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General Introduction 

In ovarian follicles, vertebrate oocytes are arrested at first meiotic prophase 

which contains large nucleus called germinal vesicle (GV). In order for oocytes to be 

ready for fertilization, oocytes must go through meiotic process until second meiotic 

metaphase (MII). This meiotic process called oocyte maturation is initiated by rise in 

maturation/M phase promoting factor (MPF) activity (Masui and Markert, 1971). MPF is 

the complex composed of catalytic subunit, cyclin dependent kinase 1 (CDK1), and 

regulatory subunit, cyclin B (CCNB) (Draetta et al., 1989). Not until these subunits 

combine to make a complex, CDK1 cannot be active as MPF. It is commonly known that 

the amount of CDK1 protein does not oscillate much, leaving the regulation of MPF 

activity to ways other than controlling of CDK1 protein accumulation. One way of 

regulating MPF activity is by controlling CCNB accumulation. The accumulation of CCNB 

orchestrates the progression of oocyte maturation (Fig. 0A). As noted above, vertebrate 

oocytes in ovarian follicles are arrested at the stage where they contain GV (GV stage) 

with low MPF activity. From this stage onward, CCNB starts to accumulate within oocytes 

by hormonal stimulation or isolation of follicles, coinciding with the rise of MPF activity 

(Hoffmann et al., 2006; Sagata, 1996). This accumulation of CCNB triggers GV to break 

its vesicular membrane (germinal vesicle breakdown; GVBD) and initiate oocyte 

maturation process. As CCNB continues to accumulate, oocyte reaches to prometaphase 

of first meiosis (PMI), and the accumulation reaches peak at first meiotic metaphase (MI). 

Then CCNB is rapidly degraded, making oocytes to progress through first meiotic 

anaphase-telophase (A-TI) (Chang et al., 2003). After the transient decline of CCNB 

accumulation, CCNB again starts to be accumulated and the accumulation reaches 

plateau when oocytes reach to MII. At this stage, oocytes become ready for fertilization 

and until being fertilized, oocytes remain at MII. 
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Like the oscillation of CCNB accumulation in oocyte maturation, the 

accumulation of various proteins is being controlled by protein degradation systems. 

One typical system of protein degradation is a ubiquitin-proteasome pathway (UPP). UPP 

is a protein-catabolism mechanism in which proteasome, a 26S protein-complex with 

20S catalytic-core, degrades the ubiquitinated target substrate (Eytan et al., 1989). For 

certain protein to be degraded through UPP, target protein must be ubiquitinated. The 

ubiquitination of a target protein is mediated by ubiquitin-activating enzyme (E1), 

ubiquitin-conjugating enzyme (E2), and ubiquitin ligase (E3) (Fig. 0B). These three 

enzymes work in line to have protein ubiquitinated: first, free ubiquitin is bound to E1, 

second, ubiquitin is passed over to E2, and third, ubiquitin is transferred to E3. Then 

finally, E3 conjugates ubiquitin to target substrate (Hershko et al., 1983; Ciechanover et 

al., 1982; Kleiger and Mayor, 2014). Since ubiquitination must be highly specific to 

selectively ubiquitinate target substrate, many different E1, E2, and E3 enzymes exist 

(Deshaies and Joazeiro, 2009; Kleiger and Mayor, 2014). For example, among the various 

E2s and E3s, the degradation of CCNB is mediated by UBE2C and UBE2S as E2, and 

anaphase-promoting-complex/cyclosome (APC/C) as E3 (Fig. 0B) (Peters, et al., 2002). 

For APC/C, there exist a specific inhibitor, early mitotic inhibitor 1 and 2 (EMI1 and EMI2), 

which prevents APC/C from conjugating ubiquitin onto the target protein. EMI1 and 

EMI2 are known to function with CCNB accumulation and studies are conducted on 

Xenopus and mouse oocytes about their roles in oocyte maturation. Overexpression of 

EMI1 in mouse prophase oocytes leads to the stabilization of CCNB and triggers early 

GVBD while inhibition of EMI1 enhances CCNB destruction and delays GVBD (Marangos 

et al., 2006). Existence of EMI1 in Xenopus oocytes remains controversial with some 

report confirming the existence and others denying it (Ohe et al., 2007; Ohsumi et al., 

2004; Schmidt et al., 2004; Tung et al., 2004; Zachariae, 2005). In both Xenopus and 
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mouse, EMI2 is known to be a cytostatic factor (CSF), which withholds oocytes in MII 

until fertilization and prevent the formation of pronucleus (PN) (Ohsumi et al., 2004; 

Tung et al., 2004). UBE2C and UBE2S are E2 enzymes which function in line with APC/C 

to ubiquitinate CCNB (Dimova et al., 2012; Kirkpatrick et al., 2006). Though both UBE2C 

and UBE2S are E2, their roles are not interchangeable: UBE2C is known to be involved in 

ubiquitin monomer formation by passing the first ubiquitin to be conjugated to target 

protein (mono-ubiquitination) and UBE2S is mainly involved in ubiquitin chain 

elongation (poly-ubiquitination) (Jin et al., 2008; Ye and Rape, 2011). Therefore, as in 

vitro study has revealed, UBE2S alone cannot initiate ubiquitin chain formation but only 

elongates the chain which is created by UBE2C (Garnett et al., 2009; Wu et al., 2010). 

