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Abstract

:

Simple Summary


The development of a biological system for gamete production may be a ground-breaking strategy for the treatment of infertility in humans, improvement of genetic traits in livestock, and conservation of endangered animal species. In testis, sperm derives from spermatogonial stem cells (SSCs) in a microenvironment controlled by surrounding Sertoli cells (SCs). Mesenchymal stem cells (MSCs) derived from peripheral blood (PB-MSCs) are a novel source of multipotent progenitors that can potentially differentiate under in vitro conditions into germ cells (GCs) and sperm. The objective of the present study was to compare the potential for in vitro GC differentiation of bovine PB-MSCs and SSCs exposed to culture medium derived from Sertoli cells (SCs/CM) over a period of 21 days. Samples were collected every 7 days for 21 days and analyzed for expression of pluripotency (OCT4, NANOG, and SOX2), GC (DAZL and PIWIL2), and MSC (CD73 and CD105) markers using quantitative PCR and immunofluorescence. SSCs cultured with SCs/CM increased the expression of NANOG, PIWIL2, and DAZL, while PB-MSCs cultured under the same condition only increased the expression of OCT4 and DAZL. In conclusion, these results suggest that PB-MSCs and SSCs activate distinctive and contrasting expression patterns after exposure to SCs/CM and during differentiation into GCs.




Abstract


In vitro gamete derivation has been proposed as an interesting strategy for treatment of infertility, improvement of genetic traits, and conservation of endangered animals. Spermatogonial stem cells (SSCs) are primary candidates for in vitro gamete derivation; however, recently, mesenchymal stem cells (MSCs) have also been proposed as candidates for germ cell (GCs) differentiation mainly due to their transdifferentiating capacity. The objective of the present study was to compare the potential for GC differentiation of bovine peripheral blood-derived MSCs (PB-MSCs) and SSCs under the effect of conditioned medium (CM) derived from Sertoli cells (SCs/CM). Samples were collected every 7 days for 21 days and analyzed for pluripotent, GC, and MSC marker expression. The absence of OCT4 and the increased (p < 0.05) expression of NANOG seems to play a role in SSC differentiation, whereas the absence of NANOG and the increased expression (p < 0.05) of OCT4 may be required for PB-MSC differentiation into GCs. SSCs cultured with SCs/CM increased (p < 0.05) the expression of PIWIL2 and DAZL, while PB-MSCs cultured under the same condition only increased (p < 0.05) the expression of DAZL. Overall, the patterns of markers expression suggest that PB-MSCs and SSCs activate different signaling pathways after exposure to SCs/CM and during differentiation into GCs.
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1. Introduction


MSCs are a novel source of multipotent progenitors that can differentiate into mesodermal lineages including osteocytes, chondrocytes, and adipocytes through the process of transdifferentiation [1]. It has also been reported that MSCs are able to differentiate under in vitro conditions towards endodermal (hepatocyte) and ectodermal (neuronal) lineages [2,3,4]. These studies indicate that the differentiation potential of MSCs may be greater than initially reported. MSCs are widely distributed and can be isolated from various tissue sources including adipose tissue (AT), bone marrow (BM), umbilical cord (UC) [5], and also peripheral blood (PB) [6,7]. PB is an interesting alternative source of MSCs, since its collection is simple and requires minimal invasion compared to BM and AT, whose acquisition requires invasive and painful procedures. In addition, PB may be obtained from readily available blood banks, and its collection lacks ethical concerns compared to fetal tissues [8]. Despite these advantages, it has been reported that PB contains a low percentage of MSCs at a steady state, a condition that may affect the isolation process [8,9].



Given their multipotent property, the potential of MSCs for differentiation into GCs has been explored to develop a system for gamete production [10,11,12,13]. This technology has emerged as a potential strategy for the treatment of infertility in humans, for genetic improvement in livestock, or for conservation of endangered animal species. Through different protocols, it has been shown that MSCs can acquire an early phenotype of GCs under in vitro conditions (10). This phenotype may be achieved after exposure to factors involved in GC differentiation and spermatogenesis including retinoic acid (RA), bone morphogenetic protein 4 (BMP4), or transforming growth factor β1 (TGF β1) [10,14]. The ability of MSCs to reach this initial stage of GCs has also been explored through the overexpression of GCs genes that control differentiation including DAZL, STRA8, and BOULE [11]. An additional in vitro differentiation approach comprises the co-culture of MSCs with SCs [12,13], or the exposure of MSCs to conditioned media (CM) collected from SC cultures (SCs/CM) [15,16,17]. Several factors contained in the CM, including RA, BMP4, and TGF β1, are responsible for the control of spermatogenesis in vivo and may induce GC differentiation under in vitro conditions. Treatment of human UC-MSC with SCs/CM supplemented with RA induced down-regulation of pluripotent (OCT4 and NANOG) and upregulation of GC (STRA8 and PRM1) markers [16]. Moreover, rat BM-MSCs treated with SCs/CM were able to survive and were located at the basement membranes of the recipient seminiferous tubules [17]. Overall, these studies have brought promising results, which suggests that MSCs may be used as a candidates for in vitro derivation of GCs.



SSCs constitutes the precursor cell line of spermatogenesis and sperm production in vivo [18]. During spermatogenesis, SSCs are surrounded by SCs, which give them a microenvironment or cellular niche that delivers factors that control self-renewal, proliferation, and differentiation [18]. Among these factors, RA, BMP4, and TGF-β1 are involved in the induction of cell proliferation and differentiation through the expression of germline-specific genes and the restauration the germline competence [15,18]. In this function, SCs regulate the composition of the fluid in the seminiferous tubule, which is rich in androgens, estrogens, and other essential factors for proliferation and differentiation of GCs [19,20,21,22]. Thus, SCs are essential players in the testicular niche, where they represent the only somatic cells that have close connection with GCs and modulate their cell cycle [23,24,25,26].



