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Abstract

:

Key proteins transferred by epididymal extracellular vesicles (EVs) to the transiting sperm cells contribute to their centrosomal maturation and developmental potential. Although not reported in sperm cells yet, galectin-3-binding protein (LGALS3BP) is known to regulate centrosomal functions in somatic cells. Using the domestic cat model, the objectives of this study were to (1) detect the presence and characterize the transfer of LGALS3BP via EVs between the epididymis and the maturing sperm cells and (2) demonstrate the impact of LGALS3BP transfer on sperm fertilizing ability and developmental potential. Testicular tissues, epididymides, EVs, and spermatozoa were isolated from adult individuals. For the first time, this protein was detected in EVs secreted by the epididymal epithelium. The percentage of spermatozoa with LGALS3BP in the centrosome region increased as cells progressively incorporated EVs during the epididymal transit. When LGALS3BP was inhibited during in vitro fertilization with mature sperm cells, less fertilized oocytes and slower first cell cycles were observed. When the protein was inhibited in epididymal EVs prior to incubation with sperm cells, poor fertilization success further demonstrated the role of EVs in the transfer of LGALS3BP to the spermatozoa. The key roles of this protein could lead to new approaches to enhance or control fertility in clinical settings.
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1. Introduction


Mammalian sperm cells undergo numerous modifications of their structure, composition, and function throughout epididymal transit. Many of these changes are essential to subsequent interactions with the female gamete, including the progress through cumulus cells, binding and crossing of the zona pellucida, fusion with the oolemma, and completion of the first cell cycle [1,2,3,4,5]. Importantly, the integration of small RNAs and specific peptides into the sperm cells during epididymal transit contribute to this maturation process. Following fertilization, sperm cells deliver small RNAs regulating post-transcriptional gene expression during the subsequent embryonic development [6,7,8,9,10]. Additionally, proteins integrated into the sperm cells during epididymal transit affect critical functions, such as sperm motility, fertilization, and early embryonic development [1,2,3,11,12,13,14]. In addition to epididymal merocrine secretions of maturation factors directly incorporated into the sperm cells, small RNAs and proteins without a N-terminal signal sequence are secreted by the epididymal epithelium within membranous vesicles termed extracellular vesicles (EV). These vesicles, also called epididymosomes, range in size from approximately 30 to 500 nm and will fuse with the outer plasma membrane for cellular uptake [15,16,17,18] as previously reported in several species, including the cat [19], mouse [18,20], rat [21], hamster [22], man [23], and bull [24].



Former studies in bovine and mouse models have shown that epididymal EV proteins are incorporated by the sperm cells in a sequential manner [1,14]. Using the domestic cat, a critical biomedical model for humans and other animal species, we previously demonstrated that exposing immature sperm cells to EVs improved motility and subsequent embryonic development partly because of the incorporation of key peptides [5,25,26,27]. However, the functional effects of proteins enclosed in epididymal EVs merit further exploration to refine our understanding of sperm maturation in mammals. Specifically, a protein that deserves more attention is the galectin-3-binding protein (LGALS3BP). LGALS3BP is part of the galectin family which is comprised of beta-galactoside-binding proteins [28]. These proteins are primarily implicated in modulating cell–cell and cell–matrix interactions as well as centriole biogenesis [28,29,30]. Post-translational modification of LGALS3BP results in oligomeric ring-like structures largely due to N- and O-glycosylation modifications, which allow binding with numerous factors in the extracellular matrix, including fibronectin, galectins, and integrins [28]. Furthermore, predicted interactions between LGALS3BP with other proteins in the domestic cat indicate its role in multiple biological processes (Figure 1; STRING CONSORTIUM 2020, version 11.5). Previous studies have reported the presence of LGALS3BP as a component in the proteinaceous linker between somatic cell centrioles [29,30]. Furthermore, Fogeron et al. demonstrated deleterious effects on centrosome regulation when the protein was depleted using LGALS3BP-targeted small interfering RNA [29].



Depletion in HEK293 cells also led to multiple unequally sized centrosome-like structures, indicating the vital role of this protein across cell types [29]. In certain rodent species, including the rat, the proximal centriole will disintegrate throughout spermatogenesis; however, retention of this centriole throughout sperm maturation has been confirmed using transmission electron microscopy across numerous mammalian species, including the domestic cat and tiger [31], bull [32], ram [33], rabbit and man [34]. Together, the proximal and distal centrioles in these species form the sperm centrosome located at the base of the sperm head [32,35]. After fertilization, the sperm centrosome serves as an organizing center for numerous microtubules that are collectively referred to as the sperm aster [4,36,37,38]. This aster guides the male and female pronuclei together (apposition) for the completion of pronuclear syngamy in a timely fashion, which will, in turn, ensure the success of early embryonic development [4,35,36,37,38,39]. Inversely, an immature centrosome results in a significantly smaller sperm aster and a delayed first mitotic division, which compromises the subsequent embryo formation [4]. We previously demonstrated in the domestic cat that epididymal EVs transfer key proteins to the sperm cells and contribute to the maturation and function of the centrosome, which results in improved embryonic development following in vitro fertilization (IVF) [25]. Notably, LGALSB3BP has not been identified as being present within the oocyte. Although it has been detected in other regions of the female reproductive tract such as the endometrium [40,41] or in the follicular fluid [42], it was not identified in the mouse oocyte proteome [43,44] nor in the proteomic analysis of domestic cat germinal vesicles [45]. This suggests that the protein is likely introduced in the oocyte only by the sperm cell upon fertilization. Interestingly, LGALS3BP has also been identified as a biomarker for male infertility. LGALS3BP was found to be overexpressed in azoospermic patients and under-expressed in patients exhibiting oligoasthenozoospermia [46]. Additionally, Freour et al. identified LGALS3BP as a key seminal plasma indicator of viable testicular sperm in patients with non-obstructive azoospermia [47].



Based on the above observations about LGALS3BP, as well as our former studies on the domestic cat model [25], we hypothesized that LGALS3BP might be one of the key proteins transferred to the maturing spermatozoa via epididymal EVs contributing to full sperm functionality (fertilizing ability and developmental potential). Using the domestic cat model, the objectives of the present study were to (1) detect the presence and characterize the transfer of LGALS3BP via EVs between the epididymis and maturing sperm cells and (2) demonstrate the impact of LGALS3BP transfer on sperm fertilizing ability and developmental potential.




2. Results


2.1. Nanoparticle Tracking Analyses of the Extracellular Vesicles


Nanoparticle tracking analyses were performed to determine the size distribution of epididymal EVs (Figure 2). Overall, the average sizes of EVs were relatively consistent between the caput (264.14 ± 9.23 nm; mean ± SEM), corpus (271.18 ± 9.80 nm), and cauda segment (269.60 ± 10.33 nm), as well as the pooled sampled of whole epididymal EVs (285.8 nm; Figure 2).




