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Background: SMYD3 is a histone methyltransferase known for its dual role in modifying both histone and non-histone proteins. Despite its established involvement in somatic cell function and oncogenesis, its role in mammalian oogenesis and early embryonic development remains unclear. This study aimed to elucidate the function of SMYD3 in regulating oocyte meiotic progression and developmental competence using sheep as a mono-ovulatory model.Results: Utilizing a 3D follicle-enclosed in vitro maturation (FEO-IVM) system, the study examined the impact of SMYD3 inhibition on oocyte maturation within Early Antral follicles In the absence of human chorionic gonadotropin oocytes remained arrested at the germinal vesicle (GV) stage. Interestingly, treatment with a SMYD3 inhibitor (iSMYD3) alone prompted germinal vesicle breakdown (GVBD) in 67% of oocytes; however, progression to the metaphase II (MII) stage was achieved only when iSMYD3 was combined with hCG, resulting in a 73% maturation rate. Despite this, MII oocytes from the iSMYD3 group exhibited compromised developmental competence, as evidenced by the failure of parthenogenetic embryos to progress beyond the 8-cell stage, contrasting with a 29% success rate in the hCG-only group. At the molecular level, SMYD3 inhibition led to sustained activation of CDC25A within oocytes, facilitating GVBD but impeding the MI-MII transition due to the absence of CDC25A degradation. Moreover, iSMYD3 failed to activate the MAPK1/3 and PDE5A pathways in the somatic compartment, unlike hCG treatment, indicating distinct signaling mechanisms. Additionally, hCG rapidly downregulated SMYD3 expression in follicular walls and cumulus cells, a process independent of meiotic progression but essential for metabolic decoupling between oocytes and cumulus cells. SMYD3 inhibition disrupted this decoupling by preventing hCG-induced gap junction closure, thereby maintaining prolonged intercellular communication.Conclusion: SMYD3 is identified as a key modulator of oocyte maturation, orchestrating meiotic progression through CDC25A regulation and interacting with hCG-driven somatic signaling. These findings highlight SMYD3 as a critical determinant of late oogenesis and a potential target for enhancing oocyte competence in assisted reproductive technologiesKeywords: SMYD3, follicle-enclosed oocyte in vitro maturation (FEO-IVM), ovine oocyte competence, cumulus-oocyte metabolic coupling, hCG-dependent signaling pathways
1 INTRODUCTION
A mature oocyte possesses all the molecular machinery to express a complete developmental competence leading to totipotency after fertilization (Conti and Franciosi, 2018; Clift and Schuh, 2013). The understanding of the mechanisms involved in this remarkable biological milestone, achieved through a highly orchestrated process, remains a challenge for advancing knowledge of reproductive biology and for having a positive impact on the related assisted reproductive technologies (ART).
Physiologically, the acquisition of developmental competence occurs during the final phase of oocyte maturation, triggered by the preovulatory surge of gonadotropins. This hormonal cue initiates a cascade of coordinated nuclear and cytoplasmic events that equip the oocyte to undergo successful fertilization and support early embryonic cleavage (Conti and Franciosi, 2018). While this process is known to involve extensive molecular remodeling, including epigenetic reprogramming (Solc et al., 2008; Lincoln et al., 2002; Ferencova et al., 2022), the specific molecular drivers of meiotic progression and their temporal regulation remain incompletely understood.
Among the regulatory proteins expressed during oogenesis, SMYD3 has recently emerged as a molecule of interest (Suzuki et al., 2015; Bai et al., 2016). A member of the SMYD (SET and MYND domain-containing) protein family, SMYD3 has been broadly studied in somatic contexts for its role in transcriptional regulation and intracellular signaling (Hamamoto et al., 2004). However, its functional role within the oocyte while still enclosed in the somatic follicular environment, especially during meiotic resumption and maturation, remains to be fully elucidated. Given its dynamic expression profile in the ovary and potential responsiveness to hormonal cues, SMYD3 may represent a novel factor involved in the orchestration of late-stage oocyte maturation.
In both mouse and bovine embryos, SMYD3 mRNA expression rises post-fertilization, peaking during the initial cell divisions in mice (Suzuki et al., 2015) and at the morula stage in bovines (Bai et al., 2016), followed by a reduction at the blastocyst stage in both species. Knockdown studies in mice have further revealed SMYD3’s critical involvement in peri-implantation development, influencing key regulatory genes such as Oct4 and Cdx2 (Suzuki et al., 2015). Conversely, knowledge about SMYD3’s role in oogenesis is limited. Studies have primarily focused on its transcript-level expression in oocytes across various species, including mice, bovines, humans, and felines, suggesting a conserved role in gamete development (Suzuki et al., 2015; Bai et al., 2016; Oliveri et al., 2007; Phillips et al., 2016). More specifically, SMYD3-mediated histone methylation appears to contribute to epigenetic reprogramming during oocyte growth, as observed in both mouse and cat models (Oliveri et al., 2007; Phillips et al., 2016). Despite these insights, its precise functional contributions to oocyte maturation, the process that provides the oocyte with full developmental competence, remain unclear.
