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Protein ubiquitination with general existence in virtually all eukaryotic cells serves as a significant post-translational modification of cellular proteins, which leads to the degradation of proteins via the ubiquitin–proteasome system. Deubiquitinating enzymes (DUBs) can reverse the ubiquitination effect by removing the ubiquitin chain from the target protein. Together, these two processes participate in regulating protein stability, function, and localization, thus modulating cell cycle, DNA repair, autophagy, and transcription regulation. Accumulating evidence indicates that the ubiquitination/deubiquitination system regulates reproductive processes, including the cell cycle, oocyte maturation, oocyte-sperm binding, and early embryonic development, primarily by regulating protein stability. This review summarizes the extensive research concerning the role of ubiquitin and DUBs in gametogenesis and early embryonic development, which helps us to understand human pregnancy further.
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INTRODUCTION
Back in 1975, Goldstein et al. (1975) and Schlesinger and Goldstein (1975) first discovered a free protein that was ubiquitous in mammalian cells, yeast, bacteria, and higher plants. For this reason, the protein was named ubiquitin. Ubiquitin is an 8.6 kDa peptide composed of 76 amino acids. The structure of ubiquitin is roughly a compact sphere with an unrestrained and flexible C-terminal tail (Ramage et al., 1994). The first ubiquitin molecule is covalently bound through its C-terminal carboxylate group to the target protein. Polyubiquitylation occurs when the C-terminus of another ubiquitin is linked to the lysine residues or N-terminus of the first ubiquitin. There are seven lysine residues (K6, K11, K27, K29, K33, K48, and K63) and the N-terminus (M1) on ubiquitin, which are all potential sites for polyubiquitination (Callis, 2014). Ubiquitin is highly conserved and present in many organisms, which gives ubiquitination an identical meaning across the vast evolutionary distance from yeast to humans (Oh et al., 2018). The genome of an archeal species, Caldiarchaeum subterraneum, was sequenced, and the existence of a full set of ubiquitin was found by Nunoura et al. (2011). Ubiquitin has remained virtually unchanged for billions of years, during which it has performed unique biological functions in a heterogeneous and ever-changing cellular environment. Furthermore, ubiquitin tolerates a wide range of pH and temperatures and is highly resistant to trypsin digestion (Vijay-Kumar et al., 1985). The highly conserved and highly stable nature of ubiquitin makes the study of the biological functions and molecular mechanisms of ubiquitin a hot research topic. These properties also provide us with many facilities to study the roles of ubiquitin.
Ubiquitin labeling determines the fate of proteins. With a wide range of possible patterns and reversibility, ubiquitination can take many shapes to meet the specific needs of a given cell in time and space. The ubiquitination process regulation is mainly accomplished by the binding of E3 ligases to particular targets. The ubiquitination/deubiquitination system plays an essential role in protein degradation, cell cycle progression, and transcriptional regulation. Protein ubiquitination and deubiquitination play important roles in the key events in gametogenesis and early embryo development, including meiosis, sperm capacitation, and maternal-to-zygotic transition (MZT). Understanding the molecular mechanisms related to ubiquitination during embryogenesis and early embryonic development provides new clinical diagnosis and treatment targets.
STUDY OF UBIQUITINATION
Enzymes Required for Ubiquitination
Ubiquitination is a PTM process involving covalent conjugation of ubiquitin to the substrate proteins (Swatek and Komander, 2016). The binding sites in substrate proteins include lysine (most typical), cysteine, serine, threonine residue, and N-terminus. As mentioned above, three sequentially activated enzymes drive the ubiquitination process: ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes (E2s), and ubiquitin ligases (E3s). These three enzymes accomplished the activation, binding, and ligation of ubiquitin.
During the initial ubiquitination step, E1s activates ubiquitin in an ATP-dependent manner, forming a thioester bond between the active-site cysteine sulfhydryl group of E1s and the C-terminal glycine of ubiquitin. Then, activated ubiquitin is transferred onto the catalytic cysteine residue E2s in the presence of ATP, which contributes to determining the type of substrate ubiquitination. Finally, under the coordination of a specific E3 that determines substrate specificity, ubiquitin is covalently bound to a substrate (Zheng and Shabek, 2017). The E3 enzymes interact with E2 enzymes to transfer ubiquitin molecules attached to E2-bound ubiquitin molecules to their target proteins. As the ubiquitin molecule attaches to the substrate protein, it catalyzes the covalent bond between the lysine residue inside the substrate and the C-terminus of ubiquitin. Therefore, E3-type ligases function as substrate-specific components of ubiquitination, determining the type of proteins to be ubiquitinated.
Function of Ubiquitination
The proteins can be conjugated with monoubiquitin, multi-monoubiquitin, or a chain of ubiquitin (Sadowski et al., 2012). The basis of polyubiquitin chain formation is monoubiquitin, which means that after the first ubiquitin binds to the substrate protein, the glycine residue of the free ubiquitin is attached to the ubiquitination site (K6, K11, K27, K29, K33, K48, K63, and M1) of the first ubiquitin as mentioned above. The ubiquitin chain can be either homogeneous or heterogeneous depending on its internal linkages (Kirkpatrick et al., 2006; Dimova et al., 2012). The naming and classification of polyubiquitin chains are according to the binding sites. Monoubiquitination serves multiple cellular roles, while polyubiquitination was initially assumed to identify proteins for degradation (Chau et al., 1989). As the research continued, it was found that different types of polyubiquitin chains have different effects on the target protein.
The K48-linked polyubiquitin chains function as targets for the degradation of proteins via the 26S proteasomal and lysosomal targeting signals (Komander and Rape, 2012). The proteasome degrades ubiquitin-tagged proteins by breaking their peptide bonds. The 26S proteasome consists of a 20s subunit and two 19s regulatory cap subunits. The cap structure recognizes K48-polyubiquitinated proteins and transfers them to the catalytic core 20s subunit within the proteasome (Dong et al., 2019). Instead of disrupting the ubiquitin, the proteasome recycles them back into the free ubiquitin pool (Collins and Goldberg, 2017). It has recently been demonstrated that the signals for proteasomal targeting also included K6, K11, K27, K29 M1, and the heterogeneous ubiquitin chains.
However, K63 polyubiquitinated proteins are selectively bound by the ESCRT0 to block the recognition of the proteasome (Nathan et al., 2013). Therefore, K63-linked polyubiquitin chains play various roles in non-degradative signaling processes or can also target the proteins for degradation by lysosomes (Jackson and Durocher, 2013).
The ubiquitination system degrades the regulatory proteins and damaged or misfolded polypeptides, which allows ubiquitylation to function as a modulator for maintaining intracellular amino acid and protein homeostasis (Collins and Goldberg, 2017). It also has another consequential output as the regulator of cell signaling network plus the cell cycle by regulating protein interactions and activities, resembling phosphorylation and other PTM (Walczak et al., 2012; Swatek and Komander, 2016). The ubiquitination system regulates diverse indispensable cellular processes, including DNA repair, cell cycle, autophagy, transcription regulation, etc.
Writer, Reader, and Eraser
The ubiquitination proceeds, along with many other post-translational modifications (PTM), in a tightly regulated manner, comparable to the “writer, reader, and eraser.” The “writer” of the ubiquitin signals is the E1-E2-E3 enzymatic cascade. These signals are “read” by ubiquitin-binding domains (UBDs) or ubiquitin receptors on the proteasome or downstream signaling pathway which contain many UBDs (Dikic et al., 2009). The UBDs bind non-covalently to ubiquitin (Hicke et al., 2005). The UBDs are widely distributed in intracellular proteins, such as the 19s cap subunit of the proteasome, signaling molecules regulated by ubiquitination, and some deubiquitinating enzymes (deubiquitylases or deubiquitinases; hereafter DUBs). DUBs can “erase” the ubiquitination modifications of the substrate protein, as in Figure 1. The DUBs can reverse the ubiquitinated protein; that is to say, DUBs remove ubiquitin from the substrate proteins. This makes the ubiquitination process precisely regulated and reversible. The human genome encodes more than 90 family members of DUBs (Nijman et al., 2005). These DUBs are grouped into six subfamilies, ubiquitin-specific proteases (USPs), ovarian tumor proteases (OTUs), ubiquitin carboxyl-terminal hydrolases (UCHs), Josephin family, JAMM/MPN domain-associated metallopeptidases (JAMMs), and monocyte chemotactic protein-induced proteins (MCPIPs). Five DUBs subfamilies are cysteine proteases, and only JAMMs are metalloproteases.
[image: Figure 1]FIGURE 1 | Protein ubiquitination and deubiquitination process. Ubiquitin was activated by E1 ubiquitin-activating enzyme in an ATP-dependent manner to form a thioester bond between the active-site cysteine sulfhydryl group of the E1 enzyme and the C-terminal glycine of ubiquitin. Then, activated ubiquitin is transferred onto the catalytic cysteine residue E2 ubiquitin-conjugating enzyme in the presence of ATP, which determines the type of substrate ubiquitination. Finally, under coordination by a specific E3 ligase that determines substrate specificity, ubiquitin is covalently bound to a substrate. The proteins can be conjugated with either monoubiquitin, multi-monoubiquitin, or polyubiquitination. The DUBs can reverse this process. The ubiquitinated proteins can either be degraded by the 26S proteasome or transduced cell signal. The DUBs can remove and recycle the ubiquitin chains to regenerate free ubiquitin.
Function of DUBs
Functionally, DUBs belong to the following categories:
i). DUBs participate in the cleavage of free ubiquitin from translational proproteins. Ubiquitin is usually fused with ribosomal proteins or expressed as a linear fusion of multiple monoubiquitins. The polyubiquitin gene product has a supplementary small C-terminal adduct that calls for hydrolysis by DUBs to generate (Kimura et al., 2009).
ii). DUBs are highly involved in the removal of ubiquitin or ubiquitin-like proteins from target protein conjugates, resulting in the reversal of ubiquitin signaling, and therefore, stabilizing proteins by rescue from their fate of degradation (Tsuchiya et al., 2018). If the target protein is doomed to degradation anyway, DUBs can remove as well as recycle the ubiquitin chains before degradation by the proteasome (Kim et al., 2003). The unanchored polyubiquitin released from the substrate protein requires DUBs to regenerate free ubiquitin. The DUBs play a critical role in maintaining free ubiquitin homeostasis in the cell (Park and Ryu, 2014). In the meantime, this also implicates the involvement of DUBs in ribosome biogenesis (Hanna et al., 2007; Woo et al., 2019).
iii). DUBs can alter the Ub signal to modify the mode of ubiquitination and deubiquitination by trimming the ubiquitin chains. The dynamic balance between ubiquitination and deubiquitination is crucial for maintaining cellular proteostasis and regulating the protein activity (Leznicki and Kulathu, 2017).
By regulating ubiquitination, DUBs control various cell functions, such as proteasome- and lysosome-dependent proteolysis, progression of the cell cycle, gene expression, chromosomal segregation, kinase activation, localization, apoptosis, DNA repair, stemness maintenance, degradation of signaling intermediates, and spermatogenesis. The point of this review is how the universal language of ubiquitin modification plays a role in gametogenesis during the reproductive process.
FUNCTIONS OF PROTEIN UBIQUITINATION AND DEUBIQUITINATION IN SPERM
Protein Ubiquitination and Deubiquitination in Spermatogenesis and Pre-Ejaculatory Maturation
Spermatogenesis goes through three stages of spermatogonial stem cell differentiation, spermatocyte meiosis, and sperm cell deformation, and finally develops into mature sperm. Mitosis allows spermatogonial stem cell (SSC) self-renewal as well as differentiation to maintain exquisite stem cell homeostasis (de Rooij, 2001). Infantile gonocytes differentiate into SSCs as the individual grows and develops. The E1s UBA6 appears to be involved in the regulation of mitosis. The cytoplasmic-to-nuclear transition of UBA6 is associated with the functional changes as the gonocytes differentiate (Hogarth et al., 2011). Additionally, the E2s Ube2e3 is more abundant in spermatogonia than in gonocytes and has been reported to prevent cellular senescence in other cell types (Plafker et al., 2018) see Table 1. The E3 ligase has continuously expressed in germ cells such as gonads, spermatogonia, and spermatocytes, of which the E3s Huwe1 maintains the characteristics of spermatogonia by regulating the expression of γ-H2AX and preventing the overactivation of the DNA damage (Bose et al., 2017). The balance of spermatogonial stem cell self-renewal and differentiation is disrupted in Huwe1 knockout mice, which exhibited Sertoli cell-only syndrome. The specific inactivation of Huwe1 leads to the depletion of spermatogonia and the increase of spermatocytes in the pre-leptotene phase, destroying the establishment and maintenance of the spermatogonial stem cell pool, and unable to form a normal number of mature sperm, resulting in male infertility (Fok et al., 2017). Among DUBs, USP3 and UCHL1 are higher in germ cells Table 1. USP3 has been proved to regulate the DNA damage response through deubiquitination of its substrate ubiquitinated H2A and works as a chromatin modifier to maintain genome integrity in other human cells (Nicassio et al., 2007). To maintain the stem cell pool and differentiation of progeny, spermatogonia undergos both symmetrical and asymmetrical division. The asymmetric segregation of the UCHL1 protein between two daughter cells follows asymmetric division (Luo et al., 2009). UCHL1 maintains the competence of SSC differentiation in mice (Alpaugh et al., 2021). Accordingly, UCHL1 is a potential intrinsic determinant of differentiation or self-renewal of spermatogonia. The specific functions of these differentially expressed genes and their roles in human spermatocytogenesis and male infertility deserve continuous exploration.
TABLE 1 | Ubiquitination and deubiquitination machinery and targeted substrates work to regulate sperm development and function.
[image: Table 1]Meiosis causes the conversion of diploid spermatocytes into haploid spermatids. In this process, the homologous recombination produces genetic diversity and ensures the accuracy of chromosome transmission from generation to generation. Histone ubiquitination recruits and activates DNA double-strand break (DSBs) to repair proteins, and interacts with other PTMs such as histone methylation and acetylation to coordinately regulate the homologous chromosomal recombination (Swatek and Komander, 2016; Wang et al., 2018). HR6B is an essential E2 enzyme for spermatogenesis. Hr6b KO mice are phenotypically characterized by decreased numbers of mostly abnormal spermatids and spermatozoa (Roest et al., 1996). HR6B interacts with the E3s UBR2. The UBR2 also facilitates homologous recombination repair and maintenance of genomic integrity. Ubr2−/− male mice are sterile due to the deficiency in homologous pairing in meiosis I and apoptosis of spermatocytes in the pachytene stage (Kwon et al., 2003). UBR2 localizes to meiotic chromatin regions and regulates transcriptional silencing by ubiquitinating histone H2A. HR6B and UBR2 interact with the H2A substrate to enhance the transfer of ubiquitin from HR6B to H2A (An et al., 2010). RNF4 is a mammalian member of the E3s family targeting small ubiquitin-like modifiers (SUMO). The depletion of RNF4 dysregulates the formation of ubiquitin adduct at DSB sites and is associated with insistent histone H2A phosphorylation in vitro. The RNF4 accumulation at DSBs is involved in the regulation of protein turnover as well as exchange at these sites and is essential for the efficient repair of DSBs (Galanty et al., 2012). RNF4-defect mice show spermatocyte reduction and age-dependent impairment in spermatogenesis. Rad51, an enzyme required for DNA damage repair, is loaded onto damaged DNA sites by RNF4. Unlike UBR2, both homologous recombination and non-homologous end-joining repairs require RNF4 (Vyas et al., 2013). Histone H2B is monoubiquitinated at lysine 120 by E2s UbcH6 in the mammalian cells (Zhu et al., 2005). The mammalian E3s associated with H2B monoubiquitinating are RNF20 and RNF40. The Rnf20 KO mice have a phenotype of small testes, loss of germ cells, and spermatocyte arrest in the meiotic I phase. The absence of RNF20 prevented chromatin relaxation. Due to this obstruction, the DNA repair factors are not proficiently recruited to program the DSB sites, which inhibit the repair of DSBs by meiotic recombination, ultimately leading to male infertility as a result of spermatocyte cell death (Xu et al., 2016). The abovementioned research studies show that HR6/RNF-dependent ubiquitination is involved in chromatin remodeling during spermatogenesis. During spermatogenesis, the histones are sequentially replaced by transition nucleoproteins and protamines. During sperm maturation, various histone variants have different degrees of monoubiquitination and polyubiquitination, which make the chromatin conformation loose and conducive to the removal and degradation of histones from chromosomes (Bao and Bedford, 2016). Although ubiquitin ligase RNF8 knockout mice can complete meiosis, a large number of histones are retained in abnormal sperm, the protamine fails to be loaded and normal mature sperm is absent, resulting in male mice infertility (Li et al., 2010; Lu et al., 2010). The clinical studies have found that the key infertility gene PIWI binds with RNF8 into a protein complex during spermatogenesis, and retains it in the cytoplasm, preventing the completion of histone ubiquitination, resulting in sperm maturation defects (Gou et al., 2017; Yan, 2017). DUB ataxin-3, a Josephin proteases family member, offsets the effects of RNF4 in response to the DSBs. In an early responses to DSBs, ataxin-3 counteracts RNF4 mediated MDC1 removal from chromatin. By retaining MDC1 at chromatin for enough time, ataxin-3 guarantees accurate differentiation of damage responses (Pfeiffer et al., 2017). Ataxin-3 and RNF4 coordinates their opposite activities to orchestrate robust MDC1-dependent signaling and DSB repair.
Protein Ubiquitination and Deubiquitination Within the Post-Ejaculatory Sperm Maturation
The important post-ejaculatory sperm maturations such as sperm capacitation, acrosome reaction, penetrating zona pellucida, and elimination of sperm mitochondria after fertilization is also closely related to UPS. UBA1, an E1 responsible for ubiquitin activation, is necessary for fertilization. Despite seemingly normal motility and localization, the uba-1 mutant C. elegans generates mature spermatozoa that are unable to fertilize to form zygotes (Kulkarni and Smith, 2008). This has also been verified in mammals. Porcine fertilization requires UBA1 to capitulate the sperm, induce acrosomal exocytosis, and penetrate the egg coat (Yin et al., 2012). NEDL2 are members of E3 ligases. NEDL2 antibody injection into porcine oocytes before IVF inhibits the formation of sperm DNA decondensation, reduces the number of male pronuclei, and leads to more zygotes without male pronucleus. The mice lacking E3 Herc4 exhibit mostly normal sperm morphologically but are defective in fertility and motility. (Rodriguez and Stewart, 2007). E3 ligase UBR7 is detected in mouse and boar testis and spermatozoa. Spermatozoa possess ubiquitin ligase activity in mammals. Despite the presence of the UBR7 protein in sperm acrosomes, it is not essential for sperm functions in fertilization (Zimmerman et al., 2014). Sperm capacitation is a necessary condition for fertilization, and where ubiquitination plays an important role by synergistic protein phosphorylation (Yi et al., 2012). During the sperm-zona pellucida interaction, UPS plays a dual role: 1) degrade proteins on the acrosome membrane after capacitation and trigger acrosome exocytosis; 2) promote the local degradation of the zona pellucida matrix and the formation of fertilization gaps (Saldívar-Hernández et al., 2015; Yi et al., 2015).