In general, CM includes proteins detached from the cell surface and intracellular proteins released through the non-classical secretion pathway or exosomes [27]. In the case of SCs/CM, this includes numerous enzymes, growth factors, cytokines and hormones that provides a micro-environment for GCs, at all stages of development. In previous studies, SCs/CM has been used to induce differentiation of BM-MSCs into GCs, through the evaluation of the expression of the GC-specific marker Mvh [23]. A similar experimental approach could be applied to PB-MSCs, and SSCs may serve as comparative positive controls to assess the differentiation process into GCs. The objective of the present study was to compare the GC differentiation potentials of bovine PB-MSCs and SSCs in conventional 2D culture systems under the inducing effect of the SCs/CM.




2. Materials and Methods


2.1. Ethics


All experimental procedures were previously approved by the Institutional Committee for the Care and Use of Animals (CICUA) of the University of Chile (certificate 19266-VET-UCH).




2.2. Experimental Design


PB-MSCs were collected and polled from three Angus beef bulls (age 1–3 years) belonging to the Faculty of Veterinary and Animal Sciences from the University of Chile. Each pool represented a biological replicate, and experiments and analyses were performed thrice. Pooling tissue samples was performed to reduce individual biological variation. SCs and SSCs were isolated from adult bull testis (n = 10) derived from a local abattoir. All cell types were characterized according to the gene expression of specific markers for MSCs (+CD73, +CD105, +CD90, -CD34, and -CD45), SSCs (+UCHL1, PLZF, and +CD90) and SCs (+WT1 and +AR) using quantitative PCR (Q-PCR). Cells were also characterized for the protein expression of markers for MSCs (Cd73), SSCs (Uchl1), and SCs (Wt1) using immunofluorescence. PB-MSCs and SSCs (2.5 × 104 cells/cm2) were cultured separately with SCs/CM in 2D culture systems. Experimental controls corresponded to PB-MSCs, SSCs, and SCs (2.5 × 104 cells/cm2) cultured separately with conventional media. Samples from each culture were collected on days 0, 7, 14, and 21. Differentiation into GCs of PB-MSCs and SSCs was determined by quantifying the gene expression of the pluripotency markers OCT4, NANOG, and SOX2; GCs markers FRAGILIS, STELLA, DAZL, PIWIL2, VASA, SCP3, and STRA8 by Q-PCR; and Oct4, Nanog, Dazl, and Piwil2 by immunofluorescence.




2.3. Isolation, Purification, and Characterization of Bull PB-MSCs


PB-MSCs were isolated according to three previously reported protocols [7,28,29] (Figure 1). Briefly, blood samples (25 mL per animal) were collected from the coccygeal vein of 1- to 3-year-old bulls using vacutainer tubes containing heparin. Blood samples were kept at 4 °C and transported to the laboratory within 1 h after collection. For all protocols, blood samples were diluted 1:1 in phosphate-buffered saline (PBS; pH: 7.4). Three protocols for isolation of PB-MSCs were evaluated [30]. Protocol 1: PBS-diluted blood (1:1) was poured onto 20 mL of Percoll (1.076 g/mL; Biochrom AG, Berlin, Germany) diluted with 1.5 M NaCl and was centrifugated 1600× g for 20 min. The mononuclear cell interface (PB-MSCs-A) was recovered, subsequently washed in PBS, and resuspended in PB-MSC culture medium containing low-glucose DME-F12 (Dulbecco’s Modified Eagle F12) medium supplemented with 10% fetal bovine serum (FBS), 100 µg/mL of amphotericin B, 100 µg/mL of streptomycin, and 100 IU/mL of penicillin (Gibco, Life Technologies, Carlsbad, CA, USA). Protocol 2: PBS-diluted blood (1:1) was centrifugated 1600× g for 20 min in gradient of 20 mL Histopaque 1.077 g/mL (Sigma-Aldrich, St Louis, MI, USA). The monoclonal cell interface (PB-MSCs-B) was collected, washed in PBS, and resuspended in PB-MSC culture medium. Protocol 3: Blood diluted in PBS (1:1) was centrifuged at 1600× g for 20 min in two consecutive moments, first in 20 mL Percoll at 1.053 g/mL diluted with PBS, and then the average interface of monoclonal cells (PB-MSCs-C) was collected and recentrifuged in 20 mL Percoll at 1.064 g/mL, also diluted with PBS. Then the interface of monoclonal cells (PB-MSCs-C) was collected washed in PBS, and resuspended in PB-MSC culture medium. Subsequently, cells obtained from each protocol were cultured separately in T25 culture bottles (Corning, Toronto, ON, Canada) in PB-MSC culture medium and incubated in an atmosphere of humidified air with 5% CO2 and 38 °C. Non-adherent cells were discarded after 48 h by changing the culture medium. Isolated cell colonies were maintained in PB-MSC culture medium until reaching ~75% confluency. Cells were then detached with 0.5% trypsin-EDTA (Invitrogen, BRL, Burlington, ON, Canada) for subculture and used in subsequent experiments. The morphological features of PB-MSCs were examined and photographed using phase contrast microscopy. The expression of cell surface markers, both mesenchymal (+CD73, +CD90, and +CD105) and hematopoietic (-CD34 and -CD45) were evaluated in PB-MSCs-A, PB-MSCs-B, and PB-MSCs-C by Q-PCR. For this analysis, SCs, SSCs-A, and SSCs-B were used as controls. CD73 protein expression was evaluated by immunofluorescence in PB-MSCs-B to characterize the cell phenotype established by the International Society for Cell Therapy (ISCT) [1]. For this analysis, SCs and SSCs-A were used as controls.