A critical challenge in studying the role of SMYD3 in oocyte maturation in vitro arises from the difficulty of reproducing the physiological mechanisms once the oocytes are removed from their follicular environment, as meiotic division resumes spontaneously and independently of regulatory control. Consequently, although nuclear maturation proceeds, the absence of specific cues to trigger cytoplasmic and epigenetic processes may result in incomplete or aberrant maturation. This discrepancy underscores the importance of the somatic compartment in coordinating maturation, beginning with gonadotropin sensing and continuing until ovulation by synchronizing intracellular processes essential for developmental competence.
At the cellular level, junctional metabolic coupling between the somatic and germinal compartments plays a key role in ensuring the oocyte’s progression toward developmental competence, facilitating a dynamic and reciprocal exchange of signals throughout the maturation phase. Unfortunately, conventional in vitro models often fail to preserve this critical interaction, limiting their ability to faithfully replicate the physiological process and support the generation of high-quality matured oocytes. In the present research, we aimed to elucidate the role of SMYD3 during the critical phase of oocyte maturation by employing the Follicle-Enclosed Oocyte (FEO) in vitro maturation (IVM) system, using hCG as the hormonal stimulus. Due to its luteinizing hormone (LH)-like activity and residual follicle-stimulating hormone (FSH)-like effects, hCG has proven particularly effective in supporting oocyte maturation within the ovine FEO-IVM model, as demonstrated in our previous studies (Peserico et al., 2023; Di Berardino et al., 2024). This system closely recapitulates the gonadotropin-mediated signaling cascade, allowing the intrinsic meiotic inhibition of the follicular environment to be overcome while preserving the essential bidirectional communication between somatic and germinal compartments.
Early Antral follicles (EAfs) were selected as the model system because they are the earliest gonadotropin-responsive follicles amenable to whole-follicle culture under defined conditions. They have already initiated key developmental processes—such as chromatin remodeling, telomere dynamics, and cytoplasmic maturation (Colosimo et al., 2009; Barboni et al., 2011; Russo et al., 2007; Russo et al., 2006)—despite these processes remain incomplete, resulting in a reduced developmental competence compared to oocytes from later antral stages. However, this intermediate maturation state offers a unique opportunity to investigate the molecular mechanisms regulating the transition from meiotic arrest to full oocyte maturation.
Moreover, EAfs are particularly relevant in the context of advanced in vitro folliculogenesis, as they represent the final follicular stage capable of reliably yielding an expandable pool of oocytes suitable for IVM (Peserico et al., 2023; Di Berardino et al., 2024). Their use in this study provided a physiologically relevant and tractable model to explore the role of SMYD3 in oocyte maturation.
To investigate SMYD3’s functional involvement, we combined the FEO-IVM system with pharmacological inhibition using EPZ031686, a specific inhibitor of the SMYD3 methyltransferase (iSMYD3) (Sanese et al., 2020; Rubio-Tomás, 2021; Bottino et al., 2020). This approach enabled an in-depth analysis of the mechanisms underlying meiotic resumption and the acquisition of developmental competence in EAf-derived oocytes.
Taken together, our strategy provides a powerful model to dissect the role of SMYD3 during oocyte maturation, integrating a biologically relevant culture system with targeted molecular interrogation.
2 MATERIALS AND METHODS
2.1 Chemicals
Unless otherwise specified, all chemicals used in this study were purchased from Sigma-Aldrich (Sigma Chemical Co., St. Louis, MO, United States).
2.2 Ethical issues
No ethical concerns were involved, as the biological materials used were sourced from tissues discarded by a local slaughterhouse belonging to the food supply chain.
2.3 Biological samples recovery and isolation of EA follicles
Ovaries were collected from 5-month-old Appenninica sheep as per Peserico et al. (2023); Di Berardino et al. (2022). The healthy EAf were mechanically isolated and selected based on morphology and size as described by Peserico et al. (2023).
2.4 Follicle enclosed oocyte (FEO) IVM protocol for early antral follicles
Selected healthy EAf were cultured in trans-well co-culture systems using 96-well plates with U-shaped wells containing PCL-patterned electrospun scaffolds, as previously validated (Peserico et al., 2023; Di Berardino et al., 2022). Each system was filled with 100 µL of maturation medium composed of alpha MEM (Cat. No. BE02-002F, Lonza), 20% fetal bovine serum (Cat. No. 11573397, Gibco), 1% glutamine (Cat. No. BE17-605E/U1, Lonza), 75 mg/L penicillin-G, 50 mg/L streptomycin sulfate (Cat. No. DE17-602E, Lonza), and human Chorionic Gonadotropin (hCG, equivalent to 6 μg/mL Chorulon®, MSD Animal Health S. r.l., Segrate, Italy).
Healthy EAf were randomly assigned to one of the following FEO-IVM protocols (Conti and Franciosi, 2018): without hCG (w/o hCG) (Clift and Schuh, 2013); 25 IU/mL hCG (Solc et al., 2008); 200 µM iSMYD3 (Lincoln et al., 2002); a combination of iSMYD3 + hCG.
Cultures were maintained at 38.5°C with 5% CO2 for 24h. Each experimental group included at least 30 EAf samples per replicate.
