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ABSTRACT 

Title: Translational control of maternal mRNA population in mouse embryos 

Candidate’s Name: Santhi Potireddy 

Degree: Doctor of Philosophy 

School: Temple University, 2010 

Advisor: Keith E Latham 

Early mammalian development before the oocyte-to-embryo transition is under 

"maternal control" from factors deposited in the cytoplasm during oocyte growth, 

synthesized independent of de novo transcription. Maternal mRNAs encode proteins 

necessary for early embryo development. Two elements in the mRNA 3’untranslated 

region (UTR), the cytoplasmic polyadenylation element (CPE) and the hexanucleotide 

(AAUAAA) are involved in the control of translation of specific mRNAs during meiotic 

maturation. Despite advances in understanding the translational regulation during meiotic 

maturation, regulation at the 1-cell stage has not been explained. More studies are 

required to explain this complex mechanism of temporal mRNA recruitment after 

fertilization.  Maternal mRNAs translated at different stages were examined to 

understand how specific maternal mRNAs are synthesized and stored, what are these 

maternal mRNAs, which maternal mRNAs are translated, and how these maternal 

mRNAs are temporally regulated. Polysomal mRNAs from eggs and 1-cell embryos were 

analyzed by microarray analysis and this indicated that temporally significant biological 

activities were encoded by mRNAs recruited at different stages of development. The 

mRNAs recruited in eggs were involved in homeostasis and transport mechanisms and 

those recruited in zygotes were involved in biosynthesis and metabolic activities. These 
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data indicated that there is a temporal regulation of maternal mRNAs to meet the 

different biological requirements of the embryos. 

After the identification of temporally translated mRNAs, experiments were 

performed to understand the mechanism underlying temporal translation. The prevalence 

of the CPE differed between the two mRNA populations translated i.e., egg and 1-cell 

stage polysomal mRNAs.  CPEs were present in ~53% of transcripts at the 1-cell stage 

compared to ~86% at the MII stage. This indicated that novel motifs other than CPEs 

regulate translation of mRNAs at the 1-cell stage. Truncation and deletion experiments 

were conducted using chimeric mRNAs based on one mRNA that was enriched in the 1-

cell polysomes (Bag4). These experiments led to the identification of two regulatory 

regions that control translation at the 1-cell stage, an 80 nt region and a 43 nt region with 

different regulatory motifs. The 80 nt region is involved in activation of translation and 

the 43 nt region has an inhibitory effect on translation at the MII and early 1-cell stage. 

These results provide a detailed picture of how specific maternal mRNAs are prevented 

from undergoing translation at the MII stage and how the effect of inhibition is 

eliminated by the late 1-cell stage. 
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CHAPTER 1 

INTRODUCTION 
 

Development of the mouse 1-cell embryo until the late 2-cell stage is largely 

dependent on the translation of stored maternal mRNAs and maternal proteins. Maternal 

mRNAs are synthesized in the oocyte and stored in a translationally dormant form for 

utilization before zygote genomic activation (ZGA) (Potireddy et al., 2006). Dormant 

maternal mRNAs are activated as required at oocyte maturation, or later during early 

embryogenesis. In the presence of α-amanitin, an RNA polymerase II inhibitor, CF1 

mouse embryos can develop to the 2-cell stage indicating that transcription is not needed 

for synthesis of proteins from maternal mRNAs and early embryo development until 

ZGA (Rambhatla and Latham, 1995). On the other hand, culture in the presence of 

cycloheximide, an inhibitor of protein synthesis, is detrimental to development, as protein 

synthesis from maternal mRNAs is needed for development even in the absence of 

transcription (Wang and Latham, 1997; Wang and Latham, 2000). Studies conducted on 

the effect of parthenogenetic activation on amino acid incorporation into proteins of sea 

urchin eggs, led to the discovery of maternal mRNAs (Brachet et al., 1963). The rate at 

which 14C-leucine was incorporated into anucleate halves upon activation was similar to 

incorporation into whole eggs and nucleate halves upon activation.  The increase in 

protein synthesis measured by 14C-leucine incorporation occurred even in the absence of 

a nucleus, i.e., in the absence of transcription and mRNA synthesis. Before this study, it 

was thought that transcription and translation were interlinked and therefore, the exact 

reason why there is translation even in the absence of transcription could not be 
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explained. These results demonstrate the unique requirement for translational control in 

the early embryo to meet the changing array of expressed proteins. 