It is believed that USP2 plays a vital role in post-ejaculatory sperm maturation due to its exclusivity in late elongating spermatids (Lin et al., 2001). Despite normal sperm count and morphology, the Usp2−/− mice’s fertility was severely impaired. The intracytoplasmic sperm injection solved the problem, implying that the main defect is the sperm’s ability to fertilize the egg. The defect of Usp2−/− sperm lies in either binding or penetrating the ZP. The rapid loss of Usp2−/− sperm motility after transfer to nutrient-poor media implies defective abilities to generate chemical energies to convert chemical energies into mechanical forces (Bedard et al., 2011). The role of macrophage USP2 in modulating testicular function has been examined using a myeloid-specific gene knockout mouse model. The freshly isolated sperm were not affected by testicular macrophage USP2 in terms of morphology, viability, motility, or capacitation. Conversely, testicular macrophage USP2 promotes motility, hyperactivation, capacitation, and most exhilaratingly, the fertilizing capacity of frozen-thawed sperm in vitro (Hashimoto et al., 2021). USP8 is regarded as a biomarker for acrosomal biogenesis through the endocytic pathway since its significant role involves endosome sorting, vesicle trafficking, as well as endocytic vesicle maintenance (Mizuno et al., 2006; Berruti and Paiardi, 2015). In addition, USP8 contains a microtubule-interacting and transport domain that associates with the microtubule structure and the spermatid endosomal sorting complex required for transport-0 (Berruti et al., 2010). USP8 regulates both the endosomal pathway and the microtubule cytoskeleton that contribute to acrosome biogenesis.
Sperm Selection Based on Ubiquitination and DUB Detection
The ideal approach for the sperm selection in IVF in the clinic should be non-invasive and cost-effective, by identifying high-quality sperm and producing better outcomes in terms of pregnancy and live birth rates. It is expected that the correlation between sperm ubiquitination levels and the sperm quality will be assessed by detecting sperm ubiquitination levels in infertile patients and whether it leads to better blastocysts. After spermatogenesis, the release of spermatozoa into the lumen occurs via various processes (Hess et al., 2008). Defective spermatozoa are ubiquitinated and can be eliminated by phagocytosis as a quality control mechanism before ejaculation (Pedrosa et al., 2020). Despite this mechanism, some defective spermatozoa labeled by extracellular/cell surface ubiquitination are carried into the seminal fluid (Muratori et al., 2007). Currently, during in vitro fertilization, the selection of sperm based on viability and morphology helped to avoid the participation of defective sperm marked by this ubiquitination in the fertilization process by detecting the level of sperm surface ubiquitination, which can lead to fertilization failure, pregnancy failure, and miscarriage (Sutovsky et al., 2001; Zarei-Kheirabadi et al., 2012).
The deletions in the region of the linked gene USP9Y are highly associated with infertility associated with oligospermia and azoospermia (Ferlin et al., 2007). Therefore, USP9Y has been considered a key gene for screening the Y chromosome for microdeletions in infertile or subfertile men (Simoni et al., 2004). However, as the study progressed, the fathers and brothers of USP9Y deficient patients were shown to have the same deficient USP9Y but were shown to have intact fertility. Inactivation of the USP9Y direct homolog in chimpanzees and bonobos (Tyler-Smith, 2008). The complete deletion of the USP9Y gene does not result in a spermatogenic defect and does not preclude natural conception. This is in line with the clinical case report in which complete deletions of the USP9Y gene were not associated with the development of spermatogenic defects (Luddi et al., 2009). The importance of USP9Y deletion alone for spermatogenesis is minimal, and the USP9Y gene is thought only to act as an efficiency-enhancing fine-tuner in human spermatogenesis. USP9Y is not vital for the production of normal sperms and fertility in humans. Therefore, USP9Y is not an appropriate indicator for sperm selection.
PROTEIN UBIQUITINATION AND DEUBIQUITINATION IN THE OOCYTE
The deficiencies in oocyte maturation directly contribute to ovulation disorders and infertility in females (Jose-Miller et al., 2007). The oocyte originates from the oogonia in the fetal stage. Oogonia differentiate into primary oocytes and begin meiotic prophase from nascent granulosa cells or the ovarian environment during embryonic development (Edson et al., 2009; Turathum et al., 2021). The oocytes are arrested at the meiotic prophase and form a tight complex with granulosa cells to create primordial follicles until puberty (Gosden and Lee, 2010; Coticchio et al., 2015). At this time, the nucleus of the oocyte is large and obvious and is called the germinal vesicle (GV). The first meiotic division resumes are triggered by follicle-stimulating hormone just before each ovulation (Kordowitzki et al., 2021). During this time, germinal vesicle breakdown (GVBD) occurs, and the antral follicles enter metaphase I (McGee and Hsueh, 2000). The chromosomes are condensed and the spindle migrates to the cortical region. The homologous chromosomes begin to separate. Upon ovulation, they are again arrested at metaphase II of meiosis II. If fertilized by sperm, these oocytes will resume and complete meiosis (Yang et al., 2019).
Protein Ubiquitination and Deubiquitination in the Meiotic Process of Oogenesis
Because of the absence of transcriptional activity during oocyte meiosis, protein level regulation, especially PTM, is crucial for this process. Ubiquitination, as an important form of PTM, is known to play a key role in various cellular events during oocyte maturation and embryonic development, such as DNA damage response, chromosome condensation, and cytoskeleton organization (spindle morphology and segregation) (Table 2). Cyclin B1 is the core cyclin that regulates the meiotic progression of oocytes. The degradation of cyclin B1 largely affects the meiotic process of oocytes (Polański et al., 2012). The anaphase promoting complex (APC/C, an E3 ligase) is essential for cyclin B1 degradation in S. cerevisiae, C. elegans, and Xenopus (Masui, 2000; Bolte et al., 2002). As meiosis is arrested, cyclin B1 is ubiquitinated by APC/C for proteasome degradation. The low amounts of cyclin B1 leave CDK1 in a phosphorylation-inactive state. When the APC/C activity is suppressed, cyclin B1 accumulates and translocates to the nucleus to activate CDK1. This resulted in GVBD and resumed meiosis. Sister chromatid separation is an important process in the second meiosis of oocytes, which depends on the cleavage of mitotic adhesion proteins by separase. In mammals, separase is inhibited by binding to securin and CDK1/cyclin B. In mouse female meiosis II eggs, most of the separase is held in check by association with securin (Cohen-Fix et al., 1996). APC/C ubiquitinates the secruin for proteasome degradation and activates the separase to cleave the cohesin centromeres of sister chromatids. The activity of APC/C can be inhibited by the cytostatic factor Emi2. Only after the sharp increase in Ca2+ triggered by fertilization is Emi2 phosphorylated and inactive and resumes meiosis II.
TABLE 2 | Ubiquitination and deubiquitination machinery and targeted substrates work to regulate oocyte development and function.
[image: Table 2]The formation of polyubiquitin chains is one of the prerequisites for meiotic progression (Mogessie et al., 2018). APC/C attaches monoubiquitin to multiple lysine residues on cyclin B1 (Kirkpatrick et al., 2006). UBE2S, a member of E2s, can elongate the ubiquitin chains on the APC/C substrate cyclin B1 (Garnett et al., 2009). In oocytes resuming meiosis, K11, rather than K48 ubiquitin chains (the classical uniform of ubiquitin chains to target substrates for destruction by the proteasome) function as the main signal for degradation vital for first polar body emission (Pomerantz et al., 2012). Dimova and others demonstrate that the attachments of monoubiquitin to multiple lysine residues in cyclin B1 potentially generate a high density of ubiquitin that can also be recognized by the 26S proteasome. The formation of K11 ubiquitin chains may become necessary only when cyclin B1 does not possess sufficient lysine residues in Xenopus (Dimova et al., 2012). In mammals, RFPL4 (a member of E3s) associates with HR6A to attach ubiquitin to cyclin B1 and target it for proteasomal degradation (Suzumori et al., 2003).
Protein phosphatase 2A (PP2A) is another known meiosis regulator in oocytes. The E3s CRL4, together with its more than 90 substrate adapters DCAF1, binds to PP2A and targets it for proteasomal degradation and polyubiquitination to promote meiosis in mouse oocytes (Yu et al., 2015). CRL4 maintains the PI3K signaling pathway activity by targeting polyubiquitination and degradation of PTEN to stimulate meiosis resumption-coupled protein synthesis activation in mammalian oocytes (Zhang et al., 2020). The non-ATPase regulatory subunits (RPNs) are elements of 26S proteasomes in mammals. The activity of proteasomes is essential for the female reproductive process in N. lugens. The homologous sequences of Rpn in N. lugens are involved in the ovarian development and oocyte maturation (Wang et al., 2021). A multi-channel transmembrane protein, Gm364, binds and then anchors E3s MIB2 on cellular membranes. Then, MIB2 on membranes ubiquitinates and activates DLL3 which activates the cytoplasmic AKT pathway to control the occurrence and quality of the mouse oocyte meiosis (Chen et al., 2021).
UCHs are most relevant for the normal meiotic process during oogenesis among all the DUBs. This conclusion was confirmed by the application of UCH inhibition in different species, including murine (Mtango et al., 2012), bovine (Xu et al., 2020), porcine (Yi et al., 2007), and rhesus monkey (Mtango et al., 2012). UCHL1 localizes in the oocyte cortex and UCHL3 in the meiotic spindles. This localization is evolutionarily conserved in the mammalian oocytes, including humans, rhesus monkeys, mice, porcine, and cows (Mtango et al., 2014). UCHs suppression exerts its negative effects on meiotic spindle formation in oocyte maturation. UCHs may also influence spindle construction, spindle pole focusing, ubiquitin-mediated cyclin degradation, as well as chromosomal segregation in the course of metaphase–anaphase transitions (Huo et al., 2006; Susor et al., 2010; Tokumoto et al., 2020). The chromosomal organization is disturbed and the spindle length is altered among several properties of the abnormal meiotic spindle. Aneuploidy is witnessed in the oocyte and later the embryo may develop from such abnormalities (Mtango et al., 2012).
