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General Introduction  

In many animal species, full -grown oocytes after accumulation of yolk and other 

materials stop their meiotic cell cycle at prophase I and unable to be fertilized, thereby being 

called immature oocytes. In response to maturation-inducing hormone (MIH), immature 

oocytes resume the meiosis, proceed to metaphase II and become mature fertilizable oocytes. 

This process is called oocyte maturation, which is accompanied by such morphological 

changes as germinal vesicle breakdown (GVBD), chromosome condensation, spindle 

formation and the first polar body extrusion. These events are driven by the kinase activity of 

maturation-promoting factor (MPF), a protein complex consisting of the catalytic subunit 

Cdc2 and the regulatory subunit Cyclin B1. Except for African clawed frog (Xenopus laevis) 

in which Cyclin B-bound inactive Cdc2 (pre-MPF) exists in immature oocytes, Cyclin B1 

protein is absent in immature oocytes of fish and amphibians, because translation of cyclin B1 

mRNA is completely repressed in these species. MIH stimulation induces translational 

activation of dormant maternal mRNAs including cyclin B1 mRNA, resulting in the formation 

of MPF and the completion of oocyte maturation. In particular, microinjection of Cyclin B1 

protein into full-grown oocytes of Japanese brown frog (Rana japonica), goldfish (Carassius 

auratus) or zebrafish (Danio rerio), in which pre-MPF is absent, induces MPF activation and 

subsequent GVBD without MIH stimulation; therefore, translational regulation of cyclin B1 

mRNA is critical to initiate the process of oocyte maturation in these species (Katsu et al., 

1993; Tanaka and Yamashita, 1995; Kondo et al., 1997; Ihara et al., 1998; Yamashita, 1998, 

2000; Nagahama and Yamashita, 2008). 

Since gene transcription is quiescent until the midblastula transition, protein synthesis 

during oocyte maturation and the early phase of embryonic development depends solely on 

translation of maternal mRNAs which are synthesized during oocyte growth and stored as a 

dormant form. Therefore the mechanisms to regulate both translational repression and 
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formation of mRNP granules and, consequently, caused precocious translational activation 

after MIH stimulation. These results indicate that Pum1 regulates the timing of translational 

activation of cyclin B1 mRNA through formation and disassembly of mRNP granules. As in 

the case of the cis-element in the ORF, however, translational repression before MIH 

stimulation was maintained even in the absence of Pum1, meaning that Pum1 is critical for 

fine-tuning of the timing of translational activation after MIH stimulation, and that the other 

translational regulators including CPEB play a fundamental role in translational repression in 

immature oocytes. Therefore, molecular mechanisms regulating post-transcriptional events 

before MIH stimulation, including mRNA transport and localization to the animal polar 

cytoplasm and translational repression and activation in immature and maturing oocytes, 

remain to be elucidated. 

To address these issues, in Chapter I, I performed sucrose density gradient 

ultracentrifugation followed by mass spectrometry analysis and identified an RNA-binding 

protein, insulin-like growth factor 2 mRNA-binding protein 3 (IMP3) as a possible regulator 

of mRNAs. IMP3 is expressed in immature oocytes and its protein content and 

phosphorylation state remain constant through oocyte maturation. IMP3 binds to cyclin B1 

mRNA and is localized at the animal polar cytoplasm in immature oocytes, but its interaction 

with cyclin B1 mRNA is disrupted in mature oocytes. Flag-tagged IMP3 which was 

overexpressed by injecting mRNA co-localized with endogenous cyclin B1 mRNA at the 

animal polar cytoplasm and caused delay in the translation of cyclin B1 mRNA and 

progression of oocyte maturation. On the basis of these results, I propose that IMP3 represses 

the translation of cyclin B1 mRNA besides CPEB and Pum1 in immature zebrafish oocytes. 

IMP3 was initially described as Vgl RNA-binding protein (Vg1RBP), a protein bound to 

vg1 mRNA that is localized to the vegetal cortex of Xenopus oocytes along the mRNA 

localization pathway called late (Vg1) pathway (Mowry and Melton, 1992; Schwartz et al., 

1992). In zebrafish oocytes, vg1 mRNA is localized to the animal polar cytoplasm similarly to 
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cyclin B1 mRNA, and I found that IMP3 interacts with vg1 mRNA, as well as cyclin B1 

mRNA. These results suggest that common proteins are involved in the localization 

machinery of cyclin B1 mRNA to the animal pole in zebrafish oocytes and Vg1 mRNA to the 

vegetal pole in Xenopus oocytes, and this provides a key insight into the unknown 

mechanisms for cyclin B1 mRNA localization to the animal polar cytoplasm in zebrafish 

oocytes. 