To determine the optimal concentration of iSMYD3 for FEO-IVM, a preliminary dose–response curve was established using the SMYD3 inhibitor EPZ031686 (Cat. No. HY-19324, MedChemExpress LLC, Monmouth Junction, NJ, United States) at concentrations of 0, 40, 200, and 1,000 µM. The inhibitor was added during the first 18 h of FEO-IVM culture and removed for the remaining 6 h, during which hCG remained in the medium. The inhibitor was removed after 18 h to replicate the physiological downregulation of SMYD3 observed during maturation and to avoid interference with later somatic–germinal uncoupling events. The effect of the inhibitor on SMYD3 activity was assessed by evaluating the methylation status of the SMYD3 target histone mark H3K4Me2 in the somatic compartment (follicular walls and cumulus cells), as detailed in the Supplementary Figure S1.
2.5 Meiotic and developmental competence of FEO-IVM oocytes
2.5.1 Meiotic resumption rate
Meiotic resumption in different groups was assessed by determining the nuclear stage of enclosed EAf oocytes after 24 h of incubation. Oocytes were denuded of cumulus cells, and their nuclei were counterstained with Hoechst 33342 (Cat. No. H1399 Thermo Fisher Scientific) at a 1:100 dilution in phosphate buffered saline (PBS) for 15 min. The oocytes were then analyzed under a fluorescent microscope (Jena, Germany) to classify meiotic nuclear stages into Germinal Vesicle (GV), Germinal Vesclicle BreakDown (GVBD)/Methaphase I (MI) and Metaphase II (MII) (Peserico et al., 2023; Di Berardino et al., 2022).
2.5.2 Parthenogenetic activation rate
Parthenogenesis was performed and results were analyzed according to Peserico et al. (2023) to assess the cytoplasmic maturation of oocytes from the three EAf FEO-IVM groups with (1) hCG (82 MII), (Clift and Schuh, 2013), iSMYD3 (93 MII), and (Solc et al., 2008) iSMYD3 + hCG (93 MII). (Peserico et al., 2023; Di Berardino et al., 2022).
2.6 Biochemical detection of meiotic resumption signaling molecules
2.6.1 Protein expression
Protein extracts were obtained from 30 EA-follicular walls per treatment group and homogenized in RIPA buffer with protease and phosphatase inhibitors. Total protein was extracted from 4.5 × 104 cumulus cells and from 30 oocytes per treatment group in lysis buffer, supplemented with protease and phosphatase inhibitors. Protein concentration was measured with Quick Start™ Bradford Dye Reagent (Bio-Rad Laboratories, Hercules, CA, United States) and processed by SDS-PAGE and immunoblotting. Primary and secondary antibodies were used as described in Supplementary Table S1. Chemiluminescence was detected using the ChemiDoc MP Imaging System (Bio-Rad Laboratories, Hercules, CA, United States), and densitometric analysis was performed with ImageJ software (NIH, Bethesda, MD, United States).
2.6.2 H3K4 methyltransferase activity assay
H3K4 methyltransferase activity was evaluated using the EpiSeeker Histone H3-K4 Methyltransferase Activity Quantification Assay Kit (Colorimetric) (Cat. No. ab113452, Abcam, Cambridge, MA, United States), following the manufacturer’s protocol. Total protein lysates were prepared from cumulus cells and follicular walls collected at specific time points (9, 12, 15 and 18 h) during FEO-IVM under hCG or iSMYD3 conditions. For each sample, 10 µg of total protein was used per well. Absorbance at 450 nm was recorded using a microplate reader (INNO-S LTEK Co. Ltd.). Data were normalized to the enzymatic activity measured at 9 h.
2.7 Oocyte glucose uptake detection assessed with confocal microscopy
The metabolic coupling between cumulus cells and oocytes was evaluated by tracking the transfer of fluorescent glucose (2-NBDG, Cat. No. N13195, Thermo Fisher Scientific) from the somatic to germinal compartments of cumulus-oocyte complexes (COCs) isolated from EAf after 18 h of incubation with FEO-IVM (post-GVBD).
A total of 60 COCs were incubated under two different FEO-IVM conditions: hCG and iSMYD3. For the positive control, 30 EA-COCs from FEO without hormonal stimulation (w/o hCG) were used, and denuded oocytes from 30 EA follicles served as the negative control (Ctrl -).
After incubation, COCs or oocytes were exposed to 2-NBDG (200 µM) for 30 min, then COCs were stripped of cumulus cells, and oocytes were stained with Hoechst 33,342 (Cat. No. H1399, Thermo Fisher Scientific) for nuclear labeling. The samples were visualized using a Nikon confocal microscope (Nikon Arl, Düsseldorf, Germany) equipped with NIS-Element software 4.40 (Nikon, Düsseldorf, Germany).
Three sections from the confocal z-stack (at 5 µm intervals) were selected, including the oocyte nucleus, to quantify glucose transfer. Fluorescence intensity was calculated by measuring total intensity fluorescence (TIF) across three slices, subtracting the fluorescence from denuded oocytes as a measure of passive 2-NBDG transfer.
2.8 Statistical analyses
Three independent replicates were conducted, with data presented as percentages or mean ± SD. Statistical analyses were performed using GraphPad Prism 10, with significance set at p < 0.05. Oocyte meiotic competence and parthenogenetic development were evaluated by multiple unpaired t-tests (Holm-Šídák) and one-way ANOVA (Dunnett test). All other data were analyzed using unpaired t-tests.
3 RESULTS
3.1 SMYD3 activity persists up to 15 h during FEO-IVM and supports meiotic cell cycle progression
The modulation of SMYD3 protein levels in the somatic compartment during FEO-IVM was first assessed by immunoblotting (Figures 1A,B). SMYD3 expression remained stable until 9 h post-hCG stimulation and significantly decreased at 18 h in both follicular walls and cumulus cells (p < 0.0001 vs T0).