UCHL1 may regulate microfilament-containing actin and myosin during oocyte meiotic polar body extrusion (Mtango et al., 2014). Apart from the dysregulated microtubule and chromosomal organization within the meiotic spindles, the suppression of spindle-related UCHL3 alters spindle pole-to-pole distance as well as spindle pole width. From metaphase to anaphase, the distance between the spindle poles remains constant. Among the possible substrate proteins of UCHL3, separase/securin is an enzyme of the meiotic spindle (Yanagida, 2005). These suggest an important role for UCHs in oogenesis.
Regulation of Ubiquitination in the Elimination of Oocyte Centrioles
The elimination of oocyte centrioles takes place during the meiosis stage in most animals, including humans (Hertig and Adams, 1967; Szollosi et al., 1972; Gruss, 2018). The fertilized zygote depends on the sperm to provide the paternal centriole. The embryo is prevented from developing parthenogenetically. The embryo centrosome number is balanced and interference with meiotic and mitotic divisions is avoided after fertilization (Manandhar et al., 2005). It has been recently demonstrated that centrioles are eliminated from the mammalian oocyte at the late stage of oogenesis (Pimenta-Marques et al., 2016). This has been studied in detail in Drosophila. Only when the centrosomes within the Drosophila syncytial cysts migrate to the oocyte the centrioles are able to degenerate. As APC/C activity is suppressed, the centrioles migrate and the oocyte is maintained in the pre-meiotic arrest state. APC/C then turns back on to degrade Polo to eliminate the centrioles from the oocyte (Pimenta-Marques et al., 2016). The APC/C and its specific E2 Vih (mammal homologs, Ube2c) are essential for this migration see Table 2. The mutations in Vih cause abnormalities in the oogenesis of Drosophila. This may be due to the disruption of the negative regulation of APC/C by the Vih mutation, thus leading to excessive degradation of Polo and inability to migrate centrioles first and oocyte failure to occur normally (Braun et al., 2021). Given the preserved functions of the centrioles and ubiquitin in mammals, these findings may apply to other species. The change in APC/C activity does not exactly match the above, which may be due to the fact that APC/C is very carefully regulated to affect polo kinase and has not yet reached the threshold to affect cell cycle proteins. Of course, this is expected to be verified in further studies on different species.
Regulation of Ubiquitination in Mitochondrial Biology
Dysfunction in one or more parts of mitochondrial biology has been reported to decline oocyte quality. For instance, reduced intracellular ATP content reduced mtDNA numbers and accumulation of mtDNA point mutants, and altered membrane potential (May-Panloup et al., 2016). A study recently reported that RAB7 is more and more ubiquitinated by PRKN (an E3 molecule) and degrades through the proteasome as women age. The lower level of RAB7 leads to a defective mitochondrial formation and accumulation of damaged mitochondria, which decreases the oocyte quality (Jin et al., 2021). The ways in which protein ubiquitination and deubiquitination participate in the maintenance of functional mitochondria in oocytes is also worth investigating.
Ubiquitination and Deubiquitination Regulate Communication Between Oocytes and Granulosa Cells
The ovarian somatic cells, especially granulosa cells, perform an indispensable function in promoting female germ cell development, including providing a niche for oocyte survival, nourishment, meiotic arrest, and resumption (Gosden and Lee, 2010; Saitou and Hayashi, 2021). In follicular granulosa cells, the ubiquitination-proteasome system plays a key role in the regulation of cumulus extracellular matrix deposition and steroid productions via cumulus cell expansion, indicating that this system is vital for follicular and oocyte development.
The downregulated content of SUMO-1 in mouse granulosa cells is related to the high luteinizing hormone (LH) level. LH is the hormone most correlated with the resume of oocyte maturation as well as the signal for ovarian progesterone production. The SUMO-1 interacts with the progesterone receptor to affect the ovulatory process. Progesterone on the other hand inhibits the expression of SUMO-1 (Shao et al., 2004). Inhibiting SUMO-1 causes disordered localization of γ-tubulin and disrupted kinetochore-microtubule attachment at metaphase I during mouse oogenesis. The incorrect assembly of spindle microtubules and less-condensed chromosomes decreased the rates of GVBD and oocyte maturation (Yuan et al., 2014). The NEDL2 is a member of the NEDD4 subfamily of E3 ligases. The level of NEDL2 in the cumulus cells of oocytes experiencing in vitro maturation increased 10 times than the porcine oocyte in the LH and FSH free medium. This indicates that NEDL2 may play an important role in the granulosa cells during oocyte maturation (Mao et al., 2020).
USP9X and Afadin co-localize and are simultaneously downregulated in the granulosa cells during oocyte maturation. Afadin is a component responsible for cell-cell adhesions and a potential substrate of USP9X. USP9X may deubiquitinate and stabilize Afadin to participate in the process (Sato et al., 2014). However, it is a pity that the authors stopped here without further confirmation. The inhibition of UCHL1 results in elevations of K63-associated polyubiquitin chain abundance in bovine oocytes, and cortical granules migration toward the cortex during oocyte maturation is impaired (Susor et al., 2010). Moreover, the ubiquitination-proteasome system regulates cumulus extracellular matrix deposition and steroid production in the course of cumulus expansion in domestic porcine (Nagyova et al., 2012).
PROTEIN UBIQUITINATION AND DEUBIQUITINATION IN EARLY EMBRYONIC DEVELOPMENT
Ubiquitination in Devastating Paternal Mitochondria
All mammals including humans inherit maternal mitochondria, although the sperms contribute about one hundred mitochondria to the zygote. This requires an accurate mechanism of identifying and devastating the paternal origin of the mitochondria. Ubiquitin works as a recycling marker to tag sperm mitochondria inside fertilized bovine and monkey eggs. The death sentence is imprinted during spermatogenesis and executed when the mitochondria of the sperm are contacted by the cytoplasmic destruction machine of the egg (Sutovsky et al., 1999). Autophagy, as well as the ubiquitin-proteasome system, is involved in mitochondrial autophagy in mammalian sperm after fertilization (Song et al., 2016). SQSTM1, an autophagy receptor that binds to ubiquitin, may identify ubiquitinated mitochondrial proteins and associate with ubiquitin-like modifications, including GABARAP and/or LC3. The ubiquitinated mitochondrial proteins are extracted to form aggresomes transported to autophagophores. VCP, the protein dislocates, extracts, and presents the ubiquitinated mitochondrial membrane proteins to 26S proteasomes. Ubiquitination directs sperm mitochondrial recognition and processing during preimplantation embryo development, thereby preventing the potentially deleterious effects of heterogeneity.
Protein Ubiquitination and Deubiquitination in Maternal-to-Zygotic Transition
Maternal-to-zygotic transition (MZT) is a turning point for embryo development, where the embryos escape maternal genome control for the first time and use the zygotic genome for transcription. MZT consists of two key processes: the clearance of proteins from the eggs and the activation of the zygotic genome (ZGA). The proteomic analysis revealed that ubiquitin-related proteins and DUBs are highly enriched in mammalian zygotic (Mtango and Latham, 2007; Wang et al., 2010), which indicates that protein ubiquitination and deubiquitination are essential for mouse MZT. Ubiquitination mediated by the E3s rnf114 targeting the degradation of TAB1 may be required for NF-κB pathway activation during mouse MZT. This is directly related to maternal clearance with early embryonic development (Yang et al., 2017). Sperm and egg fusions induce transient K63-linked polyubiquitylation, resulting in ubiquitylated proteins accumulating on endosomes. The E2 enzymes, UEV1 and UBC13 are responsible for sorting the maternal membrane proteins to lysosomes for degradation in C. elegans by mediating the K63-linked polyubiquitylation (Sato et al., 2014).
The initiation of transcription by the syngeneic genome after the removal of maternal mRNAs and proteins is termed ZGA. ZGA occurs in a precisely timed controlled manner with three major classes of activation model hypotheses: 1) karyoplasmic ratio (N/C): a threshold ratio of nuclear components to cytoplasmic volume mitigates transcriptional repression (Schulz and Harrison, 2019); 2) maternal clock model: maternal deposition of activating or repressing transcription factors may determine the timing of gene expression; and 3) re-establishment of chromatin state allowing transcription of the syncytial genome (Jukam et al., 2017). PTM is essential for ZGA and is associated with the regulation of N/C, transcriptional repression and activation, regulation of chromatin state remodeling, and histone modifications. The inactivation of proteasomes results in the arrest of most zygotes (Shin et al., 2010). This implied that protein ubiquitination has critical effects on epigenetic reprogramming, such as post-fertilization histone modifications. It was shown that monoubiquitination of histone H2A (H2Aub1) and chromatin compaction jointly regulated the transcriptional repression in embryonic stem cells. H2B1ub is expressed at the late 1-cell to the blastocyst stage (Plusa et al., 2008). SUMOylation mediated by the E2 enzyme UBC9 affects meiosis and preimplantation development by regulating spindle organization and chromosome segregation (Xu et al., 2020). The deletion of ubc9 leads to embryonic lethality due to defective chromosome segregation and lack of integrity in the nucleus of mouse embryos and inhibition of ubc9 during the GV phase leads to disruption of spindle structure, thereby preventing meiotic maturation. Adding exogenous UBC9 to the oocyte maturation medium decreased SUMO-1 levels, thereby inhibiting PB1 efflux and reducing oocyte maturation. During embryonic development, overexpression of the E3 ligase PIASy allows abnormal chromosome segregation and impaired syncytial transcription leading to embryonic arrest at the 2-cell stage. The overexpression of PIASy in mouse fertilized eggs inhibits ZGA and impairs early embryonic development (Higuchi et al., 2019).
