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Abstract

Oogenesis and spermatogenesis are tightly regulated complex processes that are critical for 

fertility function. Germ cells undergo meiosis to generate haploid cells necessary for reproduction. 

Errors in meiosis, including the generation of chromosomal abnormalities, can result in 

reproductive defects and infertility. Meiotic proteins are regulated by post-translational 

modifications including SUMOylation, the covalent attachment of small ubiquitin-like modifier 

(SUMO) proteins. Here, we review the role of SUMO proteins in controlling germ cell 

development and maturation based on recent findings from mouse models. Several studies have 

characterized the localization of SUMO proteins in male and female germ cells. However, a 

deeper understanding of how SUMOylation regulates proteins with essential roles in oogenesis 

and spermatogenesis will provide useful insight into the underlying mechanisms of germ cell 

development and fertility.
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Introduction

Germ cells are the specialized reproductive cells that develop into spermatozoa or oocytes. 

They are unique as they are the only cells that undergo both mitosis and meiosis, producing 

haploid daughter cells through cellular division and exchanging genetic material through 

homologous recombination. In mammals, primordial germ cells (PGCs) originate from 

pluripotent epiblast cells before and during gastrulation (Rossant, et al., 1978). Following 

rapid proliferation, PGCs differentiate into either oogonia or quiescent prospermatogonia 

within the ovaries and testes, respectively (Tam and Snow, 1981). Male sex differentiation is 
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induced by the presence of the Sry (sex determining region Y) gene, which initiates 

supporting cell precursors to develop into Sertoli cells, rather than granulosa cells (Albrecht 

and Eicher, 2001, Koopman, et al., 1991). The Sertoli and granulosa cells support and 

maintain testicular and ovarian germ cells. This maintenance of the germ cells is critical for 

reproduction and fertility.

Oogenesis is the process by which ovarian germ cells undergo meiosis and develop into a 

mature ovum (Fig. 1). After migrating to the genital ridge, PGCs divide into germ cell cysts 

through incomplete cytokinesis during mitosis (Pepling and Spradling, 1998). Prior to birth, 

germ cell cysts enter meiosis and proceed through the leptotene, zygotene and pachytene 

stages of prophase I, arresting in diplotene until they are released by the luteinizing hormone 

surge during adult reproductive cycling (Borum, 1967). Germ cell cysts break down to form 

primordial follicles, which consist of individual primary oocytes surrounded by somatic 

cells that will eventually differentiate into the granulosa cells of the follicle. Germ cell cyst 

breakdown occurs just before and after birth in mice (Pepling and Spradling, 1998). During 

the process of folliculogenesis, oocytes within recruited primordial follicles differentiate into 

full-grown oocytes within mature follicles (McLaren, 2000, Neal and Baker, 1975). During 

this growth phase, oocytes acquire competence to resume meiosis and to be fertilized 

(Sorensen and Wassarman, 1976). The preovulatory luteinizing hormone surge triggers 

oocytes to resume meiotic maturation until a second arrest at metaphase II (Neal and Baker, 

1975, Whitaker, 1996) Following ovulation, fertilization induces the completion of meiosis 

(Pepling and Spradling, 1998, Schultz, et al., 1983).

In contrast to female germ cells, male germ cells enter a mitotic arrest and do not begin 

meiosis in the embryo, but remain quiescent until after birth (Fig. 1). Unlike the oocyte, 

which may remain arrested in prophase I for years (McLaren, 1984), the male germ cell 

proceeds through meiosis uninterrupted. Spermatogenesis, the process of mature 

spermatozoa production from primordial germ cells, occurs inside the epithelium of the 

seminiferous tubules within the testis (Hess and Renato de Franca, 2008, Oakberg, 1956). 

This process involves 1) a mitotic proliferation phase of spermatogonia to generate primary 

spermatocytes, 2) a meiotic phase producing secondary spermatocytes, and 3) haploid round 

spermatid differentiation into mature spermatozoa during spermiogenesis (Jan, et al., 2012). 