These E2 and E3, together with E3 inhibitors, regulate CCNB degradation via UPP. 

 Although the knowledge about the contribution of EMI and UBE2 to the oocyte 

maturation had been unraveled in Xenopus and mouse, these examinations had been 

focusing on one aspect of oocyte maturation such as only GVBD, only the spindle 

formation in MI or only meiotic arrest in MII. Therefore, no single conclusive notion can 

be drawn for the function of EMI and UBE2 concerning oocyte maturation process. In 

addition, because mouse oocytes are somewhat unique in the sense that it does not 

require protein synthesis for GVBD and it requires much less time for the completion of 

maturation, the research result of mouse oocytes cannot be simply applied to mammals 

as a whole (Schultz and Wassarman, 1977; Hampl and Eppig, 1995). Despite these facts, 

mouse is currently the only mammalian species which these factors have been examined, 

and thus it still needs investigations to reveal the function of those factors in oocyte 

maturation of mammalian specie other than mouse. 

Porcine oocytes are suitable candidate to do a research on oocyte maturation.  

In the case of porcine oocytes, like other mammals, porcine oocytes require protein 
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synthesis for triggering GVBD (Fulka et al., 1986). Furthermore, compared to other non-

model-organism species, large amounts of uniform oocytes can be obtained from pigs 

of commercial slaughterhouse. In addition to this, factors and mechanisms surrounding 

porcine oocyte maturation is well delineated, making a comprehensive interpretation of 

the experiment results possible. Thus, in this study, I used porcine oocytes and 

investigated how EMI and UBE2 affect oocyte maturation to unravel the contribution of 

these factors to the mammalian oocyte maturation.  

 In the present study, I investigated the functions and roles of UPP factors, EMI1, 

EMI2, UBE2C, and UBE2S, on the progression of mammalian oocyte maturation by the 

reverse genetic methods, in which I overexpressed or downregulated these factors by 

injecting mRNA or antisense RNA (asRNA), respectively. I focused on EMI functions in 

chapter 1, and UBE2 functions in chapter 2. In chapter 3, I focused on and further 

investigated the result obtained in chapter 2; the precocious GVBD triggered by UBE2S 

overexpression. 
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Fig.0 Oocyte maturation process and ubiquitin-proteasome pathway (UPP) 

(A) The schematic drawing of CCNB accumulation during oocyte maturation. GV: 

germinal vesicle; GVBD, germinal vesicle breakdown; PM, first meiotic prometaphase; 

MI, first meiotic metaphase; A-TI, first meiotic anaphase-telophase; MII, second meiotic 

metaphase. (B) Protein degradation through UPP. E1: ubiquitin-activating enzyme, E2: 

ubiquitin-conjugating enzyme, E3: ubiquitin ligase.  
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Functions of EMI in porcine oocyte maturation 
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Introduction 

As noted in the general introduction, EMI is the inhibitor of APC/C and several 

studies have shown their involvement in M phase progression including oocyte 

maturation (Hsu et al., 2002; Margottin-Goguet et al., 2003; Ohsumi et al., 2004). 

Although EMI1 and EMI2 have similar structural characteristics with domain 

conformation and a region involved in APC/C inhibition (Yamano, 2013), several studies 

have reported differences in their expression patterns and physiological roles.  

EMI1 was originally identified in Xenopus oocytes as cytostatic factor (CSF) 

which prevented CCNB degradation in mature oocytes and induced MII arrest until 

fertilization (Reimann et al., 2001; Reimann et al., 2002). However, later studies revealed 

the cross-reactivity of the EMI1 antibodies, and at present, cross-reacted EMI2 is 

recognized as the genuine CSF (Ohsumi et al., 2004; Tung et al., 2005). It has been 

reported in Xenopus and mouse that only EMI2 inhibition resulted in a decrease of CCNB 

level in the MII oocytes and the escape of oocytes from MII arrest (Shoji et al., 2006). 

Conversely, the overexpression of EMI2 prevented the oocyte activation (Schmidt et al., 

2005). Although EMI1 inhibition has been suggested to have no effects on MII arrest, the 

possible functions of EMI1 in MII arrest have never been evaluated in other than 

Xenopus and mouse oocytes.  

As for the EMI1, when EMI1 is inhibited in mouse oocytes, CCNB accumulation 

is reduced in GV oocytes, resulting in the delay in GVBD, whereas EMI1 overexpression 

initiates GVBD (Shoji et al., 2006; Marangos et al., 2007). In contrast to EMI1 expression 

in mouse, existence of EMI1 in Xenopus oocytes remains controversial with some report 

confirming the existence and others denying it (Ohsumi et al., 2004; Tung et al., 2004). 