The mRNA content of mouse embryos decreases from the 1-cell to 2-cell stage. 

The maternal mRNA content decreases by 40% from ovulated oocyte to 2-cell stage 

(Clegg and Piko, 1983). The poly(A) mRNA population decreases by 70% by the 2-cell 

stage with a 20% increase just after fertilization. In the 1-cell embryo, most of the H3-

adenosine is incorporated into the poly(A) tail indicating polyadenylation of previously 

non-adenylated mRNAs. A small fraction of H3-adenosine is used for synthesis of new 

mRNAs. But in 2-cell embryos the majority of H3-adenosine is incorporated into the 

synthesis of new poly(A) mRNAs. From this we can say that in the 1-cell stage, the 40% 

increase in the poly(A) mRNA is due mostly to polyadenylation of stored non-

polyadenylated mRNAs (Clegg and Piko, 1983). Also, there is little H3-Poly (U) 

hybridization in the nucleus at the 1-cell stage compared to the 2-cell stage, indicative of 

cytoplasmic polyadenylation at the 1-cell stage and nuclear polyadenylation at the 2-cell 

stage. The role of cytoplasmic polyadenylation in recruitment of stored maternal mRNAs 

is shown by the synthesis of a subset of proteins with molecular weight 35000 translated 

from stored maternal mRNAs at the 1-cell stage (Van Blerkom, 1981). 

Upon maturation of the egg and after fertilization, maternal mRNAs are activated 

by a series of changes finally leading to the addition of a long poly(A) tail, which initiates 

mRNA translation. Because maternally synthesized transcripts cannot be repressed at the 

transcriptional level, post-transcriptional and post-translational regulation is required to 

regulate maternal mRNA activity (Richter, 1999; de Moor et al., 2005; Vasudevan et al., 

2006). It is clear that cis elements in the 3’UTR play a major role in the process of 
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maternal mRNA regulation. But, it is not clear if the same cis elements are involved in 

regulation of most maternal mRNAs. Before understanding the role of cis elements, 

maternal mRNAs undergoing translation at various stages during the early embryo 

development need to be identified. Identification of maternal mRNAs that are translated 

will then pave the way to unraveling the mechanisms controlling temporal translation.  

This chapter will focus mainly on understanding translation of maternal mRNAs, factors 

that affect translation of maternal mRNAs, and regulation underlying their translation. 

1.1. Molecular mechanism of eukaryotic messenger RNA translation  

 The typical eukaryotic mRNA consists of a 5’UTR, an open reading frame (ORF) 

and a 3’UTR. The ORF is translated into protein by ribosomes and the 5’UTR and 

3’UTR regulate translation, stability and localization of mRNA. mRNAs are regulated at 

multiple steps during their synthesis, mainly during transcription and translation. 

Translational regulation is important, as it allows for rapid changes in the array of cellular 

proteins. mRNA translation involves three major steps which are translation initiation, 

elongation, and termination.  The 43S ribosome along with eukaryotic initiation factors 

like Eif1, 1A, 2, 3, 5, met-tRNA bind to the capped mRNA. This complex then scans the 

entire mRNA until it reaches the start codon AUG. A series of changes are initiated 

involving Eif4g, Eif4a (Eif4f complex) and Eifs leading to the release of Eif2. The 60S 

and 43S ribosomes join to form the 80S ribosome, which accepts the appropriate 

aminoacyl tRNA to form the peptide bond (Acker and Lorsch, 2008).  The aminoacyl 

tRNA scans the mRNA and specific complementary tRNA anticodons are matched to the 

mRNA codons (Fig. 1.1). The amino acids that come with the specific tRNA anticodons 
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are used to assemble the protein. When the elongation complex encounters the stop 

codon, the newly synthesized protein and the translation protein complex are released 