Primordial germ cells within the walls of the seminiferous tubules divide during mitosis to 

give rise to type A spermatogonia, which are stem cells necessary for self renewal (de Rooij 

and Grootegoed, 1998). Type A spermatogonia divide to produce type B spermatogonia, 

which in turn undergo mitosis to form primary spermatocytes. Primary spermatocytes 

progress through meiosis I to form secondary spermatocytes, which undergo meiosis II to 

form round spermatids (Handel, 2004, Nakagawa, et al., 2007, Oakberg, 1971). Both 

meiotic sex chromosome inactivation (MSCI) and XY chromatin remodeling to form the sex 

body are key steps necessary to complete meiosis (Handel, 2004, Nakagawa, Nabeshima and 

Yoshida, 2007, Namekawa, et al., 2006, Oakberg, 1971). During spermiogenesis, or sperm 

maturation, round spermatids undergo nuclear condensation, formation of the acrosomal cap 

covering the nucleus, and flagellar formation (de Kretser, et al., 1998). The manchette, a 

cone-shaped bundle of microtubules surrounding the post-acrosomal spermatid nucleus, 

develops during the elongation phase of spermatid differentiation and is important for 
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nuclear condensation and shaping as well as tail formation (Kierszenbaum, 2001, Russell, et 

al., 1991). Mature elongated spermatids are released into the lumen of the seminiferous 

tubules and subsequently acquire motility in the epididymis (Jan, et al., 2012).

It is well established that germ-cell development is regulated in part by post-translational 

modifications. Essential meiotic proteins are modified by phosphorylation and 

ubiquitination in both male and female germ cells (Pomerantz, et al., 2012, Turner, et al., 

2006, Visconti, et al., 1995). Recently, SUMOylation has emerged as an important regulator 

of proteins with critical roles in spermatogenesis and oogenesis (Kuo, et al., 2009, Vigodner, 

et al., 2013). SUMOylation is a post-translational modification that regulates many cellular 

processes, and both SUMOylation and deSUMOylation are highly dynamic. The effect on 

substrates can be to alter protein localization (cytoplasmic or nuclear), activity, protein-

protein interactions, or protein stability (Verger, et al., 2003). Four SUMO isoforms have 

been identified in humans and of these SUMO-1, SUMO-2, and SUMO-3 are evolutionarily 

conserved and ubiquitously expressed in all developmental stages in eukaryotes. SUMO-4 is 

mainly found in the kidney and immune tissues (Kerscher, 2007). The conjugatable forms of 

SUMO-2 and SUMO-3 vary in three N-terminal residues and are functionally 

indistinguishable as they share 97% identity (Wilson and Heaton, 2008). Conversely, 

SUMO-2/3 share only 50% sequence homology with SUMO-1. Furthermore, they have 

distinct functions as SUMO-1 and SUMO-2/3 are conjugated to different target proteins and 

SUMO-2/3 form polySUMO chains while SUMO-1 does not (Gareau and Lima, 2010).

Similar to ubiquitination, the SUMOylation process involves attachment of a small (11 kDa) 

polypeptide termed “ubiquitin-like modifier” protein (“SUMO”) (Fig. 2). During 

SUMOylation, in mammals, one of the SUMO proteins (named SUMO 1-4) is covalently 

attached to lysine residues within a specific SUMO consensus motif on target proteins. 

SUMOylation is carried out in three enzymatic reactions that utilize an E1 activating 

enzyme, an E2 conjugating enzyme, and an E3 protein ligase. SENPs, SUMO specific 

proteases, regulate the SUMO cycle in multiple ways: 1) by removing SUMO from SUMO 

modified proteins and 2) processing inactive SUMO to a mature form capable of undergoing 

conjugation to target proteins (Geiss-Friedlander and Melchior, 2007). The process of 

SUMOylation is far less complex than ubiquitination, with far fewer redundancies between 

enzymes. There is no overlap between enzymes in the ubiquitination and SUMOylation 

conjugation cascades (Geiss-Friedlander and Melchior, 2007).