2.2. Presence and Localization of LGALS3BP in Testicular Tissues, Extracellular Vesicles, and Sperm Cells


LGALS3BP was detected in the seminiferous tubules of the testicular tissue (Figure 3a), as well as in epithelial cells from the caput, corpus, and cauda of the epididymis (Figure 3b–d). LGALS3BP localization in the different segments of the epididymis appeared evenly distributed throughout the epithelial cells (Figure 3c,d). In sperm cells, LGALS3BP labeling was localized in the centrosome region (Figure 4). Western blot analysis, as well as mass spectrometry of whole epididymal tissue (Supplementary Files S1 and S2), confirmed the presence of LGALS3BP in tissues, EVs, and sperm cells isolated from the whole epididymis (Figure 5). Percentages of spermatozoa containing LGALS3BP increased progressively during the epididymal transit, with higher values (p < 0.0001) in sperm cells isolated from the cauda of the epididymis (57.6 ± 1.8%) compared to testicular sperm cells (4.4 ± 1.0%; Figure 6).




2.3. Transfer of LGALS3BP from the Extracellular Vesicles to the Sperm Cells and Effects on Sperm Fertilizing Ability and Developmental Potential


Percentages of sperm cells with LGALS3BP detected in the centrosome region significantly increased (p = 0.0016) in caput spermatozoa co-incubated with EVs (50.0 ± 6.2%) compared to the negative control incubated with plain buffer medium (13.3 ± 8.2%) and reached similar percentages as the cauda control (54.8 ± 1.4%; Figure 7).



We then assessed the impact of inhibiting LGALS3BP (delivered by the sperm cell) on fertilization and the kinetics of the first cell cycle. First, the protein was inhibited by transfecting anti-LGALS3BP antibodies into oocytes prior to IVF with cauda spermatozoa. Percentages of metaphase II oocytes transfected with the Chariot reagent alone resulted in a higher percentage of fertilization compared to oocytes transfected with antibodies (51.5 and 42.7%, respectively; p < 0.05; Figure 8a and Figure 9a). Development to the two-cell stage using 17 h post-insemination was better in the control treatment compared to oocytes transfected with antibodies (29.9 and 14.0%, respectively; p< 0.05; Figure 8b and Figure 9b). We then explored if inhibiting the transfer of this protein to the sperm cell via EV would have similar deleterious effects. LGALS3BP was inhibited in the EVs via Chariot transfection before co-incubation with immature caput sperm cells, followed by IVF. Percentages of metaphase II oocytes fertilized by caput spermatozoa exposed to EVs transfected with Chariot alone was higher compared to sperm co-incubated with EVs transfected with antibodies (34.3 and 20.9%, respectively; p = 0.0395; Figure 8a and Figure 10b). There was no difference between treatment groups in the development to the two-cell stage using 17 h post-insemination (20.0 and 28.6%, respectively; p = 1.390; Figure 8b and Figure 10b).





3. Discussion


LGALS3BP was detected in the seminiferous tubules and epididymal epithelial cells. For the first time, this protein was observed in EVs secreted by the epididymal epithelium. We demonstrated that LGALS3BP was incorporated into the sperm cells via EVs and then localized in the sperm centrosome region. When LGALS3BP was inhibited in the oocyte during IVF with mature sperm cells, the results indicated the key role of LGALS3BP in promoting the sperm–oocyte interaction, as well as the capacity to complete a faster first cell cycle. When LGALS3BP was inhibited within epididymal EVs prior to incubation with immature sperm cells and IVF, lower percentages of fertilization further demonstrated the key role of EVs in the transfer of this vital protein to the spermatozoa.



Nanoparticle tracking analyses characterized the EVs secreted by the epididymal epithelium. The average size of the epididymal EVs was approximately 285.8 nm, which is close to sizes in other species, including the Chinese hamster (range 50–250 nm, [48]), mouse (50–150 nm, [8]), and bull (25–300 nm, [49]). While LGALS3BP has been previously reported to weigh approximately 65–90 kDa in the other species, our analyses in the cat revealed a smaller protein weighing approximately 55 kDa in all sample types. This difference in molecular weight may be due to the post-translational modification of the protein specific to the domestic cat or possible proteolytic cleavage during sample processing.



LGLAS3BP was detected and localized in the seminiferous tubules and epithelial cells of the epididymis, with the same patterns as in somatic cells from other species [50]. It was also observed at the sperm centrosome region, as in the rat model [29]. However, for the first time, we showed that the proportion of sperm cells with LGALS3BP localized at the centrosomal region increased throughout epididymal transit. The proportion also increased following exposure of immature spermatozoa with EVs, indicating the role of these vesicles in transferring the protein. It should be noted that there was a slight difference between the percentages of caput sperm cells containing LGALS3BP in Figure 6 and Figure 7. This is likely due to natural variations between the males used for each study.



Inhibiting LGALS3BP via Chariot transfection of oocytes with anti-LGALS3BP antibodies during IVF resulted in decreased fertilization. Previous reports have demonstrated that depleting LGALS3BP in somatic cells results in diminished centrosomal functions with subsequent anastral spindle organization, as well as the absence or reduction in the size of the centrosome [29]. While the function of LGALS3BP in the sperm cell has not yet been directly analyzed in any species to date, our former studies in the domestic cat had observed similar results when assessing the effects of malformed or immature sperm centrosomes on the production of the sperm aster following fertilization [4]. Similarly, studies assessing sperm centrosome-related male infertility have also reported anastral spindle organization and decreased embryo survival [51,52]. Another study found that this infertility could be overcome by injecting oocytes with spermatozoa that displayed properly aligned head–tail junctions [53]. Decreased embryonic development to the two-cell stage using 17 h post-insemination in the anti-LGALS3BP-transfected oocytes during IVF reemphasized a disruption to the normal centrosome function and subsequent delay in the first mitotic cleavage. As previously reported, a delayed development to the two-cell stage at the 17 hr time point is related to impaired sperm centrosomal function [4,25].



We previously demonstrated that EVs transfer numerous key proteins to the developing spermatozoa, which aids in the centrosomal maturation and ability to successfully coordinate the first mitotic cell division [25,26]. Exposing immature caput sperm cells to EVs also previously resulted in improved embryonic development to the morula and blastocyst stage following IVF [25]. In the present study, we observed deleterious effects on fertilization when LGALS3BP was inhibited within EVs prior to incubation with immature caput sperm cells, followed by IVF. These results are consistent with the negative effects observed when LGALS3BP was first inhibited within the oocyte prior to fertilization by untreated cauda spermatozoa. These data further demonstrate the vital role of EVs in transferring essential proteins from the epididymal epithelium to the maturing spermatozoa. However, development to the two-cell stage using 17 h post-insemination was not decreased in the EV Chariot–control treatment. This may be due to compensatory mechanisms within the oocyte cytoplasm following fertilization or the insufficient inhibition of the LGALS3BP protein by the Chariot reagent throughout the duration of the experiment. As the EVs and caput spermatozoa were subject to a greater degree of handling and manipulation via centrifugations and incubations, it is possible that some protein molecules may have escaped sufficient inhibition at the point in which IVF was performed.