[image: Figure 1]FIGURE 1 | SMYD3 regulation in ovine somatic cells and its functional impact during FEO-IVM. (A and B) Immunoblotting analysis of SMYD3 protein levels in follicular walls and cumulus cells collected at 0, 1, 9, and 18 h post-hCG during the FEO-IVM protocol. Tubulin was used as loading control. Bar graphs represent densitometric quantification of SMYD3 normalized to tubulin. Data are expressed as mean ± SD from three independent experiments. * Indicated significance 18 h or 24 h vs. T0 with **** for p < 0.0001; # indicated significance 18 h or 24 vs. 1 h was with ### for p < 0.005; $ indicated significance 18 or 24 h vs. 9 h with $$$$ for p < 0.0001. (C and D) Relative H3K4 methyltransferase activity in follicular walls (A) and cumulus cells (B) collected at 9, 12, 15, and 18 h post-hCG, in the presence or absence of SMYD3 inhibitor (iSMYD3, 200 µM). Data are expressed as mean ± SD from three independent experiments. Statistical significance: * indicated significance vs. between groups (hCG vs iSMYD3) with **** for p < 0.0001; # indicated significance vs. hCG time points with #### for p < 0.0001. (E) Nuclear maturation stage of oocytes assessed after 24 h of FEO-IVM in four experimental groups: without hCG (105 EAfs), hCG (25 IU/mL, 101 EAfs), iSMYD3 (200 μM, 98 EAfs), and hCG + iSMYD3 (104 EAfs). Three biological replicates were performed per group. Superscripts indicate statistical significance: iSMYD3 or hCG + iSMYD3 vs. hCG was indicated with **** for p < 0.0001, *** for p < 0.0005 and * for p < 0.05; hCG + iSMYD3 vs. iSMYD3 was indicated with #### for p < 0.0001 and ## for p < 0.05.
Although protein levels dropped at 18 h, the exact timing of SMYD3 enzymatic activity remained unclear between 9 h and 18 h. To better define the active phase of SMYD3 during FEO-IVM, H3K4 methyltransferase activity was measured in protein lysates from cumulus cells and follicular walls collected at various time points between 9 h and 18 h post-hCG, using a colorimetric assay (Figures 1C,D). As a reference for SMYD3 activity, samples treated with iSMYD3 (without hCG) were included. In this condition, enzymatic activity remained consistently low from 9 h onward, thus providing a functional threshold below which SMYD3 can be considered inactive. Based on this comparison, SMYD3 activity was found to persist until 15 h and declined only at 18 h (p < 00,001 vs. 15 h).
According to the modulation of SMYD3 presence and activity in the somatic compartments, the role of methyltransferase on oocyte maturation was investigated by using SMYD3 inhibitor EPZ031686 (iSMYD3) during the first 18 h of the EAf FEO-IVM protocol. The dose of the inhibitor (200 µM) was defined by detecting the methylation level of SMYD3 target molecules (Supplementary Figure S1).
The FEO-IVM protocol was ideally to analyze the effect of iSMYD3 on oocyte maturation. Indeed, the meiotic resumption in FEO cultural conditions can be triggered exclusively in the presence of hCG as previously validated (Peserico et al., 2023). More in detail, all oocytes remained quiescent (100% GV) in the absence of any hormonal stimulation (w/o hCG), while most of them (87% MII + GVBD) resumed meiosis after hCG supplementation even if only 57% of them completed the maturation process reaching the MII stage.
Of note, iSMYD3 was able to activate the meiotic cell cycle in the majority of oocytes (91% MII + GVBD), although most of them stopped the meiotic cell cycle at GVBD/MI stage (68%). On the contrary, iSMYD3-treated oocytes progressed towards the MII stage when hCG was supplemented (72.3% vs. 23%, p < 0.0005; Figure 1E).
3.2 SMYD3 expression is modulated according to oocyte maturation outcomes
To better investigate the relationship between SMYD3 expression and oocyte maturation, protein levels were assessed in follicular walls and cumulus cells at the end of FEO-IVM protocol (24 h post-hCG exposure), according to the nuclear stage of the enclosed oocytes (GV, GVBD/MI, and MII). As summarized in Figure 2, meiosis resumption triggered by hCG was achieved with a reduction in SMYD3 levels in both somatic compartments.
[image: Figure 2]FIGURE 2 | SMYD3 protein expression in the ovine somatic compartments at the end of hCG-induced FEO-IVM of EAfs. SMYD3 expression was analyzed by immunoblotting in cumulus cells and follicular wall isolated from EAf cultured for 24 h without hCG stimulation (w/o hCG) or with hCG stimulation (24 h post-hCG) according to the FEO-IVM protocol. SMYD3 expression data were recorded based on the oocyte nuclear stage (GV, GVBD/MI, MII). A representative immunoblot out of three independent replicates is shown. Data represent the mean of the replicates. Statistical significance: GVBD/MI or MII vs w/o GV was indicated with *** for p < 0.0005 in follicular cells and GVBD/MI or MII vs w/o GV was indicated with **** for p < 0.0001 in cumulus cells.
In more detail, high SMYD3 levels persisted in EAf that did not support maturation after hCG stimulation (GV oocytes). In contrast, a significant drop in SMYD3 levels was observed in both somatic compartments that successfully resume meiosis after hCG (Figure 2).
3.3 iSMYD3 interferes with the parthenogenetic development of matured oocytes
Parthenogenetic activation was performed on FEO-IVM-derived MII oocytes to assess the effect of iSMYD3 on the cytoplasmic quality of matured oocytes.
The matured oocytes had a significantly reduced developmental competence when FEO-IVM was performed in the presence of iSMYD3 (Figure 3).