In addition to this, there are no reports investigating the functions of EMI1 and EMI2 in 

species other than Xenopus and mouse. 
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Based on the background noted above, I focused on the EMI functions in 

porcine oocyte maturation and the effects especially on the GVBD and MII arrest in 

porcine oocytes by overexpressing and downregulating EMI expression in porcine 

oocytes using RNA injection method. RNA injection method requires the template 

porcine EMI1 and EMI2 sequence, and for this purpose, I first cloned porcine EMI1 and 

EMI2 cDNA from porcine immature oocytes total RNA. Since no effective antibody was 

available to detect EMI1 or EMI2, mRNA was designed to contain Flag-tag and the 

detection was done by an anti-Flag antibody. Before assessing the effect of EMI 

regulation, the influence of RNA injection on oocyte maturation was evaluated using the 

oocytes injected with enhanced green fluorescent protein (EGFP) mRNA, which was co-

injected with mRNA or asRNA for every injection performed. EGFP mRNA was co-

injected as an indication of injection and of alive oocytes when oocytes were selected 

according to EGFP fluorescence after culture. The effects of EMI were assessed by 

nuclear states including pronuclear (PN) formation after parthenogenetic activation of 

oocytes using electronic stimulation and the protein detection, such as CCNB 

accumulation and phosphorylation of ribosomal S6 kinase (RSK), which phosphorylation 

state is the indication of mitogen-activated protein (MAP) kinase signaling pathway 

(Erikson and Maller, 1985; Sugiura et al., 2002). In addition to this, the effect of 

expression regulation on oocytes cultured in high cAMP environment was also assessed. 

Within the ovarian follicles, the cAMP concentration is maintained high, and thus, the 

oocytes cultured in high cAMP environment can be considered as the model of those in 

follicular environment. The effect of EMI on GV arrest oocytes in follicles was assessed 

with the RNA injection method.   
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Materials and Methods 

Porcine oocyte culture 

Prepubertal guilt ovaries were collected from commercial slaughterhouse and 

cumulus-oocyte complexes (COCs) were aspirated from the follicles of 2-5 mm in 

diameter. Collected COCs were washed in a culture medium, consisting of a modified 

Krebs-Ringer bicarbonate solution (TYH; Toyoda et al., 1971) containing 1.0 IU/mL eCG 

(Serotoropin; ASKA Pharmaceutical, Japan), and 20% porcine follicular fluid. The porcine 

follicular fluid was prepared as previously described (Naito et al., 1988); the aspirated 

fluid was centrifuged for 25 minutes at 1,300 g and the supernatant was collected as 

porcine follicular fluid, stored at -80 °C until use. About 25 COCs with intact cumulus cells 

were cultured in the above culture medium (100 µL) at 37 °C, saturated humidity, and 

5% CO2 in air. For cAMP supplied culture, 5 mM of 8-Br cAMP (Sigma-Aldrich, MO, USA) 

was added to the culture medium and oocytes were cultured for 48 h. After culture, 

cumulus cells were removed from oocytes by gentle pipetting in saline supplemented 

with 0.1% polyvinylpyrolidone (PVP) and 0.1% hyaluronidase. Denuded oocytes were 

subjected to nucleus observation and Western blotting analysis. Nucleus states were 

observed with mounting denuded oocytes on a glass slid, fixed with acetic acid-ethanol 

(1:3), stained with 0.75% acetoorcein solution, washed with acetic acid : glycerin : 

distilled water (1:2:4), and then sealed with EUKITT (Mounting reagent; O. Kindler, 

Germany). 

 

Cloning of EMI1 and EMI2 cDNAs and vector construction  

Total RNA was extracted from non-cultured porcine oocytes using Trizol reagent 

(Invitrogen, CA, USA), and first-strand cDNA was synthesized with SuperScript III 

(Invitrogen) according to the manufacturer’s instruction. Porcine EMI1 and EMI2 cDNAs 
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were amplified by PCR with a thermal cycler (GeneAtlas; ASTEC, Japan) using the primer 

sets designed from NCBI porcine EST database and Ensembl predicted gene sequence 

(appendix: Table 1). For mRNA preparation, each forward primer was designed to omit 

a start codon and added a BglII site before EMI1 or EMI2 sequence, and each reverse 

primer was designed at a downstream of stop codon with BglII site, in order to add a 

Flag-tag at the N-terminal. PCR fragments were cloned once into pGEM-T Easy vector 

(A1360; Promega, WI, USA) and then digested with BglII, then inserted into the BamHI-

digested pCMV-Tag1 vector (Agilent Technologies, CA, USA). These vectors were referred 

to as Flag-EMI1-vector and Flag-EMI2-vector. For antisense RNA (asRNA) preparation, 

full-length EMI1 ORF and partial fragment of EMI2 ORF were also cloned using another 

primer sets (appendix: Table 1). The PCR products were cloned into a pGEM-T Easy vector 

and referred to as EMI1-asRNA-vector, and EMI2-asRNA-vector, respectively. Cloned 

products were sequenced with a commercial sequencing kit (Applied Biosystems, CA, 

USA) using a DNA sequencer (Applied Biosystems) following the manufacturer’s 

instruction.  

