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Bone Morphogenetic Protein 2 Is Involved in Oocyte Maturation Through an Autocrine/Paracrine Pathway in Scylla paramamosain
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Ovary-secreted autocrine/paracrine factors play important roles in regulating oocyte maturation via the autocrine/paracrine pathway. This study aimed to evaluate the functions of bone morphogenetic protein 2 (BMP2) in oocyte maturation and communication between follicle cells and oocytes. In our study, we first identified BMP2 from the mud crab Scylla paramamosain. Quantitative real-time PCR showed that BMP2 was detected in diverse tissues, notably in the ovary, stomach and gill. The expression levels of BMP2 transcripts increased during vitellogenesis. Spatial expression of BMP2 and receptors in the ovary revealed that BMP2 was exclusively detected in oocytes, whereas the receptors were expressed in both follicle cells and oocytes. RNAi tests revealed that the expression of cyclin B first decreased at 2 h and then increased at 4 h after BMP2 knockdown. These combined findings suggest that BMP2 may promote oocyte maturation through an autocrine/paracrine pathway in S. paramamosain.
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INTRODUCTION

In vertebrates, oocyte maturation is a complicated mutual interaction between extraovarian and intraovarian signals (Ge, 2005; Emori and Sugiura, 2014). In vertebrates, oocyte maturation is generally activated by luteinizing hormone (LH), which is produced and secreted from the pituitary (Nagahama and Yamashita, 2008). In addition to this classical endocrine pathway, growing evidence suggests that many intraovarian autocrine/paracrine factors, such as transforming growth factor β (TGFβ) and epidermal growth factor (EGF), play critical roles in oocyte maturation via the autocrine/paracrine pathway (Ge, 2005; Clelland and Peng, 2009). Bone morphogenetic protein (BMP), a member of the TGFβ superfamily, has been demonstrated to play intraovarian autocrine/paracrine roles in development and follicular formation (Glister et al., 2004; Knight and Glister, 2006). For example, rat BMP9 plays an autocrine role in regulating steroidogenesis in ovarian granulosa cells (Hosoya et al., 2015). BMP2 is located in granulosa cells, and its receptors are expressed in both granulosa cells and oocytes. BMP2 stimulates steroidogenesis in granulosa cells through an autocrine pathway (Inagaki et al., 2009).

The mud crab Scylla paramamosain (Crustacea: Decapoda: Brachyura) is an economically important and nutritious crab species in China and South Asia. Ovarian development in S. paramamosain has been divided into undeveloped (stage I), pre-vitellogenic (stage II), early vitellogenic (stage III), late vitellogenic (stage IV), and mature (stage V) stages (Bao et al., 2018). In the late vitellogenic stage, the size of the oocyte nucleus reaches a maximum of almost 40 μm, the oocyte germinal vesicle (GV) becomes obvious, and the oocytes are usually arrested at the prophase of the first meiosis (Yang et al., 2019). Meiotic arrest resumes by a stimulus, and the first clear sign of meiosis initiation is germinal vesicle breakdown (GVBD) (Eppig, 1982). It has been reported that oocytes in the GV stage could be induced to mature by 5-HT (Yang et al., 2019). Recent studies found that short neuropeptide F (sNPF), BMP7 and BMP9/10 can play roles as intraovarian autocrine/paracrine factors by regulating oocyte maturation in mud crabs (Bao et al., 2018; [opetwcitep]B32,B33[clotwcitep]Yang et al., 2018, 2021). As a paracrine factor, BMP7 plays a potentially inhibitory role in oocyte maturation, which is induced by 17α,20β-dihydroxyprogesterone (DHP) (Shu et al., 2016; Yang et al., 2018). However, the effects of other autocrine/paracrine factors on oocyte maturation are still unknown.

In this study, we focused on the effects of BMP2 on oocyte maturation. We analyzed the expression patterns of ligand and receptors of BMP2 in follicle cells and oocytes, then characterized BMP2 expression at the GV and GVBD stages. We reveal the function of BMP2 in oocyte maturation via an autocrine/paracrine pathway in S. paramamosain.



MATERIALS AND METHODS


Experimental Animals

According to the morphological and histological features, the mud crab vitellogenesis was classified into the pre-vitellogenic stage, the early vitellogenic stage and the late vitellogenic stage (Huang et al., 2014). Crabs were purchased from the eight market in Xiamen, Fujian Province, China. All crabs were under normal physiological conditions without any induction or treatment in this study. Prior to dissections, crabs were anaesthetized on ice for 30 min. Our study did not involve endangered or protected species.