As we recently reviewed, there are still many unknows regarding epididymal EVs in many different species [54]. However, the present findings improve our understanding of a key sperm protein carried by EVs that is involved in successful sperm–oocyte interactions and fast completion of the first cell cycle. Since previous studies reported the use of LGALS3BP as a biomarker for other types of male infertility [46], incorporating the use of EVs as a supplement may improve the success of treatments for this type of condition. In sum, deciphering the key roles of LGALS3BP could lead to new approaches to enhance or even control fertility in clinical settings for animals and humans.




4. Materials and Methods


All chemicals and reagents were purchased from Sigma Chemical Company (St. Louis, MO, USA), unless otherwise stated.



4.1. Tissue and Extracellular Vesicle Collections


Domestic cat testes and ovaries from adult individuals (>1 year old) were supplied to our laboratory by local veterinary clinics. All cats were healthy and did not have any history of chronic pathology or reproductive issues. This study did not require the approval of the Animal Care and Use Committee of the Smithsonian National Zoo and Conservation Biology Institute because cat gonads were collected as byproducts from owner-requested routine orchiectomies or ovariohysterectomies. Male and female tracts were transported and stored in phosphate buffered saline (PBS) at 4 °C for less than 6 h until processing. Spermatozoa were collected separately from caput and cauda of the epididymis by slicing tissue using scalpel blade in Hepes–Hams medium F-10 (Irvine Scientific, Santa Ana, CA, USA) (25 mM Hepes, 1.0 mM pyruvate, 2.0 mM L-glutamine, 100 IU/mL penicillin, 100 μg/mL streptomycin, and 5% fetal calf serum), followed by 5–10 min incubation at room temperature to allow sperm cells to seep out.



Luminal fluids containing EVs were recovered in a similar manor except placed into plain Hepes–Ham medium F-10 (Irvine Scientific), without fetal bovine serum from pools of n = 5 males, each as previously described [25,26]. Briefly, cell debris was discarded from the supernatant using a series of centrifugations at 700× g for 10 min and 3000× g for 10 min at room temperature. The EV fraction was then isolated from the remaining supernatant using ultracentrifugation at 100,000× g for 2 h at 4 °C and resuspended in fresh Ham’s F-10 media (Irvine Scientific). Aliquots of EV samples were stored at −20 °C until further processing. Successful isolation of EVs was previously confirmed via observations performed using a transmission electron microscope (Zeiss 10 CA Transmission Electron Microscope, Dublin, CA, USA) at the University of Maryland Laboratory for Biological Ultrastructure, College Park, MD, USA [26]. All relevant data from collection may also be found in the EV-TRACK knowledgebase (EV-TRACK ID: EV200074, https://evtrack.org/, accessed on 25 November 2022). It should be noted that this study used the operative term, “Extracellular Vesicle” (EV), in accordance with the guidelines set forth by the International Society for Extracellular Vesicles [55]. ISEV endorses the use of this term when defining an isolated sample that has not been further analyzed for EV subtypes (e.g., exosome, microvesicle, apoptotic vesicle, etc.).




4.2. Characterization of Extracellular Vesicles using Nanoparticle Tracking Analysis


EV samples were isolated from each consecutive segment of the epididymis (caput, corpus, and cauda) from individual males (n = 5 males total) and whole epididymides of 5 males pooled together (n = 1 pooled sample). Nanoparticle tracking analysis (NTA) was performed using Cell Guidance Systems (St. Louis, MO, USA). Upon receipt of the samples, they were stored at −80 °C until the day of analysis. Samples were collected in dry ice, and each sample thawed individually at room temperature for analysis. Once thawed, samples were vortexed and sonicated in a water bath for 3 min. Samples were then diluted in 0.2 µm sterile filtered deionized water to achieve the desired dilution and placed into a well on a 24-well plate and aspirated in a 1 mL syringe before being dispensed into the Particle Metrix Zetaview for size analysis.




4.3. Tissue Processing and Immunostaining


Testicular and epididymal tissue samples were fixed in 4% parafomaldehyde, dehydrated, embedded in paraffin, and sectioned at a thickness of 5 μm. Samples then underwent 10 min antigen retrieval at 95 °C (10 mM citric acid, 3 mM methylenediaminetetraacetic acid supplemented with 1% Triton-X), and permeabilized with 0.1% Triton X-100 in PBS (PBS-T) for 3 min. The non-specific antigenic sites were blocked in 5% bovine serum albumin in PBS (1 h, room temperature) and incubated with anti-LGALS3BP (1:100) antibodies overnight at 4 °C in a humidified chamber. After washing (5 min each) in PBS twice and PBS-T once, samples were incubated with secondary antibodies labeled with a fluorescent probe for 1 h at 37 °C (goat anti-mouse 1:100) before observation under a microscope fitted with epifluorescence (Olympus BX41, Bartlett, TN, USA). Negative control treatments were also included in which primary antibody was omitted, and samples were incubated with the secondary fluorescent antibody.




4.4. Western Blot Analysis and Mass Spectrometry Confirmation


Testicular and epididymal tissue samples were isolated and homogenized in Tween-20 lysis buffer (150 Mm sodium chloride, 50 mM Trizma base, 1% Tween-20) and centrifuged at 14,000× g for 15 min at room temperature for further analyses via Western blot. EV samples were isolated in plain Ham’s F-10 buffer (Irvine Scientific), while sperm samples were isolated in PBS. All samples were diluted with SDS loading buffer (Boston BioProducts, Milford, MA, USA) and incubated at 95 °C for 10 min. Samples were then separated by one-dimensional electrophoresis (Bio-Rad 4–15% Mini-PROTEAN TGX Gel, Hercules, CA, USA) with tissue, EV, and sperm samples separated based on equivalent quantity of proteins (30 μg total protein per lane as determined by Bio-Rad assay kit using bovine serum albumin as standard). Proteins were transferred to a nitrocellulose membrane (Bio-Rad) and blocked for 1 h at room temperature in 1× Tris-buffered saline (154 mM Trizma HCl, 1 M sodium chloride supplemented with 1% Tween-20, and 7% skim milk powder). Membranes were then incubated overnight at 4 °C with anti-LGALS2BP (1:1000) and for 1 h at room temperature with goat anti-mouse secondary antibody coupled with horseradish peroxidase (1:1000) in 1× Tris-buffered saline supplemented with 1% Tween-20 and 5% skim milk powder, followed with Clarity Western ECL substrate (Bio-Rad) and imaged with ChemiDoc XRS imaging system (Bio-Rad) (Figures S1–S4 in Supplementary File S1). Results were also confirmed using gel digest analysis via liquid chromatography–mass spectrometry (LC-MS/MS) with a Waters nanoACQUITY HPLC system interfaced to a Thermo Fisher Q Exactive at MS Bioworks, USA (row 150 in Table S1; Supplementary File S2).