 

In vitro RNA synthesis 

RNA was synthesized in vitro from the above vectors linearized by restriction 

enzymes, using either T3-, T7-, or Sp6- RNA polymerase (Promega) in the presence of 

m7G(5’)ppp(5’)G to synthesize capped RNA transcripts as described previously (Ohashi 

et al., 2001). The restriction enzymes and RNA polymerases used for each RNA synthesis 

are listed in the Table 2 (appendix: Table 2). Synthesized RNA was precipitated with 

ethanol, washed, dried, and then resuspended in RNase-free water (Gibco, NY, USA). 

Resuspended RNA solution was stored in -80 °C until use. Enhanced green fluorescent 

protein (EGFP) mRNA was synthesized in the same manner from EGFP vector (Ohashi et 
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al., 2001).  

 

Microinjection 

The concentration of RNA solution was adjusted to 250 ng/µL and was co-

injected with 250 ng/µL of EGFP mRNA as an indicator of microinjection and oocyte 

viability. RNA was microinjected to the COCs placed in 35 µL of the culture medium using 

microinjectors (MO-202U; Narishige, Japan) equipped with manipulators (GJ-8; 

Narishige) mounted on inverted microscope (Diaphot 200; Nikon, Japan). Approximately 

50 pL of RNA solution was injected to the cytoplasm of non-cultured (GV) or 42 h 

cultured (MII) oocytes by continuous pneumatic pressure. For MII oocyte injection, 

cultured COCs were denuded in the culture medium supplied with 0.1% hyaluronidase 

prior to the injection. The injected oocytes were cultured as described above up to 48 h. 

Cultured oocytes were selected by EGFP fluorescence observed under fluorescent 

microscope and selected oocytes were subjected to further analysis. 

 

Parthenogenetic activation 

After 48 h maturation culture, COCs were denuded and put in a mannitol 

solution (0.3 M mannitol, 0.1 mM MgSO4, 0.05 mM CaCl2, 0.01% PVA). Activation was 

performed with single DC pulse (150 V/mm for 0.99 μsec) and oocytes were cultured for 

24 h in the culture medium. 

 

Western blotting analysis 

The micro-Western blot was performed as described in previous report (Naito 

et al., 1999). Oocyte number used for each experiment is indicated in figure legends. 

Antibodies used were: anti-RSK (sc-231-G, goat IgG polyclonal antibody; Santa Cruz, TX, 
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USA), anti-CCNB1 (ADI-KAM-CC195-E, mouse IgG monoclonal antibody; Enzo Life 

Sciences, Germany), anti-Cdc2 (sc-54, mouse IgG monoclonal antibody; Santa Cruz), and 

anti-Flag (F1804, mouse IgG monoclonal antibody; Sigma-Aldrich). Each antibody was 

reacted with either horseradish peroxidase (HRP)-conjugated anti-mouse IgG (Jackson 

ImmunoResearch Laboratories, PA, USA) or HRP-conjugated anti-goat IgG (Jackson 

ImmunoResearch Laboratories). Signals were detected using ImmunoStar LD (Wako, 

Japan) and C-Digit (Li-Cor; Lincoln, NE, USA) as instructed by manufacturer. Relative 

intensity of detected signals was quantified using Image-J software if necessary. 

 

Statistical analysis 

Data were analyzed with Chi-square test and probability of p<0.05 was 

considered as statistically significant. 
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Results 

(1) EMI overexpression by Flag-EMI mRNA injection and expression inhibition by EMI 

asRNA injection 

Overexpression of EMI was confirmed with Flag-EMI mRNA injected oocytes by 

Western blotting using an anti-Flag antibody. Specific Flag-EMI1 and Flag-EMI2 bands 

were detected (Fig.1.1). The inhibitory effect of each asRNA and its specificity on protein 

synthesis was evaluated by co-injecting EMI1 and EMI2 asRNA with one of the Flag-EMI 

mRNAs and examining the change in Flag signals. The Flag signal intensity of only the 

target EMI was decreased by each asRNA co-injection (Fig. 1.1), showing the 

effectiveness of EMI asRNA injection and its specificity on the downregulation of EMI 

expression.  

 

(2) Influences of RNA injection on porcine oocyte maturation 

The GVBD and MII rates of no-injection and EGFP mRNA injected oocytes were 

examined for the indicated periods (Fig.1.2). The observation revealed that GVBD started 

at 18 h of culture then reached maximum level at 24 h and did not increase until 48 h in 

both groups (Fig. 1.2A). Most of oocytes reached MII within 48 h and arrested until 72h 

(Fig.1.2B), confirming the result of the previous studies (Nishimura et al., 2010; Ohashi 

et al., 2003; Yamamuro et al., 2008). There was no difference between no-injection and 

EGFP mRNA injected oocytes in either GVBD or MII rate except for the GVBD rate at 18 

h of culture where the rate of EGFP mRNA injected oocytes were significantly higher than 

that of no-injection oocytes. Considering these result, I used not only EGFP mRNA 

injected oocytes but also no-injection oocytes as a control except for the oocytes 

cultured for 18 h. 
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(3) Effects of up- or downregulation of EMI on the GVBD of porcine oocyte maturation 