In Chapter II, I analyzed zebrafish Staufen1 (Stau1) protein, because this protein is 

known to play a key role in localization of vg1 mRNA in association with kinesin motor 

proteins in Xenopus oocytes. Zebrafish Stau1 was predominantly expressed in oocytes of 

stages I to III, but its expression level decreases thereafter, suggesting that Stau1 mainly 

functions in young oocytes. I also showed that zebrafish Stau1 interacts with cyclin B1 mRNA 

throughout oocyte growth and maturation. The section in situ hybridization and 

immunohistochemistry analyses showed that both cyclin B1 mRNA and Stau1 protein 

distribute throughout the cytoplasm in young oocytes, but co-localized to the animal polar 

cytoplasm of stage III or later oocytes. Transportation of gfp-cyclin B1 reporter mRNA to the 

animal pole was inhibited by disruption of microtubules and in the presence of antibodies 

against Stau1 or Kinesin1. These results suggest that zebrafish cyclin B1 mRNA is transported 

toward the animal polar cytoplasm depending on both Staufen1 and Kinesin1 along 

microtubules, in a similar way to the vg1 mRNA in Xenopus oocytes. In addition, I 

demonstrated that the reporter mRNAs with an element required for the vegetal localization in 

Xenopus oocytes is transported to the animal pole in zebrafish oocytes. I also showed that the 

plus ends of microtubules which face the vegetal pole in Xenopus oocytes face the animal 

pole in zebrafish oocytes. Based on these results, I propose that cyclin B1 mRNA is 

transported to the animal polar cytoplasm by a common mRNA transport machinery in 

zebrafish and Xenopus oocytes, although its transport directions are opposite probably due to 

different organizations of microtubules in oocytes. 
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In this thesis, I focus on the molecular mechanisms underlying the translational 

regulation and localization of cyclin B1 mRNA throughout oocyte growth and maturation in 

zebrafish by biochemically and functionally characterizing IMP3 in Chapter I and Stau1 in 

Chapter II. I believe that these studies provide a valuable perspective on the comprehensive 

understanding of the post-transcriptional regulation of cyclin B1 mRNA in oocytes. 
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Chapter I  

Involvement of IMP3 in translational repression of cyclin B1 mRNA during oocyte maturation 
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Abstract  

In immature zebrafish oocytes, dormant cyclin B1 mRNAs localize to the animal polar 

cytoplasm as aggregates. After hormonal stimulation, cyclin B1 mRNAs are dispersed and 

translationally activated, which are necessary and sufficient for the induction of zebrafish 

oocyte maturation. Besides CPE and CPEB, Pum1 and a cis-acting element in the coding 

region of cyclin B1 mRNA are important for the subcellular localization and timing of 

translational activation of the mRNA. However, mechanisms underlying the 

spatio-temporal control of cyclin B1 mRNA translation during oocyte maturation are not 

fully understood. I  report that IMP3, which was initially described as a protein bound to vg1 

mRNA localized to the vegetal pole of Xenopus oocytes, binds to and co-localizes with 

cyclin B1 mRNA in immature zebrafish oocytes. Although protein content and 

phosphorylation state of IMP3 remain unchanged during oocyte maturation, IMP3 

dissociates from cyclin B1 mRNA after hormonal stimulation. In accordance with this, the 

mRNA-dependent interactions of IMP3 with Pum1 and CPEB in immature oocytes were 

disrupted in mature oocytes. The overexpressed IMP3 proteins were accumulated at the 

animal polar cytoplasm and caused delay in the polyadenylation of cyclin B1 mRNA, 

synthesis of Cyclin B1 protein and progression of oocyte maturation. On the basis of these 

results, I  propose that IMP3 represses the translation of cyclin B1 mRNA in immature 

zebrafish oocytes and that its release from the mRNA triggers the translational activation. 
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Introduction  

In many animal species, the meiotic cell cycle of immature oocytes is arrested at 

prophase I, even when the oocytes have fully grown after accumulation of substances 

necessary for early embryogenesis. These oocytes resume the meiosis in response to MIH 

and become mature fertilizable oocytes after reaching metaphase II. This process called 

oocyte maturation includes morphological changes such as GVBD, chromosome 

condensation and spindle formation, all of which are caused by the kinase activity of MPF, 

a protein complex consisting of the catalytic subunit Cdc2 and regulatory subunit Cyclin 

B1. Since Cyclin B1 protein is absent in immature oocytes of fish and amphibians except 

for Xenopus laevis, its de novo synthesis is essential for the initiation of oocyte maturation 

in these species (Yamashita, 1998, 2000; Nagahama and Yamashita, 2008).  