4.5. Oocyte Collection, Antibody Transfection, and In Vitro Fertilization


4.5.1. Collection of Oocytes and In Vitro Maturation


Grade I immature oocytes were identified as having homogeneous dark cytoplasm and several layers of compacted cumulus cells and were isolated after slicing ovaries in dissecting medium (Eagle MEM with Hank’s balanced salt—Gibco Laboratories, Bethesda, MD, USA supplemented with 100 IU/mL penicillin, 100 µg/mL streptomycin, 10 mM HEPES, and 0.1% bovine serum albumin); lower quality oocytes were not used. Selected cumulus-oocyte complexes (COCs) were then cultured for 26 h at 38.5 °C in 5% CO2 in in vitro maturation (IVM) medium composed of SAGE blastocyst medium (Pasadena, CA, USA), supplemented with 0.01% (v/v) FSH and 0.01% LH (National Hormone and Pituitary Program, Rockville, MD, USA) as previously reported [56].




4.5.2. Oocyte Antibody Transfection and In Vitro Fertilization Using Cauda Spermatozoa


After 26 h incubation, LGALS3BP protein inhibition was achieved by transfecting anti-LGALS3BP antibodies into COCs as previously described [57,58], using the Chariot peptide nanoparticle transfection reagent (Active motif, Carlsbad, CA, USA). Antibody-Chariot complexes were made according to manufacturer’s instructions. Briefly, 2 µL of Chariot was added to 50 µL of H2O with 1.5 µg of antibody in 50 µL of PBS for 30 min at room temperature. The assembled complexes were added to the COCs in IVM medium and were incubated at 38.5 C in 5% CO2 for 4 h then rinsed three times in SAGE blastocyst media prior to IVF. Sperm cells were isolated from the cauda of the epididymis and incubated in base medium, without EVs. Spermatozoa were then centrifuged at 300× g for 8 min and resuspended in Sage blastocyst medium (concentration = 5 × 106 motile sperm/mL) prior to IVF. Oocytes were inseminated with sperm cells in 50-µL microdrops of SAGE blastocyst medium and incubated for 17 h at 38.5 °C in 5% CO2 before fixation in 4% paraformaldehyde overnight at 4 °C.





4.6. Extracellular Vesicle Transfection and In Vitro Fertilization Using Caput Spermatozoa


Functional effects of EV exposure on immature sperm cells were analyzed using EV samples isolated from the entire tract. EVs were collected from whole epididymides (pools of 5 males). Protein inhibition was achieved by transfecting anti-LGALS3BP antibodies into EVs using the Chariot peptide nanoparticle transfection reagent (Active motif). Antibody-Chariot complexes were made according to manufacturer’s instructions. Briefly, 2 µL of Chariot was added to 50 µL of H2O with 1.5 µg of antibody in 50 µL of PBS for 30 min at room temperature. The assembled complexes were incubated with EVs in plain base medium (Ham’s F-10, Irvine Scientific; EVs = 4 µg/mL total protein) at 38.5 C in 5% CO2 for 4 h, followed by centrifugation at 16,000× g for 10 min and resuspended in fresh Hepes–Hams medium F-10 (Irvine Scientific). Spermatozoa were isolated from the caput of the epididymis and centrifuged at 300× g for 8 min and reconstituted with Hepes–Hams medium F-10 (Irvine Scientific) prior to EV incubation (concentration = 50 × 106 sperm/mL). As previously reported [25,26], spermatozoa were then co-incubated with treated EV for 1 h 15 min, centrifuged once more at 300× g for 8 min, and resuspended in SAGE blastocyst medium (Cooper Surgical, Trumbull, CT, USA) prior to IVF. Oocytes were inseminated with sperm cells into 50-µL microdrops of SAGE blastocyst medium and co-incubated for 17 h at 38.5 °C in 5% CO2 before fixation in 4% paraformaldehyde overnight at 4 °C.




4.7. Staining and Observations of Oocytes and Embryos


The same staining protocol was used following both IVF experiments mentioned above. After three washings in medium (PBS supplemented with 0.5% Triton-X and 2% fetal bovine serum), non-specific binding sites were blocked in saturation medium (PBS supplemented with 20% fetal calf serum and 0.5% Triton-X) for 1 h at 38.5 °C. Samples were then incubated with Hoechst staining solution (1 µg/mL) for 10 min, at room temperature, before observation under a microscope fitted with epifluorescence (Olympus BX 41). Percentages of fertilized oocytes (presence of 2 pronuclei) and development to the 2-cell stage was recorded at 17 h post-insemination. Spot Basic 5.1 software (Diagnostics Instruments) was used to capture images of oocytes and embryos. As previously reported, higher proportions of 2-cell stage at the 17 hr time point indicated a faster first cell cycle because of functional sperm centrosomes [4,25].




4.8. Experimental Design and Statistical Analysis


In Study 1 (Figure 2), EV nanotracking analyses were performed to better characterize the vesicles isolated from the epididymal tract. EV samples were isolated from each consecutive segment of the epididymis from individual males (caput, corpus, and cauda; n = 5 males total; n = 5 replicates total, one male per replicate) and from whole epididymides of n = 5 males pooled together (n = 1 pooled sample, n = 1 replicate). In Study 2a (Figure 3 and Figure 4), immunostaining of testicular and epididymal tissues was performed to characterize the expression of LGALS3BP and its localization (samples were isolated from n = 5 males for a total of n = 5 replicates, one male per replicate). Then, Study 2b (Figure 5) focused on the LGALS3BP detection in the epididymal EVs via Western blot analyses. For these assays, EVs were collected separately from each consecutive segment (caput, corpus, and cauda) from n = 5 males (n = 5 replicates total, one male per replicate) as well as from the whole epididymis of n = 4 replicates (pools of 5 males per replicate). In Study 2c (Figure 6), presence of LGALS3BP in the developing spermatozoa was examined (sperm samples were isolated from each separate segment of n = 5 males for a total of n = 5 replicates, one male per replicate). In Study 3 (Figure 7), sperm samples were isolated from the caput and cauda from the epididymis of n = 6 males (n = 6 replicates total, one male per replicate) to assess the uptake of LGALS3BP following exposure to EVs. Study 4 focused on IVF analyses using the Chariot transfection reagent to assess the impact of inhibiting LGALS3BP on fertilization and early embryo development. In Study 4a (Figure 8 and Figure 9), the effects of inhibiting LGALS3BP were analyzed by transfecting oocytes prior to IVF. Treatment groups included oocytes transfected with anti-LGALS3BP antibodies, as well as transfection with just Chariot transfection reagent as control prior to IVF. Untreated cauda spermatozoa were collected from n = 12 males for embryonic development analyses following antibody transfection (n = 387 oocytes total; n = 12 replicates total for study, one male per replicate). In Study 4b (Figure 10), LGALS3BP was inhibited in the EVs via Chariot transfection prior to incubation with immature caput sperm cells, followed by IVF. We then examined the influence on subsequent fertilization and early embryo development. Caput spermatozoa were collected from n = 6 males for embryonic development analyses following antibody transfection (n = 140 oocytes total; n = 6 replicates total for study, one male per replicate).