[image: Figure 3]FIGURE 3 | Influence of iSMYD3 on parthenogenetic activation of MII oocytes derived from ovine follicles. Oocyte cleavage was compared 72 h after parthenogenetic activation of MII oocytes obtained from FEO-IVM carried out with: 1) hCG, 2) iSMYD3, 3) hCG + iSMYD3. Parthenogenetic outcomes were identified as no cleaved oocytes (NC), pronuclear (PN) stage, embryos with ≤8 nuclei (≤8N), or >8 nuclei (>8N). Three independent biological replicates were performed. Superscripts indicate statistical significance: iSMYD3 or hCG +iSMYD3 vs. hCG was indicated with **** for p < 0.0001, *** for p < 0.0005 and ** for p < 0.005; hCG + iSMYD3 vs. iSMYD3 was indicated with ## for p < 0.005.
Indeed, the cleavage rate was significantly lower in MII oocytes derived from iSMYD3 group (6% vs. hCG; p < 0.0005) and no embryo has ever progressed beyond the 8-cell stage. Of note, neither the simultaneous hCG stimulation restored the developmental competence of iSMYD3-treated MII oocytes (Figure 3).
3.4 SMYD3 interferes with hCG signaling pathway
To determine whether hCG and SMYD3 inhibition promote meiotic resumption through shared or distinct signaling pathways, early intracellular responses in cumulus cells were analyzed. Specifically, the activation of MAPK1/3 (ERK1/2) and phosphorylation of PDE5A at Ser92 were assessed at early time points following FEO-IVM stimulation (Figure 4).
[image: Figure 4]FIGURE 4 | Role of iSMYD3 on MAPK1/3 and PDE5A early activation in ovine cumulus oophorus. (A) pERK1/2 expression and (B and C) PDE5A phosphorylation at Ser92 were analyzed in COCs collected from freshly isolated EAf (T0) or after 1 or 24 h of FEO. The data are represented as the mean of three biological replicates, with statistical significance indicated: hCG or iSMYD3 or hCG + iSMYD3 vs. w/o hCG was indicated with **** for p < 0.0001, *** for p < 0.005; iSMYD3 or hCG + iSMYD3 vs. hCG was indicated with #### for p < 0.0001.
Both pathways were rapidly activated 1 h after hCG stimulation, as evidenced by increased levels of phospho-ERK1/2 (p < 0.0001 vs w/o hCG) and phospho-PDE5A (p < 0.0001 vs w/o hCG). In contrast, SMYD3 inhibition completely prevented ERK1/2 phosphorylation, both in the absence and presence of hCG (p < 0.0001 vs hCG; p > 0.05 iSMYD3 + hCG vs iSMYD3), indicating that hCG-induced ERK activation does not occur when SMYD3 is inhibited (Figures 4A,B).
Similarly, PDE5A phosphorylation was strongly reduced by iSMYD3 treatment (p < 0.0001 vs hCG; p < 0.0001 vs w/o hCG), and was not restored upon hCG addition (p > 0.05 iSMYD3 vs iSMYD3 + hCG). However, this inhibitory effect was not maintained over time: at 24 h, PDE5A phosphorylation levels were comparable across all experimental groups, and similar to those observed at baseline (T0) (Figure 4C).
3.5 iSMYD3 induces spontaneous resumption of meiosis by promoting an early activation of CDC25A
The role of SMYD3 in inducing spontaneous meiosis resumption was assessed by evaluating the expression of a key meiotic cell cycle regulator, such as CDC25A, in oocytes (Figure 5).
[image: Figure 5]FIGURE 5 | Influence of iSMYD3 on CDC25A expression during ovine oocyte maturation. CDC25A expression was quantified in oocytes collected from freshly isolated EAf (T0) or after 1 h (A) and 24 h (B) from FEO-IVM carried out: w/o hCG, hCG, iSMYD3, hCG + iSMYD3. The data represent the mean of three biological replicates, with statistical significance indicated: (A) hCG or iSMYD3 vs. w/o hCG was indicated with **** for p < 0.0001 and *** for p < 00,005; (B) hCG or iSMYD3 or hCG + iSMYD3 vs. w/o hCG was indicated with * for p < 0.005, ** for p < 0.005 and **** for p < 0.0001; iSMYD3 or hCG + iSMYD3 vs. hCG was indicated with ## for p < 0.005 and #### for p < 0.0001; hCG or iSMYD3 vs. hCG + iSMYD3 was indicated with $$ for p < 0.005 and $$$$ for p < 0.0001.
As shown in Figure 5A, hCG stimulation induced a rapid upregulation of CDC25A at early time points (1 h) compared to the w/o hCG group (p < 0.0001). A similar increase in CDC25A expression was observed following iSMYD3 treatment (p < 0.0001 vs w/o hCG).
At the end of the FEO-IVM protocol (24 h), CDC25A levels were significantly reduced in oocytes matured with hCG (p < 00,001 vs. w/o hCG; Figure 5B). In contrast, iSMYD3-treated oocytes maintained significantly higher CDC25A levels (p < 0.001 vs hCG). Upon hCG supplementation, CDC25A levels in iSMYD3-treated oocytes were significantly decreased (p < 0.001 vs. iSMYD3 alone), although they remained higher than those observed in oocytes treated with hCG alone (p > 0.005, iSMYD3 + hCG vs. hCG).
3.6 iSMYD3 maintained a long-term metabolic coupling between the cumulus and oocyte compartments
To assess cumulus-oocyte metabolic coupling, the gap junction function was assessed in COCs isolated 18 h after FEO-IVM. To this aim, the transfer of 2-NBDG between cumulus and oocyte compartment was compared after hCG or iSMYD3 treatment (Figures 6A,B).
[image: Figure 6]FIGURE 6 | Effect of iSMYD3 on ovine cumulus-oocyte metabolic coupling. (A) Confocal images showing 2-NBDG fluorescence (green) as a readout of oocyte glucose uptake in COCs cultured for 18 h under FEO-IVM conditions: positive control (w/o hCG, n = 30), hCG-treated (n = 30), iSMYD3-treated (n = 30). Hoechst 33342 (blue) was used for nuclear staining. After culture, COCs were incubated with 2-NBDG (200 μM, 30 min), denuded, and imaged. Data were normalized to the TIF of the negative control (Ctrl−: denuded oocytes, n = 30). Quantification was performed on two representative slices, spaced 5 µm apart and including the oocyte nucleus. (B) Histograms show the TIF of each group subtracted from Ctrl−. Statistical significance: hCG or iSMYD3 vs. w/o hCG was indicated with *** for p < 00,005; iSMYD3 vs. hCG was indicated with #### for 00,001. (C) Immunoblot quantification of CX43 and phospho-CX43 (Ser368). Statistical significance: hCG vs. w/o hCG was indicated with **** for p < 0.0001and iSMYD3 vs. hCG was indicated with #### for p < 00,001.