from the RNA. The poly(A) tail present on the mRNA plays a major role in mRNA 

translation as explained by the closed loop model of translation. The 5’ and 3’ ends of 

mRNA are brought together by circularization of the mRNA. The poly(A) tail helps in 

bringing the initiation factors and the ribosomes to the 5’ end of mRNA. The interaction 

between the 5’ and 3’ ends is mediated by Eif4g and poly(A) binding protein (PABP), 

which binds to the poly(A) tail (Tarun and Sachs, 1996). This interaction allows Eif4f 

and 60S ribosome subunit to initiate mRNA translation. Thus, the poly(A) tail plays a 

major role in subjecting mRNA to translation. Circularization of mRNA is helpful in 

reinitiating translation on the same mRNA, and also protects the mRNA from 

degradation.  

1.2. Translational regulation of maternal messenger RNAs 

 Maternal mRNAs need to be regulated properly, as they are synthesized and 

stored in the cytoplasm waiting to undergo translation. The post-transcriptional regulation 

of maternal mRNAs is complicated in embryos because, unlike other stages where 

mRNAs are synthesized according to the requirement, all the maternal mRNAs required 

for early development are synthesized in the oocyte and stored in messenger 

ribonucleoprotein particles (mRNP) for recruitment onto the polysomes. As a result, 

temporal regulation of mRNAs is extremely critical for proper development of the 

embryos.   
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Figure 1.1: Schematic representation of mRNA translation. The tRNA molecule 

brings the amino acid that is coded for by the anticodon. The t-RNA molecule is attached 

to the codon basing on the anti-codon sequence and then transfers the amino acid 

molecule to the elongating chain of polypeptide. This process of addition of amino acids 

to the peptide chain by t-RNAs continues until the elongation protein complex encounters 

the stop codon, thus releasing the polypeptide chain. 
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1.2.1 mRNA storage and sequestration 
 

Maternal mRNAs in the oocyte are stored in P bodies and mRNP particles until 

they are translated. P bodies are accumulations of mRNP particles with translationally 

repressed mRNAs and associated repressor proteins. P bodies are present in eggs and 

involved in storage of maternal mRNAs. An important mode of translation repression is 

through sequestration involving the cap binding structures. CUP in Drosophila or 

Eif4enif1 in mammalian cells blocks Eif4g recruitment and inhibits translation (Richter 

and Sonenberg, 2005). Eif4e in conjunction with CUP or Eif4enif1 is sequestered to P 

bodies and therefore mRNAs are resistant to decapping and preferentially stored rather 

than degraded. Dhh1p functions in translational repression of maternal mRNAs in frogs 

and is present in P bodies (Parker and Sheth, 2007). P bodies inhibit mRNA translation 

by promoting interactions with Dhh1p protein (Coller and Parker, 2005).  

Many proteins interact with unique motifs in maternal mRNAs to sequester them 

to mRNP particles. Y-box proteins frgy2 and mrnp3 are identified as major RNA-binding 

components of storage mRNPs in Xenopus oocytes (Tafuri and Wolffe, 1990). These are 

responsible for packaging of mRNAs into mRNPs (Matsumoto et al., 2003; Skabkin et 

al., 2004). Other components of mRNPs that interact with mRNAs include a DEAD-box 

ATPase, xp54 and embryonic poly(A)-binding proteins, ePAB (embryonic poly(A) 

binding protein) and ePABP2 (embryonic poly(A) binding protein 2) (Ladomery et al., 

1997; Voeltz et al., 2001; Cosson et al., 2004; Weston and Sommerville, 2006). xp54 

represses translation in vitro and/or in oocytes by interacting with cytoplasmic 

polyadenylation element binding protein (CPEB) and nascent transcripts (Minshall et al., 

2001; Smillie and Sommerville, 2002; Coller and Parker, 2005). Furthermore, Dhh1p, the 
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yeast homologue of xp54, is involved in general translational repression (Coller and 

Parker, 2005). Decapping enzymes such as hMEX3A and hMEX3B also co-localize with 

maternal mRNAs in P bodies (Buchet-Poyau et al., 2007). Mutations in these proteins 

prevented accumulation of mRNAs in P bodies. This clearly indicated that interaction 

with these proteins is necessary in a scenario where non-translated transcripts get 

degraded or sequestered (Buchet-Poyau et al., 2007). Thus, localization of maternal 

mRNAs to mRNP particles protects mRNAs from undergoing translation or degradation. 