Statistical analyses were conducted via GraphPad Prism software version 6. Differences between treatment groups for all analyses, except IVF analyses, were completed via analysis of variance (ANOVA) with results further compared via protected Tukey’s test, blocking for individual variation. In Study 4 (Figure 9 and Figure 10), numbers of oocytes that were available for each replicate were very variable. Data from all replicates were therefore pooled to calculate a single proportion. Data were then compared using chi-square goodness-of-fit.









Supplementary Materials


The supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/ijms24043077/s1.





Author Contributions


T.R. and P.C. contributed to the conceptualization, methodology, formal analysis, and writing. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Smithsonian Institution through the Smithsonian Scholarly Studies program.




Institutional Review Board Statement


Animal Care and Use Committee approval was waived for this study due to absence of live animals for the study and the origin of the gonads (from owner-requested sterilizations performed at local veterinary clinics).




Informed Consent Statement


Not applicable.




Data Availability Statement


All relevant data from EV collection may also be found in the EV-TRACK knowledgebase (EV-TRACK ID: EV200074, https://evtrack.org/, accessed on 25 November 2022).




Acknowledgments


We would like to thank Brent Whitaker (Animal Rescue, Inc., New Freedom, PA, USA) as well as Keiko Antoku and their staff for providing domestic cat ovaries and testes.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Dacheux, J.-L.; Dacheux, F. New insights into epididymal function in relation to sperm maturation. Reproduction 2014, 147, R27–R42. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, R.; Belleannée, C. Role of the epididymis in sperm maturation. In: Sperm Cell Prod. Maturation Fertil. Regen. In The Sperm Cell: Production, Maturation, Fertilization, Regeneration; De Jonge, C.J., Barratt, C.L.R., Eds.; Cambridge University Press: Cambridge, UK; pp. 73–87.

	



Kuo, Y.W.; Li, S.H.; Maeda, K.; Gadella, B.M.; Tsai, P.S. Roles of the reproductive tract in modifications of the sperm membrane surface. J. Reprod. Dev. 2016, 62, 337–343. [Google Scholar] [CrossRef] [PubMed]

	



Comizzoli, P.; Wildt, D.E.; Pukazhenthi, B.S. Poor centrosomal function of cat testicular spermatozoa impairs embryo development in vitro after intracytoplasmic sperm injection. Biol. Reprod. 2006, 75, 252–260. [Google Scholar] [CrossRef] [PubMed]

	



Rowlison, T.; Ottinger, M.A.; Comizzoli, P. Deciphering the mechanisms involving cenexin, ninein and centriolin in sperm maturation during epididymal transit in the domestic cat. Reprod. Domes.t Anim. 2017, 52 (Suppl. S2), 193–196. [Google Scholar] [CrossRef]

	



James, E.R.; Carrell, D.T.; Aston, K.I.; Jenkins, T.G.; Yeste, M.; Salas-Huetos, A. The Role of the Epididymis and the Contribution of Epididymosomes to Mammalian Reproduction. Int. J. Mol. Sci. 2020, 21, 5377. [Google Scholar] [CrossRef]

	



Belleannée, C.; Calvo, É.; Caballero, J.; Sullivan, R. Epididymosomes convey different repertoires of microRNAs throughout the bovine epididymis. Biol. Reprod. 2013, 89, 1–11. [Google Scholar] [CrossRef]

	



Reilly, J.N.; McLaughlin, E.A.; Stanger, S.J.; Anderson, A.L.; Hutcheon, K.; Church, K.; Mihalas, B.P.; Tyagi, S.; Holt, J.E.; Eamens, A.L. Characterisation of mouse epididymosomes reveals a complex profile of microRNAs and a potential mechanism for modification of the sperm epigenome. Sci. Rep. 2016, 6, 31794. [Google Scholar] [CrossRef]

	



Trigg, N.A.; Eamens, A.L.; Nixon, B. The contribution of epididymosomes to the sperm small RNA profile. Reproduction 2019, 157, R209–R223. [Google Scholar] [CrossRef]

	



Belleannee, C.; Legare, C.; Calvo, E.; Thimon, V.; Sullivan, R. microRNA signature is altered in both human epididymis and seminal microvesicles following vasectomy. Hum. Reprod. 2013, 28, 1455–1467. [Google Scholar] [CrossRef]

	



Turner, R.M. Moving to the beat: A review of mammalian sperm motility regulation. Reprod. Fertil. Dev. 2005, 18, 25–38. [Google Scholar] [CrossRef]

	



Dacheux, J.L.; Gatti, J.L.; Dacheux, F. Contribution of epididymal secretory proteins for spermatozoa maturation. Microsc. Res. Tech. 2003, 61, 7–17. [Google Scholar] [CrossRef]

	



De Souza, A.P.B.; Schorr-Lenz, Â.M.; Lucca, F.; Bustamante-Filho, I.C. The epididymis and its role on sperm quality and male fertility. Anim. Reprod. AR 2018, 14, 1234–1244. [Google Scholar] [CrossRef]

	



Nicander, L.; Malmqvist, M. Ultrastructural observations suggesting merocrine secretion in the initial segment of the mammalian epididymis. Cell Tissue Res. 1977, 184, 487–490. [Google Scholar] [CrossRef]

	



Frenette, G.; Girouard, J.; D’Amours, O.; Allard, N.; Tessier, L.; Sullivan, R. Characterization of Two Distinct Populations of Epididymosomes Collected in the Intraluminal Compartment of the Bovine Cauda Epididymis1. Biol. Reprod. 2010, 83, 473–480. [Google Scholar] [CrossRef]

	



Sullivan, R.; Frenette, G.; Girouard, J. Epididymosomes are involved in the acquisition of new sperm proteins during epididymal transit. Asian J. Androl. 2007, 9, 483–491. [Google Scholar] [CrossRef]

	



Zhou, W.; Stanger, S.J.; Anderson, A.L.; Bernstein, I.R.; De Iuliis, G.N.; McCluskey, A.; McLaughlin, E.A.; Dun, M.D.; Nixon, B. Mechanisms of tethering and cargo transfer during epididymosome-sperm interactions. BMC Biol. 2019, 17, 35. [Google Scholar] [CrossRef]

	