To investigate the functions of porcine EMI in GVBD, EMI was first overexpressed 

by injecting Flag-EMI mRNA to GV stage oocytes and the meiotic progression of the 

oocytes were observed. Most of the EGFP mRNA-injected oocytes were at the GV stage 

until 12 h and GVBD occurred at 24 h of culture, whereas Flag-EMI1 and -EMI2 mRNA-

injected oocytes underwent GVBD at 9 h and 12 h, respectively (Fig.1.3A). Next, the 

effect of EMI downregulation on GVBD was assessed by injecting asRNA and the GVBD 

rate of oocytes were observed after 18 h of culture (Fig. 1.3B). EMI1 downregulated 

oocytes displayed lower GVBD rate compared to EGFP mRNA-injected oocytes whereas 

EMI2 downregulation had no effect. This result indicated that only EMI1 plays positive 

roles in the GVBD of porcine oocytes. 

Western blotting was performed next to confirm the observed GVBD rates of 

Flag-EMI mRNA-injected oocytes. It was confirmed by detecting the CCNB accumulation 

and the states of RSK. The CDK1 abundance was used as an internal control. As shown in 

Figure 1.4, Flag signals were detected from 6 h of culture and increased at 9 h in both 

Flag-EMI1 mRNA-injected and Flag-EMI2 mRNA-injected oocytes. At 24 h of culture, 

both Flag signal intensities were decreased and the signal of Flag-EMI1 was hardly 

detected, while Flag-EMI2 was still fairly detectable. CCNB1 had already accumulated at 

6 h of culture in both Flag-EMI expressed oocytes and was increased at 9 h only in the 

Flag-EMI1 mRNA-injected oocytes, whereas CCNB1 was first detected at 24 h in the no-

injection oocytes. A band shift of RSK was detected at 9 h only in the Flag-EMI1 expressed 

oocytes, whereas a clear upward shift was detected in all experimental groups at 24 h. 

CDK1 was almost unchanged throughout the culture periods. The CCNB1 accumulation 

and the upward shift of RSK bands all corresponded well with the observed GVBD rates. 

The effect of EMI overexpression on GVBD was also assessed with oocytes 
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cultured with high cAMP concentration in order to see whether excess amounts of EMI 

could overcome cAMP-induced meiotic arrest (Fig.1.5). In the no-injection and the EGFP 

mRNA-injected oocytes, 5 mM 8-Br cAMP was able to stop GVBD for 48 h in most oocytes. 

The Flag-EMI mRNA-injected oocytes were able to override this condition and 

underwent GVBD. About 14.3% of the Flag-EMI1-expressing oocytes reached MII, 

whereas almost all the Flag-EMI2-expressing oocytes were arrested at MI. 

 

(4) Effects of up- or downregulation of EMI after GVBD and MII arrest of porcine 

oocytes 

The effect of EMI regulation after GVBD and MII arrest was investigated first 

with EMI overexpression. In the 48 h-cultured oocytes, the injection of either Flag-EMI 

mRNA inhibited oocyte maturation to different degrees; the Flag-EMI1 mRNA injection 

resulted in 52.5% MI and 45.8% MII, whereas most of the Flag-EMI2 mRNA-injected 

oocytes (97.9%) were arrested at MI (Fig.1.6A). 

The effect of EMI downregulation on the oocyte meiotic progression after GVBD 

was also assessed by examining the nuclear states at 24 h and 48 h of culture was 

examined (Fig. 1.6B, C). At 24 h of culture, the majority of the EMI2 asRNA-injected 

oocytes were at MI as EGFP mRNA-injected oocytes (67.0% and 85.9%, respectively). 

However, most of the EMI1 asRNA-injected oocytes were at PMI and the MI rate (24.0%) 

was significantly lower than those of other experimental groups, confirming the delay of 

meiotic resumption and subsequent progression from PMI to MI in the EMI1 

downregulated oocytes. Corresponding with this, although 98.6% of EGFP mRNA-

injected oocytes completed maturation, only 32.4% of EMI1 downregulated oocytes 

reached MII and 36.5% remained at MI at 48 h of culture. Importantly, most of the EMI2 

asRNA-injected oocytes formed PN (94.9%) and none were at MII. In contrast, no EMI1 



16 

 

asRNA-injected oocytes had formed PN at 48 h of culture as well as EGFP mRNA-injected 

oocytes (Fig. 1.6C). A representative image of a PN in EMI2 asRNA-injected oocyte is 

shown in Figure 1.6D.  

The delayed GVBD and meiotic progression by the EMI1 downregulation 

together with the PN formation by the EMI2 downregulation were confirmed by Western 

blotting analysis shown in Figure 1.7. In the no-injection and EMI2 asRNA-injected 

oocytes, CCNB1 had accumulated at 24 h and a similar degree of accumulation was 

detected at 48 h. For the EMI1 asRNA-injected oocytes, although the CCNB1 

accumulation at 48 h was comparable with that of the no-injection oocytes, the amount 

at 24 h was much lower than those of the no-injection and EMI2 asRNA-injected oocytes. 