CONCLUDING REMARKS AND FUTURE PERSPECTIVES
Here, we elucidated several ubiquitinated and deubiquitination modifications in cells and highlighted recent advances in their use in mammalian reproduction. Any error during protein ubiquitination and deubiquitination may result in the inability to intercept specific proteins for degradation or maintaining the ubiquitin pool. Dissecting the diverse mechanisms underlying ubiquitin and DUBs in vital cellular functions allowed us to comprehend how protein ubiquitination and deubiquitination drove and regulated the various reproductive processes. The process of histone ubiquitination which dynamically regulates nucleosome stability and chromatin dynamics through ubiquitination and deubiquitination during oocyte maturation and preimplantation could be a hot topic for future research.
Although there is a correlation between the degree of ubiquitination and sperm quality, ubiquitination in the epididymis removes defective sperm, and the reorganization of ubiquitinated proteins onto the sperm surface after capacitation is part of the interaction of the sperm oocyte with the zona pellucida. These proteins may be eliminated by the protease system of the oocyte after fertilization. Therefore, it cannot be used as a candidate for clinical sperm quality. As the function and mechanisms of ubiquitin and DUBs continue to be investigated, through future testing of key deubiquitinating enzymes during gametogenesis and the level of ubiquitination at crucial time points, we have the opportunity to test whether the abnormalities in these genes can serve as the basis for an accurate molecular diagnosis of clinical infertility in couples. Targeting the revitalization of ubiquitin ligases and key deubiquitinating enzymes promotes better ovulation, selection of high-quality sperm, and even better fertilization rates, and blastocyst quality or even improved live birth rates. An opportunity is presented to test whether the abnormalities in these genes may serve as a basis for precise molecular diagnosis of clinical infertility in couples and may one day provide specific therapeutic approaches for IVF. However, with the dynamic change in protein ubiquitination and deubiquitination during gametogenesis, the timing of ubiquitination interventions in ART/IVF should be used with particular care. It will contribute to a comprehensive understanding of early human embryonic development mechanisms and provide clues to solve various problems in clinical reproductive medicine, including infertility and early miscarriage.
On the other hand, another potential clinical application for DUBs is the potential target for birth control development. Since DUBs are enzymes, they are theoretically suitable for high-throughput analysis for screening drug candidate inhibitors. The targeted enzymes are somewhat germ cell-specific and may be less likely to be toxic to other cell types. We expect that a further research into protein ubiquitination and deubiquitination will pay off with basic science that can decipher intracellular homeostasis and improved therapeutic approaches that will benefit all of humanity by providing clues to solve various problems in clinical reproductive medicine.
AUTHOR CONTRIBUTIONS
JW, TY, and PY conceived the original idea and the structure of the manuscript. JW, PY, and YZ drafted the first version of the manuscript. JW and QZ developed the figures. QZ and JD critically provided critical feedback and helped shape the manuscript. PY, TY, and YZ supervised and revised the manuscript. All authors contributed to the article and approved the submitted version.
FUNDING
This work was supported by the following grants: the National Key Research and Development Program of China (No. 2018YFC1004601), the National Natural Science Foundation of China (No. 81801540, 81771662), and the Fundamental Research Funds for the Central Universities (2042021kf0082).
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alpaugh W. F., Voigt A. L., Dardari R., Su L., Al Khatib I. Shin W., et al. (2021). Loss of Ubiquitin Carboxy-Terminal Hydrolase L1 Impairs Long-Term Differentiation Competence and Metabolic Regulation in Murine Spermatogonial Stem Cells. Cells 10, 2265. doi:10.3390/cells10092265
 An J. Y., Kim E.-A., Jiang Y., Zakrzewska A., Kim D. E. Lee M. J., et al. (2010). UBR2 Mediates Transcriptional Silencing during Spermatogenesis via Histone Ubiquitination. Proc. Natl. Acad. Sci. U.S.A. 107, 1912–1917. doi:10.1073/pnas.0910267107
 Bao J., Bedford M. T. (2016). Epigenetic Regulation of the Histone-To-Protamine Transition during Spermiogenesis. Reproduction 151, R55–R70. doi:10.1530/rep-15-0562
 Bedard N., Yang Y., Gregory M., Cyr D. G., Suzuki J. Yu X., et al. (2011). Mice Lacking the USP2 Deubiquitinating Enzyme Have Severe Male Subfertility Associated with Defects in Fertilization and Sperm Motility. Biol. Reproduction 85, 594–604. doi:10.1095/biolreprod.110.088542
 Berruti G., Paiardi C. (2015). USP8/UBPy-regulated Sorting and the Development of Sperm Acrosome: the Recruitment of MET. Reproduction 149, 633–644. doi:10.1530/rep-14-0671
 Berruti G., Ripolone M., Ceriani M. (2010). USP8, a Regulator of Endosomal Sorting, Is Involved in Mouse Acrosome Biogenesis through Interaction with the Spermatid ESCRT-0 Complex and Microtubules1. Biol. Reproduction 82, 930–939. doi:10.1095/biolreprod.109.081679
 Bolte M., Steigemann P., Braus G. H., Irniger S. (2002). Inhibition of APC-Mediated Proteolysis by the Meiosis-specific Protein Kinase Ime2. Proc. Natl. Acad. Sci. U.S.A. 99, 4385–4390. doi:10.1073/pnas.072385099
 Bose R., Sheng K., Moawad A. R., Manku G., O’Flaherty C. Taketo T., et al. (2017). Ubiquitin Ligase Huwe1 Modulates Spermatogenesis by Regulating Spermatogonial Differentiation and Entry into Meiosis. Sci. Rep. 7, 17759. doi:10.1038/s41598-017-17902-0
 Braun A. L., Meghini F., Villa-Fombuena G., Guermont M., Fernandez-Martinez E. Qian Z., et al. (2021). The Careful Control of Polo Kinase by APC/C-Ube2C Ensures the Intercellular Transport of Germline Centrosomes during Drosophila Oogenesis. Open Biol. 11, 200371. doi:10.1098/rsob.200371
 Callis J. (2014). The Ubiquitination Machinery of the Ubiquitin System. Arabidopsis Book 12, e0174. doi:10.1199/tab.0174
 Chau V., Tobias J. W., Bachmair A., Marriott D., Ecker D. J. Gonda D. K., et al. (1989). A Multiubiquitin Chain Is Confined to Specific Lysine in a Targeted Short-Lived Protein. Science 243, 1576–1583. doi:10.1126/science.2538923
 Chen L-J., Zhang N-N., Zhou C-X., Yang Z-X., Li Y-R. Zhang T., et al. (2021). Gm364 Coordinates MIB2/DLL3/Notch2 to Regulate Female Fertility through AKT Activation. Cell. Death Differ. doi:10.1038/s41418-021-00861-5
 Cohen-Fix O., Peters J. M., Kirschner M. W., Koshland D. (1996). Anaphase Initiation in Saccharomyces cerevisiae Is Controlled by the APC-dependent Degradation of the Anaphase Inhibitor Pds1p. Genes. Dev. 10, 3081–3093. doi:10.1101/gad.10.24.3081
 Collins G. A., Goldberg A. L. (2017). The Logic of the 26S Proteasome. Cell. 169, 792–806. doi:10.1016/j.cell.2017.04.023
 Coticchio G., Dal Canto M., Mignini Renzini M., Guglielmo M. C., Brambillasca F. Turchi D., et al. (2015). Oocyte Maturation: Gamete-Somatic Cells Interactions, Meiotic Resumption, Cytoskeletal Dynamics and Cytoplasmic Reorganization. Hum. Reprod. Update 21, 427–454. doi:10.1093/humupd/dmv011
 de Rooij D. (2001). Proliferation and Differentiation of Spermatogonial Stem Cells. Reproduction 121, 347–354. doi:10.1530/rep.0.1210347
 Dikic I., Wakatsuki S., Walters K. J. (2009). Ubiquitin-binding Domains - from Structures to Functions. Nat. Rev. Mol. Cell. Biol. 10, 659–671. doi:10.1038/nrm2767
 Dimova N. V., Hathaway N. A., Lee B.-H., Kirkpatrick D. S., Berkowitz M. L. Gygi S. P., et al. (2012). APC/C-mediated Multiple Monoubiquitylation Provides an Alternative Degradation Signal for Cyclin B1. Nat. Cell. Biol. 14, 168–176. doi:10.1038/ncb2425
 Dong Y., Zhang S., Wu Z., Li X., Wang W. L. Zhu Y., et al. (2019). Cryo-EM Structures and Dynamics of Substrate-Engaged Human 26S Proteasome. Nature 565, 49–55. doi:10.1038/s41586-018-0736-4
 Edson M. A., Nagaraja A. K., Matzuk M. M. (2009). The Mammalian Ovary from Genesis to Revelation. Endocr. Rev. 30, 624–712. doi:10.1210/er.2009-0012
 Ferlin A., Arredi B., Speltra E., Cazzadore C., Selice R. Garolla A., et al. (2007). Molecular and Clinical Characterization of Y Chromosome Microdeletions in Infertile Men: a 10-year Experience in Italy. J. Clin. Endocrinol. Metab. 92, 762–770. doi:10.1210/jc.2006-1981
 Fok K. L., Bose R., Sheng K., Chang C.-W., Katz-Egorov M. Culty M., et al. (2017). Huwe1 Regulates the Establishment and Maintenance of Spermatogonia by Suppressing DNA Damage Response. Endocrinology 158, 4000–4016. doi:10.1210/en.2017-00396
 Galanty Y., Belotserkovskaya R., Coates J., Jackson S. P. (2012). RNF4, a SUMO-Targeted Ubiquitin E3 Ligase, Promotes DNA Double-Strand Break Repair. Genes. Dev. 26, 1179–1195. doi:10.1101/gad.188284.112
 Garnett M. J., Mansfeld J., Godwin C., Matsusaka T., Wu J. Russell P., et al. (2009). UBE2S Elongates Ubiquitin Chains on APC/C Substrates to Promote Mitotic Exit. Nat. Cell. Biol. 11, 1363–1369. doi:10.1038/ncb1983
 Goldstein G., Sheid M., Hammerling U., Schlesinger D., Niall H., Boyse E. (1975). Isolation of a Polypeptide that Has Lymphocyte-Differentiating Properties and Is Probably Represented Universally in Living Cells. Proc. Natl. Acad. Sci. U. S. A. 72, 11. doi:10.1073/pnas.72.1.11
 Gosden R., Lee B. (2010). Portrait of an Oocyte: Our Obscure Origin. J. Clin. Investig. 120, 973–983. doi:10.1172/jci41294
 Gou L.-T., Kang J.-Y., Dai P., Wang X., Li F. Zhao S., et al. (2017). Ubiquitination-Deficient Mutations in Human Piwi Cause Male Infertility by Impairing Histone-To-Protamine Exchange during Spermiogenesis. Cell. 169, 1090–1104. doi:10.1016/j.cell.2017.04.034
 Gruss O. (2018). Animal Female Meiosis: The Challenges of Eliminating Centrosomes. Cells 7, 73. doi:10.3390/cells7070073
 Hanna J., Meides A., Zhang D. P., Finley D. (2007). A Ubiquitin Stress Response Induces Altered Proteasome Composition. Cell. 129, 747–759. doi:10.1016/j.cell.2007.03.042