2.4. Isolation, Purification, and Characterization of Bull SCs


SCs were isolated from adult bull testicular tissue by sequential enzymatic digestion according to a previously published protocol [12,13]. Testicular tissue was mechanically dissociated using scissors and forceps. Subsequently, an enzymatic digestion of the tissue was performed in DME-F12 medium with L-glutamine supplemented with 2 mg/mL of collagenase type I and 2 mg/mL of DNase I (Sigma-Aldrich) for 45 min. The digestion reaction was blocked by adding SCs culture medium containing DME-F12 supplemented with 10% FBS, 100 IU/mL penicillin, 100 µg/mL streptomycin, and 100 µg/mL of amphotericin B. Then, the cell suspension was centrifuged at 500× g for 10 min at 4 °C and the pellet was filtered through a 100 µm mesh (Corning). Cells were aliquoted and seeded in T25 bottles with SCs culture medium. Cultures of SCs were subsequently incubated at 38 °C in a humidified atmosphere with 5% CO2. After 4 h, the supernatant containing GCs was removed, and cells adherent to the plastic were washed twice with PBS and subsequently cultured in fresh medium. To obtain cultures containing 80–90% of SCs, cultures were hypotonically treated after 48 h, with 20 mM Tris-HCl (pH 7.4) for 2.5 min to lyse residual GCs. Subsequently, plates were washed twice with PBS, and after changing the medium, cells were cultured in an atmosphere with 5% CO2 at 38 °C. When reaching 80% to 90% confluency, adherent cells were detached using 0.5% trypsin-EDTA and transferred to new plates for expansion and removal of residual GCs. During cultivation, non-adherent GCs were removed by repeated washing. The morphological features of SCs were examined and photographed using phase contrast microscopy. A testicular extract (TE) sample was used as a positive control for Q-PCR analyses; this sample was prepared by mechanical dissociation of testicular tissue pieces in lysis buffer (Zymo Research, Irvine, CA, USA). The expression of SCs markers WT1 and AR was evaluated in SCs by Q-PCR. For this analysis, PB-MSCs-A, PB-MSCs-B, PB-MSCs-C, SSCs-A, SSCs-B, and TE were used as controls. The protein expression of Wt1 was evaluated by immunofluorescence in SCs. For this analysis, PB-MSCs-B and SSC-A were used as controls.




2.5. Isolation, Purification, and Characterization of Bull SSCs


SSCs were isolated from adult testicular tissue by a modified adhesion separation protocol previously published [31]. After testis decapsulation, testicular tissue was mechanically dissociated by a two-step mechanical and enzymatic digestion. First, the tissue was sectioned into small pieces and incubated in the enzyme solution that included DME-F12 supplemented with 0.5 mg/mL collagenase type I, 0.5 mg/mL trypsin-EDTA (Invitrogen), and 0.5 mg/mL DNase I for approximately 45 min with shaking and pipetting at 38 °C. The digested testicular tissue was washed in DMEM, and after precipitation, the supernatant containing interstitial cells from the seminiferous tubules was discarded. The remaining tissue was digested during the second stage of enzymatic digestion until separation of its constituent cells. The cell suspension was two-step filtrated through 100 µm and 40 µm filters, and then the cell suspension was cultured twice for 24 h in SCs culture medium. Separation of SSCs (non-adherent cells) from SCs (adherent cells) was performed by differential plate method during 24 h of incubation. For this, testicular cells were transferred to new culture bottles and maintained overnight in SCs culture medium at 38 °C in 5% CO2. After this step, floating cells were collected (SSCs-A) and separated from adherent cells (SSCs-B). Both cell types (SSCs-A and SSCs-B) were centrifuged separately at 1800× g for 5 min and were characterized by expression of specific biomarkers including UCHL1, PLZF, and CD90 [31] using Q-PCR. For this analysis, PB-MSCs-A, PB-MSCs-B, PB-MSCs-C, SCs, and TE were used as controls. Additionally, the protein expression of Uchl1 was evaluated in SSCs-A by immunofluorescence. For this analysis, PB-MSCs-B and SCs were used as controls.




2.6. Culture of PB-MSCs and SSCs under SCs/CM Conditions


SCs/CM was collected from primary SCs after two days of culture and then centrifuged at 1800× g for 5 min to remove residual cells and reconstituted with 50% DME/F-12 supplemented with 10% fetal bovine serum (FBS), 100 μg/mL amphotericin B, 100 μg/mL streptomycin, and 100 IU/mL penicillin. Subsequently, PB-MSCs or SSCs were cultured in adherent monolayers with SCs/CM for 21 days at 38 °C in 5% CO2. The SCs/CM was changed every two days and then cell samples were collected every 7 days. The GC differentiation capacity of PB-MSCs cultured with SCs/CM (PB-MSCs-SCs/CM) and SSCs cultured with SCs/CM (SSCs-SCs/CM) were compared by quantifying the expression of markers of pluripotency OCT4, NANOG, and SOX2, and markers of GCs, FRAGILIS, STELLA, VASA, DAZL, PIWIL2, SCP3, and STRA8 by Q-PCR. The protein expression of Oct4, Nanog, Dazl, and Piwil2 was also analyzed by immunofluorescence. For these experiments, SCs, PB-MSCs, and SSCs cultured with conventional media were used as experimental controls.




2.7. Q-PCR Analysis


Quantification of mRNA levels was determined by Q-PCR (Table 1). Total RNA was isolated from the cells using a Quick-RNA MiniPrep (Zymo Research) kit following manufacturer’s instructions. Total RNA was quantified using a Qubit 3.0 (Invitrogen, Fluorometer, CA, USA). DNA genomic digestion was performed using DNAsa I from the Quick-RNA MiniPrep kit (Zymo Research) following the manufacturer’s instructions. The cDNA was synthesized and amplified using a cDNA synthesis kit Q-PCR from Affinity Script (Agilent Technologies, Santa Clara, CA, USA), using a Step One thermal cycler (Applied Biosystems, Foster City, CA, USA). The PCR reaction was performed using a Brilliant SYBR Green QPCR Master Mix kit (Agilent Technologies) and an Eco Real-Time PCR System (Illumina, San Diego, CA, USA). Each reaction tube consists of 5 μL Sybr Green, 1 μL Foward primer, 1 μL Reverse primer, 2 μL nuclease-free H2O, and 5 ng cDNA. The amplification of cDNA was extended over 40 cycles, and relative expression analysis was performed using the ΔΔCt (Ct: Threshold Value) method normalized with GAPDH and β-ACTIN gene expression [32].