The upward shift of RSK was observed from 24 h of culture in all experimental groups, 

and it remained shifted upward until 48 h in the no-injection and EMI1 asRNA-injected 

oocytes but had shifted downward at 48 h in the EMI2 asRNA-injected oocytes, 

indicative of the release from MII. 

Since the involvement of EMI in MII arrest and its role as CSF have been 

emphasized in Xenopus and mouse oocytes, the effects of EMI on MII maintenance and 

PN formation at 24 h after the parthenogenetic activation of MII oocytes were evaluated. 

For this experiment, Flag-EMI mRNA was injected to MII oocytes because the most 

oocytes injected with Flag-EMI mRNA at GV stage were unable to reach MII at 48 h of 

culture. The experimental time courses are indicated in Figure 1.8A. As shown in Figure 

1.8B, the majority of no-injection, EGFP mRNA-injected, and Flag-EMI1 mRNA-injected 

oocytes formed a PN (87.8%, 89.7% and 79.2%, respectively), whereas significantly fewer 

Flag-EMI2 mRNA-injected oocytes formed PN (12.8%). Next, I compared the 

accumulation of Flag-EMI protein and the states of CCNB1, RSK, and CDK1 in the oocytes 

treated as follows: mRNA injected at the GV stage and cultured for 6 h (GV sample; Fig. 
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1.8Aa), injected at MII and cultured for 6 h (MII sample; Fig. 1.8Ab), and MII sample 

parthenogenetically activated and cultured for 24 h (activated sample; Fig. 1.8Ac). The 

no-injection oocytes were also collected at the same time points without mRNA 

injections and the results were shown in Figure 1.8C. The Flag-EMI1 expression was very 

low in the MII sample compared to the GV sample and was undetectable in the activated 

sample. In contrast, Flag-EMI2 expression was detectable in activated sample as well as 

in MII sample, although the level was lower than that of the GV sample. The CCNB1 

accumulation was confirmed in the MII and activated samples of all experimental groups 

including the no-injection oocytes. The RSK bands were shifted upward in the MII 

samples in all experimental groups, and it remained shifted up in 72 h only in the Flag-

EMI2 mRNA-injected oocytes with the parthenogenetic activation stimulus. The bands 

had shifted downward in the activated sample in the Flag-EMI1 mRNA-injected and no-

injection oocytes. The CDK1 signals were unaffected in all the samples. The intensity of 

CCNB1 in the MII samples of the Flag-EMI mRNA-injected oocytes was quantified relative 

to each no-injection oocyte (Fig. 1.8D). The Flag-EMI2 mRNA-injected oocytes displayed 

relatively high CCNB1intensity levels compared to the Flag-EMI1 mRNA-injected oocytes. 
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Discussion 

In this chapter, I investigated the functions and roles of porcine EMI during 

oocyte maturation focusing especially on GVBD and MII arrest. First, the effects on GVBD 

was investigated. When EMI1 or EMI2 was overexpressed, both resulted in an early 

accumulation of CCNB and caused precocious GVBD. The function of EMI in the 

inhibition of CCNB degradation by blocking APC/C activity has been reported in Xenopus 

and mouse oocytes (Ohsumi et al., 2004; Madgwick et al., 2006; Marangos et al., 2006; 

Ohe et al., 2007), and current findings suggest that this is also the case in porcine oocytes. 

The results in porcine oocytes are consistent with those described for mouse oocytes, in 

which the overexpression of GFP-hEMI1 accelerated the GVBD (Marangos et al., 2006).  

The precocious GVBD caused by EMI overexpression was observed even when 

the oocytes were cultured in the presence of cAMP-supplemented culture medium, 

which maintains oocytes at the GV stage by maintaining a high cAMP level and mimicking 

the follicular environment. The results obtained in this chapter agree with those in 

mouse oocytes, which indicated that EMI could accumulate CCNB in a high-cAMP 

environment created with a cAMP phosphodiesterase inhibitor, IBMX (Marangos et al., 

2006). These results further indicate the constant synthesis of a small amount of CCNB 

in GV oocytes within ovarian follicles and they highlight the importance of CCNB 

degradation via APC/C in these follicular oocytes for the maintenance of GV arrest. 

Furthermore, in this chapter, it revealed several differences between the 

functions of EMI1 and EMI2. Although an excess amount of either EMI initiated early 

GVBD, the exact culture period until GVBD slightly differed between the two; 9 h for 

EMI1-overexpressed oocytes and 12 h for EMI2-overexpressed oocytes. This implies that 

the APC/C inhibitory effect of EMI1 is more effective than that of EMI2 at this culture 

period. APC/C is known to require an activation factor, either Cdh1 or Cdc20, for its 
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activation. Various studies noted that EMI1 has the ability to interact with APC/C 

activated by both Cdh1 and Cdc20 whereas EMI2 interact mainly with APC/C activated 

by Cdc20 (Miller et al., 2006; Tang et al., 2010). It was reported that in mouse and porcine 

oocytes, only Cdh1 worked for APC/C activation during the GV stage and that the 

transition from Cdh1 to Cdc20 occurred around GVBD (Reis et al., 2006; Yamamuro et al., 

2008). It can therefore be speculated that the difference in the abilities of EMI1 and EMI2 

to promote GVBD is attributed to the difference in their interacting APC/C activators. 