1.2.2 Translation regulator proteins  
 

Regulator proteins affect mRNAs either by direct inhibition or activation of 

translation or indirectly by localizing mRNAs to mRNPs. Inactive maternal mRNAs with 

short poly(A) tails are stored in mRNPs and cannot undergo translation. mRNPs that 

sediment at 20-22S have the characteristics of stored (maternal) messenger RNAs 

(Dearsly et al., 1985). Changes during fertilization cause release of mRNAs from 

mRNPs, thus releasing masking proteins from the mRNAs.  Treatment of egg mRNPs 

with high-salt containing buffers activates mRNPs by release of an inhibitor of translation 

(Grainger et al., 1987). The inhibitory fraction contains a complex set of proteins, and 

they were not found in inactive low-salt control mRNPs. One of the released proteins 

may be responsible for the repression of egg mRNPs in vitro and might be involved in 

unmasking of mRNPs at fertilization (Grainger et al., 1987). A conserved core of proteins 

found in P bodies from yeast to mammals may be involved in translation repression. This 

core of proteins consists of the mRNA decapping machinery, including the decapping 

enzyme Dcp1p/Dcp2p, the activators of decapping Dhh1p/RCK/p54, Pat1p, 
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Scd6p/RAP55, Edc3p, the Lsm1p-7p complex, and the 5’ to 3’ exonuclease, Xrn1p 

(Parker and Sheth, 2007). 

RNA binding proteins regulate mRNAs by interacting with specific motifs in the 

3’UTRs. The RNA binding protein, hermes contains an RNA recognition motif and 

localizes to the germplasm in Xenopus oocytes. A number of RNAs such as mos, 

ringo/spy are regulated by hermes. Decrease in hermes mRNA led to precocious 

maturation and negatively regulated ringo/spy and mos mRNA (Song et al., 2007). 

mRNAs acquire a long poly(A) tail in the nucleus irrespective of the presence of CPEs. 

These mRNAs enter the cytoplasm and then undergo deadenylation and storage if they 

possess a CPE (Huarte et al., 1992). This deadenylation process is controlled by the 

cytoplasmic polyadenylation element binding protein (CPEB), poly(A) specific 

ribonuclease (PARN) (Kim and Richter, 2006) and GLD2 (Germ line development factor 

2) , a poly(A) polymerase (Wang et al., 2002; Kwak et al., 2004). PARN mediates 

removal of the nuclear poly(A) tail. Progesterone mediated phosphorylation of CPEB 

leads to interaction with cleavage and polyadenylation specificity factor (CPSF) instead 

of maskin, allowing GLD2 to catalyze the polyadenylation of PARN deadenylated 

mRNAs. The regulator proteins as explained above can either activate or inhibit 

translation. Therefore, whether an mRNA is subjected to translation or degradation is 

dependent on the motifs in its 3’UTR and the proteins with which they interact. 

1.2.3 Regulation of maternal mRNAs by small RNAs   
 

Regulation of mRNAs is controlled not only by regulator proteins but also by 

small RNAs. Micro RNAs (miRNAs) are short oligonucleotides of 22nt in length and 
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several hundred miRNAs were described in plants and animals, which regulate a broad 

spectrum of biological activities (Carrington and Ambros, 2003; Stark et al., 2003). In 

zebrafish embryos, miRNAs play a major role in eliminating the maternal mRNA pool. 

miRNAs unlike siRNAs are not specific to a particular mRNA and therefore each 

miRNA can regulate many mRNAs. miRNAs form the RNA-induced silencing complex 

(RISC) which targets and inhibits protein expression (Hammond et al., 2001; Hutvagner 

and Zamore, 2002; Martinez et al., 2002). miRNA loaded RISC binds to complementary 

regions in the 3’UTRs of mRNAs (Doench and Sharp, 2004) and either inhibits 

translation or changes mRNA stability, or both (Sonenberg and Hinnebusch, 2009).  