2.8. Immunofluorescence Analysis


The protein expression of markers for SCs (Wt1), SSCs (Uchl1), pluripotency (Oct4 and Nanog), MSCs (Cd73), and male GCs (Dazl and Piwil2) was immunodetected in PB-MSCs and SSCs cultured with SCs/CM for 14 days. Culture samples were fixed with 4% PFA at 4 °C for 20 min. Samples were then washed and blocked with 3% bovine serum albumin (BSA) diluted in PBS (pH: 7.4) for 45 min. Proteins were immunodetected using anti-Wt1 rabbit polyclonal antibody (Cat. # ab89901, Abcam, Boston, MA, USA), anti-Oct4 mouse polyclonal antibody (Cat. # sc5279, Santa Cruz, CA, USA), anti-Nanog mouse polyclonal antibody (Cat. # sc293121, Santa Cruz), anti-Uchl1 mouse monoclonal antibody (Cat. # 480012, Thermo-Fisher, Waltham, MA, USA), anti-Cd73 rabbit monoclonal antibody (Cat. # ab137595, Abcam), anti-Piwil2 rabbit monoclonal antibody (Cat. # ab85084, Abcam), and anti-Dazl polyclonal rabbit (Cat. # ab34139, Abcam), diluted in 3% BSA diluted in PBS (pH: 7.4) (Wt1 1:200, Oct4, Nanog, Cd73, Piwil2, and Dazl 1:50 and Uchl1 1:100). Incubation with primary antibodies was performed overnight at 4 °C. The next day, samples were washed once with PBS and twice with 3% BSA diluted in PBS (pH: 7.4) and incubated in anti-mouse secondary IgG antibody conjugated with Alexa flour 488 (Cat. # A11001, Thermo-Fisher) or FITC-conjugated IgG anti-rabbit antibody (Cat. # ab97050, Abcam) diluted in PBS with BSA 3% (1:500) for 1 h. The samples were then washed again twice at PBS with 3% BSA (pH: 7.4) and once with distilled water, and subsequently mounted on DAPI Fluoroshield medium (Cat. # ab104139, Abcam). Once the protocol was completed, samples were stored at 4 °C protected from light. Samples were imaged using an epifluorescence microscope (Olympus, Shinjuku, Tokyo, Japan) and a spectral confocal microscope (Nikon, Minato-ku, Tokyo, Japan) connected to a digital camera.




2.9. Statistical Analysis


The statistical model considered the relative expression of biomarkers as dependent variables and days of culture and type of treatment (PB-MSCs and SSCs cultured in SCs/CM and controls) as independent variables. A value of p < 0.05 was used for statistical significance. The significance of the statistical model was analyzed by one-way ANOVA. Differences between the means for relative expression levels between culture days and treatments were determined using Tukey’s post hoc test. The statistical software Infostat 2020 (Cordoba, Argentina) was used in all statistical analyses.





3. Results


3.1. Morphology of PB-MSCs, SSCs, and SCs Derived from Bull Tissues Isolated by Different Cell Isolation Protocols


Morphology of PB-MSCs-A, PB-MSCs-B, and PB-MSCs-C was similar and characterized by circular, fibroblastoid, elongated, and heterogeneous shapes. PB-MSC-B was first to reach confluence (Figure 2A). SSCs-A cultures presented adherent colonies characterized by an irregular and cuboidal morphology, whereas SSCs-B cultures presented both adherent and non-adherent subpopulations. Non-adherent SSCs-B subpopulations presented circular morphology and adherent cells displayed an irregular and cuboidal forms. SC cultures presented diverse morphology that ranged from ovoid, to triangular and fibroblastic with large and well-marked nuclei.




3.2. Analysis of Cell-Specific Marker Expression in PB-MSCs, SSCs, and SCs Isolated by Different Protocols


Gene expression of specific markers of MSCs, SSCs, and SCs was determined in all cell types with the aim to determine the purity of primary cell cultures (Figure 2B). CD73 gene expression was higher (p < 0.05) in PB-MSCs-B compared to PB-MSCs-A (0.5 ± 0.06-fold PB-MSCs-B), PB-MSCs-C (0.5 ± 0.05-fold PB-MSCs-B) and SCs (0.5 ± 0.02-fold PB-MSCs-B). CD73 gene expression was not detected in SSCs-A. Additionally, a cytoplasmic pattern of intense immunofluorescence associated with Cd73 was observed in PB-MSCs-B (Figure 2C). CD105 gene expression was not different (p > 0.05) between PB-MSCs-A, PB-MSCs-B, and PB-MSCs-C. CD105 gene expression was not detected in SSCs-A. CD34 gene expression was higher (p < 0.05) in SSCs-A (1.6 ± 0.04-fold PB-MSCs-B) compared to PB-MSCs-A (0.5 ± 0.04-fold PB-MSCs-B), PB-MSCs-B, PB-MSCs-C (0.3 ± 0.06-fold PB-MSCs-B), and SCs (0.7 ± 0.06-fold PB-MSCs). CD45 gene expression was higher (p < 0.05) in SCs (1.8 ± 0.1-fold PB-MSCs-B) compared to SSCs-A (1.2 ± 0.1-fold PB-MSCs-B), PB-MSCs-A (0.55 ± 0.08-fold PB-MSCs-B), PB-MSCs-B, and PB-MSCs-C (0.6 ± 0.07; 0.3 ± 0.02-fold PB-MSCs-B). CD90 gene expression was higher (p < 0.05) in SSCs-B compared to SSCs-A (0.6 ± 0.4-fold SSCs-B) and PB-MSCs-B (0.2 ± 0.02-fold SSCs-B). However, CD90 gene expression was not detected in PB-MSCs-A, PB-MSCs-C, and SCs. UCHL1 gene expression was higher (p < 0.05) in SSCs-B (1.8 ± 0.4-fold TE) compared to PB-MSCs-A (0.3 ± 0.1-fold TE), PB-MSCs-B (0.5 ± 0.1-fold TE), and PB-MSCs-C (0.4 ± 0.1-fold TE), SSCs-A (1 ± 0.1-fold TE), and TE. UCHL1 gene expression was not detected in SCs. In addition, intense immunofluorescence associated with Uchl1 was observed in SSCs-A and PB-MSCs-B (Figure 2D). WT1 gene expression was higher (p < 0.05) in TE (1.3 ± 0.05-fold SCs) compared to SCs and SSCs-A (0.3 ± 0.03-fold SCs) but was not detected in PB-MSCs-A and PB-MSCs-B. In addition, a cytoplasmic pattern of high fluorescence associated with Wt1 was observed in the SCs (Figure 2E). The gene expression of AR was higher (p < 0.05) in TE and SCs (1 ± 0.02-fold TE) compared to PB-MSCs-B (0.3 ± 0.2-fold TE) and C (0.35 ± 0.19-fold TE) and was not detected in PB-MSCs-A, SSCs-A, and SSCs-B. PLZF gene expression was not different (p > 0.05) between SSCs-A and SSCs-B.