2-NBDG fluorescence transfer demonstrated that hCG induces a drastic reduction loss in gap junction function in 18 h (10-fold decrease vs. w/o hCG, p < 0.0005; see Figures 6A,B). Conversely, a long-term coupling was recorded in iSMYD3-treated COCs where 2-NBDG TIF was even greater than that detected in unstimulated COCs (1.6-fold change increase vs. w/o hCG, p < 0.0001 see Figures 6A,B).
Immunoblotting analysis of cumulus cells (Figure 6C) showed that hCG stimulation markedly increased CX43 phosphorylation at Ser368 (p < 0.0001 vs w/o hCG), a modification known to be associated with gap junction closure. These molecular data support the observed impairment of gap junction functionality (Norris et al., 2008). In contrast, phospho-CX43 levels remained unchanged following iSMYD3 treatment, indicating that SMYD3 inhibition does not induce gap junction disruption.
4 DISCUSSION
Oocyte maturation is tightly regulated and involves complex interactions between two distinct yet interconnected compartments: the somatic and the germinal. Until the periovulatory stage, meiotic arrest in oocytes is primarily maintained by elevated levels of cyclic AMP (cAMP) induced by the somatic compartment. Indeed, the high levels of cAMP in the oocyte are sustained through extensive communication with surrounding somatic cumulus cells via gap junctions (GJs) (Conti and Franciosi, 2018; Xie et al., 2023). These junctions facilitate the transfer of cyclic GMP (cGMP) from somatic cells to the oocyte, where it inhibits phosphodiesterase 3A (PDE3A) activity. This inhibition prevents cAMP degradation, thereby maintaining meiotic arrest by inactivating the maturation-promoting factor (MPF), which is composed of cyclin-dependent kinase 1 (CDK1) and cyclin B (Pei et al., 2023; Pan and Li, 2019).
During each ovarian cycle, the preovulatory surge of LH, or its analogous hCG, initiates meiotic resumption in preovulatory follicles. This hormonal stimulus activates signaling cascades in the somatic compartment—particularly the MAPK pathway and PDE5A activity—gradually reducing cGMP transfer to the oocyte. This reduction, along with the progressive closure of gap junctions, enables PDE3A activation. The resulting decrease in cAMP levels and subsequent activation of MPF triggers GVBD and progression to metaphase II (MII) (Pei et al., 2023).
Given the limited evidence regarding SMYD3’s role in the mechanisms regulating meiosis, numerous findings (Bernard et al., 2021) confirm its involvement in cell cycle regulation across various cellular models, including cancer, where its knockdown leads to reduced proliferation (Zhao et al., 2025; Ren et al., 2011; Asuthkar et al., 2022; Tsai et al., 2016; Sanese et al., 2024; Peserico et al., 2015). Moreover, recent studies suggest that SMYD3 interacts with non-histone proteins, including signaling molecules such as RAF and MEK in the MAPK pathway, further promoting cell proliferation and survival (Bernard et al., 2021; Mazur et al., 2016; Ikram et al., 2023; Fasano et al., 2022). Based on this background, the present study was designed to assess the role of SMYD3 in the intricate processes governing oocyte meiotic arrest and maturation.
The results of this study identify SMYD3 as a novel molecular player in the regulation of meiosis in early ovine follicle structures. Our findings demonstrate, for the first time, that the methyltransferase plays a crucial role in maintaining meiotic arrest within EAFs, as evidenced by the observation that SMYD3 inhibition disrupts the intrafollicular condition of meiotic quiescence, leading to spontaneous oocyte maturation.
Support for SMYD3’s physiological role is further provided by the observation that hCG, which induces oocyte maturation in the FEO-IVM protocol conducted on EAFs (Peserico et al., 2023; Di Berardino et al., 2024), significantly downregulates SMYD3 expression in both the follicular wall and cumulus cell compartments after 18 h post-treatment. This downregulation appears to serve as a permissive signal for meiotic resumption and improved oocyte quality. Notably, a marked reduction in SMYD3 was observed within 18 h after hCG supplementation, but only in follicles containing oocytes that resumed meiosis. In contrast, SMYD3 expression persisted in follicles with oocytes arrested at the GV stage, suggesting a failure in hCG signaling—potentially due to impaired responsiveness of somatic cells or disrupted transmission of maturation cues to the oocyte.
A key mechanism underlying the pro-meiotic effect of SMYD3 inhibition is the significant upregulation of CDC25A, a phosphatase recently shown in cancer cell models to be negatively regulated by SMYD3 through post-translational mechanisms (Jiang et al., 2019). Alongside CDC25B, CDC25A activates MPF, promoting meiotic progression, spindle formation, and the MI to MII transition (Solc et al., 2008; Lincoln et al., 2002; Ferencova et al., 2022). The inverse relationship between iSMYD3 and CDC25A observed in sheep oocytes indicates that SMYD3 functions as a specific suppressor of these phosphatases, which are involved in maintaining meiotic arrest.