Protein synthesis during oocyte maturation chiefly depends on the translational 

activation of maternal mRNAs, which are synthesized during oocyte growth and stored in 

dormant forms in the oocytes until activated at timings specific to each mRNA. The 

translational activation of maternal mRNAs, including cyclin B1 mRNA, is triggered by 

cytoplasmic polyadenylation (Sheets et al., 1994; Ballantyne et al., 1997; de Moor and 

Richter, 1997), which is mainly regulated by the CPEB that resides in the 3' UTR. Besides 

CPEB, however, other RNA-binding proteins specific to each target mRNA are required for 

assuring the timings of translational activation (Radford et al., 2008; MacNicol and 

MacNicol, 2010).  

Fish oocytes are characterized by the micropyle, a sperm entry hole on the egg chorion 

at the animal pole (cf. Fig. 4A), while amphibian (Xenopus) oocytes lack the micropyle. 

Although both zebrafish and Xenopus cyclin B1 mRNAs are polyadenylated and 

translationally activated during oocyte maturation (Zhang and Sheets, 2009), their 

localization in immature oocytes is different. In zebrafish, dormant cyclin B1 mRNAs 

aggregate and localize to the animal polar cytoplasm beneath the micropyle (cf. Fig. 4B), 
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strikingly investigated as an oncofetal protein because of its predominant expression during 

embryogenesis and its remarkable upregulation in some tumors (Yaniv and Yisraeli, 2002; 

Lederer et al., 2014). In this study, I showed the involvement of IMP3 in translational 

regulation of cyclin B1 mRNA in zebrafish oocytes. The results of this study will provide an 

insight into the function of IMP3 and the translational regulation of dormant mRNAs in 

oocytes. 
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Subcellular localization of IMP3 in oocytes 

Since cyclin B1 mRNA localizes to the animal polar cytoplasm beneath the micropyle 

in immature oocytes (Fig. 4A and B), I  expected that IMP3 also localizes to the animal polar 

cytoplasm with cyclin B1 mRNA. To confirm this, I  performed in situ hybridization of 

cyclin B1 mRNA and immunostaining of IMP3, using the same histological sections (Fig. 

4C). The double fluorescent staining demonstrated that IMP3 is distributed throughout the 

cytoplasm like cyclin B1 mRNA in young oocytes, and in the later stages, IMP3 is 

co-localized to the animal polar cytoplasm with cyclin B1 mRNA. Consistent with the 

previous observations (Kotani et al., 2013), higher magnification images of the animal 

polar region in stage IV oocytes showed that cyclin B1 mRNA forms granules, whereas 

IMP3 does not (Fig. 4D). In mature oocytes, IMP3 did not exhibit any subcellular 

localization (data not shown), in harmony with the dispersion of cyclin B1 mRNA in the 

cytoplasm (Kondo et al., 2001). 

 

Effects of IMP3 overexpression on translation of cyclin B1 mRNA and oocyte 
maturation  

To gain an insight into the function of IMP3, I  overexpressed Flag-tagged IMP3 in 

full -grown oocytes and analyzed by immunoblotting and immunostaining (Fig. 5A). 

Oocytes were microinjected with Flag-IMP3 mRNA, Flag-GST mRNA or PBS and 

incubated to allow protein expression. Immunoblotting of injected oocytes with anti-Flag 

antibody showed protein expression from the injected mRNAs (Fig. 5B). It is noteworthy 

that the overexpressed Flag-IMP3 was localized to the animal polar cytoplasm with 

endogenous cyclin B1 mRNA (Fig. 5C), but Flag-GST did not show any localization (data 

not shown). 

The relative amount of Cyclin B1 protein in oocytes overexpressing Flag-IMP3 was 

significantly lower than those in control oocytes injected with Flag-GST mRNA or PBS 
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(Fig. 6A and B), suggesting that the overaccumulation of IMP3 at the animal polar 

cytoplasm (Fig. 5C) inhibited the translational activation of cyclin B1 mRNA. Moreover, 

oocytes overexpressing IMP3 underwent GVBD at a significantly later timing than did 

control oocytes (Fig. 6C and D). Since MAP kinase is phosphorylated in response to 

hormonal stimulation (Fig. 2C), I examined the phosphorylation states of MAP kinase in 

the injected oocytes, but there was no significant difference (Fig. 6E and F), implying that 

the effect of overexpression of IMP3 is restricted to certain reactions including cyclin B1 

mRNA translation. Taken together, overexpressed IMP3 repressed translation of cyclin B1 

mRNA and retarded the progression of oocyte maturation.  
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zebrafish oocytes. Further studies are required to understand a general mechanism that 

localizes different mRNAs to the animal polar cytoplasm in zebrafish oocytes. 