SUMO proteins are localized in the oocyte and may function in regulating 

gene expression

Multiple studies have characterized the localization of SUMO-1 and SUMO-2/3 in oocytes. 

The observed distinct localization patterns of SUMO-1 and SUMO-2/3 suggest temporal 

regulation of specific target proteins by SUMOylation throughout oocyte maturation and 

growth. While SUMO-1 is predominantly localized on the nuclear membrane, SUMO-2 and 

SUMO-3 are diffusely localized in nucleoplasm and are not enriched on the nuclear 

membrane in meiotically competent oocytes (Ihara, et al., 2008). Subsequent studies confirm 

SUMO-1 localization in the germinal vesicle (GV) of GV-intact oocytes, but did not detect 

SUMO-1 in the nuclear membrane (Yuan, et al., 2014). Transcriptionally active and inactive 
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oocytes display differences in SUMO localization. Both SUMO-1 and SUMO-2/3 are 

localized to the nucleoplasm and chromatin in transcriptionally active oocytes. However, in 

transcriptionally quiescent oocytes, SUMO-1 is only weakly detected with chromatin around 

the nucleolus and nuclear membrane while SUMO-2/3 is localized throughout the 

nucleoplasm and on chromatin (Ihara, Stein and Schultz, 2008). During oocyte maturation, 

SUMO-1 is concentrated at the spindle poles of metaphase I and II, while SUMO-2/3 is 

localized near centrosomes, an observation also seen in metaphase I spermatocytes in mice 

(La Salle, et al., 2008, Yuan, et al., 2014). Collectively, the differential localization of 

SUMO-1 and SUMO-2/3 suggest they are modulating their target substrates in a temporal 

fashion during the acquisition of meiotic competence in the growing mammalian oocyte. 

However, more detailed studies are needed to determine the specific identities and roles of 

these SUMOylated proteins during meiosis.

During their development in the ovarian follicle, oocytes gain the ability to resume meiosis 

(i.e., are meiotically competent). Meiotically competent oocytes are capable of undergoing 

germinal vesicle breakdown, and arrest at metaphase I, resume meiosis and arrest at 

metaphase II (Schultz, Montgomery and Belanoff, 1983, Schultz and Wassarman, 1977, 

Wickramasinghe, et al., 1991). In contrast, immature oocytes are not able to proceed through 

meiosis (i.e., are meiotically incompetent). There is a change in transcriptional activity 

between meiotically competent and incompetent oocytes. Meiotically incompetent oocytes 

are transcriptionally active during their growth phase. However, fully-grown meiotically 

competent oocytes are in a transcriptionally quiescent state. The first studies investigating 

the role of SUMOylation in oocytes demonstrated that SUMOylation may be important for 

the regulation of gene expression by stimulating transcription and associating with RNA 

processing machinery in mouse GV-intact oocytes (Ihara, et al., 2008). UBC9, the E2 

SUMO conjugating enzyme, is mainly localized in the nucleoplasm in meiotically 

incompetent and fully grown oocytes (Ihara, et al., 2008). The number and size of UBC9-

containing structures increases with GV-intact oocyte growth. Transcriptionally quiescent 

fully-grown GV-intact oocytes have larger UBC9-containing structures in the nucleus 

compared to transcriptionally active meiotically incompetent growing oocytes. Inhibition of 

transcription via α-amanitin treatment in incompetent oocytes causes an increase in the size 

of UBC9-containing bodies and a decrease in number of UBC9-containing bodies (Ihara, et 

al., 2008). The use of α-amanitin to selectively inhibit RNAP II and RNAP II and block 

transcription to cause alterations in UBC9-containing structures suggests a role for 

SUMOylation in transcriptional regulation. However, more direct methods, such as 

performing RNA sequencing (RNA-seq) to determine transcript levels after inhibiting 