miRNAs are important in controlling embryonic development by regulating mRNA 

expression. Transgenic embryos lacking the enzyme DICER showed morphogenesis 

defects (Schier et al., 2006). Giraldez et al. (2006) reported that maternal mRNAs are 

subjected to degradation by miR-430. miR-430 expressed at the onset of zygotic 

transcription accelerates deadenylation and decay of a large set of maternal mRNAs in 

zebrafish. Lack of miR-430 does not block development but results in a mixed maternal-

zygotic state. This suggests that miR-430 regulates the developmental transition from the 

maternal to zygotic state. The let-7 miRNA also interacts with PABP, CAF1 and CCR4 

deadenylases in RISC (Fabian et al., 2009). This complex initiates mRNA deadenylation 

and therefore affects mRNA stability.  The above data suggest that miRNAs play a major 

role in regulating maternal mRNAs. But contrasting results were shown by another study 

where, out of 1000 Drosophila oocyte proteins, only 4% were increased in the dicer 

mutants, indicating miRNAs have control over a small fraction of mRNAs (Nakahara et 

al., 2005). 
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1.3. Translation regulation by cis regulatory elements in the 3’UTR     

The translational ability of an mRNA is controlled by the motifs in the 5’UTR and 

3’UTR. The presence of a 5’cap, positioning of AUGs etc. in the 5’UTR are the focal 

points of translational regulation (Chatterjee and Pal, 2009). The length of the 5’UTR 

also influences translation by determining the energy required by the ribosome to 

navigate and to reach the start codon AUG.  The motifs in the 3’UTR were shown to be 

involved in translation by regulating polyadenylation of mRNAs at the MII stage. This 

study involves identification of novel motifs in the 3’UTR that regulate translation and 

therefore will discuss in detail the regulation by known motifs in the 3’UTR.                                             

1.3.1 Role of the CPE and AAUAAA in translation 

In eggs, mRNAs with long poly(A) tails are synthesized in the nucleus and 

transported to the cytoplasm. These mRNAs are either recruited for translation or 

deadenylated for storage. Temporal regulation of mRNA by polyadenylation and 

deadenylation for further degradation of the mRNA are controlled by motifs in the 

3’UTR. The role of the 3’UTR in translation was indicated by antisense-mediated 

truncation studies of the 3’UTR which prevented mRNA activation (Strickland et al., 

1988). Two elements in the 3’UTR are involved in translation: one that allows the 

selective activation of endogenous mRNAs- the CPE, (A)UUUU(U)UA(A)U (Fox et al., 

1989; McGrew et al., 1989), and the AAUAAA sequence, also called the nuclear 

polyadenylation signal or hexanucleotide, which functions as a cleavage and 

polyadenylation signal in the processing of nuclear transcripts (Proudfoot and Brownlee, 

1976; Wickens and Stephenson, 1984; Bachvarova, 1992 Review). The hexanucleotide is 
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a conserved motif and mutation of AAUAAA to AAGAAA prevents polyadenylation in 

the frog oocyte (Sheets and Wickens, 1989).  

The distance between the CPE and the AAUAAA also determines the timing of 

polyadenylation during early embryogenesis. Polyadenylation of mRNAs occurs early if 

the distance between the CPE and the hexanucleotide is short (Simon and Richter, 1994). 

Some studies indicated that the CPE lies within ~200 nt 5’ of the hexanucleotide. A 

chimeric mRNA with 5-24 bases 3’ of the hexanucleotide showed polyadenylation at 

maturation and those with > 25 bases were not polyadenylated.  Thus, the number of 

bases downstream of the hexanucleotide will determine the timing of polyadenylation 

during maturation (McGrew and Richter, 1990).  The distance between the CPE and 

other regulatory elements also control polyadenylation. In Xenopus, five different cyclin 

B mRNAs are present and they all possess pumilio binding element (PBE) in the 3’UTR 

along with a CPE (Pique et al., 2008). The differential regulation of these cyclin mRNAs 

was mediated by the CPE and PBE motifs. The presence of a single CPE and 

hexanucleotide promotes polyadenylation. On the other hand, presence of two CPEs in 

close proximity promotes repression and presence of a PBE augments this repression 

(Pique et al., 2008; Richter, 2008).  