 

Phosphorylation of IMP3 

IMP3 is phosphorylated by Erk2/MAP kinase on S402 that exists in the linker 

separating the second and third KH domains, resulting in the cortical release of vg1 mRNA 

during Xenopus oocyte maturation (Git et al., 2009). However, S402 is only conserved in X. 

laevis and Xenopus tropicalis IMP3 and is absent in other vertebrate homologs including 

zebrafish IMP3 (Fig. 2E). Consistent with this, I  found that zebrafish IMP3 is not newly 

phosphorylated, despite the fact that MAP kinase is activated after hormonal stimulation 

(Fig. 2D). It is highly likely that zebrafish IMP3 is already phosphorylated in immature 

oocytes in the absence of MAP kinase activation and that the phosphorylation state remains 

unchanged during oocyte maturation (Fig. 2D). Irrespective of the steady phosphorylation 

state, IMP3 dissociates from cyclin B1 mRNA in mature oocytes (Fig. 3A). A chemical 

modification of IMP3 other than phosphorylation might cause the release of IMP3 from the 

cyclin B1 mRNA. Alternatively, a chemical modification, including phosphorylation, of a 

protein(s) that binds directly to IMP3 might weaken the interaction between IMP3 and the 

mRNA. 

 

Functions of IMP3 during oocyte growth and maturation 

The vertebrate homologs of IMP3 exist in various cell types and play important roles 

in post-transcriptional regulation such as mRNA transport (Deshler et al., 1998), 

translational repression (Nielsen et al., 1999), translational activation (Liao et al., 2005), 

and mRNA stabilization (Vikesaa et al., 2006). In immature Xenopus oocytes, IMP3 is 

bound to vg1 mRNA that localizes to the vegetal cortex (Mowry and Melton, 1992; 

Schwartz et al., 1992), and its phosphorylation by MAP kinase during oocyte maturation 
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induces cortical detachment and solubilization of vg1 mRNA (Git et al., 2009). Although 

these findings suggest that IMP3 plays a role in the localization of vg1 mRNA, it is 

uncertain whether IMP3 is involved in the translational repression or activation of vg1 

mRNA in Xenopus oocytes. In fact, the translation of vg1 mRNA has been reported to be 

repressed by Elr-type Proteins in growing oocytes until stage IV but activated thereafter 

even in the presence of IMP3 (Colegrove-Otero et al., 2005; Arthur et al., 2009). To gain an 

insight into the function of IMP3 in zebrafish oocytes, I overexpressed IMP3 in oocytes to 

enhance its function. Overexpression of IMP3 retarded the translation of cyclin B1 mRNA 

and the progression of oocyte maturation (Fig. 6A-D), suggesting that IMP3 functions as a 

repressor of cyclin B1 mRNA translation. Microinjection of anti -IMP3 antibody also 

caused a delay in the timing of oocyte maturation (data not shown). The injected antibody 

might prevent conformational changes of IMP3 that are required for its dissociation from 

cyclin B1 mRNA, thereby resulting in a delay in the translational activation of mRNA. 

Although the results from injection experiments suggest that IMP3 represses the 

translation of cyclin B1 mRNA in immature oocytes, we need to clarify its actual function. 

Recently, Yasuda et al. have established an in vivo reporter gene assay system in zebrafish, 

in which the reporter mRNA can precisely mimic the behavior of endogenous cyclin B1 

mRNA and can visualize its timing of translational activation during oocyte maturation in 

real time. Examination of the behavior of reporter mRNAs with mutations in the VLE in 

this experimental system should provide a better understanding of the function of IMP3 in 

the translational regulation of cyclin B1 mRNA. 
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Chapter II  

Staufen1 functions in cyclin B1 mRNA transport to the animal polar cytoplasm of zebrafish 

oocytes in collaboration with Kinesin1 and microtubules 
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Abstract 