SUMO-1 and SUMO-2/3 in meiotically competent oocytes would provide strong supporting 

evidence. In addition, overexpression of UBC9 stimulates transcription in meiotically 

incompetent oocytes independent of UBC9 catalytic activity. UBC9 colocalizes with 

SFRS2, a major component of nuclear speckles, in both incompetent and competent mouse 

oocytes. These data indicate SUMOylation may be involved in regulating pre-mRNA 

splicing, mRNA export and gene expression (Ihara, et al., 2008). However, these 

colocalization observations do not provide direct evidence of a role for UBC9 and 

SUMOylation in regulating transcription, which awaits further studies.
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SUMOylation is important in regulating meiosis in the mammalian oocyte

The function of SUMOylation in oocyte development and maturation is largely unknown, 

although some studies have begun to analyze the role of SUMOylation during meiosis I and 

II. SENP2, a SUMO-specific protease shown to inhibit SUMOylation and cause 

prometaphase arrest in HeLa cells, has been overexpressed by Myc-SENP2 microinjection 

into GV-oocytes cultured until maturation into MII eggs. Overexpression of SENP2 results 

in both an inhibition and accumulation of SUMOylated proteins in mature eggs (Wang, et 

al., 2010, Zhang, et al., 2008b). The multiple functions of SENPs, including 

deSUMOylation and processing SUMO to an active form, may explain the resulting 

inhibition and accumulation of SUMOylated proteins and indicate SENP manipulation is not 

likely to be the ideal method for studying the role of SUMOylation in oocyte meiotic 

maturation. Instead, targeted deletion or inhibition of SUMO-1, SUMO-2/3 or UBC9 in 

oocytes would provide a more straightforward analysis of meiotic defects due to loss of 

SUMOylation.

Various studies have demonstrated a role for SUMOylation in regulating spindle function 

during meiosis II. These studies altered components of the SUMO pathway in the oocyte by 

RNAi or with neutralizing antibodies. SENP2 overexpression results in MII spindles with 

defective morphology and MII spindles with branched microtubules still connected to the 

first polar body, indicating cellular division may be disrupted (Wang, et al., 2010). These 

results suggest that SUMOylation of meiotic proteins is important for MII spindle 

organization and potentially cytokinesis in mature eggs. However, as mentioned previously, 

it is unclear if these defects are due to excessive or decreased SUMOylation due to the dual 

role of SENPs in processing SUMO to an active form as well as cleaving SUMO from target 

proteins. Inhibition of SUMO components by microinjecting SUMO-1 or UBC9 specific 

antibodies or siRNAs also results in an increase in abnormal spindles characterized by the 

absence of spindles, spindles with disordered poles, or elongated spindles in both immature 

and mature oocytes. Additionally, subcellular localization of γ-tubulin, a spindle-pole 

protein known to function in spindle organization was altered in both immature and mature 

oocytes (Lee, et al., 2000, Yuan, et al., 2014). These studies imply that proteins regulating 

spindle formation are modified by SUMOylation and a potential candidate for further 

investigation may be γ-tubulin. Both GVBD and polar body 1 (PB1) extrusion are inhibited 

by the loss of SUMO-1, although not completely, indicating possible compensation by 

SUMO-2/3. This could be further investigated by additionally inhibiting SUMO-2/3 to 

investigate the effects of spindle formation in oocytes. Stage-specific SUMO-1 antibody 

injections into GV-oocytes and in vitro cultured oocytes determined that SUMO-1 functions 

prior to anaphase I during PB1 extrusion. Overexpression of SUMO-1 via His-Sumo-1 

mRNA microinjection into GV-stage oocytes is not detrimental to meiotic maturation 

(Yuan, et al., 2014). This may indicate that when SUMO-1 is in excess, the target substrates 

are saturated and consequently there is no negative effect on meiotic maturation. In 

summary, while inhibition of SUMO-1 results in multiple meiotic defects, excess SUMO-1 

does not significantly alter oocyte maturation during meiosis.