Nixon, B.; De Iuliis, G.N.; Hart, H.M.; Zhou, W.; Mathe, A.; Bernstein, I.R.; Anderson, A.L.; Stanger, S.J.; Skerrett-Byrne, D.A.; Jamaluddin, M.F.B. Proteomic profiling of mouse epididymosomes reveals their contributions to post-testicular sperm maturation. Mol. Cell. Proteom. 2019, 18, S91–S108. [Google Scholar] [CrossRef]

	



Morales, A.; Cavicchia, J. Release of cytoplasmic apical protrusions from principal cells of the cat epididymis, an electron microscopic study. Tissue Cell 1991, 23, 505–513. [Google Scholar] [CrossRef]

	



Hermo, L.; Jacks, D. Nature’s ingenuity: Bypassing the classical secretory route via apocrine secretion. Mol. Reprod. Dev. 2002, 63, 394–410. [Google Scholar] [CrossRef]

	



Fornes, M.W.; Barbieri, A.; Cavicchia, J.C. Morphological and enzymatic study of membrane-bound vesicles from the lumen of the rat epididymis. Andrologia 1995, 27, 1–5. [Google Scholar] [CrossRef]

	



Légaré, C.; Bérubé, B.; Boué, F.; Lefièvre, L.; Morales, C.R.; El-Alfy, M.; Sullivan, R. Hamster sperm antigen P26h is a phosphatidylinositol-anchored protein. Mol. Reprod. Dev. Inc. Gamete Res. 1999, 52, 225–233. [Google Scholar] [CrossRef]

	



Thimon, V.; Koukoui, O.; Calvo, E.; Sullivan, R. Region-specific gene expression profiling along the human epididymis. Mol. Hum. Reprod. 2007, 13, 691–704. [Google Scholar] [CrossRef] [PubMed]

	



Frenette, G.; Sullivan, R. Prostasome-like particles are involved in the transfer of P25b from the bovine epididymal fluid to the sperm surface. Mol. Reprod. Dev. 2001, 59, 115–121. [Google Scholar] [CrossRef] [PubMed]

	



Rowlison, T.; Ottinger, M.A.; Comizzoli, P. Exposure to epididymal extracellular vesicles enhances immature sperm function and sustains vitality of cryopreserved spermatozoa in the domestic cat model. J. Assist. Reprod. Genet. 2021, 38, 2061–2071. [Google Scholar] [CrossRef]

	



Rowlison, T.; Ottinger, M.A.; Comizzoli, P. Key factors enhancing sperm fertilizing ability are transferred from the epididymis to the spermatozoa via epididymosomes in the domestic cat model. J. Assist. Reprod. Genet. 2018, 35, 221–228. [Google Scholar] [CrossRef]

	



Rowlison, T.; Cleland, T.P.; Ottinger, M.A.; Comizzoli, P. Novel Proteomic Profiling of Epididymal Extracellular Vesicles in the Domestic Cat Reveals Proteins Related to Sequential Sperm Maturation with Differences Observed between Normospermic and Teratospermic Individuals. Mol. Cell. Proteom. 2020, 19, 2090–2104. [Google Scholar] [CrossRef]

	



Stampolidis, P.; Ullrich, A.; Iacobelli, S. LGALS3BP, lectin galactoside-binding soluble 3 binding protein, promotes oncogenic cellular events impeded by antibody intervention. Oncogene 2015, 34, 39–52. [Google Scholar] [CrossRef]

	



Fogeron, M.-L.; Müller, H.; Schade, S.; Dreher, F.; Lehmann, V.; Kühnel, A.; Scholz, A.-K.; Kashofer, K.; Zerck, A.; Fauler, B. LGALS3BP regulates centriole biogenesis and centrosome hypertrophy in cancer cells. Nat. Commun. 2013, 4, 1531. [Google Scholar] [CrossRef]

	



Fujita, H.; Yoshino, Y.; Chiba, N. Regulation of the centrosome cycle. Mol. Cell. Oncol. 2016, 3, e1075643. [Google Scholar] [CrossRef]

	



Schmehl, M.; Graham, E. Ultrastructure of the domestic tom cat (Felisdomestica) and tiger (Pantheratigrisaltaica) spermatozoa. Theriogenology 1989, 31, 861–874. [Google Scholar] [CrossRef]

	



Sathananthan, A.H.; Tatham, B.; Dharmawardena, V.; Grills, B.; Lewis, I.; Trounson, A. Inheritance of sperm centrioles and centrosomes in bovine embryos. Arch. Androl. 1997, 38, 37–48. [Google Scholar] [CrossRef]

	



Crozet, N.; Dahirel, M.; Chesne, P. Centrosome inheritance in sheep zygotes: Centrioles are contributed by the sperm. Microsc. Res. Tech. 2000, 49, 445–450. [Google Scholar] [CrossRef]

	



Zamboni, L.; Stefanini, M. The fine structure of the neck of mammalian spermatozoa. Anat. Rec. 1971, 169, 155–172. [Google Scholar] [CrossRef]

	



Comizzoli, P.; Wildt, D.E. Centrosomal functions and dysfunctions in cat spermatozoa. In The Centrosome; Springer: Berlin/Heidelberg, Germany, 2012; pp. 49–58. [Google Scholar]

	



Navara, C.; First, N.; Schatten, G. Phenotypic variations among paternal centrosomes expressed within the zygote as disparate microtubule lengths and sperm aster organization: Correlations between centrosome activity and developmental success. Proc. Natl. Acad. Sci. USA 1996, 93, 5384–5388. [Google Scholar] [CrossRef]

	



Schatten, G. The centrosome and its mode of inheritance: The reduction of the centrosome during gametogenesis and its restoration during fertilization. Dev. Biol. 1994, 165, 299–335. [Google Scholar] [CrossRef]

	



Schatten, H.; Sun, Q.Y. The role of centrosomes in mammalian fertilization and its significance for ICSI. Mol. Hum. Reprod. 2009, 15, 531–538. [Google Scholar] [CrossRef]

	



Krawetz, S.A. Paternal contribution: New insights and future challenges. Nat. Rev. Genet. 2005, 6, 633–642. [Google Scholar] [CrossRef]

	



Bauersachs, S.; Ulbrich, S.E.; Gross, K.; Schmidt, S.E.; Meyer, H.H.; Wenigerkind, H.; Vermehren, M.; Sinowatz, F.; Blum, H.; Wolf, E. Embryo-induced transcriptome changes in bovine endometrium reveal species-specific and common molecular markers of uterine receptivity. Reproduction 2006, 132, 319–331. [Google Scholar] [CrossRef]

	



Passaro, C.; Tutt, D.; Mathew, D.J.; Sanchez, J.M.; Browne, J.A.; Boe-Hansen, G.; Fair, T.; Lonergan, P. Blastocyst-induced changes in the bovine endometrial transcriptome. Reproduction 2018, 156, 219–229. [Google Scholar] [CrossRef]

	