Precise localization of maternal mRNAs in oocytes is critical for oocyte maturation 

and embryonic development. In full-grown zebrafish oocytes, dormant cyclin B1 mRNAs 

are localized to the animal polar cytoplasm and translationally activated during oocyte 

maturation. To elucidate the molecular basis of cyclin B1 mRNA localization, I analyzed 

zebrafish Staufen1, a protein known to play a central role in mRNA localization in various 

cells. Zebrafish Staufen1 interacts with cyclin B1 mRNA throughout oocyte growth and 

maturation. Both cyclin B1 mRNA and Staufen1 protein are evenly distributed in the 

cytoplasm of young oocytes but are co-localized to the animal polar cytoplasm in later 

stages. In mature oocytes, cyclin B1 mRNA is dispersed throughout the cytoplasm, while a 

subpopulation of Staufen1 remains at the animal pole. Transport of cyclin B1 reporter 

mRNA to the animal pole was inhibited by disruption of microtubules and injection of 

antibodies against Staufen1 or Kinesin1, a plus-end-directed microtubule motor that binds 

to Staufen1, indicating that the transport depends on movement along microtubules toward 

the plus ends. The plus ends of microtubules are enriched in the animal polar cytoplasm of 

zebrafish oocytes, contrary to Xenopus oocytes, in which they are enriched in the vegetal 

polar cytoplasm. Reporter mRNAs with an element required for the vegetal localization of 

vg1 mRNA in Xenopus oocytes were localized to the animal polar cytoplasm in zebrafish 

oocytes. These findings indicate that a common mRNA transport machinery functions in 

zebrafish and Xenopus oocytes but that its transport direction is opposite probably due to 

different organizations of microtubules in oocytes. 
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I ntroduction  

Specific subcellular localization of mRNAs enables spatio-temporal control of gene 

expression, which assures normal progression of various biological events including 

embryonic development accompanied by cell proliferation and differentiation (Martin and 

Ephrussi, 2009; Kumano, 2012; Blower, 2013). For example, localization of oskar mRNA 

to the posterior pole of Drosophila oocytes is required to determine the germ cell lineage 

(Ephrussi and Lehmann, 1992), and wnt11 mRNA localized at the vegetal cortex of Xenopus 

oocytes is required to determine the body axis (Ku and Melton, 1993; Tao et al., 2005). 

Specific localization of several mRNAs has also been reported in zebrafish oocytes 

(Howley and Ho, 2000). One prominent example is buc mRNA, the localization of which is 

indispensable for the establishment of oocyte polarity and assembly of germ plasm (Dosch 

et al., 2004; Marlow and Mullins, 2008; Bontems et al., 2009; Heim et al., 2014). 

Cyclin B1 is a regulatory subunit of MPF, the final inducer of oocyte maturation 

(Nagahama and Yamashita, 2008). In zebrafish oocytes, Cyclin B1 protein is absent 

because its mRNA is translationally repressed and localized as aggregates to the animal 

polar cytoplasm until the oocytes are stimulated by MIH (Kondo et al., 1997, 2001). 

Cytochalasin B, an inhibitor of actin polymerization, disrupts the localization and 

translationally activates cyclin B1 mRNA without MIH stimulation (Kondo et al., 2001). 

During oocyte maturation, the meshwork of microfilaments beneath the animal pole is 

reconstructed in response to MIH stimulation, an event probably required to release cyclin 

B1 mRNA from translational repression at the oocyte cortex (Nukada et al., 2015). The 

results of these studies indicate that microfilaments play a key role in the localization and 

translational repression of cyclin B1 mRNA in zebrafish oocytes.  

By using an experimental system in which reporter mRNAs can precisely mimic the 

behavior of endogenous cyclin B1 mRNAs in zebrafish oocytes, the previous studies 

revealed that the translational timing of cyclin B1 mRNA after MIH stimulation is regulated 
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2009), alternative splicing (Ravel-Chapuis et al., 2012; Bondy-Chorney et al., 2016) and 

mRNA degradation called Staufen-mediated mRNA decay (Park and Maquat, 2013). Stau1 

is also involved in cell cycle progression in cancer cells (Boulay et al., 2014), embryonic 

stem cell differentiation (Gautrey et al., 2008) and life cycles of various RNA viruses as a 

host protein (Abrahamyan et al., 2010; de Lucas et al., 2010; Blackham and McGarvey, 

2013). In zebrafish, stau1 mRNA is highly expressed in the brain and gonads (Bateman et 

al., 2004), and its inhibition by antisense morpholino oligonucleotides results in aberrant 

survival and migration of primordial germ cells (Ramasamy et al., 2006). Taken together, 

these facts indicate the possibility that Stau1 is involved in cyclin B1 mRNA transport to the 

animal polar cytoplasm in zebrafish oocytes, and I thus attempted to investigate this 

possibility in this study. 