 Hashimoto M., Kimura S., Kanno C., Yanagawa Y., Watanabe T. Okabe J., et al. (2021). Macrophage Ubiquitin-specific Protease 2 Contributes to Motility, Hyperactivation, Capacitation, and In Vitro Fertilization Activity of Mouse Sperm. Cell. Mol. Life Sci. 78, 2929–2948. doi:10.1007/s00018-020-03683-9
 Hertig A. T., Adams E. C. (1967). Studies on the Human Oocyte and its Follicle. I. Ultrastructural and Histochemical Observations on the Primordial Follicle Stage. J. Cell. Biol. 34, 647–675. doi:10.1083/jcb.34.2.647
 Hess R. A., de Franca L. R. (2008). “Spermatogenesis and Cycle of the Seminiferous Epithelium,” in Molecular Mechanisms in Spermatogenesis ed . Editor C. Y. Cheng (New York, NY: Springer), 1–15. 
 Hicke L., Schubert H. L., Hill C. P. (2005). Ubiquitin-binding Domains. Nat. Rev. Mol. Cell. Biol. 6, 610–621. doi:10.1038/nrm1701
 Higuchi C., Yamamoto M., Shin S. W., Miyamoto K., Matsumoto K. (2019). Perturbation of Maternal PIASy Abundance Disrupts Zygotic Genome Activation and Embryonic Development via SUMOylation Pathway. Biol. Open 8, bio048652. doi:10.1242/bio.048652
 Hogarth C. A., Mitchell D., Evanoff R., Small C., Griswold M. (2011). Identification and Expression of Potential Regulators of the Mammalian Mitotic-To-Meiotic Transition1. Biol. Reproduction 84, 34–42. doi:10.1095/biolreprod.110.086215
 Huo L.-J., Zhong Z-S., Liang C-G., Wang Q., Yin S. Ai J-S., et al. (2006). Degradation of Securin in Mouse and Pig Oocytes Is Dependent on Ubiquitin-Proteasome Pathway and Is Required for Proteolysis of the Cohesion Subunit, Rec8, at the Metaphase-To-Anaphase Transition. Front. Biosci. 11, 2193–2202. doi:10.2741/1961
 Jackson S. P., Durocher D. (2013). Regulation of DNA Damage Responses by Ubiquitin and SUMO. Mol. Cell. 49, 795–807. doi:10.1016/j.molcel.2013.01.017
 Jin X., Wang K., Wang L., Liu W., Zhang C. Qiu Y., et al. (2021). RAB7 Activity Is Required for the Regulation of Mitophagy in Oocyte Meiosis and Oocyte Quality Control during Ovarian Aging. Autophagy 0, 1–18. doi:10.1080/15548627.2021.1946739
 Jose-Miller A. B., Boyden J. W., Frey K. A. (2007). Infertility. Am. Fam. Physician 75, 849
 Jukam D., Shariati S. A. M., Skotheim J. M. (2017). Zygotic Genome Activation in Vertebrates. Dev. Cell. 42, 316–332. doi:10.1016/j.devcel.2017.07.026
 Kim J. H., Park K. C., Chung S. S., Bang O., Chung C. H. (2003). Deubiquitinating Enzymes as Cellular Regulators. J. Biochem. 134, 9–18. doi:10.1093/jb/mvg107
 Kimura Y., Yashiroda H., Kudo T., Koitabashi S., Murata S. Kakizuka A., et al. (2009). An Inhibitor of a Deubiquitinating Enzyme Regulates Ubiquitin Homeostasis. Cell. 137, 549–559. doi:10.1016/j.cell.2009.02.028
 Kirkpatrick D. S., Hathaway N. A., Hanna J., Elsasser S., Rush J. Finley D., et al. (2006). Quantitative Analysis of In Vitro Ubiquitinated Cyclin B1 Reveals Complex Chain Topology. Nat. Cell. Biol. 8, 700–710. doi:10.1038/ncb1436
 Koenig P.-A., Nicholls P. K., Schmidt F. I., Hagiwara M., Maruyama T. Frydman G. H., et al. (2014). The E2 Ubiquitin-Conjugating Enzyme UBE2J1 Is Required for Spermiogenesis in Mice. J. Biol. Chem. 289, 34490–34502. doi:10.1074/jbc.m114.604132
 Komander D., Rape M. (2012). The Ubiquitin Code. Annu. Rev. Biochem. 81, 203–229. doi:10.1146/annurev-biochem-060310-170328
 Kordowitzki P., Sokołowska G., Wasielak-Politowska M., Skowronska A., Skowronski M. T. (2021). Pannexins and Connexins: Their Relevance for Oocyte Developmental Competence. Ijms 22, 5918. doi:10.3390/ijms22115918
 Kulkarni M., Smith H. E. (2008). E1 Ubiquitin-Activating Enzyme UBA-1 Plays Multiple Roles throughout C. elegans Development. PLoS Genet. 4, e1000131. doi:10.1371/journal.pgen.1000131
 Kwon Y. T., Xia Z., An J. Y., Tasaki T., Davydov I. V. Seo J. W., et al. (2003). Female Lethality and Apoptosis of Spermatocytes in Mice Lacking the UBR2 Ubiquitin Ligase of the N-End Rule Pathway. Mol. Cell. Biol. 23, 8255–8271. doi:10.1128/mcb.23.22.8255-8271.2003
 Leznicki P., Kulathu Y. (2017). Mechanisms of Regulation and Diversification of Deubiquitylating Enzyme Function. J. Cell. Sci. 130, 1997–2006. doi:10.1242/jcs.201855
 Li L., Halaby M.-J., Hakem A., Cardoso R., El Ghamrasni S. Harding S., et al. (2010). Rnf8 Deficiency Impairs Class Switch Recombination, Spermatogenesis, and Genomic Integrity and Predisposes for Cancer. J. Exp. Med. 207, 983–997. doi:10.1084/jem.20092437
 Lin H., Keriel A., Morales C. R., Bedard N., Zhao Q. Hingamp P., et al. (2001). Divergent N-Terminal Sequences Target an Inducible Testis Deubiquitinating Enzyme to Distinct Subcellular Structures. Mol. Cell. Biol. 21, 977. doi:10.1128/mcb.21.3.977-977.2001
 Lu L.-Y., Wu J., Ye L., Gavrilina G. B., Saunders T. L., Yu X. (2010). RNF8-dependent Histone Modifications Regulate Nucleosome Removal during Spermatogenesis. Dev. Cell. 18, 371–384. doi:10.1016/j.devcel.2010.01.010
 Luddi A., Margollicci M., Gambera L., Serafini F., Cioni M. De Leo V., et al. (2009). Spermatogenesis in a Man with Complete Deletion ofUSP9Y. N. Engl. J. Med. 360, 881–885. doi:10.1056/nejmoa0806218
 Luo J., Megee S., Dobrinski I. (2009). Asymmetric Distribution of UCH-L1 in Spermatogonia Is Associated with Maintenance and Differentiation of Spermatogonial Stem Cells. J. Cell. Physiol. 220, 460–468. doi:10.1002/jcp.21789
 Manandhar G., Schatten H., Sutovsky P. (2005). Centrosome Reduction during Gametogenesis and its Significance1. Biol. Reproduction 72, 2–13. doi:10.1095/biolreprod.104.031245
 Mao J., Zigo M., Zuidema D., Sutovsky M., Sutovsky P. (2020). NEDD4-like Ubiquitin Ligase 2 Protein (NEDL2) in Porcine Spermatozoa, Oocytes, and Preimplantation Embryos and its Role in Oocyte Fertilization. Biol. Reprod. 104, 117–129. doi:10.1093/biolre/ioaa186
 Masui Y. (2000). The Elusive Cytostatic Factor in the Animal Egg. Nat. Rev. Mol. Cell. Biol. 1, 228–231. doi:10.1038/35043096
 May-Panloup P., Boucret L., Chao de la Barca J.-M., Desquiret-Dumas V., Ferré-L'Hotellier V. Morinière C., et al. (2016). Ovarian Ageing: the Role of Mitochondria in Oocytes and Follicles. Hum. Reprod. Update 22, 725–743. doi:10.1093/humupd/dmw028
 McGee E. A., Hsueh A. J. W. (2000). Initial and Cyclic Recruitment of Ovarian Follicles*. Endocr. Rev. 21, 200–214. doi:10.1210/edrv.21.2.0394
 Mizuno E., Kobayashi K., Yamamoto A., Kitamura N., Komada M. (2006). A Deubiquitinating Enzyme UBPY Regulates the Level of Protein Ubiquitination on Endosomes. Traffic 7, 1017–1031. doi:10.1111/j.1600-0854.2006.00452.x
 Mogessie B., Scheffler K., Schuh M. (2018). Assembly and Positioning of the Oocyte Meiotic Spindle. Annu. Rev. Cell. Dev. Biol. 34, 381–403. doi:10.1146/annurev-cellbio-100616-060553
 Mtango N. R., Latham K. E., Sutovsky P. (2014). “Deubiquitinating Enzymes in Oocyte Maturation, Fertilization and Preimplantation Embryo Development,” in Posttranslational Protein Modifications in the Reproductive System ed . Editor P Sutovsky (New York, NY: Springer), 89–110. doi:10.1007/978-1-4939-0817-2_5
 Mtango N. R., Latham K. E. (2007). Ubiquitin Proteasome Pathway Gene Expression Varies in Rhesus Monkey Oocytes and Embryos of Different Developmental Potential. Physiol. Genomics 31, 1–14. doi:10.1152/physiolgenomics.00040.2007
 Mtango N. R., Sutovsky M., Susor A., Zhong Z., Latham K. E., Sutovsky P. (2012). Essential Role of Maternal UCHL1 and UCHL3 in Fertilization and Preimplantation Embryo Development. J. Cell. Physiol. 227, 1592–1603. doi:10.1002/jcp.22876
 Muratori M., Marchiani S., Criscuoli L., Fuzzi B., Tamburino L. Dabizzi S., et al. (2007). Biological Meaning of Ubiquitination and DNA Fragmentation in Human Spermatozoa. Soc. Reprod. Fertil. Suppl. 63, 153
 Nagyova E., Scsukova S., Nemcova L., Mlynarcikova A., Yi Y. J. Sutovsky M., et al. (2012). Inhibition of Proteasomal Proteolysis Affects Expression of Extracellular Matrix Components and Steroidogenesis in Porcine Oocyte-Cumulus Complexes. Domest. Anim. Endocrinol. 42, 50–62. doi:10.1016/j.domaniend.2011.09.003
 Nathan J. A., Tae Kim H., Ting L., Gygi S. P., Goldberg A. L. (2013). Why Do Cellular Proteins Linked to K63-Polyubiquitin Chains Not Associate with Proteasomes?EMBO J. 32, 552–565. doi:10.1038/emboj.2012.354
 Nicassio F., Corrado N., Vissers J. H. A., Areces L. B., Bergink S. Marteijn J. A., et al. (2007). Human USP3 Is a Chromatin Modifier Required for S Phase Progression and Genome Stability. Curr. Biol. 17, 1972–1977. doi:10.1016/j.cub.2007.10.034
 Nijman S. M. B., Luna-Vargas M. P. A., Velds A., Brummelkamp T. R., Dirac A. M. G. Sixma T. K., et al. (2005). A Genomic and Functional Inventory of Deubiquitinating Enzymes. Cell. 123, 773–786. doi:10.1016/j.cell.2005.11.007
 Nunoura T., Takaki Y., Kakuta J., Nishi S., Sugahara J. Kazama H., et al. (2011). Insights into the Evolution of Archaea and Eukaryotic Protein Modifier Systems Revealed by the Genome of a Novel Archaeal Group. Nucleic Acids Res. 39, 3204–3223. doi:10.1093/nar/gkq1228
 Oh E., Akopian D., Rape M. (2018). Principles of Ubiquitin-dependent Signaling. Annu. Rev. Cell. Dev. Biol. 34, 137–162. doi:10.1146/annurev-cellbio-100617-062802
 Park C.-W., Ryu K.-Y. (2014). Cellular Ubiquitin Pool Dynamics and Homeostasis. BMB Rep. 47, 475–482. doi:10.5483/bmbrep.2014.47.9.128
 Pedrosa M. L., Furtado M. H., Ferreira M. C. F., Carneiro M. M. (2020). Sperm Selection in IVF: the Long and Winding Road from Bench to Bedside. JBRA Assist. Reprod. 24, 332–339. doi:10.5935/1518-0557.20190081
 Pfeiffer A., Luijsterburg M. S., Acs K., Wiegant W. W., Helfricht A. Herzog L. K., et al. (2017). Ataxin‐3 Consolidates the MDC 1‐dependent DNA Double‐strand Break Response by Counteracting the SUMO ‐targeted Ubiquitin Ligase RNF 4. EMBO J. 36, 1066–1083. doi:10.15252/embj.201695151
 Pimenta-Marques A., Bento I., Lopes C. A., Duarte P., Jana S. C., Bettencourt-Dias M. (2016). A Mechanism for the Elimination of the Female Gamete Centrosome in Drosophila melanogaster. Science 353, aaf4866. doi:10.1126/science.aaf4866
 Plafker K. S., Zyla K., Berry W., Plafker S. M. (2018). Loss of the Ubiquitin Conjugating Enzyme UBE2E3 Induces Cellular Senescence. Redox Biol. 17, 411–422. doi:10.1016/j.redox.2018.05.008
 Plusa B., Piliszek A., Frankenberg S., Artus J., Hadjantonakis A.-K. (2008). Distinct Sequential Cell Behaviours Direct Primitive Endoderm Formation in the Mouse Blastocyst. Development 135, 3081–3091. doi:10.1242/dev.021519
 Polański Z., Homer H., Kubiak J. Z. (2012). Cyclin B in Mouse Oocytes and Embryos: Importance for Human Reproduction and Aneuploidy. Results Probl. Cell. Differ. 55, 69–91. doi:10.1007/978-3-642-30406-4_4
 Pomerantz Y., Elbaz J., Ben‐Eliezer I., Reizel Y., David Y. Galiani D., et al. (2012). From Ubiquitin‐proteasomal Degradation to CDK1 Inactivation: Requirements for the First Polar Body Extrusion in Mouse Oocytes. FASEB J. 26, 4495–4505. doi:10.1096/fj.12-209866