Additional research indicates that SUMO-1 functions in both kinetochore-microtubule 

attachment and centromere localization of BUBR1, a spindle-assembly checkpoint protein, 
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in GV-oocytes. Depletion of SUMO-1 by Sumo-1-specific siRNA microinjection disrupted 

kinetochore-microtubule attachment at metaphase I and reduced BUBR1 signal at 

centromeres, suggesting SUMO-1 could function in regulating the spindle-assembly 

checkpoint and BUBR1 stability or degradation (Yuan, et al., 2014). Furthermore, 

SUMOylation is important for the regulation of the cohesion protein REC8, which forms a 

complex with Securin, an inhibitor of separase, to regulate chromosome segregation during 

meiotic metaphase-anaphase transition. Loss of SUMO-1 alters subcellular localization of 

REC8 in chromosomes and Securin at spindles (Yuan, et al., 2014). SUMO-1 antibody 

microinjection into GV-stage oocytes that were then cultured for 8 hours did not alter REC8 

and Securin protein abundance (Yuan, et al., 2014). Because these two proteins are known 

to be important for chromosome segregation prior to anaphase, SUMO-1 could be critical 

for the prevention of aneuploidy. However, additional studies are needed to demonstrate that 

BUBR1 and REC8 are direct targets of SUMO modification. From the published studies, it 

is clear that SUMO-1 appears to regulate multiple processes during meiotic oocyte 

maturation; however, a role for SUMO-2/3 has yet to be investigated (Yuan, et al., 2014).

To date, very few SUMO modified target proteins in the mouse oocyte have been identified, 

and most of these are involved in meiosis. In particular, Septin 2, a GTP binding protein 

important during mitosis,, is 1) modified by SUMO-1 during meiosis, and 2) functions in 

chromosome congression and meiotic progression, but not cytokinesis of the first PB in 

mouse oocytes (Zhu, et al., 2010). Identifying oocyte-specific substrates is critical for 

understanding additional roles of SUMOylation in regulating oocyte development and 

ovarian folliculogenesis, which is controlled in part by oocyte-specific genes and 

morphogens.

SUMO proteins are expressed during meiosis in male germ cells

The initial identification of SUMO protein expression in the XY body of rat pachytene 

spermatocytes suggested SUMOylation may function in male meiosis (Rogers, et al., 2004). 

Specifically, SUMO-1 is localized to the sex chromosomes of meiotic spermatocytes, the 

centrosome and manchette of spermatids, and specific domains of the somatic cells of the 

mouse and rat testes (Vigodner and Morris, 2005). Further studies observed perinuclear 

SUMO-1 localization in the cytoplasm of spermatogonia during germ cell development in 

mouse and rat testes. SUMO-1 is detected on gonosomal chromatin during the zygotene 

phase of prophase I when synapsis or pairing of homologous chromosomes occurs 

(Vigodner, et al., 2014). SUMO-1 localization increases in the sex body of early and mid-

pachytene spermatocytes when chromosome condensation occurs, but not in diplotene 

spermatocytes before the first meiotic division (Vigodner and Morris, 2005). SUMO-1 is not 

detected in secondary spermatocytes undergoing meiosis II (Vigodner and Morris, 2005). 

These collective observations of SUMO-1 localization in spermatogonia and primary 

spermatocytes suggest that SUMO modification may regulate proteins involved in meiosis I 

and spermatid elongation. Combined with the SUMO localization data from meiotic 

oocytes, these studies provide compelling evidence for a general function of SUMOylation 

in meiosis.
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SUMOylation regulates several meiotic components in male germ cells

Although the role of SUMOylation during male meiosis is not well characterized, studies 

have provided initial insight into possible meiotic regulatory functions of SUMOylation. 

