaxin Drives Sperm Chemotaxis by Ca2+-Mediated Direct Modulation of a Dynein Motor. Proc. Natl. Acad. Sci. 109, 20497–20502. doi:10.1073/pnas.1217018109
 Mor, V., Das, T., Bhattacharjee, M., and Chatterjee, T. (2007). Protein Tyrosine Phosphorylation of a Heparin-Binding Sperm Membrane Mitogen (HBSM) Is Associated with Capacitation and Acrosome Reaction. Biochem. Biophys. Res. Commun. 352, 404–409. doi:10.1016/j.bbrc.2006.11.026
 Naaby-Hansen, S., Mandal, A., Wolkowicz, M. J., Sen, B., Westbrook, V. A., Shetty, J., et al. (2002). CABYR, a Novel Calcium-Binding Tyrosine Phosphorylation-Regulated Fibrous Sheath Protein Involved in Capacitation. Develop. Biol. 242, 236–254. doi:10.1006/dbio.2001.0527
 Orrego, M. T., Melian, S. I., Montenegro, J., Cimato, A. N., Cisale, H., and Piehl, L. L. (2019). Boar Sperm Protein Tyrosine Phosphorylation in the Presence of Egg Yolk Soluble and Low Density Lipoprotein Fractions during Cooling. Theriogenology 123, 151–158. doi:10.1016/j.theriogenology.2018.09.031
 Ozkavukcu, S., Erdemli, E., Isik, A., Oztuna, D., and Karahuseyinoglu, S. (2008). Effects of Cryopreservation on Sperm Parameters and Ultrastructural Morphology of Human Spermatozoa. J. Assist. Reprod. Genet. 25, 403–411. doi:10.1007/s10815-008-9232-3
 Parrish, J. J., Susko-Parrish, J. L., and First, N. L. (1985). Effect of Heparin and Chondroitin Sulfate on the Acrosome Reaction and Fertility of Bovine Sperm In Vitro. Theriogenology 24, 537–549. doi:10.1016/0093-691x(85)90060-3
 Peris‐Frau, P., Álvarez‐Rodríguez, M., Martín‐Maestro, A., Iniesta‐Cuerda, M., Sánchez‐Ajofrín, I., Medina‐Chávez, D. A., et al. (2021). Unravelling How In Vitro Capacitation Alters Ram Sperm Chromatin before and after Cryopreservation. Andrology 9, 414–425. doi:10.1111/andr.12900
 Ran, M. X., Zhou, Y. M., Liang, K., Wang, W. C., Zhang, Y., Zhang, M., et al. (2019). Comparative Analysis of MicroRNA and mRNA Profiles of Sperm with Different Freeze Tolerance Capacities in Boar (Sus scrofa) and Giant Panda (Ailuropoda Melanoleuca). Biomolecules 9, 432. doi:10.3390/biom9090432
 Roberts, K. P., Wamstad, J. A., Ensrud, K. M., and Hamilton, D. W. (2003). Inhibition of Capacitation-Associated Tyrosine Phosphorylation Signaling in Rat Sperm by Epididymal Protein Crisp-11. Biol. Reprod. 69, 572–581. doi:10.1095/biolreprod.102.013771
 Rodrigues, A. C., Curi, R., Hirata, M. H., and Hirata, R. D. C. (2009). Decreased ABCB1 mRNA Expression Induced by Atorvastatin Results from Enhanced mRNA Degradation in HepG2 Cells. Eur. J. Pharm. Sci. 37, 486–491. doi:10.1016/j.ejps.2009.04.006
 Seligman, J., Zipser, Y., and Kosower, N. S. (2004). Tyrosine Phosphorylation, Thiol Status, and Protein Tyrosine Phosphatase in Rat Epididymal Spermatozoa. Biol. Reprod. 71, 1009–1015. doi:10.1095/biolreprod.104.028035
 Spehr, M., Schwane, K., Riffell, J. A., Barbour, J., Zimmer, R. K., Neuhaus, E. M., et al. (2004). Particulate Adenylate Cyclase Plays a Key Role in Human Sperm Olfactory Receptor-Mediated Chemotaxis. J. Biol. Chem. 279, 40194–40203. doi:10.1074/jbc.M403913200
 Tomes, C. N., Roggero, C. M., De Blas, G., Saling, P. M., and Mayorga, L. S. (2004). Requirement of Protein Tyrosine Kinase and Phosphatase Activities for Human Sperm Exocytosis. Develop. Biol. 265, 399–415. doi:10.1016/j.ydbio.2003.09.032