Pla, I.; Sanchez, A.; Pors, S.E.; Pawlowski, K.; Appelqvist, R.; Sahlin, K.B.; Poulsen, L.L.C.; Marko-Varga, G.; Andersen, C.Y.; Malm, J. Proteome of fluid from human ovarian small antral follicles reveals insights in folliculogenesis and oocyte maturation. Hum. Reprod. 2021, 36, 756–770. [Google Scholar] [CrossRef]

	



Zhang, P.; Ni, X.; Guo, Y.; Guo, X.; Wang, Y.; Zhou, Z.; Huo, R.; Sha, J. Proteomic-based identification of maternal proteins in mature mouse oocytes. BMC Genom. 2009, 10, 348. [Google Scholar] [CrossRef] [PubMed]

	



Wang, S.; Kou, Z.; Jing, Z.; Zhang, Y.; Guo, X.; Dong, M.; Wilmut, I.; Gao, S. Proteome of mouse oocytes at different developmental stages. Proc. Natl. Acad. Sci. USA 2010, 107, 17639–17644. [Google Scholar] [CrossRef] [PubMed]

	



Lee, P.-C.; Wildt, D.; Comizzoli, P. Proteomic analysis of germinal vesicles in the domestic cat model reveals candidate nuclear proteins involved in oocyte competence acquisition. Mol. Hum. Reprod. Basic Sci. Reprod. Med. 2018, 24, 14–26. [Google Scholar] [CrossRef] [PubMed]

	



Candenas, L.; Chianese, R. Exosome composition and Seminal Plasma Proteome: A promising source of biomarkers of male infertility. Int. J. Mol. Sci. 2020, 21, 7022. [Google Scholar] [CrossRef] [PubMed]

	



Freour, T.; Com, E.; Barriere, P.; Bouchot, O.; Jean, M.; Masson, D.; Pineau, C. Comparative proteomic analysis coupled with conventional protein assay as a strategy to identify predictors of successful testicular sperm extraction in patients with non-obstructive azoospermia. Andrology 2013, 1, 414–420. [Google Scholar] [CrossRef]

	



Yanagimachi, R.; Kamiguchi, Y.; Mikamo, K.; Suzuki, F.; Yanagimachi, H. Maturation of spermatozoa in the epididymis of the Chinese hamster. Am. J. Anat. 1985, 172, 317–330. [Google Scholar] [CrossRef]

	



Girouard, J.; Frenette, G.; Sullivan, R. Comparative proteome and lipid profiles of bovine epididymosomes collected in the intraluminal compartment of the caput and cauda epididymidis. Int. J. Androl. 2011, 34, e475–e486. [Google Scholar] [CrossRef]

	



Schade, S. Molecular and Functional Characterization of the Galectin-3-Binding Protein LGALS3BP in Cancer and Centrosome Biology. Ph.D. Thesis, Free University of Berlin, Berlin, Germany, 2017. [Google Scholar]

	



Chemes, H.E.; Puigdomenech, E.T.; Carizza, C.; Olmedo, S.B.; Zanchetti, F.; Hermes, R. Acephalic spermatozoa and abnormal development of the head-neck attachment: A human syndrome of genetic origin. Hum. Reprod. 1999, 14, 1811–1818. [Google Scholar] [CrossRef]

	



Chemes, H.E.; Rawe, V.Y. Sperm pathology: A step beyond descriptive morphology. Origin, characterization and fertility potential of abnormal sperm phenotypes in infertile men. Hum. Reprod. Update 2003, 9, 405–428. [Google Scholar] [CrossRef]

	



Rawe, V.Y.; Terada, Y.; Nakamura, S.; Chillik, C.F.; Olmedo, S.B.; Chemes, H.E. A pathology of the sperm centriole responsible for defective sperm aster formation, syngamy and cleavage. Hum. Reprod. 2002, 17, 2344–2349. [Google Scholar] [CrossRef]

	



Rowlison, T.; Comizzoli, P. The Knowns and Unknowns about Epididymal Extracellular Vesicles in Different Animal Species. Adv. Biol. 2022, 6, e2101066. [Google Scholar] [CrossRef]

	



Théry, C.; Witwer, K.W.; Aikawa, E.; Alcaraz, M.J.; Anderson, J.D.; Andriantsitohaina, R.; Antoniou, A.; Arab, T.; Archer, F.; Atkin-Smith, G.K. Minimal information for studies of extracellular vesicles 2018 (MISEV2018): A position statement of the International Society for Extracellular Vesicles and update of the MISEV2014 guidelines. J. Extracell. Vesicles 2018, 7, 1535750. [Google Scholar] [CrossRef]

	



Nestle, E.; Graves-Herring, J.; Keefer, C.; Comizzoli, P. Source of protein supplementation during in vitro culture does not affect the quality of resulting blastocysts in the domestic cat. Reprod. Domest. Anim. 2012, 47, 152–155. [Google Scholar] [CrossRef]

	



Li, R.; Jin, Z.; Gao, L.; Liu, P.; Yang, Z.; Zhang, D. Effective protein inhibition in intact mouse oocytes through peptide nanoparticle-mediated antibody transfection. PeerJ 2016, 4, e1849. [Google Scholar] [CrossRef]

	



Chavez, D.R.; Lee, P.-C.; Comizzoli, P. Oocyte Meiotic Competence in the Domestic Cat Model: Novel Roles for Nuclear Proteins BRD2 and NPM1. Front. Cell Dev. Biol. 2021, 9, 670021. [Google Scholar] [CrossRef]








[image: Ijms 24 03077 g001 550] 





Figure 1. Interactive network of predicted protein–protein associations with LGALS3BP in the domestic cat species. Edges represent both physical and functional protein associations (STRING 11.5). 
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Figure 2. Representative spectra of EVs isolated from the (a) caput, (b) corpus, and (c) cauda of the epididymis (n = 5 males), as well as (d) whole epididymides (n = 1 pool of 5 males). Dark lines correspond to the segment average, whereas faint lines represent individual samples from which the average was derived. Red horizontal lines mark peak value of segment average. 
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Figure 3. Localization of LGALS3BP using immunofluorescence (FITC; insets are negative controls) and nuclear chromatin counterstaining (Hoechst) in cross sections of (a) seminiferous tubules, (b) caput, (c) corpus, and (d) cauda of the epididymis (n = 5 males). 
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Figure 4. Localization of LGALS3BP using immunofluorescence (FITC; inset is negative control) and nuclear chromatin counterstaining (Hoechst) from a sperm cell isolated from the cauda of the epididymis. 
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Figure 5. LGALS3BP detection using Western blot analysis in testicular tissues (n = 5 males), epididymal tissue (n = 5 males); pooled samples of EVs (n = 5 replicates; pools of 5 males each); epididymal EVs from caput, corpus, and cauda of the epididymis (n = 5 males); pooled samples of sperm cells from whole epididymis (n = 6 males). 
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Figure 6. Percentages (mean ± SEM) of spermatozoa stained for LGALS3BP in the centrosome region from testicular tissue and each epididymal segment (n = 5 males). Bars with different letters significantly differ (p ≤ 0.001). 