I  examined zebrafish Stau1 from oocyte growth through to maturation and found that 

Stau1 is bound to cyclin B1 mRNA and is localized to the animal polar cytoplasm. I also 

found that cyclin B1 mRNA transport to the animal pole is inhibited by a microtubule 

inhibitor, nocodazole, and antibodies against Stau1 and Kinesin1. These findings suggest 

the function of Stau1 in cyclin B1 mRNA transport to the animal polar cytoplasm in 

collaboration with Kinesin1 and microtubules. Furthermore, I discovered that the plus ends 

of microtubules are enriched in the animal polar cytoplasm of full-grown oocytes, 

suggesting that cyclin B1 mRNA-Stau1 protein complexes are transported toward the 

animal pole by the plus-end-directed motor protein Kinesin1 along microtubules. Based on 

these findings, I propose that the transport machinery of cyclin B1 mRNA in zebrafish 

oocytes is compositionally similar to that of vg1 mRNA in Xenopus oocytes, although. the 

transport direction is different. 
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Discussion for the characteristic localization patterns of mRNAs examined in this study). I 

found that cyclin B1 (a positive control), zorba (cpeb), mos, vg1 and buc mRNAs (their final 

destination being the animal polar cytoplasm of full-grown oocytes) have already interacted 

with Stau1 in stage I and II (growing) oocytes, in which cyclin B1, zorba, mos and vg1 

mRNAs are distributed throughout the cytoplasm and buc mRNA is localized to the Balbiani 

body (mitochondrial cloud). In contrast, I could not detect significant interaction between 

Stau1 and mRNA of dazl, brul, or vasa (their final destination being the vegetal polar 

cytoplasm or the cortex of full-grown oocytes) in oocytes of all stages examined in this study. 

In stage IV (full-grown) oocytes, the interactions between Stau1 and cyclin B1, zorba (cpeb), 

mos and buc mRNAs were maintained, but the interaction between Stau1 and vg1 mRNA was 

below a statistically significant level. 

 

Subcellular distribution of Stau1 and cyclin B1 mRNA during oocyte growth and 
maturation  

It is known that the subcellular distribution of cyclin B1 mRNA changes during oocyte 

growth and maturation in zebrafish (Howley and Ho, 2000; Kondo et al., 2001). Since Stau1 

interacts with cyclin B1 mRNA (Fig. 8D), I investigated the subcellular distribution of 

Stau1 in oocytes from stages I to V. In stage I oocytes, Stau1 was distributed throughout the 

cytoplasm like cyclin B1 mRNA, with strong signals at the cortical cytoplasm of oocytes 

(Fig. 9A1-3). In stage II oocytes, signals of both cyclin B1 mRNA and Stau1 became weaker 

than those in stage I oocytes, and some of them were localized to the animal polar 

cytoplasm (Fig. 9B1-3). In stage III oocytes, the vast majority of cyclin B1 mRNA was 

localized to the animal polar cytoplasm. Although the majority of Stau1 was also localized 

to the animal polar cytoplasm in this stage, a subpopulation of Stau1 was localized to the 

cortical cytoplasm other than the animal polar region and the periphery of the nucleus (Fig. 

9C1-6). In stage IV oocytes (full-grown immature oocytes), cyclin B1 mRNA and Stau1 
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(Ferrandon et al., 1994) and mammalian neurons (Kiebler et al., 1999; Köhrmann et al., 

1999). Injection of nocodazole abolished the aggregation of reporter mRNAs at the animal 

pole, indicating that the transport of reporter mRNA depends on microtubules (Fig. 10C). 

Next, I examined the cooperation between Stau1 and Kinesin1 (a motor protein that 

moves toward the plus ends of microtubules) in reporter mRNA transport, because several 

lines of evidence suggest interaction between Stau1 and Kinesin1 (Brendza et al., 2000; 

Yoon and Mowry, 2004). In contrast to injection of water or anti-GST antibody as controls, 

injection of anti-Kinesin1 or anti-Stau1 antibodies decreased the percentage of oocytes that 

showed aggregation of reporter mRNAs (Fig. 10C), despite the fact that real-time PCR 

analysis showed no statistically significant differences in expression levels of reporter 

mRNAs under various conditions (Fig. 10D). These results suggest that microtubules, 

Kinesin1 and Stau1 have important roles in cyclin B1 mRNA transport to the animal pole in 

zebrafish oocytes. 