Sequence Analysis of Bone Morphogenetic Protein 2

The sequence of BMP2 cDNA was obtained from transcriptome data (NCBI SRA database: SRR3086589, SRR3086590, and SRR3086592) and was verified by DNA sequencing. The obtained BMP2 cDNA sequence was compared with the NCBI nucleotide database using the NCBI BLAST tool1. The deduced amino acid sequence was translated using DNAStar BioEdit software. Then, multiple sequence alignments were performed using the LaTEX TexShade package to present the conserved sequence motifs and show the LOGO.



RNA Extraction and cDNA Synthesis

Total RNA was extracted using TRIzol RNA isolation reagent (Invitrogen) according to the manufacturer’s instructions. The concentration and quality of RNA were determined using a NanoOne spectrophotometer. First-strand cDNA was synthesized from 2 μg of total RNA using the PrimeScriptTM RT reagent kit with gDNA Eraser (TaKaRa).



Tissue Distribution and Expression Profile of Bone Morphogenetic Protein 2

Total RNA was isolated from various tissues, including the eyestalk ganglion, cerebral ganglion, thoracic ganglion, ovary, stomach, hepatopancreas and gill. Fluorescence quantitative real-time PCR (qRT–PCR) was carried out to detect the mRNA distribution in different tissues and the temporal expression profile in the ovary. Gene-specific primers for BMP2 (Table 1) were used to amplify the corresponding products. The housekeeping gene β-actin (GenBank ID: GU992421) was used to compare the relative expression levels of BMP2 in the samples. qRT–PCR measurements were performed using the Applied Biosystems 7500 Real-time PCR System (Carlsbad, CA United States) version 2.4 software. qRT–PCR was carried out in a total volume of 20 μl, containing 10 μl of SYBR Premix Ex TaqTM (Takara), 0.4 μl of ROXTM Reference Dye (Takara), 0.5 μl of each primer (10 mM), 2 μl of the diluted cDNA and 6.6 μl of ddH2O. The thermal profile for qRT–PCR was 30 s at 95°C for 1 cycle, 5 s at 95°C, 30 s at 56°C, and 30 s at 72°C for 42 cycles. All experiments were repeated independently at least three times.


TABLE 1. Details of primers for this study.

[image: Table 1]In addition, the temporal expression pattern of BMP2 was estimated using qRT–PCR as described above.



Separation of Oocytes and Follicle Cells

Follicle cells were separated from the corresponding oocytes as previously described (Yang et al., 2018). Ovaries at the late vitellogenic stage were dissected from the crabs and then placed in a plastic culture dish with modified crab saline (11.3 mM KCl, 440 mM NaCl, 26 mM MgCl2, 13.3 mM CaCl2, 23 mM Na2SO4, 10 mM HEPES, pH 7.4). Follicle layers were gently removed with fine forceps. The denuded oocytes and separated follicle layers were collected for RNA extraction, with three biological replicates.



Expression Pattern of Bone Morphogenetic Protein 2 and Receptors in the Ovary by Semiquantitative PCR

Semiquantitative PCR was used to determine the expression profiles of BMP2 and BMPRs in the ovary, follicle cells and denuded oocytes. The specific primers of BMPRs for PCR were designed according to the cDNA sequences (GenBank: KU985444 and KU985443). Negative (β-actin) and blank controls (no template) were carried with the target gene together. Semiquantitative PCR was carried out in a volume of 25 μl containing 12.5 μl of 2 × Premix Ex Taq II (Takara), 2 μl of cDNA template, 1 μM each primer and 8.5 μl of H2O. The thermal profile for the PCR was 3 min at 95°C for 1 cycle, 30 s at 94°C, 30 s at 56°C, and 30 s at 72°C for 38 cycles, followed by an extension at 72°C for 10 min. The PCR products were analyzed by 1.5% agarose gel electrophoresis. PCR was conducted in quadruplicate for each individual sample. All the primers were listed in Table 1.



Expression of Bone Morphogenetic Protein 2 in the Germinal Vesicle and Germinal Vesicle Breakdown Stages

Ovaries at the late vitellogenic and mature stages were selected to obtain oocytes in the GV and GVBD stages. Briefly, oocytes in the GV and GVBD stages were determined using a clearing solution (formaldehyde, ethanol, acetic acid, 30:42:1) followed by microscopic examination. Four biological replicates were used for BMP2 detection. qRT–PCR was carried out as described above.