The effect of EMI downregulation on GVBD was analyzed by injecting EMI 

asRNA. As both porcine EMIs stimulated CCNB accumulation and accelerated GVBD, I 

expected that the downregulation of both EMI would slow down the CCNB accumulation 

and delay GVBD. However, the results clearly indicated that only the EMI1 

downregulation had delayed the GVBD. In contrast to EMI1, EMI2 downregulation did 

not affect GVBD initiation or progression to MI, implying that EMI2 does not have a 

significant role during the GVBD to MI period. These results are compatible with the 

possible absence of EMI2 during these periods.  

After GVBD, half of the EMI1 overexpressing oocytes reached MII whereas all of 

the EMI2 overexpression oocytes went into arrest at MI. This might be due to the stability 

differences between exogenous EMI1 and EMI2. Numerous studies of Xenopus and 

mouse oocytes have shown the instability of endogenous and exogenous EMI1 and its 

susceptibility to rapid degradation after GVBD (Ohsumi et al., 2004; Marangos et al., 

2006). In contrast, EMI2 expression from early meiosis resulted in MI arrest in Xenopus 

oocytes (Ohe et al., 2007), and the present results showed that this is applicable to 

porcine oocytes as well. Consistent with this, the Western blotting analysis showed that 

at 24 h of culture, when most oocytes underwent GVBD, the exogenous EMI1 expression 

ceased whereas EMI2 was present. Although it was unable to detect endogenous EMI 
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and could not determine the actual expression levels of EMI within the oocytes, the 

results indicated the possible absence of EMI2 before MI in porcine oocytes. As for EMI1, 

it might also be required for the meiotic progression from PMI to MI in porcine oocytes, 

since many EMI1 asRNA-injected oocytes remained at PMI whereas most of the no-

injection and EGFP mRNA-injected oocytes reached MI. Similar PMI arrest was reported 

in mouse in which EMI1 was downregulated by morpholino-oligonucleotide (Marangos 

et al., 2006). That report indicated that the PMI arrest could possibly be triggered by the 

failure in metaphase spindle assembly and cannot be explained only by the accumulation 

of CCNB. Thus, further analyses are needed to clarify the causes of the PMI arrest in 

porcine EMI1 downregulated oocytes.  

When EMI2, but not EMI1, was downregulated, it induced oocyte activation and 

PN formation. This coincides with the commonly noted characteristics and expression 

pattern of EMI2, which are noted in Xenopus and mouse; EMI2 started to be expressed 

after MI and worked as CSF in the initiation and maintenance of MII arrest (Liu and Maller, 

2005; Schmidt et al., 2004; Tung et al., 2004; Nishiyama et al., 2007). The PN formation 

in the porcine EMI2 downregulated oocytes clearly showed the requirement of EMI2 in 

MII arrest in porcine oocytes, indicating that EMI2 function as CSF in porcine oocytes. 

The inhibition of parthenogenetic activation in the Flag-EMI2 mRNA-injected MII oocytes 

further supports our assumption of porcine EMI2 being CSF. In contrast, Flag-EMI1 mRNA 

injection to MII oocytes could not keep the oocytes at MII after the parthenogenetic 

activation, and this indicates that porcine EMI1 does not have a CSF function. The 

immunoblotting analysis revealed the immediate degradation of exogenous EMI1 

compared with the 24-h persistency of exogenous EMI2 in the MII oocytes. In addition 

to this, the accumulated CCNB1 level was much higher in the EMI2 mRNA-injected 

oocytes compared to the Flag-EMI1 mRNA-injected oocytes. Thus, these results support 
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the speculation that EMI1 cannot either function or exist in MII oocytes. 

In conclusion, from the finding in chapter 1, EMI1 and EMI2 was confirmed to 

exist in porcine oocytes and the porcine EMI seemed to share similar roles in GV oocytes 

to previously reported mouse EMI, which is able to accumulate CCNB and accelerate 

GVBD. In addition, porcine EMI2 functions as CSF in the MII oocytes as reported both in 

Xenopus and mouse oocytes. This is the first report showing EMI function in oocytes 

other than that of Xenopus and mouse.    
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Fig.1.1  EMI overexpression and expression inhibition by Flag-EMI mRNA and EMI 

asRNA injection 

Flag-EMI expression was detected by Western blotting 6 h after injection using an anti-

Flag antibody. Effects of asRNA injection on EMI downregulation were examined by the 

injection of Flag-EMI mRNA with or without corresponding asRNA. Thirty oocytes were 

used for each lane. 
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Fig.1.2 Influence of RNA injection on GVBD and MII rates in porcine oocyte  

GV oocytes injected with or without EGFP mRNA were cultured for the indicated periods, 

and GVBD rate (A) and MII rate (B) were calculated. At least two independent 

observations were performed and the total oocyte numbers of each bar were >30. *p < 