However, while increased CDC25A expression following SMYD3 inhibition allows meiosis to resume via CDK1 activation, oocytes predominantly arrest at the GVBD/MI stage (Solc et al., 2008; Lincoln et al., 2002; Ferencova et al., 2022). Similar findings were reported in Cdc25b−/− female mice, in which CDK1 activity was restored via EGFP-CDC25A (Solc et al., 2008; Lincoln et al., 2002; Ferencova et al., 2022). Furthermore, the precise sequence of CDC25 A/B degradation and reactivation required for the MI–MII transition, as demonstrated in knockout mouse models, appears to necessitate the presence of SMYD3 during the first 18 h of maturation.
While SMYD3 inhibition upregulates CDC25A in the oocyte, promoting meiotic resumption, it is equally important to consider the somatic compartment, where the gonadotropin surge (mimicked by hCG in vitro) is initially decoded. The maturation signal originates in the somatic cells and is then relayed to the oocyte. To investigate how SMYD3 influences signaling in the somatic compartment, we examined the effect of its inhibition on two key hCG-induced pathways: MAPK and PDE5A (Egbert et al., 2016; Egbert et al., 2018; Das and Arur, 2022). These pathways are critical mediators of the gonadotropin response in somatic cells, initiating the downstream events that trigger oocyte maturation. Our findings revealed that SMYD3 is also essential for proper MAPK and PDE5A upregulation in response to hCG, suggesting it plays a role in controlling the transmission of the maturation signal from the somatic to the germinal compartment.
These valuable insights into SMYD3’s function was obtained using the FEO-IVM model. Unlike conventional IVM protocols, the FEO model preserves meiotic arrest until active LH/hCG stimulation, allowing for clearer evaluation of SMYD3’s regulatory role. This may explain why earlier studies using standard IVM protocols—such as those by Bai et al. (2016) failed to detect SMYD3’s function, as meiotic resumption occurred spontaneously following cumulus cell removal (Bai et al., 2016).
Beyond meiotic resumption, our results suggest that SMYD3 inhibition, likely by impairing the transmission of hormonal signals to the oocyte, negatively affects developmental competence. Although nuclear maturation was achieved after hCG stimulation, oocytes treated with iSMYD3 exhibited significantly reduced cleavage rates following parthenogenetic activation. This indicates that proper cytoplasmic maturation depends on SMYD3 activity. These findings are consistent with Bai et al. (2016), who observed impaired developmental competence in SMYD-inhibited denuded oocytes without disruption of meiotic progression.
Although the specific mechanism through which SMYD3 regulates the cytoplasmic quality of oocytes that complete maturation is not yet known, it may involve both proper hormonal signal transduction of oocyte maturation pathways—as demonstrated in this study—and final epigenetic remodelling of the maternal genome, both essential to define the oocyte’s developmental potential (Conti and Franciosi, 2018; Bai et al., 2016).
Further underscoring the complexity of SMYD3’s role in mediating the crosstalk between somatic and germinal compartments after hCG stimulation, our study also demonstrated that the methyltransferase regulates intercellular communication between cumulus cells and the oocyte. Following hCG stimulation, connexin 43 (Cx43) undergoes extensive MAPK-mediated phosphorylation, leading to gap junction closure (Norris et al., 2008; Norris et al., 2010; Jaffe and Egbert, 2017). This uncoupling is necessary for meiotic progression. However, under SMYD3 inhibition—despite the resumption of meiosis—gap junction closure was impaired, resulting in prolonged and abnormal communication between compartments. This disruption may further contribute to the reduced developmental competence observed in SMYD3-inhibited oocytes.
5 CONCLUSION
In summary, this study highlights SMYD3 as a modulator of oocyte maturation in sheep, based on protein-level evidence obtained using a 3D FEO-IVM model. SMYD3 inhibition influenced meiotic progression and altered cumulus-oocyte communication, ultimately compromising oocyte developmental competence. While our data provide new functional insights into SMYD3’s involvement in oogenesis, further studies are needed to elucidate the underlying molecular mechanisms, including potential transcriptional or epigenetic regulation.
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GLOSSARY
SMYD3 SET and MYND domain-containing protein 3
H3K4 Histone 3 lysine 4
GV Germinal Vesicle
GVBD Germinal Vesicle Breakdown
MI Metaphase I
MII Metaphase II
COC Cumulus-Oocyte Complex
EAfs Early Antral Follicles
PCL Poly(ε-caprolactone)
CDC25A Cell Division Cycle 25A
MAPK1/3 (ERK1/2) Mitogen-Activated Protein Kinases 1/3 (also known as ERK1/2)
PDE5A Phosphodiesterase type 5A
CX43 Connexin 43
cAMP Cyclic Adenosine Monophosphate
cGMP Cyclic Guanosine Monophosphate
CDK1 Cyclin-Dependent Kinase 1
MPF Maturation-Promoting Factor
iSMYD3 SMYD3 inhibitor (EPZ031686)
2-NBDG 2-(N-(7-Nitrobenz-2-oxa-1,3-diazol-4-yl)Amino)-2-Deoxyglucose
FEO Follicle Enclosed Oocyte
IVM In Vitro Maturation
FEO-IVM In Vitro Maturation of Follicle-Enclosed Oocytes
hCG Human Chorionic Gonadotropin
LH Luteinizing Hormone
FSH Follicle Stimulating Hormone
TIF Total Intensity Fluorescence
T0 Time zero
PN Pronuclear stage
≤8N/>8N Embryos with ≤ or >8 nuclei
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Camerano Spelta Rapini, Peserico, Di Berardino, Capacchietti, Rojo-Fleming, Damian-Buda, Unalan, Boccaccini, Grossi, Mattioli and Barboni. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-13-1625914-g005.gif