 Treulen, F., Arias, M. E., Aguila, L., Uribe, P., and Felmer, R. (2018). Cryopreservation Induces Mitochondrial Permeability Transition in a Bovine Sperm Model. Cryobiology 83, 65–74. doi:10.1016/j.cryobiol.2018.06.001
 Treviño, C. L., De la Vega-Beltrán, J. L., Nishigaki, T., Felix, R., and Darszon, A. (2006). Maitotoxin Potently Promotes Ca2+ Influx in Mouse Spermatogenic Cells and Sperm, and Induces the Acrosome Reaction. J. Cel. Physiol. 206, 449–456. doi:10.1002/jcp.20487
 Vadnais, M. L., and Althouse, G. C. (2011). Characterization of Capacitation, Cryoinjury, and the Role of Seminal Plasma in Porcine Sperm. Theriogenology 76, 1508–1516. doi:10.1016/j.theriogenology.2011.06.021
 Visconti, P. E., Krapf, D., de la Vega-Beltrán, J. L., Acevedo, J. J., and Darszon, A. (2011). Ion Channels, Phosphorylation and Mammalian Sperm Capacitation. Asian J. Androl. 13, 395–405. doi:10.1038/aja.2010.69
 Wang, W., Liang, K., Chang, Y., Ran, M., Zhang, Y., Ali, M. A., et al. (2020). miR-26a Is Involved in Glycometabolism and Affects Boar Sperm Viability by Targeting PDHX. Cells 9, 146. doi:10.3390/cells9010146
 Wang, Y., Zhou, Y., Ali, M. A., Zhang, J., Wang, W., Huang, Y., et al. (2021). Comparative Analysis of piRNA Profiles Helps to Elucidate Cryoinjury between Giant Panda and Boar Sperm during Cryopreservation. Front. Vet. Sci. 8, 635013. doi:10.3389/fvets.2021.635013
 Wu, P.-H., Fu, Y., Cecchini, K., Özata, D. M., Arif, A., Yu, T., et al. (2020). The Evolutionarily Conserved piRNA-Producing Locus Pi6 Is Required for Male Mouse Fertility. Nat. Genet. 52, 728–739. doi:10.1038/s41588-020-0657-7
 Xia, J., and Ren, D. (2009). The BSA-Induced Ca(2+) Influx during Sperm Capacitation Is CATSPER Channel-dependent. Reprod. Biol. Endocrinol. 7, 119. doi:10.1186/1477-7827-7-119
 Yeste, M., Estrada, E., Rocha, L. G., Marín, H., Rodríguez-Gil, J. E., and Miró, J. (2015). Cryotolerance of Stallion Spermatozoa Is Related to ROS Production and Mitochondrial Membrane Potential rather Than to the Integrity of Sperm Nucleus. Andrology 3, 395–407. doi:10.1111/andr.291
 Yeste, M., Rodríguez-Gil, J. E., and Bonet, S. (2017). Artificial Insemination with Frozen-Thawed Boar Sperm. Mol. Reprod. Dev. 84, 802–813. doi:10.1002/mrd.22840
 Yeste, M. (2016). Sperm Cryopreservation Update: Cryodamage, Markers, and Factors Affecting the Sperm Freezability in Pigs. Theriogenology 85, 47–64. doi:10.1016/j.theriogenology.2015.09.047
 Zeng, C., Tang, K., He, L., Peng, W., Ding, L., Fang, D., et al. (2014). Effects of Glycerol on Apoptotic Signaling Pathways during Boar Spermatozoa Cryopreservation. Cryobiology 68, 395–404. doi:10.1016/j.cryobiol.2014.03.008
 Zhang, P., Kang, J.-Y., Gou, L.-T., Wang, J., Xue, Y., Skogerboe, G., et al. (2015). MIWI and piRNA-Mediated Cleavage of Messenger RNAs in Mouse Testes. Cell Res. 25, 193–207. doi:10.1038/cr.2015.4
 Zhao, S., Gou, L.-T., Zhang, M., Zu, L.-D., Hua, M.-M., Hua, Y., et al. (2013). piRNA-Triggered MIWI Ubiquitination and Removal by APC/C in Late Spermatogenesis. Develop. Cel 24, 13–25. doi:10.1016/j.devcel.2012.12.006
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 © 2022 Wang, Yuan, Ali, Qin, Zhang and Zeng. 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-09-792994-g005.gif