 

Microtubule orientation in zebrafish oocytes. 

My results suggested that Kinesin1 is a key molecule for cyclin B1 mRNA transport 

toward the animal polar cytoplasm in zebrafish oocytes. Since Kinesin1 is a motor protein 

that drives cargos toward the plus ends of microtubules, I investigated the orientation of 

microtubules in zebrafish oocytes by immunostaining of EB1, a microtubule plus-end 

tracking protein (Mimori-Kiyosue et al., 2000). 

A newly produced antibody that recognizes zebrafish EB1 (Fig. 11A and B) revealed 

that EB1 accumulated in the animal polar cytoplasm of full-grown oocytes and co-localized 

with cyclin B1 mRNA in part (Fig. 11C and D), whereas it showed no clear accumulation in 

other regions including the vegetal polar cytoplasm (Fig. 11E). It is therefore likely that the 

majority of microtubules tend to direct their plus ends toward the animal pole in full-grown 

zebrafish oocytes. 
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recognized by Stau1, which is a component of the mRNA transport machinery to the animal 

pole of zebrafish oocytes. 

 



44 

 

Discussion 

Animal polar localization of cyclin B1 mRNA in zebrafish oocytes is critical for 

oocyte maturation. In this study, I examined the function of Stau1 in cyclin B1 mRNA 

transport, since Stau1 is known to participate in various post-transcriptional events 

including translational regulation. I found that 1) Stau1 is bound to cyclin B1 mRNA and is 

localized to the animal polar cytoplasm, 2) cyclin B1 mRNA transport to the animal pole is 

inhibited by a microtubule inhibitor and antibodies against Stau1 and Kinesin1, 3) the plus 

ends of microtubules are enriched in the animal polar cytoplasm in full -grown oocytes, and 

4) a reporter mRNA with a cis-acting element for Stau1 (VLE) is transported to the animal 

pole in zebrafish oocytes. Based on these findings, I  suggest that cyclin B1 mRNA is 

transported to the animal polar cytoplasm toward the plus ends of microtubules by a 

machinery including Stau1 and Kinesin1 as its components. 

 

Binding targets of Stau1 in zebrafish oocytes 

After hormonal stimulation, cyclin B1 mRNA is translationally activated, which is 

coincident with dispersion of cyclin B1 mRNA and Stau1 from the animal polar cytoplasm 

(Fig. 9F and G). Although cyclin B1 mRNA was completely detached from the animal pole 

and eventually became undetectable, a part of Stau1 remained at the cortex (Fig. 9E). 

Moreover, parts of Stau1 are distributed around the cortical cytoplasm and the nucleus in and 

after stage III (Fig. 9), inconsistent with cyclin B1 mRNA localization. Besides cyclin B1 

mRNA, Stau1 is likely to interact with various mRNAs in oocytes. 

To identify Stau1 targets other than cyclin B1 mRNA, I performed anti-Stau1 IP 

followed by qRT-PCR analysis for several mRNAs that show characteristic localization 

patterns in zebrafish oocytes (Fig. 8E). The localization patterns of mRNAs examined in this 

study are as follows: cyclin B1, zorba, mos and vg1 mRNAs are distributed throughout the 
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cytoplasm of oocytes from stages I to II and are subsequently localized to the animal polar 

cytoplasm in full-grown oocytes (Bally-Cuif et al., 1998; Howley and Ho, 2000; Suzuki et al., 

2009); dazl, brul, vasa and buc mRNAs are localized to the Balbiani body (mitochondrial 

cloud) in stages I and II, and dazl and brul mRNAs are then translocated to the vegetal polar 

cytoplasm (Suzuki et al., 2000; Kosaka et al., 2007), vasa mRNA is concentrated around the 

cortical cytoplasm, and buc mRNA is localized to the animal polar cytoplasm (Braat et al., 

1999; Howley and Ho, 2000; Bontems et al., 2009). My results demonstrated that Stau1 

preferentially binds to mRNAs that are finally localized to the animal polar cytoplasm of 

full -grown oocytes (Fig. 8E). It is therefore plausible that Stau1 has a general function in 

mRNA transport to the animal pole in zebrafish oocytes with low selectivity for mRNA 

species. 

 

Microtubule -mediated cyclin B1 mRNA transport to the animal polar cytoplasm 

To investigate the mechanisms underlying cyclin B1 mRNA transport to the animal 

polar cytoplasm, I performed an in vivo reporter mRNA localization assay and revealed the 

involvement of microtubules in the transport (Fig. 10C). On the other hand, Kondo et al. 