SUMO and phosphorylated γH2A.X, a histone protein important for meiotic sex 

chromosome inactivation (MSCI) and sex body formation, colocalize in the sex body of 

mouse pachytene spermatocytes prior to the first meiotic division. The authors suggests 

SUMO-1 may regulate synapsis and condensation of sex chromosomes, MSCI, and XY 

body formation (Vigodner and Morris, 2005). The possible role of SUMO regulation of XY 

body formation is further supported by SUMO-1 and SUMO-2/3 localization to the XY 

body and chromocenters in pachytene and diplotene spermatocytes (La Salle, et al., 2008). 

Only SUMO-2/3 are detected near centromeres in metaphase I spermatocytes. This 

observation suggests SUMO-1 and SUMO-2/3 function at different stages of meiosis in 

males. Further investigation with functional assays is required to strengthen the validity of 

the correlative localization results. For example, studying the effects of SUMO-1 inhibition 

on condensation of sex chromosomes and MSCI formation would address this concern.

Comparisons of human and mouse male germ cells have revealed other potential functions 

of SUMO-1 in meiotic function. During human meiotic prophase, SUMO-1 localizes to sex 

chromosomes and centromeric and pericentromeric chromatin, but not centromeres, in male 

germ cells (Vigodner, et al., 2006). As human spermatocytes complete prophase in meiosis 

I, SUMO-1 is not detected in the sex body or pericentromeric heterochromatin, but is 

localized solely within centromeres. Haploid round spermatid nuclei display consistent 

SUMO-1 association with multiple centromeric clusters (Vigodner, et al., 2006). During 

spermatid elongation, SUMO-1 is detected at the manchette initiation site. In mouse 

spermatids, SUMO-1 is observed at a single chromacenter, or aggregated heterochromatin, 

region of certain round spermatids and perinuclear ring of the manchette, as well as in the 

centrosomes of elongating mouse spermatids, two initiation sites for microtubule assembly. 

These findings suggest SUMO-1 may function in centromeric chromatin condensation and 

microtubule nucleation and nuclear reshaping (Vigodner and Morris, 2005). However, the 

target proteins important for manchette formation, spermatid elongation, and microtubule 

assembly that are potentially modified by SUMOylation have not been identified.

During the pachytene substage in men, SUMO-1 modification of the synaptonemal complex 

(SC) and SC proteins (SCP)-1 and SCP2, but not SCP3, is observed (Brown, et al., 2008). 

While SUMO-1 is not present prior to pachytene in normal tissue, SUMO-2/3 is observed as 

early as leptotema and zygonema and in some, but not all, pachytene stage cells in men. 

Therefore, SUMO-1 may be more important for the maintenance of the autosomal SC 

scaffold than SUMO-2/3 (Brown, et al., 2008). More recent studies demonstrate that 

SUMO-1 and SUMO-2/3 are prominently localized in the neck area of human sperm that is 

associated with the redundant nuclear envelope (RNE), as well as in the flagella and head 

regions, but not centrioles or mitochondria (Vigodner, et al., 2013. These observations are 

similar to SUMO localization in mice, suggesting conserved function between the two 

species. Interestingly, excessive SUMOylation is present in defective spermatozoa. 

Nonmotile, deformed microcephalic (small head), and aciphalic (no head) spermatozoa with 

two-tails or curled tails display significantly higher levels of SUMOylation in their neck and 
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tail regions compared to normal sperm (Vigodner, et al., 2013). These results implicate 

SUMOylation levels could be a potential indicator of impaired sperm function and 

unregulated, excessive SUMOylation could likely cause the sperm defects leading to male 

infertility. Currently, 55 SUMO targets in human sperm have been identified by mass 

spectrometry analysis. These target proteins are involved in several functional groups 

including: 1) stress response and protein folding, 2) cytoskeletal and flagella proteins 

include major flagella proteins, 3) sperm motility and function, 4) transcription and protein 

synthesis, and 5) glycolysis and mitochondrial function (Vigodner, et al., 2014). Other 

groups have also confirmed that proteins such as topoisomerase 2α, are SUMOylated in 

response to stress during spermatogenesis (Shrivastava, et al., 2010). However, these 

proteins have yet to be individually validated as SUMO targets. Following validation, the 

functional significance of these SUMOylated candidates in spermatogenesis can be 

determined.