OPS/images/fcell-13-1625914-g006.gif
Phospho-CX43 (Serdes)

Phospho-CX43 (Ser368)

Connexind3 (CX43) | e s . at | 43

GADH [ S e | 36






OPS/images/fcell-13-1625914-g003.gif
Llniind
=Ee
=g






OPS/images/fcell-13-1625914-g004.gif
PERK 172

ERK2

PPDESA (Sers2)

Tubulin

PPDESA (Ser92)

Tubulin






OPS/xhtml/nav.xhtml
Contents

		Cover

		Investigating SMYD3 role during oocyte maturation in a 3D follicle-enclosed oocyte in vitro model in sheep		Background

		Results

		Conclusion

		1 Introduction

		2 Materials and methods		2.1 Chemicals

		2.2 Ethical issues

		2.3 Biological samples recovery and isolation of EA follicles

		2.4 Follicle enclosed oocyte (FEO) IVM protocol for early antral follicles

		2.5 Meiotic and developmental competence of FEO-IVM oocytes

		2.6 Biochemical detection of meiotic resumption signaling molecules

		2.7 Oocyte glucose uptake detection assessed with confocal microscopy

		2.8 Statistical analyses





		3 Results		3.1 SMYD3 activity persists up to 15 h during FEO-IVM and supports meiotic cell cycle progression

		3.2 SMYD3 expression is modulated according to oocyte maturation outcomes

		3.3 iSMYD3 interferes with the parthenogenetic development of matured oocytes

		3.4 SMYD3 interferes with hCG signaling pathway

		3.5 iSMYD3 induces spontaneous resumption of meiosis by promoting an early activation of CDC25A

		3.6 iSMYD3 maintained a long-term metabolic coupling between the cumulus and oocyte compartments





		4 Discussion

		5 Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		Supplementary material

		References

		Glossary









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






OPS/images/fcell-13-1625914-g001.gif
C rowcuamwas D st

3

-y
& aosicn






OPS/images/fcell-13-1625914-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