1.3.2 Role of the CPEB in translation of maternal mRNAs 

 CPE identification led to the discovery of CPEB, which is a 62 kDa protein that 

contains two RNA recognition motifs, and this region is 62% identical to orb, an oocyte 

specific RNA-binding protein from Drosophila (Hake and Richter, 1994). CPEB is an 

oocyte specific protein involved in oocyte maturation and is degraded by prophase of 
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meiosis I. Injection of a non-degradable form of CPEB into Xenopus oocytes, interferes 

with translation of cyclin B1 and progression to meiosis II (Mendez et al., 2002).  

  During mouse oocyte maturation, the poly(A) tails of mRNAs encoding MOS 

(Moloney sarcoma oncogene), several CYCLINS, and CDK2 are elongated under the 

control of CPE and hexanucleotide (Knowles et al., 2003). CPEB interacts with maskin 

protein, an inhibitory factor that interacts with the cap binding factor eukaryotic initiation 

factor 4E (Eif4e) (Stebbins-Boaz et al., 1999). Competition between Eif4g and maskin 

exists for interaction with the same motif on Eif4e. Eif4g is a scaffolding protein that is 

necessary for translation and it recruits the 40S ribosomal subunit to the 5’UTR of the 

mRNA. Maskin acts as an inhibitor of translation because it prevents the interaction 

between Eif4g and Eif4e. While CPEB and maskin remain together during oocyte 

maturation, the maskin and Eif4e interaction is reduced substantially.  

 Phosphorylation of CPEB is required for polyadenylation-induced translation of 

mRNAs encoding cell cycle regulators during early meiotic resumption. Keady et al. 

(2007) observed an early, transient activation of mitogen activated protein kinase 

(MAPK), independent of MOS protein expression. MAPK directly phosphorylates CPEB 

on four residues (T22, T164, S184, S248), but not on S174, a key residue for activating 

CPEB function. MAPK may prime CPEB phosphorylation, but the activation of CPEB 

by phosphorylation of serine 174 is performed by another kinase. During oocyte 

maturation, progesterone induces the inactivation of glycogen synthase kinase 3, which in 

turn is necessary for the activation of Aurora A, also known as Eg2 (Andresson and 

Ruderman, 1998), a serine/threonine kinase (Sarkissian et al.,  2004). Aurora A 

phosphorylates CPEB on serine 174, an event that enhances the interaction between 
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CPEB and CPSF; such an interaction helps CPSF to stably associate with a second 

important cis element, AAUAAA (Mendez et al., 2000a; Mendez et al., 2000b). CPEB 

phosphorylation stimulates the activity of GLD2, a poly(A) polymerase that catalyzes 

poly(A) addition (Barnard et al., 2004). Eif4g interacts with PABP present on the newly 

elongated poly(A) tail. PABP-bound Eif4g then out-competes maskin for binding to 

Eif4e, which results in initiation of translation (Cao and Richter, 2002). During 

maturation, maskin also undergoes a number of phosphorylation events that help 

dissociation from Eif4e (Barnard et al., 2005; Jung et al., 2006). This polyadenylation 

event results in the translation of Mos mRNA, which in turn activates CDC2 kinase. 

CDC2 then phosphorylates CPEB at multiple sites, which leads to its destruction. CPEB 

destruction releases Eif4e from maskin interaction (Mendez et al., 2000b). The 

dissolution of maskin-Eif4e complex results in the binding of Eif4e to Eif4g and the 

translational activation of CPE containing mRNAs (Stebbins-Boaz et al., 1999).  