Conclusions

Current studies have demonstrated that SUMOylation may regulate multiple processes in the 

oocyte including gene expression and transcription, MII spindle organization, germinal 

vesicle breakdown, and polar body extrusion, as well as kinetochore-microtubule attachment 

(Table 1). While SUMO-1 may function in facilitating cytokinesis and in maintaining the 

spindle-assembly checkpoint in meiosis II, the specific role of SUMO-2/3 during meiotic 

maturation is unknown. Current studies have mainly focused on understanding 

SUMOylation in postovulatory oocytes. The function of SUMOylation in developing 

oocytes remains uninvestigated. Additionally, the identities of SUMOylated target proteins 

expressed in the oocyte are unclear. Possible candidate proteins thus far include γ-tubulin, 

BUBR1, REC8, Securin and Septin2. Discovering the substrate proteins that are 

SUMOylated in the oocyte will likely provide more depth and insight into the mechanistic 

roles of SUMOylation in regulating oocyte development and function.

Similar to the oocyte, SUMOylation also functions in regulating meiosis in males (Table 1). 

The characterization of SUMO-1 localization implicates SUMO modification as a possible 

modulator of microtubule nucleation, nuclear reshaping, and maintaining the synaptonemal 

complex scaffold. The discovery that abnormal spermatozoa display excessive 

SUMOylation strongly indicates this modification is important in regulating male fertility. 

The SUMO target proteins identified through mass spectrometry analysis provides a broad 

understanding of the diverse roles of SUMOylation in sperm cells. However, more 

investigative mechanistic research is required to confirm these targets are modified by 

SUMOylation and assess how SUMO modification regulates their functions.

Localization studies in both spermatocytes and oocytes demonstrate that SUMO-1 and 

SUMO-2/3 display some unique expression patterns. These data indicate that the different 

SUMO isoforms function in modifying distinct proteins in germ cells. While excessive 

SUMOylation has been identified as a potential marker of defective human sperm, 

comparable studies investigating the human oocyte have not been performed. Additionally, 

high throughput screening, similar to the mass spectrometry analysis of human sperm, to 

globally determine potential SUMOylation targets in the mammalian oocyte is required. 
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Additionally, more thorough studies are needed to understand how specific SUMO 

modification regulates target proteins and affects fertility function in male and female. Few 

studies have also indicated dysregulation of SUMOylation in the progression of testicular 

and prostate cancer, as well as epithelial ovarian cancer (Dong, et al., 2013, Mukherjee, et 

al., 2012). The role of SUMOylation in these reproductive diseases is not well understood. 

Further characterization would assist in uncovering the function of SUMOylation in 

regulating fertility.

The findings summarized above indicate the SUMO pathway regulates meiosis in male and 

female germ cells. These studies support work performed in other species, including yeast 

and Drosophila, demonstrating a role for SUMOylation in controlling synaptonemal 

complex assembly and spindle formation during meiosis (Apionishev, et al., 2001, Cheng, et 

al., 2006). The overall significance of SUMOylation is evident by the embryonic lethality 

resulting in severe mitosis defects in Ubc9 mutant embryos (Nacerddine, et al., 2005). 

Numerous studies have demonstrated roles for SUMOylation in cell cycle regulation, 

replication, transcription, translation, DNA repair, and subcellular transport in other cell 

types. However, the significance of SUMOylation during embryonic development requires 

further investigation. Manipulation of the SUMO cycle during germ cell development is 

limited due to difficulties transfecting and culturing oocytes and spermatocytes. 