 Ramage R., Green J., Muir T. W., Ogunjobi O. M., Love S., Shaw K. (1994). Synthetic, Structural and Biological Studies of the Ubiquitin System: the Total Chemical Synthesis of Ubiquitin. Biochem. J. 299 ( Pt 1) (Pt 1), 151–158. doi:10.1042/bj2990151
 Rodriguez C. I., Stewart C. L. (2007). Disruption of the Ubiquitin Ligase HERC4 Causes Defects in Spermatozoon Maturation and Impaired Fertility. Dev. Biol. 312, 501–508. doi:10.1016/j.ydbio.2007.09.053
 Roest H. P., van Klaveren J., de Wit J., van Gurp C. G., Koken M. H. M. Vermey M., et al. (1996). Inactivation of the HR6B Ubiquitin-Conjugating DNA Repair Enzyme in Mice Causes Male Sterility Associated with Chromatin Modification. Cell. 86, 799–810. doi:10.1016/s0092-8674(00)80154-3
 Sadowski M., Suryadinata R., Tan A. R., Roesley S. N. A., Sarcevic B. (2012). Protein Monoubiquitination and Polyubiquitination Generate Structural Diversity to Control Distinct Biological Processes. IUBMB Life 64, 136–142. doi:10.1002/iub.589
 Saitou M., Hayashi K. (2021). Mammalian In Vitro Gametogenesis. Science 374, eaaz6830. doi:10.1126/science.aaz6830
 Saldívar-Hernández A., González-González M. E., Sánchez-Tusié A., Maldonado-Rosas I., López P. Treviño C. L., et al. (2015). Human Sperm Degradation of Zona Pellucida Proteins Contributes to Fertilization. Reprod. Biol. Endocrinol. 13, 99. doi:10.1186/s12958-015-0094-0
 Sato M., Konuma R., Sato K., Tomura K., Sato K. (2014). Fertilization-induced K63-Linked Ubiquitylation Mediates Clearance of Maternal Membrane Proteins. Development 141, 1324–1331. doi:10.1242/dev.103044
 Schlesinger D. H., Goldstein G. (1975). Molecular Conservation of 74 Amino Acid Sequence of Ubiquitin between Cattle and Man. Nature 255, 423–424. doi:10.1038/255423a0
 Schulz K. N., Harrison M. M. (2019). Mechanisms Regulating Zygotic Genome Activation. Nat. Rev. Genet. 20, 221–234. doi:10.1038/s41576-018-0087-x
 Shao R., Zhang F.-P., Rung E., Palvimo J. J., Huhtaniemi I., Billig H. (2004). Inhibition of Small Ubiquitin-Related Modifier-1 Expression by Luteinizing Hormone Receptor Stimulation Is Linked to Induction of Progesterone Receptor during Ovulation in Mouse Granulosa Cells. Endocrinology 145, 384–392. doi:10.1210/en.2003-0527
 Shin S.-W., Tokoro M., Nishikawa S., Lee H.-H., Hatanaka Y. Nishihara T., et al. (2010). Inhibition of the Ubiquitin-Proteasome System Leads to Delay of the Onset of ZGA Gene Expression. J. Reproduction Dev. 56, 655–663. doi:10.1262/jrd.10-104m
 Simoni M., Bakker E., Krausz C. (2004). EAA/EMQN Best Practice Guidelines for Molecular Diagnosis of Y-Chromosomal Microdeletions. State of the Art 2004. Int. J. Androl. 27, 240–249. doi:10.1111/j.1365-2605.2004.00495.x
 Song W. H., Yi Y. J., Sutovsky M., Meyers S., Sutovsky P. (2016). Autophagy and Ubiquitin-Proteasome System Contribute to Sperm Mitophagy after Mammalian Fertilization. Proc. Natl. Acad. Sci. U. S. A. 113, E5261–E5270. doi:10.1073/pnas.1605844113
 Susor A., Liskova L., Toralova T., Pavlok A., Pivonkova K. Karabinova P., et al. (2010). Role of Ubiquitin C-Terminal Hydrolase-L1 in Antipolyspermy Defense of Mammalian Oocytes1. Biol. Reprod. 82, 1151–1161. doi:10.1095/biolreprod.109.081547
 Sutovsky P., Moreno R. D., Ramalho-Santos J., Dominko T., Simerly C., Schatten G. (1999). Ubiquitin Tag for Sperm Mitochondria. Nature 402, 371–372. doi:10.1038/46466
 Sutovsky P., Terada Y., Schatten G. (2001). Ubiquitin-based Sperm Assay for the Diagnosis of Male Factor Infertility. Hum. Reprod. 16, 250–258. doi:10.1093/humrep/16.2.250
 Suzumori N., Burns K. H., Yan W., Matzuk M. M. (2003). RFPL4 Interacts with Oocyte Proteins of the Ubiquitin-Proteasome Degradation Pathway. Proc. Natl. Acad. Sci. U.S.A. 100, 550–555. doi:10.1073/pnas.0234474100
 Swatek K. N., Komander D. (2016). Ubiquitin Modifications. Cell. Res. 26, 399–422. doi:10.1038/cr.2016.39
 Szollosi D., Calarco P., Donahue R. P. (1972). Absence of Centrioles in the First and Second Meiotic Spindles of Mouse Oocytes. J. Cell. Sci. 11, 521–541. doi:10.1242/jcs.11.2.521
 Tokumoto T., Hossain M. F., Jyoti M. M. S., Ali M. H., Hossain M. B. Acharjee M., et al. (2020). Two-Step Mechanism of Cyclin B Degradation Initiated by Proteolytic Cleavage with the 26 S Proteasome in Fish. Sci. Rep. 10, 8924. doi:10.1038/s41598-020-65009-w
 Tsuchiya H., Burana D., Ohtake F., Arai N., Kaiho A. Komada M., et al. (2018). Ub-ProT Reveals Global Length and Composition of Protein Ubiquitylation in Cells. Nat. Commun. 9, 524. doi:10.1038/s41467-018-02869-x
 Turathum B., Gao E.-M., Chian R.-C. (2021). The Function of Cumulus Cells in Oocyte Growth and Maturation and in Subsequent Ovulation and Fertilization. Cells 10, 2292. doi:10.3390/cells10092292
 Tyler-Smith C. (2008). An Evolutionary Perspective on Y-Chromosomal Variation and Male Infertility. Int. J. Androl. 31, 376–382. doi:10.1111/j.1365-2605.2008.00889.x
 Vijay-Kumar S., Bugg C. E., Wilkinson K. D., Cook W. J. (1985). Three-dimensional Structure of Ubiquitin at 2.8 A Resolution. Proc. Natl. Acad. Sci. U.S.A. 82, 3582–3585. doi:10.1073/pnas.82.11.3582
 Vyas R., Kumar R., Clermont F., Helfricht A., Kalev P. Sotiropoulou P., et al. (2013). RNF4 Is Required for DNA Double-Strand Break Repair In Vivo. Cell. Death Differ. 20, 490–502. doi:10.1038/cdd.2012.145
 Walczak H., Iwai K., Dikic I. (2012). Generation and Physiological Roles of Linear Ubiquitin Chains. BMC Biol. 10, 23. doi:10.1186/1741-7007-10-23
 Wang J., Qiu Z., Wu Y. (2018). Ubiquitin Regulation: The Histone Modifying Enzyme's Story. Cells 7, E118. doi:10.3390/cells7090118
 Wang S., Kou Z., Jing Z., Zhang Y., Guo X. Dong M., et al. (2010). Proteome of Mouse Oocytes at Different Developmental Stages. Proc. Natl. Acad. Sci. U.S.A. 107, 17639–17644. doi:10.1073/pnas.1013185107
 Wang W., Yang R. R., Peng L. Y., Zhang L., Yao Y. L., Bao Y. Y. (2021). Proteolytic Activity of the Proteasome Is Required for Female Insect Reproduction. Open Biol. 11, 200251. doi:10.1098/rsob.200251
 Wang X., Kang J-Y., Wei L. (2019). PHF7 Is a Novel Histone H2A E3 Ligase Prior to Histone-To-Protamine Exchange during Spermiogenesis. Development 146.
 Woo S. M., Seo S. U., Kubatka P., Min K. J., Kwon T. K. (2019). Honokiol Enhances TRAIL-Mediated Apoptosis through STAMBPL1-Induced Survivin and C-FLIP Degradation. Biomolecules 9, E838. doi:10.3390/biom9120838
 Xu D., Sun F., Bi J., Guan Y., Luo X. Chen X., et al. (2020). Effects of E2 Binding Enzyme UBC9 on Porcine Oocyte Maturation, Apoptosis and Embryo Development. Reprod. Dom. Anim. 55, 1526–1534. doi:10.1111/rda.13802
 Xu X., Lin A., Zhou C., Blackwell S. R., Zhang Y. Wang Z., et al. (2016). Involvement of Budding Yeast Rad5 in Translesion DNA Synthesis through Physical Interaction with Rev1. Nucleic Acids Res. 44, 5231–5245. doi:10.1093/nar/gkw183
 Yan W. (2017). piRNA-Independent PIWI Function in Spermatogenesis and Male Fertility. Biol. Reprod. 96, 1121–1123. doi:10.1093/biolre/iox055
 Yanagida M. (2005). Basic Mechanism of Eukaryotic Chromosome Segregation. Phil. Trans. R. Soc. B 360, 609–621. doi:10.1098/rstb.2004.1615
 Yang K.-T., Inoue A., Lee Y.-J., Jiang C.-L., Lin F.-J. (2019). Loss of Ikbkap/Elp1 in Mouse Oocytes Causes Spindle Disorganization, Developmental Defects in Preimplantation Embryos and Impaired Female Fertility. Sci. Rep. 9, 18875. doi:10.1038/s41598-019-55090-1
 Yang Y., Zhou C., Wang Y., Liu W., Liu C. Wang L., et al. (2017). The E3 Ubiquitin Ligase RNF 114 and TAB 1 Degradation Are Required for Maternal‐to‐zygotic Transition. EMBO Rep. 18, 205–216. doi:10.15252/embr.201642573
 Yi Y.-J., Manandhar G., Sutovsky M., Li R., Jonáková V. Oko R., et al. (2007). Ubiquitin C-Terminal Hydrolase-Activity Is Involved in Sperm Acrosomal Function and Anti-polyspermy Defense during Porcine Fertilization1. Biol. Reprod. 77, 780–793. doi:10.1095/biolreprod.107.061275
 Yi Y.-J., Sutovsky M., Song W.-H., Sutovsky P. (2015). Protein Deubiquitination during Oocyte Maturation Influences Sperm Function during Fertilisation, Antipolyspermy Defense and Embryo Development. Reprod. Fertil. Dev. 27, 1154–1167. doi:10.1071/rd14012
 Yi Y.-J., Zimmerman S. W., Manandhar G., Odhiambo J. F., Kennedy C. Jonáková V., et al. (2012). Ubiquitin-activating Enzyme (UBA1) Is Required for Sperm Capacitation, Acrosomal Exocytosis and Sperm-Egg Coat Penetration during Porcine Fertilization. Int. J. Androl. 35, 196–210. doi:10.1111/j.1365-2605.2011.01217.x
 Yin Y., Seifert A., Chua J. S., Maure J.-F., Golebiowski F., Hay R. T. (2012). SUMO-targeted Ubiquitin E3 Ligase RNF4 Is Required for the Response of Human Cells to DNA Damage. Genes. Dev. 26, 1196–1208. doi:10.1101/gad.189274.112
 Yu C., Ji S.-Y., Sha Q.-Q., Sun Q.-Y., Fan H.-Y. (2015). CRL4-DCAF1 Ubiquitin E3 Ligase Directs Protein Phosphatase 2A Degradation to Control Oocyte Meiotic Maturation. Nat. Commun. 6, 8017. doi:10.1038/ncomms9017
 Yuan Y. F., Zhai R., Liu X. M., Khan H. A., Zhen Y. H., Huo L. J. (2014). SUMO-1 Plays Crucial Roles for Spindle Organization, Chromosome Congression, and Chromosome Segregation during Mouse Oocyte Meiotic Maturation. Mol. Reprod. Dev. 81, 712–724. doi:10.1002/mrd.22339
 Zarei-Kheirabadi M., Shayegan nia E., Tavalaee M., Deemeh M. R., Arabi M. Forouzanfar M., et al. (2012). Evaluation of Ubiquitin and Annexin V in Sperm Population Selected Based on Density Gradient Centrifugation and Zeta Potential (DGC-Zeta). J. Assist. Reprod. Genet. 29, 365–371. doi:10.1007/s10815-011-9689-3
 Zhang J., Zhang Y.-L., Zhao L.-W., Pi S.-B., Zhang S.-Y. Tong C., et al. (2020). The CRL4-DCAF13 Ubiquitin E3 Ligase Supports Oocyte Meiotic Resumption by Targeting PTEN Degradation. Cell. Mol. Life Sci. 77, 2181–2197. doi:10.1007/s00018-019-03280-5
 Zheng N., Shabek N. (2017). Ubiquitin Ligases: Structure, Function, and Regulation. Annu. Rev. Biochem. 86, 129–157. doi:10.1146/annurev-biochem-060815-014922
 Zhu B., Zheng Y., Pham A.-D., Mandal S. S., Erdjument-Bromage H. Tempst P., et al. (2005). Monoubiquitination of Human Histone H2B: the Factors Involved and Their Roles in HOX Gene Regulation. Mol. Cell. 20, 601–611. doi:10.1016/j.molcel.2005.09.025
 Zimmerman S. W., Yi Y.-J., Sutovsky M., van Leeuwen F. W., Conant G., Sutovsky P. (2014). Identification and Characterization of RING-Finger Ubiquitin Ligase UBR7 in Mammalian Spermatozoa. Cell. Tissue Res. 356, 261–278. doi:10.1007/s00441-014-1808-x
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Wang, Zhou, Ding, Yin, Ye and Zhang. 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/fphys-13-886261-t002.jpg
E2 enzyme
UBE2S
UEV &