1.3.3 Role of the PRE in translation 

Signaling pathway involving the maturation promoting factor (MPF) regulates the 

cyclin B1 mRNA (de Moor and Richter, 1997; Howard et al., 1999).  In contrast to the 

cyclin B1, the Mos mRNA translation can be stimulated by the MAP kinase pathway 

independent of the CDC2 activity (Howard et al., 1999). CPE is required for translation 

of Mos (Mendez et al., 2000a), but studies on the importance of CPE in the initiation of 

Mos mRNA polyadenylation and translational activation led to the identification of 

another regulatory element distinct from the CPE. This element linked MAP kinase 

signaling to the early progesterone stimulated induction of Mos mRNA translation. The 
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polyadenylation response element (PRE) mediates initial translation of the Mos mRNA 

(Charlesworth et al., 2002). Even though PRE overlaps with the CPE in Mos, both 

elements have distinct roles. The MAP kinase signaling targets the PRE-directed Mos 

mRNA translation whereas CDC2 activation directs the CPE directed mRNA translation. 

On progesterone stimulation, MAP kinase activation precedes MPF activation leading to 

the differential responsiveness of the 3’UTR elements to the signaling pathways and 

therefore temporal regulation of the Mos maternal mRNA (Howard et al 1999; 

Charlesworth et al., 2002). Progesterone stimulation leads to a decrease in the oocyte 

cAMP (cyclic adenosine monophosphate) concentration (Smith, 1989) and a decrease in 

PKA (Protein kinase A) activity (Wang and Liu, 2004) followed by downstream Mos 

mRNA translation. Even though the exact mechanism of stimulation of Mos mRNA 

translation is not known, it is proposed that binding of a trans-acting factor to the PRE in 

3’UTR would initiate Mos mRNA translation.  The identification of the PRE and its role 

in translation of CPE-containing transcripts emphasizes the role of other novel motifs that 

may be involved in translation at various stages of development before zygotic genome 

activation. 

1.4 Role of the poly(A) tail in translation 

Sequences in the 3’UTR help in the addition of a poly(A) tail, which is responsible 

for translation (McGrew et al., 1989; Fox et al., 1989). But mRNAs with the same length 

of poly(A) tail were not translated indicating that a poly(A) tail is not enough for 

translation in Xenopus (McGrew et al., 1989; Vassalli et al., 1989). 
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In Xenopus, cytoplasmic polyadenylation begins in the presence of a CPE, 

UUUUUAU in the 3’UTR (McGrew et al., 1989; Fox et al., 1989). When constructs 

containing the terminal 100 nucleotides from a specific mRNA 3’UTR were injected into 

oocytes with progesterone treatment, the reporter RNA acquired a poly(A) tail mimicking 

the polyadenylation pattern of endogenous transcripts indicating that the 3’UTR is 

sufficient to regulate polyadenylation of mRNA (Sheets et al., 1994). Maternal mRNAs 

change in the poly(A) length and translational activity throughout early development 

(Paris and Philippe, 1990; Stebbins-Boaz et al., 1996; Oh et al., 2000). Because a poly(A) 

tail enhances translation after fertilization as well as during oocyte maturation (Simon et 

al., 1992), it is suggested that polyadenylation mediated by 3’UTRs could orchestrate 

complex patterns of translational control throughout early development, determining 

when different mRNAs are activated and how efficiently they are translated (Sheets et al., 

1994). Injection of an mRNA consisting of the coding region of luciferase, with or 

without a 50 nt poly(A) tail and lacking a 3’UTR (Sheets et al., 1994) revealed that the 

presence of a poly(A) tail stimulated accumulation of luciferase activity by 200 fold. 

Enhanced translation in the presence of a poly(A) tail was responsible for the increase in 

luciferase activity rather than enhanced stability by the poly(A) tail, as mRNA with or 

without a poly(A) tail was equally stable after injection. These results demonstrate that 

the presence of a poly(A) tail enhances translation throughout the early phases of frog 

development.  

 Even though some studies indicated that a poly(A) tail is enough for translation, 

there is evidence that contradicts this. The mere length of the poly(A) tail present on an 

mRNA does not necessarily determine the translational efficiency. In fully grown 
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oocytes, the presence of a 50 nt poly(A) tail is sufficient to stimulate translation of a 

luciferase reporter mRNA dramatically. But the cyclin A1 mRNA, which has a tail of 

similar length, is not translated (Sheets et al., 1994). The exact reason why some mRNAs 

with short poly(A) tails are stimulated while others remain inactive was not explained. 