3.3. Effect of SCs/CM on In Vitro Differentiation of PB-MSCs-B and SSCs-A into GCs


PB-MSCs-B and SSCs-A were selected due to increased expression of specific cell markers and were denominated as PB-MSCs and SSCs for subsequent experiments. To determine the effect of SCs/CM on the in vitro differentiation into GCs of PB-MSCs-B and SSCs-A, both cell types were cultured separately with 50% SCs/CM for 21 days. Next, the expression of pluripotency and GCs genes were evaluated in PB-MSCs and SSCs cultured in SCs/CM during a 21-day culture period.



3.3.1. Morphology of PB-MSCs, SCs, and SSCs Derived from Bull Tissues and Cultured with SCs/CM


SC cultures presented fibroblastoid morphology as cultures became more confluent from days 7 to 21 (Figure 3). PB-MSCs presented morphology characterized by more circular, and elongated shapes. As PB-MSCs advanced in time and confluence, new subpopulations of circular and triangular cells with large nuclei appeared in cultures. SSC cultures presented both adherent and non-adherent subpopulations. Non-adherent subpopulation presented a circular morphology, and adherent cells were characterized by an irregular and cuboidal morphology. Both PB-MSCs and SSCs did not change their morphology when they were cultured with SCs/CM, but increased proliferation, achieving greater confluence on day 14 to 21 of culture in both cell types.




3.3.2. Expression of Pluripotency Markers in PB-MSCs or SSCs Cultured with SCs/CM for 21 Days


Gene expression of NANOG was not different (p > 0.05) between SCs and PB-MSCs (1.2 ± 0.09-fold SCs) on day 0 of culture (Figure 4A, Table 2). Gene expression of NANOG increased (p < 0.05) on days 7 and 14 of culture in the SSCs-SCs/CM (1.4 ± 0.3 and 4.6 ± 0.2-fold SCs, respectively) compared to SSCs (0.7 ± 0.3- and 1.5 ± 0.1-fold SCs, respectively). Gene expression of NANOG was not detected in PB-MSCs-SCs/CM in any day of the culture. Immunofluorescence associated with Nanog was intense in SCs, SSCs, and SSCs-SCs/CM on day 14 (Figure 4D, Table 2). Gene expression of OCT4 was higher (p < 0.05) in the PB-MSCs-SCs/CM on days 7 and 14 (1.3 ± 0.04- and 1.5 ± 0.05-fold SCs) compared to PB-MSCs (1 ± 0.04- and 1.2 ± 0.06-fold SCs) and SCs. Gene expression of OCT4 was not detected in SSCs or SSCs-SCs/CM in any day of culture (Figure 4B, Table 2). Additionally, intense immunofluorescence associated with Oct4 was observed in SCs, PB-MSCs, and PB-MSCs-SCs/CM and on day 14 of culture (Figure 4E, Table 2). Gene expression of SOX2 was higher (p < 0.05) on days 7, 14, and 21 in PB-MSCs-SCs/CM (1.4 ± 0.08-, 1.2 ± 0.05-, and 1.2 ± 0.07-fold SCs, respectively) compared to PB-MSCs (1 ± 0.09-, 1 ± 0.03-, and 1 ± 0.05-fold SCs, respectively), SSCs-SCs/CM (0.4 ± 0.03-, 0.7 ± 0.07-, and 0.4 ± 0.08-fold SCs) and SSCs (0.4 ± 0.08-, 0.4 ± 0.05-, and 0.3 ± 0.07-fold SCs) (Figure 4C, Table 2).




3.3.3. Expression of GCs Markers in PB-MSCs or SSCs Cultured with SCs/CM for 21 Days


PIWIL2 gene expression was higher (p < 0.05) in SSCs-SCs/CM (1.00 ± 0.2-fold) compared to SSCs (0.34 ± 0.04-fold SSCs-SCs/CM) on day 7 (Figure 5A). On day 14, PIWIL2 gene expression increased (p < 0.05) in PB-MSCs-SCs/CM (1.3 ± 0.05-fold SCs) and SSCs-SCs/CM (1.2 ± 0.04-fold SCs) cultures compared to PB-MSCs (1.00 ± 0.043-fold SCs) and SSCs (0.1 ± 0.07-fold SCs). Relative gene expression of PIWIL2 in SSCs-SCs/CM increased (p < 0.05) from day 7 (1.0 ± 0.2-fold SSCs) to day 14 (1.2 ± 0.04-fold SCs). Additionally, Piwil2 protein expression was immunodetected in PB-MSCs-SCs/CM and SSCs-SCs/CM on day 14 (Figure 5C, Table 2). Relative gene expression of DAZL was higher (p < 0.05) in SSCs-SCs/CM on days 7 (0.31 ± 0.03-fold SCs) and 14 (1.00 ± 0.04-fold SCs) compared with SCs and SSCs (0.05 ± 0.01- and 0.14 ± 0.03-fold SCs, respectively) (Figure 5B, Table 2). DAZL gene expression increased (p < 0.05) from day 7 to 14 in SCs (0.12 ± 0.03- and 0.42 ± 0.04-fold SCs), SSCs (0.05 ± 0.01- and 0.14 ± 0.03-fold SCs) and SSCs (0.31 ± 0.03 and 1-fold SCs). However, mRNA levels of DAZL were not detected in PB-MSCs or in PB-MSCs-SCs/CM. Intense labelling associated with Dazl was immunodetected in SSCs and SSCs-SCs/CM on day 14 (Figure 5D, Table 2). Gene expression of CG markers FRAGILIS, STELLA, VASA, SCP3, and STRA8 was also analyzed by Q-PCR; however, mRNA levels of these genes were not detected in any cell type.