Effect of Bone Morphogenetic Protein 2 on Cyclin B Expression in vitro

We first designed specific primers to amplify the sequences of BMP2 and the green fluorescent protein (GFP) gene (as an exogenous control gene) (Table 1). Then, the pure DNA templates were used to synthesize the dsRNA with T7 and SP6 polymerases. The remaining DNA template in dsRNA solution was digested with RNase-free DNase I (TaKaRa). Finally, the quality, concentration and integrity of dsRNA were detected using a NanoOne spectrophotometer and agarose gel electrophoresis.

The dissection and treatment of ovarian explants were carried out as described in a previous study (Liu et al., 2019). Female crabs at the late vitellogenic stage were anaesthetized for 15 min on ice and sterilized in 75% ethanol for 10 min. Then, ovarian tissues at the GV stage were dissected and washed 6 times with modified crab saline. Subsequently, the ovary samples were cut into 50-mg fragments and then placed in a well of a 24-well tissue culture plate with 1.5 ml 2 × L15 medium containing streptomycin (300 IU ml–1) and penicillin G (300 IU ml–1). The experiment included three treatments, namely, dsRNA for BMP2 and GFP (negative control), as well as a blank control (no dsRNA), with each treatment performed in four replicates (n = 4). The ovarian explants were cultured with dsRNA at 25°lC and then collected at 1, 2, 4, 6, and 8 h for gene expression analysis to determine the effect of dsRNA. After the target gene was silenced, the expression of cyclin B was analyzed by qRT–PCR, as described above, using the primers listed in Table 1.



Data Analysis

BMP2 expression relative to the control was determined by the 2–ΔΔCt method. All data are presented as the mean ± SD. Statistical analyses were performed using SPSS 20 software. Data were normally distributed, as assessed with normality tests (Shapiro–Wilk test). Independent samples t-tests were used to analyze BMP2 expression between follicle cells and oocytes and the GV and GVBD stages. Data for different vitellogenic stages and RNAi experiments were first subjected to Levene’s test for testing the homogeneity of variances and then subjected to one-way analysis of variance (ANOVA) with Scheffé’s method post hoc analysis. P-values less than 0.05 were considered statistically significant.



RESULTS


Sequence of Bone Morphogenetic Protein 2 cDNA

In the transcriptome data of S. paramamosain, a 2,594-bp transcript was found to encode BMP2. The nucleotide sequence showed high conservation to orthologs of other known BMP2 transcripts from different decapods, especially from the Chinese mitten crab Eriocheir sinensis. The BMP2 transcript was composed of a 1,224-bp open reading frame (ORF), a 580-bp 5′-untranslated region and a 790-bp 3′-untranslated region. This ORF encoded a 407-aa protein, and the calculated molecular mass was 46.4 kDa. A BLAST search of the S. paramamosain BMP2 protein sequence showed high scoring identities to BMP2 proteins from other species; the highest score was an 88% identity to the amino acid sequence from the swimming crab Portunus trituberculatus. The alignment of the deduced amino acid sequences in different species is shown in Figure 1.


[image: image]

FIGURE 1. Comparative amino acid sequence alignment of BMP2 from S. paramamosain with BMP2 proteins from other species. Sequences used in the alignment included Portunus trituberculatus (GenBank accession number: MPC22470.1); Eriocheir sinensis (GenBank accession number: QKI80004.1); Gopherus evgoodei (GenBank accession number: XP_030413884.1); Chrysemys picta bellii (GenBank accession number: XP_005287486.1); Columbina picui (GenBank accession number: NWQ78677.1); and Armadillidium vulgare (GenBank accession number: RXG59312.1). The sequence logo is shown above the alignments.




Tissue Distribution and Expression Profile of Bone Morphogenetic Protein 2

qRT–PCR was used to detect the expression levels of BMP2 in seven tissues (eyestalk, cerebral ganglia, thoracic ganglia, ovary, stomach, hepatopancreas and gill) of S. paramamosain (Figure 2). The results indicated that BMP2 was detected in various tissues. A predominant transcript expression level of BMP2 was detected in the ovary, stomach and gill (Figure 2).


[image: image]

FIGURE 2. Tissue distribution of BMP2 in S. paramamosain. Expression of β-actin was used as internal control. The relative expression of BMP2 was analyzed by qRT–PCR.


To determine whether BMP2 acts on ovarian development, qRT–PCR was employed to detect its expression in different vitellogenic stages. As demonstrated in Figure 3, BMP2 was increased from pre-vitellogenic stage to the early and late vitellogenic stages.
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FIGURE 3. Temporal expression profile of S. paramamosain BMP2 in ovarian development. The expression level of BMP2 was investigated by qRT–PCR and normalized to β-actin. The relative expression abundances are presented as the means ± SD (n = 4). Different letters above the bars demonstrate significant differences between different vitellogenic stages (P < 0.05).