Furthermore, the regulation of SUMOylation levels by UBC9, E3 ligases, and SENPs during 

development is not understood. Understanding how SUMO proteins are regulated as well as 

how SUMOylation regulates germ cell-expressed proteins will expand our understanding of 

germ cell development and fertility maintenance.
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Fig. 1. 
Oogenesis and Spermatogenesis. Within the ovary, primordial germ cells undergo mitosis to 

form primary oocytes. Primary oocytes, surrounded by somatic cells to form primordial 

follicles, begin meiosis and arrest in prophase I until the luteinizing hormone (LH) induces 

resumption of oocyte maturation. Oocytes then undergo germinal vesicle breakdown 

(GVBD), extrude the first polar body (PB) and become arrested at metaphase II of meiosis. 

Following ovulation, the secondary oocyte will resume meiosis only if fertilization occurs. 

Spermatogonial stem cells may either divide to regenerate themselves or to form type A 

spermatogonium during spermatogenesis. Type A spermatogonium divide mitotically to 

generate type B spermatogonium, which divide once to produce primary spermatocytes. 

Primary spermatocytes begin meiosis to form secondary spermatocytes which complete 

meiosis II to produce haploid spermatids. During spermiogenesis, sperm cells mature and 

differentiate to form spermatozoa with an acrosomal cap and flagellum. SUMOylation 

regulates meiotic processes in both female and male germ cells.
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Fig. 2. 
The SUMOylation reaction. The covalent attachment of SUMO proteins to specific lysine 

residues within substrate proteins is carried out in three enzymatic steps: 1) After SENP-

mediated proteoloytic processing of the inactive SUMO precursor, SUMO is activated to the 

mature SUMO form by the E1 activating heterodimer, 2) SUMO is then conjugated to the 

E2 conjugating UBC9, and 3) E3 ligases can interact with UBC9 to facilitate SUMO ligation 

to substrate proteins. SUMO can be reversibly removed by the SENP proteins.
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Table 1

Suggested roles for SUMOylation in female and male germ cells.

Oogenesis Spermatogenesis Reference

Meiotic processes

Germinal vesicle breakdown 
(GVBD)

Synapsis and condensation of 
chromosomes

Yuan, et al., 2014, Vigodner and 
Morris, 2005

Metaphase II spindle formation 
and organization

Meiotic sex chromosome inactivation 
(MSCI)

Wang, et al., 2010, Vigodner and 
Morris, 2005

Polar body 1 (PB1) extrusion XY body formation Yuan, et al., 2014, Rogers, et al., 2004

Chromosome segregation & 
prevention of aneuploidy

Synaptonemal complex scaffold 
maintenance during pachytene stage Yuan, et al., 2014, Brown, et al., 2008

Cytokinesis Microtubule Assembly Wang et al., 2010, Vigodner and 
Morris, 2005

Non-meiotic processes
Pre-mRNA splicing, mRNA 

export and transcriptional 
activity

Spermatid elongation & manchette 
formation

Ihara, et al., 2008, Vigodner and 
Morris, 2005
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Table 2

Functions of SUMO pathway components in embryonic development and fertility.

Mouse Knockout Viability/Fertility Reference

PIASx (E3 ligase) Both sexes fertile, males display reduced testis weight, increased apopotic 
testicular cells Santti, et al., 2005

PIASy (E3 ligase) Both sexes fertile Wong, et al., 2004

Senp1 (SUMO- specific protease) Embryonic lethal at E13.5 due to placental abnormalities Yamaguchi, et al., 2005

Senp2 (SUMO- specific protease) Embryonic lethal at E10 due to cardiac developmental defects Kang, et al., 2010

Sumo-1 Both sexes fertile Zhang, et al., 2008a

Sumo-2 Embryonic lethal at E10.5 due to severe growth retardation Wang, et al., 2014

Sumo-3 Both sexes fertile Wang. et al., 2014

Ubc9 (E2 enzyme) Embryonic lethal by E7.5 due to mitotic chromosome defects Nacerddine, et al., 2005
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