0.05. 
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Fig.1.3 Effects of up- or downregulation of EMI on GVBD 

GV oocytes injected with EGFP mRNA or Flag-EMI mRNA were cultured for the indicated 

periods and the oocyte’s nuclear states were observed. (A) The GVBD rate was examined 

for Flag-EMI mRNA-injected oocytes at the indicated culture period. At least two 

independent experiments were performed and the total numbers of examined oocytes 

for each bar were >24 for 6 h and >55 for others. (B) The GVBD rates of EGFP mRNA and 

EMI asRNA-injected oocytes were examined at 18 h of culture. The experiments were 

repeated three times and more than 110 oocytes were examined for each bar.  
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Fig.1.4 Western blotting analysis of Flag-EMI mRNA-injected oocytes 

The states of CCNB1, RSK, and CKD1 were examined by Western blotting in (A) Flag-EMI1 

mRNA- or (B) Flag-EMI2 mRNA-injected oocytes with no-injection oocytes. RNA injected 

or no-injection oocytes were cultured for indicated periods and subjected for Western 

blotting analyses using indicated antibodies. Arrowhead indicates mobility shifts of RSK. 

The experiments were repeated twice and representative results are shown. Twenty-five 

oocytes were used for each lane. 
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Fig.1.5 Effect of EMI overexpression on oocytes cultured in high cAMP concentration 

medium 

Flag-EMI mRNA-, EGFP mRNA-injected and no-injected GV oocytes were cultured with 5 

mM 8-Br cAMP for 48 h and the nuclear states were examined. Observed oocytes were 

categorized into the following: GV, germinal vesicle; GVBD, germinal vesicle breakdown; 

PMI, first meiotic prometaphase; MI, first meiotic metaphase; A-TI, first meiotic 

anaphase-telophase; MII, second meiotic metaphase. At least two independent 

experiments were performed and more than 60 oocytes were examined for each column. 
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Fig.1.6 Effects of up- or downregulation of EMI after GVBD and MII arrest 

GV oocytes injected with EGFP mRNA, Flag-EMI mRNA or EMI asRNA were cultured for 

24 h or 48 h and the oocyte’s nuclear states were observed. Oocytes from the following 

category was calculated: PMI, I, first meiotic prometaphase; MI, first meiotic metaphase; 

A-TI, first meiotic anaphase-telophase; MII, second meiotic metaphase; PN, pronucleus. 

(A) The oocytes were injected with Flag-EMI mRNA and percentage of MI and MII 

oocytes were examined at 48 h of culture. At least two independent experiments were 

performed and the total number of oocytes examined for each column was more than 

60. (B, C) EMI asRNA-injected oocytes were cultured for 24 h (B) and 48 h (C), and the 

percentages of oocytes at indicated phases were examined. The experiments were 

repeated at least twice and more than 70 oocytes were used for each bar. *p<0.05 

compared to the EGFP mRNA-injected oocytes. (D) Representative image of PN observed 

in EMI2 asRNA-injected oocytes cultured for 48 h. Inset: High-magnification image of PN. 

Arrow: PN. Arrowhead: polar body (PB) Scale bar, 50 μm.  
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Fig.1.7 Western blotting analysis of EMI downregulated oocytes 

The states of CCNB1, RSK, and CDK1 were examined by Western blotting analysis in EMI1 

asRNA- or EMI2 asRNA-injected oocytes with no-injection oocytes. Antisense RNA 

injected or no-injection oocytes were cultured for indicated periods and subjected for 

Western blotting analyses using indicated antibodies. Arrowhead indicates mobility shift 

of RSK. Twenty-five oocytes were used for each lane. 
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Fig.1.8 Effects of Flag-EMI mRNA injection into MII oocytes on PN formation after 

parthenogenetic activation. 

(A) The schematic drawing of experimental time courses. The time-points of mRNA 

injection, activation, and oocyte collection were indicated. (B) The nucleus states of the 

sample c were observed and categorized into the following: MII, second meiotic 

metaphase and PN, pronucleus. More than 30 oocytes were examined for each bar. (C) 

Expression of Flag-EMI and the states of CCNB1, RSK, and CDK1 were evaluated by 

Western blotting. Samples a, b, and c are indicated in Fig.1.8A. Arrowhead indicates the 

mobility shift of RSK. Twenty-five oocytes were used for each lane. (D) The intensity of 

CCNB1 in Flag-EMI mRNA-injected sample b was quantified relative to each no-injection 

sample b from two independent Western blotting analyses.  
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Chapter 2 

本章の内容は学術雑誌論文として出版する計画があるため、公表できない。5年以

内に出版予定。 
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Chapter 3 
本章の内容は学術雑誌論文として出版する計画があるため、公表できない。5年以

内に出版予定。 
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General Discussion 

本章の内容は学術雑誌論文として出版する計画があるため、公表できない。5年以

内に出版予定。 

 



33 

 

Appendix 

本章の内容は学術雑誌論文として出版する計画があるため、公表できない。5年以
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