Spatial Expression of Bone Morphogenetic Protein 2 and BMPRs in the Ovary

We used semiquantitative PCR to determine the mRNA expression level of BMP2 and its receptors in follicle cells and oocytes derived from the ovaries at the late vitellogenic stage (stage IV). The results revealed that BMP2 and its receptors show a distinctive distribution pattern in follicle cells and oocytes. BMP2 was exclusively detected in oocytes (Figure 4). Unlike the ligand, the receptors bone morphogenetic protein receptor IB (BMPRIB) and bone morphogenetic protein receptor II (BMPRII) were located in both follicle cells and oocytes (Figure 4). β-actin (used as the housekeeping gene) was concurrently tested in all cDNA templates, while no signal was detected in the blank control (distilled water was used to serve as the template during PCR).
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FIGURE 4. Localization of BMP2 and two BMPRs in the ovary. BMP2 transcript was exclusively expressed in the oocytes. In contrast, two BMP receptors (BMPRIB and BMPRII) were located on both follicle cells and denuded oocytes. The housekeeping gene (β-actin) was detected in each sample, while no signal was detected in the blank control.




Role of Bone Morphogenetic Protein 2 in Oocyte Maturation

To research the function of BMP2 in oocyte maturation, the expression level of BMP2 was detected in the GV and GVBD stages. BMP2 showed a higher expression level in the GV stage (Figure 5). Afterward, we used dsRNAs to silence BMP2 in ovaries in the GV stage and analyzed the expression patterns using qRT–PCR. The results revealed that BMP2 was significantly silenced at 1 and 2 h (Figure 6A). Then, we analyzed the expression of cyclin B, which was decreased first at 2 h and then increased at 4 h (Figure 6B).
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FIGURE 5. Temporal expression profiles of BMP2 at the GV and GVBD stages. The relative expression levels are shown as the means ± SD (n = 4). Different letters above the bars demonstrate significant differences between the oocytes at the GV and GVBD stages (P < 0.05, independent t-test).
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FIGURE 6. Effect of BMP2 dsRNA on cyclin B expression in S. paramamosain. (A) Levels of BMP2 expression were detected at 1, 2, 4, 6, and 8 h postaddition of BMP2 dsRNAs (5 μg/ml). (B) The expression levels of cyclin B were detected at 1, 2, and 4 h postaddition of BMP2 dsRNAs. GFP dsRNAs and distilled water in equal amounts were concurrently employed as negative and blank controls, respectively. The relative expression levels of target genes are presented as the means ± SD (n = 4). Significant differences between different treatments are represented by different letters above the bars (P < 0.05).




DISCUSSION

In our study, we cloned BMP2 from S. paramamosain, which was similar to the sequence of BMP2 in E. sinensis (Yang et al., 2020). Similar to BMP7 in the mud crab, a TGF-b propeptide is located in the BMP2 N-terminus region (Shu et al., 2016). The C-terminus of BMP2 has a TGF-β-DPP domain that is found in Drosophila melanogaster protein decapentaplegic (Dpp) and is responsible for development (Allendorph et al., 2007). Thus, data from the sequence of BMP2 indicated that this sequence is a member of the BMP family (Xiao et al., 2007).

Higher expression levels of BMP2 were observed in the gill and stomach of S. paramamosain. BMP2 is also expressed at a high level in the gill of E. sinensis (Yang et al., 2020). In crustaceans, a thin chitin layer covers the external surface of the gill (Flemister, 1959), and the gastric mill is a masticating apparatus that is a part of the stomach and also contains a chitin layer (Yonge, 1926). The higher expression levels of BMP2 in the gill and stomach implied that BMP2 may be related to chitin formation. In mammals, BMP2 is a vital protein for bone formation and development (Rosen, 2009). However, crustaceans have a chitin carapace instead of the bones found in mammals (Rodriguez-Chanfrau et al., 2019). In crustaceans, BMP2 may be related to chitin formation. Moreover, BMP2 was also highly expressed in the ovary. Higher expression levels of some BMPs in the ovary have been identified in both mammals and crustaceans (Lima et al., 2012; Shu et al., 2016) and are responsible for ovary development and oocyte maturation (Peng et al., 2009; Yang et al., 2018).