3.3.4. Expression of MSCs Markers in PB-MSCs or SSCs Cultured with SCs/CM for 21 Days


CD73 and CD105 gene expression increased (p < 0.05) in PB-MSCs-SCs/CM (1.6 ± 0.04- and 1.3 ± 0.05-fold SCs) compared with controls PB-MSCs (1.0 ± 0.04- and 1.1 ± 0.20-fold SCs) and SCs on day 7 (Figure 6A, B; Table 2). CD73 and CD105 gene expression also increased (p < 0.05) in PB-MSCs-SCs/CM (1.7 ± 0.05- and 1.4 ± 0.04-fold SCs) compared with controls PB-MSCs (1.0 ± 0.04- and 1.1 ± 0.20-fold SCs) and SCs on day 14. In comparison, the expression of CD73 and CD105 decreased (p < 0.05) in PB-MSCs-SCs/CM (0.8 ± 0.04-fold PB-MSCs and 1.2 ± 0.02-fold PB-MSCs) compared with SCs (1.6 ± 0.4-fold PB-MSCs and 1.5 ± 0.07-fold PB-MSCs) and PB-MSCs on day 21.






4. Discussion


Given the potential of MSC for transdifferentiation, previous studies have focused on the generation of GCs from MSCs using different in vitro differentiation approaches including co-culture systems with SCs [10,12,13,14,16]. Cell co-culture systems can largely simulate the in vivo environment, and they facilitate an assessment of the interaction between different types of cells and their environment. These cultures systems also permit the exploration of the mechanism of action of effector cells over target cells and their potential targets. However, cell co-culture systems have the disadvantage that cells are mixed in culture, which makes it difficult to study specific cell populations. This drawback may be improved by using CM of effector cells, which contain the specific molecules that mediate their effect, and allow the homogeneity of target cells to be maintained [14,33]. In the present study, we compared the potential of bull PB-MSCs and SSCs for GC differentiation using 2D culture systems that included exposure to 50% SCs/CM during a 21-day culture period.



MSCs were isolated from bovine PB by three different protocols that included conventional separation in Percoll gradient (PB-MSCs-A), separation in Histopaque gradient (PB-MSCs-B), and sequential centrifugation in two concentrations of Percoll (1.053 and 1.064 g/mL) (PB-MSCs-C). Among these protocols, Histopaque separation (PB-MSCs-B) yielded cultures with higher levels of expression of mesenchymal marker CD73, which has been reported as a specific marker for isolation of MSCs [1,4,10,12,13]. Nevertheless, cells isolated using this protocol also expressed high levels of hematopoietic markers CD34 and CD45, which indicate that a high proportion of blood cells were included in the cell pool. Subsequent plastic-adherence separation and morphological evaluation allowed the removal of hematopoietic cells from PB-MSC cultures. Thus, according to these analyses, Histopaque-based separation was the most efficient protocol for the isolation of bull PB-MSCs.



PB is an interesting source for obtaining MSCs due to numerous comparative advantages over other sources, including the availability of donors of different ages and sexes, the absence of ethical concerns and the minimally invasive collection procedure [6,8,13]. Despite the trilineage mesodermal differentiation capacity (osteogenic, adipogenic and chondrogenic) of bovine PB-MSCs not having been previously described, previous studies have indicated that PB-MSCs from different species including human, feline and ovine models have mesodermal and non-mesodermal differentiation potential [34,35,36].



Cultures of SCs used in the present study were isolated from abattoir-derived testis and were selected and expanded as previously reported [12,13]. Isolated bull SCs expressed high mRNA levels of WT1 and AR, and displayed intense immunofluorescence associated with Wt1. Our previous studies have reported a positivity of around 90% for Wt1 in SCs isolated by this protocol and analyzed by flow cytometry [12]. Both WT1 and AR markers have previously been identified as specific for SCs in murine, human, and bovine [12,13,37,38]. Wt1 has been associated with gonad development and acts as a transcription factor that regulates the inductive signal from the mesenchyme to the coelomic epithelium of the mesonephro by controlling the growth of gonadal ridges that give rise to SCs [39]. AR functions as a nuclear receptor and as a ligand-dependent transcription factor, which regulates the expression of a wide variety of genes involved in the development of puberty and male fertility [40]. Our results indicate that SC cultures isolated by this protocol were highly homogenous and suitable for CM production and for subsequent GC differentiation experiments.



Bull SSCs used in this study (SSCs-A) were isolated by two-step enzymatic digestion, sequential filtration and differential adhesion following a previously reported protocol [30]. Although no consistent bull SSCs markers have been determined, UCHL1 and PLZF have been specifically detected in bull SSCs, as reported in several studies [13,40,41,42]. UCHL1 is related to the events of self-renewal and colocalization of SSCs and is specifically expressed in vivo in SSCs located in the basement membrane of seminiferous tubules, but not in differentiated GCs [43,44]. PLZF is a conserved marker of undifferentiated GCs in animal model including cattle, sheep, and goats [45,46]. PLZF is a transcriptional factor that represses the transcription of c-kit, which is a hallmark of SSC differentiation and thereby maintains the source of SSCs [47]. In addition, CD90-positive cells have been shown to exhibit cardinal properties of SSCs, including proliferation, differentiation, and colony formation in human and mouse models [48,49]. Isolated SSCs populations used in this study expressed high levels of UCHL, PLZF, and CD90 mRNA and were immunopositive for Uchl1, which indicates that our protocol yielded consistent and homogeneous SSC cultures. Previous studies have indicated that SSCs derived from domestic animals can be easily isolated and cultivated; however, they undergo a gradual decrease in proliferation during subsequent subcultures, and over time, spontaneous differentiation and apoptosis dominate cellular events, with the eventual arrest of proliferation [13,50]. In this context, the expansion of SSCs under in vitro conditions can only be maintained for less than 60 days, due to spontaneous differentiation towards nonspecific cell lineage [42,51,52,53]. However, primary cultures of SSCs used in our study were kept in culture for intervals not exceeding 30 days, and during this time, SSCs maintained continuous proliferation, and were adherent to plastic with irregular and cuboidal morphology. In addition, these bull SSCs were able to respond to culture with SCs/CM suggesting they did not undergo spontaneous differentiation.