UBC13
UBCY

£3 ligase

RFPLA.
CRLA
MIB2
PRKN
DUB
UCHL1

UCHLE

Cyolin B1

Polo

Cyciin BY
PP2APTEN

DLL3 (Notch
figend)
RAB7

Ub chain

Mono-ub K11-ub.
chains

Uncear

Uncear

Poly-ub Poly-ub.
Unclear

Unclear

Unclear

Unclear

Function of
ubiquitination

Pro deg

Pro cog
Pro deg

Pro deg Pro deg
quality of meiosis

Pro deg

Role in oocyte

First polar body emission
Centriole elmination
Matemal membrane protein degradation

Spindle organization chromosome
‘segregation

Meloss arrest

Gentriole elmination
Melosis arest

Meosis promotion PISK signaiing actiy
AKT pattway actvation

Mitochondrial formation

Polar body extrusion mulberry embryonic.
‘compaction
Penetration into zona pellucida

C. alogans

Boar Mouse

Boar

Reference
Gamett et e, (2009)
Pimenta-Marques et al. (2016)
Sato et al. (2014)
Xu et al. (2020)

Masui 2000), Botte et a. (2002), Kikpatriok et . (2006),
Szolosi et al. (1972)

Braun et al. (2021)

Suzumori et al. (2009)

Yu et al. (2015) Zhang et a. (2020)

Ghen et al. (2021)

Koenig et al. (2014) Wang et al. (2019)

Luo et al, (2008) Mtango et el (2012)

Vietal. (2007)

UBE2S, ubiquitn-conjugating enzyme E2 S; UEV1, ubiquitin-conjugating enzyme E2 variant 1; UBC13, ubiguitin-conjugating enzyme 13; UBCY, ubiquiin-conjugating enzyme 9; Pro deg, protein degradation; Mono-ub, monoubiquitn; Poly-
ub, polyubiquitination; APC/C, anaphase promoting complex; RFPL4, et finger protein-ike 4; CRLA, culin ring finger ubiguith Igase 4; DLLS, deka Like canonical nofch igand 3 PRKN: parkin RBR; UCHLY, ubiqulin carbory-torminal

nclckine LT M-S ubkeidh catonsimaiel fciokee 1





OPS/xhtml/nav.xhtml
Contents

		Cover

		The Conceivable Functions of Protein Ubiquitination and Deubiquitination in Reproduction		Introduction

		Study of Ubiquitination		Enzymes Required for Ubiquitination

		Function of Ubiquitination

		Writer, Reader, and Eraser

		Function of DUBs





		Functions of Protein Ubiquitination and Deubiquitination in Sperm		Protein Ubiquitination and Deubiquitination in Spermatogenesis and Pre-Ejaculatory Maturation

		Protein Ubiquitination and Deubiquitination Within the Post-Ejaculatory Sperm Maturation

		Sperm Selection Based on Ubiquitination and DUB Detection





		Protein Ubiquitination and Deubiquitination in the Oocyte		Protein Ubiquitination and Deubiquitination in the Meiotic Process of Oogenesis

		Regulation of Ubiquitination in the Elimination of Oocyte Centrioles

		Regulation of Ubiquitination in Mitochondrial Biology

		Ubiquitination and Deubiquitination Regulate Communication Between Oocytes and Granulosa Cells





		Protein Ubiquitination and Deubiquitination in Early Embryonic Development		Ubiquitination in Devastating Paternal Mitochondria

		Protein Ubiquitination and Deubiquitination in Maternal-to-Zygotic Transition





		Concluding Remarks and Future Perspectives

		Author Contributions

		Funding

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-886261-g001.gif





OPS/images/fphys-13-886261-t001.jpg
Enzyme

E1 enzyme

UBAG
UBA1

E2 enzyme

Ubc2e3
HR6

E3 ligase

HUWE1
UBR2

RNF4
RNF20

NEDL2
DUB
USP3
UCHL1

ataxin-3
uspP2
USP8

UBAS, ubiquitin-like modlifer activating enzyme 6; UBAT, ubic

Substrate Ub

chain

Histone H2AX Poly-ub

Histone H2A Mono-ub

Checkpoint mediator ~ SUMO

MDC1

Histone H2B Mono-ub

Unclear unclear

Ubiauitinated H2A
Unclear

SUMOylated-MDC1
Unclear
Membrane receptor MET

Function of ubiquitination

Pro deg
Transcriptional silencing

MDC1 removal from
chromatin

Recruitment of DSB repair
factors

Cellular function

Role in
sperm

Gonocytes differentiate
Induce acrosomal exocytosis

Rich in spermatogonia
Homologous recombination
repair

Initial differentiation of
spermatogonia
Homologous recombination
repair

Repair of DSBs

DSB repair chromatin

remodeling
DNA decondensation

DNA damage response
SSC differentiation

DSB repair
Penetrating the ZP

Endosomal sorting acrosome biogenesis

Model

Rat

C. elegans

boar

Rat

Mouse

Mouse

Mouse

Mouse

Mouse

Boar
Human
Boar
Mouse
Human
Mouse

Mouse

Reference

Hogarth et al. (2011)
Kulkami and Smith, (2008)
Yin et al. (2012)

Plafker et al. (2018)
Roest et al. (1996)

Bose et al. (2017) Fok et al.
(2017)
Kwon et al. (2003)

Galanty et al. (2012) Vyas et al.

(2013)
Xu et al. (2016)
Mao et al. (2020)

Nicassio et al. (2007)

Luo et al. (2009) Alpaugh et al.
(2021)

Pleiffer et al. (2017)

Bedard et al. (2011)

Berruti and Paiardi, (2015) Berruti
et al. (2010)

like modifier activating enzyme 1; HR6, homolog of Rad6; HUWET, HECT, UBA, and WWE domain containing E3

ubiguitin protein igase 1; RNF20, ing finger protein 20; UBR2, ubiquitin protein igase E3 component N-recognin 2; RNF4, ring finger protein 4; NEDL2, nedcd-related E3 ubiquitin figase-
2; USP3, ubiquitin-specific peptidase 3; UCHL1, ubiquitin C-terminal hydrolase L 1; USP2, ubiquitin-specific pepticase 2; USP8, ubiquitin-specific peptidase 8; Pro deg, protein

degradation; Mono-ub, monoubiquitin: Poly-ub, polyubiquitination: DSB double-strand breal

SC spermatogonial stem cell









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