Figure 6. Percentages (mean ± SEM) of spermatozoa stained for LGALS3BP in the centrosome region from testicular tissue and each epididymal segment (n = 5 males). Bars with different letters significantly differ (p ≤ 0.001).



[image: Ijms 24 03077 g006]







[image: Ijms 24 03077 g007 550] 





Figure 7. Percentages (mean ± SEM) of spermatozoa positively stained for LGALS3BP in the centrosome region. “Caput Control” spermatozoa were incubated for 3 h with plain buffer medium; “Cauda Control” spermatozoa were not exposed to EVs; “Caput-EV” spermatozoa were incubated for 3 h with EVs (n = 5 males per treatment). Bars with different letters significantly differ (p ≤ 0.01). 
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Figure 8. Representative micrographs of fertilized cat oocytes fixed at 17 h post-insemination and stained with Hoechst. (a) Fertilized oocyte or (b) 2-cell embryo. 
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Figure 9. Proportions of (a) fertilized oocytes and (b) 2-cell embryos at 17 h post-insemination with oocytes previously treated with Chariot reagent alone (control Chariot only) or with Chariot- transfected EVs with anti-LGALS3BP (Chariot + anti-LGALS3BP). All oocytes were fertilized with untreated cauda spermatozoa. Bars with different letters significantly differ (p < 0.05). 
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Figure 10. Proportions of (a) fertilized oocytes and (b) 2-cell embryos 17 h after insemination with caput spermatozoa previously treated with EVs transfected with Chariot reagent alone (control Chariot only) or with Chariot-transfected EVs with anti-LGALS3BP (Chariot + anti-LGALS3BP). Bars with different letters significantly differ (p < 0.05). 






Figure 10. Proportions of (a) fertilized oocytes and (b) 2-cell embryos 17 h after insemination with caput spermatozoa previously treated with EVs transfected with Chariot reagent alone (control Chariot only) or with Chariot-transfected EVs with anti-LGALS3BP (Chariot + anti-LGALS3BP). Bars with different letters significantly differ (p < 0.05).



[image: Ijms 24 03077 g010]













	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file8.jpg
<& d,«” o“”
50kDa - |

6‘5 oo e

o
v\w‘& 5‘& @*‘“ &b&“‘





media/file13.png
Stained sperm (%)

100
90
80
70
60
50
40
30
20
10

Caput Control

Cauda Control

Caput-EV






media/file12.jpg
Stained sperm (%)

100
90
80
70
60
50
40
30
20
10

Caput Control

Cauda Control

Caput-EV





media/file18.jpg
Fertlzed Ooctyes (%)

(a)

2call ()

10
%
®
]
©
50
@
0
2
10
o

}
[
I

(b)

Contro (Chariot Ony) Charot + antH-GALS38P

Control(hariot Ony) Chariot+ antHGALS38P





media/file9.png





media/file14.jpg
Pronuclei






media/file5.png
-~

Spermatozoa

50 pm *°
-

£

Negative

« Epithelial cells . (b)

f N
v | Negative
50 pm .
) Epithelial cells
Spermatozoa
Negative
20 pm






media/file15.png
Pronuclei

Nuclei

vy
x'/

’.__.l’






media/file19.png
Fertilized Ooctyes (%)

100
90
80
70
60
50
40
30
20
10

(a) 19
90
80
70
60
50
40
30
20

2-Cell (%5)

Control (Chariot Only) Chariot + anti-LGALS3BP

(b)

Control (Chariot Only) Chariot + anti-LGALS3BP






media/file2.jpg
PariclesmL.

(b)

PariclesmL.

Diameter (um)

@ v
E prens

Diameter (1)





nav.xhtml


  ijms-24-03077


  
    		
      ijms-24-03077
    


  




  





media/file11.png
Stained sperm (%)

100
90
80
70
60
50
40
30
20
10

Testis






media/file6.jpg
Centrosome region

Negative






media/file1.png
SP2

NME7

LGALS3EP

LGALS3

LGALS3BP
LGALS3
IRF7

FNI1

IFIT3

HELZ2
LGALS9
USP18
NMEY
SP2

RSAD2

Galectin-3-binding protein
Galectin 3

Interferon regulatory factor 7
Fibronectin 1

Interferon-induced protein with
tetratricopeptide repeats 3
Helicase with zinc finger 2
Galectin 9

Ubiquitin specific peptidase 18
Nucleoside diphosphate kinase 7
Sp2 transcription factor

Radical s-adenosyl methionine domain
containing protein 2






media/file10.jpg
Stained sperm (%)

100
90
80
70
60
50
40
30
20
10

b
b
. I I
—
Testis Caput Corpus Cauda





media/file7.png
Centrosome region

Negative






media/file16.jpg
2 b

' ; -
: :

Control(chriot Only) Chario + antHLGALS38P Control (Chariot Only) ~ Chariot + antiLGALS38P.





media/file3.png
(a) 2.4X10° (b) 2.4X10°
6
1.8X 106 1.8%10
= .
£ £
wy w
L 12X108 L 1.2X108
= .Q
: =
o a
6.0X10° 6.0X10°
0. . 0
I 1000 1 10 100 1000
(C) Diameter (nm) (d) Diameter (nm)
3.7 X106
\ 6.0X10°
3.0X106 .'
|
= ! "E] 45%105
& =
& “ &
O 22X10° \ =
) L
k= ﬁ 5 30X10°
< [
Ay 1.5X10¢ \ a
| 1.5X 105
75X 105
0 ‘ 0
1 10 1000 1 10 100 1000

Diameter (nm) Diameter (nm)





media/file17.png
—
Q)
—

100
90
20
70
60
50
40
30
20
10

Fertilized Qocytes (%)

Control (Chariot Only) Chariot + anti-LGALS3BP

2-Cell (%)

(b)

100
90
80
70
60
50
40
30
20
10

b

I

Control (Chariot Only)

Chariot + anti-LGALS3BP





media/file4.jpg
Negative

c)  Epithelial'cells
(‘-) Z DitisH

-

Spermatozoa: | Negative

50 pm

[« Epithelial cells . (b)
g N 1 7 4

5 [Negative
Sopm o
(d) Epithelial cells
Spermatozoa /
N
Negative
20pm





media/file0.jpg
LGALS3BP
LGALS3
IRF7

N

IFIT3

HELZ2
LGALSY
UsP1s
NME7
sp2

RSAD2

Galectin-3-binding protein
Galectin 3

Interferon regulatory factor 7
Fibronectin 1

Interferon-induced protein with
tetratricopeptide repeats 3

Helicase with zinc finger 2

Galectin9

Ubiquitin specific peptidase 18
Nucleoside diphosphate kinase 7

Sp2 transcription factor

Radical s-adenosy! methionine domain
containing protein 2