PB-MSCs-SCs/CM and SSCs-SCs/CM displayed greater confluence on day 21 of culture in both cell types with little changes in morphology. SSCs-SCs/CM increased NANOG expression on day 14 and decreased SOX2 expression, while PB-MSCs-SCs/CM increased OCT4 and SOX2 expression on days 7 and 14. Moreover, SSCs-SCs/CM did not express OCT4 and PB-MSCs-SCs/CM lost NANOG expression during differentiation. NANOG, OCT4, and SOX2 are transcription factors that regulate common target genes that promote pluripotency and self-renewal, while inhibiting the differentiation processes [54]. NANOG expression is promoted by OCT4 and SOX2 expression [54,55], and together, these three factors regulate a network of genes involved in control of factors associated with chromatin remodeling, cell cycle, and signal suppression [56]. These genes are expressed in both pluripotent GCs and early GCs [56,57]. Consequently, its high expression indicates a state of undifferentiation in pluripotent cells, and its low expression would occur during cell differentiation [58,59]. In the present study, the absence of OCT4 and the increased expression of NANOG seems to play a role in SSC differentiation, whereas the absence of NANOG and the increased role of OCT4 may be required for PB-MSC differentiation into GCs. Despite OCT4, NANOG, and SOX2 regulating the maintenance of pluripotent state in embryos and derived cells in most mammalian species, their roles in bovine MSC has not been completely determined. However, recent reports indicate that concomitant ectopic expression of OCT4, SOX2, and KLF4 and c-MYC is able to induce formation of bovine induced pluripotent stem cells (iPSCs) suggesting an important role in the control of pluripotency [60]. Considering this potential role, we may speculate that KLF4 and c-MYC may also participate in MSC differentiation and be regulated under the effect of SCs/CM. Thus, our results indicate that exposure to SCs/CM induced distinctive and contrasting expression patterns of pluripotency markers in bull PB-MSCs or SSCs during differentiation into GCs.



Exposure to SCs/CM increased the expression of PIWIL2 and DAZL in SSCs and only increased the expression of PIWIL2 in PB-MSCs. DAZL is essential for mammalian spermatogenesis and is involved in proliferation, development, maturation, and functional maintenance of male GCs [61]. PIWIL2 is exclusively expressed in GCs, where it has a role in self-renewal of SSCs [62,63]. In the mouse, PIWIL2 null mutants have been shown to have incomplete spermatogenesis and cannot produce sperm [62]. The results obtained in this study indicate that SSCs cultured with SCs/CM increased the expression of a greater number of GC genes compared to PB-MSCs cultured under the same condition. The more restricted GCs profile of PB-MSCs may be associated with its multipotency capacity associated with less specific mesodermal lineages including osteogenic, adipogenic and chondrogenic. In comparison, the unipotent differentiation ability of SSCs towards GCs and sperm allows them to display a more robust GC expression pattern during the differentiation process. Previous studies from our group have reported that AT-MSCs and BM-MSCs, co-cultured with SCs in 2D systems, increased the expression of DAZL and PIWIL2 [12]. Moreover, we found that SSCs and PB-MSCs acquired a GC profile after 14 days in 3D co-culture system with SCs [13]. In addition, PB-MSCs-SCs/CM lose mesenchymal profile on day 21 by lowering the expression of CD73 and CD105. This loss of mesenchymal profile has been previously reported in BM-MSCs and AT-MSCs after 14 days of culture with SCs in adherent monolayer [12].



In the present study, gene expression of GC markers VASA, FRAGILIS, STELLA, SCP3, and STRA8 were not detected in any cell type or treatment. The expression of VASA, STELLA, SCP3, and STRA8 has been related to later stages of GC maturation including post-migratory phase [61,63]. VASA gene encodes an RNA-binding protein and an ATP-dependent RNA helicase present in meiotic GCs and associated with the appearance of chromatoid bodies in spermatocytes and spermatids [46,63]. STELLA is believed to be involved in chromosomal organization and RNA processing and its expression has been detected during blastocyst stage after which it disappears, suggesting that STELLA is apparently not necessary for germline development [63]. SCP3 is a meiosis-specific supra molecular proteinaceous structure which functions as a molecular framework that regulates chromosome synapsis [64]. Consequently, the lack of SCP3 expression suggest that PB-MSCs and SSCs did not undergo progression into meiosis under the current conditions. STRA8 is a key factor involved in meiotic entry of postmigratory PGCs, in a process regulated by RA [65]. FRAGILIS is an early primordial marker of GCs, expressed in response to BMP4 signaling from the extra-embryonic ectoderm [63]. Nevertheless, the requirement of RA and BMP4 activation and the subsequent lack of STRA8 and FRAGILIS gene expression suggest that SCs/CM may have not achieved sufficient levels of these factor or its dilution with 50% standard media reduced its effective concentrations.