OPS/images/fcell-09-792994-g006.gif





OPS/images/fcell-09-792994-g003.gif





OPS/images/fcell-09-792994-g004.gif





OPS/images/fcell-09-792994-g007.gif





OPS/images/fcell-09-792994-t001.jpg
Gene

GAPDH

18S rRNA

PTPN7

ERK1

ERK2

Sequence (5-3)

F: ACTCACTCTTCTACCTTTGATGT
R: TGTTGCTGTAGCCAAATTCA

F: CCCACGGAATCGAGAAAGAG
R: TTIGACGGAAGGGCACCA

F: ATCTTGCCAAACCCCCAGAG
R: GCGATGTAGGCCTTGTCCTT
F: CAGTCTCTGCCCTCCAAGA

R: AGGTAAGGATGAGCCAGTGC
F: CCCCATCACAGGAAGACCT

R: GCTTTGGAGTCAGCATTTGG

()
60.0
60.0
60.0
60.0

57.8

Product size (bp)

100
132
119
146

121

(NCBI accession)

XM_021091114.1
Guo et al. (2018)
XM_021064634.1
XM_013991188.1

NM_001198922.1





OPS/xhtml/nav.xhtml
Contents

		Cover

		piR-121380 Is Involved in Cryo-Capacitation and Regulates Post-Thawed Boar Sperm Quality Through Phosphorylation of ERK2 via Targeting PTPN7		Introduction

		Materials and Methods		Ethical Statement

		Semen Collection and Treatment

		Semen Cryopreservation

		RNA Stability Assay

		Sperm Electro-Transfection

		RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR

		Target Prediction of piR-121380 and Dual Luciferase Reporter Assay

		Sperm Motility Detection

		Assessment of Acrosomal Status and Capacitation

		Measurement of Intracellular Calcium

		Immunolocalization of ERK1/2 and PTPN7 in Boar Sperm

		Western Blotting Analysis

		Statistical Analysis





		Results		PTPN7 is a Target Gene of piR-121380

		Effect of Cryopreservation and Capacitation on the Expression of piR-121380, PTPN7 and ERK1/2

		piR-121380 has a Facilitating Effect on Sperm Motility

		Effect of piR-121380 on Sperm Acrosome Reaction

		Effect of piR-121380 on Intracellular Ca2+ Concentration ([Ca2+]i) in Boar Sperm

		Localization of PTPN7, ERK1, and ERK2 Proteins in Boar Sperm

		piR-121380 Negatively Regulates ERK2 Phosphorylation by Targeting PTPN7





		Discussion

		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
frontiers
in Cell and Developmental Biology

piR-121380 Is Involved in Cryo-
Capacitation and Regulates
Post-Thawed Boar Sperm Quality
Through Phosphorylation of
ERK2 via Targeting PTPN7





OPS/images/fcell-09-792994-g001.gif
-
‘‘‘‘‘‘‘‘‘‘‘‘





OPS/images/fcell-09-792994-g002.gif
M 1 |\









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
’ frontiers
in Cell and Developmental Biology