To determine the relationship between BMP2 and reproduction, the expression pattern of BMP2 was subsequently analyzed during ovarian development. A significantly low expression was observed at the pre-vitellogenic stage, while relatively abundant expression of BMP2 was observed in the early vitellogenic and late vitellogenic stages, indicating that BMP2 might be involved in vitellogenesis and late ovarian development. This finding was obviously incompatible with the expression profile of BMP2b in zebrafish, which showed a peak at the pre-vitellogenic stage and declined steadily toward the end of folliculogenesis (Li and Ge, 2011). The tendencies of BMP2 expression at different vitellogenic stages of the mud crab were also different from other BMP members, such as BMP7 in the mud crab and growth differentiation factor 9 (GDF9) in ricefield eel (He et al., 2012; Shu et al., 2016). It is possible that this discrepancy was due to species diversity. The expression profile of BMP2, combined with the expression levels of BMP receptors, was significantly higher in the early and late vitellogenic stages (Shu et al., 2016), suggesting a potential role for BMP2 in ovarian maturation. BMP2 and other BMPs have also been reported to be involved in ovarian maturation in other species, such as BMP2 in buffalo and BMP15 in zebrafish (Peng et al., 2009; Rajesh et al., 2018).

BMPs, as members of the TGFβ superfamily, act on oocyte maturation in an autocrine/paracrine manner (Ge, 2005; Clelland and Peng, 2009). Similar to the TGFβ superfamily, BMPs have been shown to act via two types of BMPRI (BMPRIA and BMPRIB) and BMPRII (Wang and Roy, 2009). In this study, we detected the spatial expression of BMP2 and BMPRs in the ovary. BMP2 was exclusively expressed in oocytes, and receptors were detected in both follicle cells and oocytes. The localization of BMP2 and BMPRs revealed that there was a potential autocrine/paracrine pathway in the mud crab ovary, as in the study of S. paramamosain BMP7 (Yang et al., 2018). These findings were consistent with reports from mammals (Brankin et al., 2005; Inagaki et al., 2009). For example, BMP2 was found in granulosa cells, receptors were found in oocytes and granulosa cells of rats, and BMP2 can regulate estradiol production in granulosa cells in the autocrine pathway (Inagaki et al., 2009). Porcine BMP2 and BMPRs were observed in granulosa cells and oocytes, and BMP2 in oocytes acted in a paracrine manner to suppress progesterone production in granulosa cells (Brankin et al., 2005). Our results suggested that BMP2 may be involved in similar autocrine/paracrine signaling in S. paramamosain.

To investigate the role of BMP2 in oocyte maturation, an RNAi experiment was carried out to knock down the expression of BMP2. The expression level of cyclin B was decreased first at 2 h, which indicated that cyclin B might be regulated by BMP2. However, the expression level of cyclin B was increased at 4 h after the addition of BMP2 dsRNA. There is much cross-reactivity among different BMP ligands and type-I receptors (Shimasaki et al., 2004). It could be speculated that the BMP2 deficiency was offset by other BMP subtypes, which was similar to the study of BMP7 in S. paramamosain (Yang et al., 2018). During oocyte maturation, BMP2 regulated the expression of cyclin B, with higher expression levels evident at the GV stage than at the GVBD stage. These results were similar to the study of BMP9/10 in mud crabs, which also showed higher expression levels in the GV stage and regulated cyclin A and cyclin B (Yang et al., 2021). In our previous study, we found that BMP7 was secreted from follicle cells and suppressed DHP-induced oocyte maturation in mud crabs (Yang et al., 2018), whereas BMP2 secreted from oocytes may promote oocyte maturation. BMPs play vital roles in regulating follicle maturation in vertebrates (Wang et al., 2015). As demonstrated in previous studies, BMP6 can promote the maturation of mouse preantral follicle maturation, and GDF9 and BMP15 can regulate canine cumulus maturation (Wang et al., 2015; Ramirez et al., 2020). In porcine oocytes, the expression levels of BMP15 and GDF9 were significantly increased at GVBD compared with GV stages and participated in oocyte maturation (Lin et al., 2014). Consequently, we hypothesize that BMP2 plays a critical role in oocyte maturation of S. paramamosain, possibly through an autocrine/paracrine pathway.



CONCLUSION

In our study, we first identified BMP2 from the mud crab Scylla paramamosain. The spatial expression of BMP2 and receptors in ovary revealed that, the BMP2 might be an autocrine/paracrine factor. The expression of BMP2 mRNA increased along the ovarian development implied that BMP2 was probably involved in vitellogenesis and late ovarian development. Furthermore, the expression of cyclin B was decreased after the BMP2 knockdown. These combined findings suggest that BMP2 may promote oocyte maturation through an autocrine/paracrine pathway in S. paramamosain.
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