5. Conclusions


Considering the increased levels of CD73 gene expression and the subsequent separation of hematopoietic cells, a histopaque-based protocol was shown to be the most efficient for the isolation of bull PB-MSCs. Exposure to SCs/CM induced distinctive and contrasting expression patterns of pluripotency markers in bull PB-MSCs or SSCs. The absence of OCT4 and the increased expression of NANOG seems to play a role in SSC differentiation, whereas the absence of NANOG and the increased role of OCT4 may be required for PB-MSC differentiation into GCs. SSCs cultured with SCs/CM increased the expression of PIWIL2 and DAZL, while PB-MSCs cultured under the same condition only increased the expression of DAZL. Overall, the pattern of gene expression reported in these results associated with pluripotent and GCs markers suggests that PB-MSCs and SSCs activate different signaling pathways after exposure to SCs/CM and during differentiation into GCs.
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Figure 1. Schematic representation of bovine PB-MSCs isolation and purification by three protocols. Protocol 1. PB MSCs-A were isolated by centrifugation of blood sample in Percoll gradient 1.076 g/mL diluted in NaCl. Protocol 2. PB MSCs-B were isolated by centrifugation of blood sample in Histopaque gradient 1.076 g/mL diluted in NaCl. Protocol 3. PB-MSCs-A were isolated by two-step centrifugation of blood sample in Percoll gradient 1.053 g/mL and 1.064 g/mL diluted in PBS. For each protocol, PB-MSCs were isolated by their adhesion to plastic culture plates. 
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Figure 2. Characterization of SCs, SSCs y PB-MSCs derived from bull tissues. (A) PB-MSC-A, PB-MSC-B and PB-MSC-C displayed heterogeneous morphology characterized by circular, fibroblastoid, elongated shapes. SSC-A were adherent, while SSCs-B were both adherent and non-adherent. Morphology of SCs ranged from ovoid to fibroblastoid. (B) Relative gene expression of MSCs markers CD73 were higher (p < 0.05) in PB-MSCs-B compared to PB-MSCs-A and PB-MSCs-B and was not detected in SSCs-A. CD105 mRNA levels were not different between PB-MSCs-A, PB-MSC-B, PB-MSC-C and SCs, and were not detected in SSCs-A. CD90 gene expression was higher (p < 0.05) in SSCs-B and was not detected in PB-MSCs-A and PB-MSCs-C. Gene expression of hematopoietic cell gene marker CD34 was higher (p < 0.05) in SSCs-A compared to PB-MSCs-A, PB-MSC-B, PB-MSC-C and SCs. CD45 relative gene expression was higher (p < 0.05) in SCs compared to PB-MSCs-A, PB-MSC-B, PB-MSC-C and SSCs-A. UCHL1 gene expression was higher (p < 0.05) in SSCs-B and was not detected in SCs, while PLZF was only detect on SSCs and not in PB-MSCs. (C) Intense immunofluorescence associated to Cd73 was observed in PB-MSCs-B. (D) Immunofluorescence associated to Uchl1 was observed in SSCs-A. (E) Intense Wt1 immunofluorescence was observed in SCs. (*) Indicate mRNA levels of specific gene were not detected. Different superscripts (a, b, c, d) indicate differences (p < 0.05) for the same marker between cell types. 
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Figure 3. Phase contrast microscopy of single cultures of bull PB-MSCs and SSCs exposed to SCs/CM and controls cultured for 21 days. SCs presented irregular morphology, characterized by fibroblastoid morphology, as became more confluent from days 7 to 21. PB-MSCs presented morphology characterized by circular and fibroblastoid shapes. Adherent SSCs presented circular morphology in suspension and irregular and cuboidal morphology appear in time. Both PB-MSCs or SSCs increased proliferation through the culture period; however, they did not change morphology when cultured with SCs/CM. 
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Figure 4. Expression of pluripotency markers NANOG, OCT4 and SOX2 in PB-MSCs and SSCs cultured with SCs/CM for 21 days. (A) On days 7 and 14, NANOG gene expression was higher (p < 0.05) in SSCs-SCs/CM, whereas no NANOG gene expression was detected in PB-MSCs-SCs/CM. (B) OCT4 gene expression was higher (p < 0.05) in PB-MSCs-SCs/CM on day 7 and 14 compared to SCs and PB-MSCs control. Gene expression of OCT4 was not detected in SSCs and SSCs-SCs/CM. (C) SOX2 gene expression of was higher (p < 0.05) on days 7, 14, and 21 in PB-MSCs-SCs/CM compared to PB-MSCs, SSCs-SCs/CM and SSCs. (D) Immunofluorescence associated with Nanog was intense in SCs, SSCs, and SSCs-SCs/CM on day 14. (E) intense immunofluorescence associated with Oct4 was observed in SCs, PB-MSCs, and PB-MSCs-SCs/CM and on day 14. (*) Indicate mRNA levels of specific gene were not detected. Different superscripts (a, b, c, d) indicate differences (p < 0.05) between cell types for specific day of culture and (1,2,3) for the same marker between cell types. 
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Figure 5. Expression of GCs markers PIWIL2 and DAZL in PB-MSCs and SSCs treated with SCs/CM for 21 days. (A) Higher (p < 0.05) gene expression of PIWIL2 was detected in the SSCs-SCs/CM on day 7. On day 14 of culture, gene expression of PIWIL2 was higher (p < 0.05) in PB-MSCs-SCs/CM and SSCs-SCs/CM compared to SCs, PB-MSCs and SSCs controls. Over time the relative expression of PIWIL2 increased (p < 0.05) in SSCs-SCs/CM from day 7 to day 14. (B) The relative expression of DAZL was higher (p < 0.05) in SSCs-SCs/CM on days 7 and 14 compared with SCs and SSCs controls. In PB-MSCs or PB-MSCs-SCs/CM no gene expression of DAZL was detected. (C) Piwil2 protein expression was immunodetected in PB-MSCs-SCs/CM and SSCs-SCs/CM on day 14. (D) Dazl was immunodetected in SSCs and SSCs-SCs/CM on day 14. (*) Indicate mRNA levels of specific gene were not detected. Different superscripts (a, b, c) indicate differences (p < 0.05) for the same marker between cell types and (1,2) for the same marker between days of culture. 
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Figure 6. Relative gene expression of MSCs markers CD73 and CD105 in PB-MSCs cultured with SCs/CM for 21days. (A) CD73 gene expression was higher (p < 0.05) on days 7 and 14 in PB-MSCs-SCs/CM and SCs on day 21. Over time, CD73 gene expression in PB-MSCs-SCs/CM decreased (p < 0.05). (B) The relative expression of CD105 was higher (p < 0.05) on days 7 and 14 in the culture of PB-MSCs- SCs/CM and in SCs on day 21. Over time, the relative expression of CD105 in PB-MSCs-SCs/CM decreased (p < 0.05). Different superscripts (a, b, c) indicate differences (p < 0.05) for the same marker between cell types and (1,2,3) for the same marker between days of culture. 
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Table 1. Sequence of primers used for Q-PCR analysis.
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Genes

	
Nucleotide sequence (5′-3′)

	
n.Access




	
Forward

	
Reverse






	
Endogenous genes

	




	
β- ACTINA

	
CGCACCACTGGCATTGTCAT

	
TCCAAGGCGACGTAGCAGAG

	
NM_173979.3




	
GAPDH

	
CCTTCATTGACCTTCACTACATGG TCTA

	
TGGAAGATGGTGATGGCCTTTCCATTG

	
NM_001034034.2




	
Mesenchymal stem cell genes




	
CD73

	
TGGTCCAGGCCTATGCTTTTG

	
GGGATGCTGCTGTTGAGAAGAA

	
NM_174129.3




	
CD105

	
CGGACAGTGACCGTGAAGTTG

	
TGTTGTGGTTGGCCTCGATTA

	
NM_00107639.1




	
H