(2001) reported that microfilaments are important for anchoring cyclin B1 mRNA at the 

animal polar cytoplasm. The fact that the localization of cyclin B1 mRNA is established by 

two processes, mRNA transport via microtubules and mRNA anchoring via microfilaments, 

is consistent with the two-step model for the localization of vg1 mRNA to the vegetal cortex 

in Xenopus oocytes (Yisraeli et al., 1990). In addition, it has been reported that 

microtubule-dependent localization of vg1 mRNA in Xenopus oocytes was inhibited by 

injection of an anti-Kinesin1 monoclonal antibody (Messitt et al., 2008). Using the same 

antibody, I confirmed inhibition of cyclin B1 mRNA localization in zebrafish oocytes (Fig. 

10C), indicating that a common microtubule- and Kinesin1-dependent transport mechanism 

is employed in zebrafish and Xenopus oocytes. 
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Mowry and Cote, 1999; King et al., 2005). In the early pathway, germ plasm components such 

as Xcat2 (nanos) mRNA and its trans-acting protein Hermes (Rbpms) are transported to the 

vegetal polar cytoplasm via the mitochondrial cloud (Zhou and King, 1996; Aguero et al., 

2016). Based on the finding that a similar pathway via the mitochondrial cloud (also known as 

the Balbiani body) exists in zebrafish oocytes, Kosaka et al. (2007) suggested that the early 

pathway is conserved between Xenopus and zebrafish oocytes. 

In contrast to the early pathway, the late pathway exhibits a species-specific difference 

between zebrafish and Xenopus. Its components such as vg1 mRNA and its trans-acting 

protein Vg1RBP (IMP3) are localized to the animal polar cytoplasm in zebrafish oocytes, 

whereas they are localized to the vegetal polar cytoplasm in Xenopus oocytes (Bally-Cuif et 

al., 1998). In this study, I also showed that Stau1, a component of the late pathway, localized 

to the animal polar cytoplasm in zebrafish (Fig. 9). However, I found that reporter mRNAs 

with VLE of Xenopus vg1 mRNA exhibit animal polar localization in zebrafish oocytes (Fig. 

12). This finding leads us to propose that cyclin B1 mRNA transport to the animal polar 

cytoplasm in zebrafish oocytes is operated by a mechanism conserved in the late pathway of 

Xenopus oocytes, irrespective of the difference in transporting direction. Concerning the 

difference in direction, it is noteworthy that the microtubule plus end-tracking protein EB1 

accumulates in the animal polar cytoplasm of zebrafish oocytes (Fig. 11), contrary to its 

localization in the vegetal polar cytoplasm of Xenopus oocytes (Messitt et al., 2008). 

Differences in the direction of mRNA transport might be simply explainable by differences in 

the microtubule organization between zebrafish and Xenopus oocytes. 

My study has revealed the general and species-specific aspects of mechanisms that 

regulate maternal mRNA localization in fish and frog oocytes. The difference in the 

mechanisms should be closely linked to their embryonic development with different cell 

division patterns, holoblastic versus meroblastic cleavage. Further studies to analyze mRNA 

transport machineries in oocytes should provide insights into the generality, diversity and 
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evolution of mechanisms underlying the localization of maternal mRNAs, which will also 

lead to an understanding of developmental mechanisms, especially for spatio-temporal 

translational regulation, which is indispensable for cell and tissue differentiation during 

embryonic organogenesis. 
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diffuse in oocyte cytoplasm without any localization, probably because of the absence of 

microtubules organized to transport mRNAs toward the animal pole (Fig. 14A). During stages 

II to IV, microtubules assemble into appropriate organization, thereby cyclin B1 mRNAs 

being transported to the animal polar cytoplasm. During this period, translation of cyclin B1 

mRNAs is completely suppressed by the activities of IMP3, CPEB and their co-factors (Fig. 

14B and C). In full -grown (stage IV) oocytes, cyclin B1 mRNAs are stuck in granules that 

form dense aggregates in the cortical cytoplasm at the animal pole, depending on both Pum1 

and the cis-acting element in the ORF. This mechanism enables the robust translational 

repression of cyclin B1 mRNAs until MIH stimulation. During oocyte maturation after MIH 

stimulation, cyclin B1 mRNAs are translationally activated by their dispersion and release 

from the oocyte cortex due to dissolution of the aggregates (Fig. 14D), which are most likely 

caused by phosphorylation of Pum1 and CPEB, degradation of CPEB, dissociation of IMP3 

and remodeling of cytoskeletons. 
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