One hypothesis is that different mRNAs vary in their dependence on poly(A) length 

(McGrew et al., 1989). Perhaps mRNAs that require a poly(A) tail for translation might 

be intrinsically inefficient at initiation due to sequences in the 5’UTRs. A second 

hypothesis proposes that certain mRNAs are repressed by a mechanism that is not related 

to the poly(A) tail length (Simon et al., 1992), and suggests that activation of certain 

mRNAs appears to require the process of poly(A) addition rather than the presence of a 

tail of certain length (McGrew et al., 1989; Simon et al., 1992).  

1.4.1 Translational activation by polyadenylation 

Polyadenylation dependent control of translation plays an essential role in 

regulation in vertebrate germ cells, embryos and neurons (Mendez and Richter, 2001). 

For some mRNAs, the mere increase in length of the poly(A) tail can explain the change 

in translational status whereas in some, the act of addition of a poly(A) tail is responsible 

for translational activation (McGrew et al., 1989; Vassalli et al., 1989). Some mRNAs are 

regulated by a completely different mechanism not involving a poly(A) tail (Standart et 

al., 1990; Standart et al., 1994), indicating that multiple mechanisms are involved in 

regulation of maternal mRNAs. The sequences in the 3’UTR may control stability or 

localization of mRNAs. Also, the sequences in the 3’UTR control the addition of a 

poly(A) tail to the mRNA. U-rich sequences such as UUUUUAU and AAUAAA are 
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responsible for bringing different proteins to the 3’UTR, and they aid in addition of a 

poly(A) tail to the mRNA and translation (Sheets et al., 1994). A mutant that lacked the 

hexamer was not polyadenylated and recruited for translation. Another mutant without 

the hexamer and CPE was neither polyadenylated nor recruited for translation (McGrew 

et al., 1989). Because sequences in the 3’UTR regulate the timing of addition of 

adenosines to the mRNA, they also orchestrate translational regulation by controlling 

when and how efficiently mRNAs will be translated. Like promoters controlling 

transcription, sequences in the 3’UTR are important determinants of the time, 

concentration and array of proteins synthesized.  

 Polyadenylation of mRNAs was studied by incorporation of radioactive adenosine 

at the 1-cell stage. In the 1-cell stage, adenosine was utilized mainly for the elongation of 

the poly(A) tail and formation of new poly(A) tails. But at the 2-cell stage some 

adenosine was utilized for synthesis of new mRNAs along with incorporation into the 

poly(A) tail (Clegg and Piko, 1983). These results indicated that maternal mRNAs at the 

1-cell stage were mostly regulated by changes in the length of the poly(A) tail. Nuclear 

labeling by radioactive adenosine indicated mRNA synthesis at the 2-cell stage and only 

small amount of radioactive adenosine was present in the nucleus of 1-cell stage further 

confirming the new mRNA synthesis at the 2-cell stage.  

 The CPE regulates polyadenylation and maternal mRNA translation temporally. 

But how a CPE regulates translation of different maternal mRNAs temporally is not 

clear. Simon et al. (1994) indicated that different proteins can interact with a CPE. CPEB, 

which interacts with CPE doesn’t bind to the CPEs in C11 and C12 indicating that 

depending on the sequence of the CPE, different proteins can interact. 
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1.4.2 Translational repression by deadenylation 

In general, elongation of the poly(A) tail leads to activation of translation by 

recruiting PABP molecules, which interact with the 5’ end of the mRNA, while 

decreasing the length of the poly(A) tail has the opposite effect.  Decrease in the size of 

the poly(A) tail is performed in two ways; default deadenylation and sequence dependent 

deadenylation.  

1.4.2.1. Default deadenylation  

The CPE and AAUAAA are required for polyadenylation whereas no cis element 

is required for default deadenylation in Xenopus (Varnum and Wormington, 1990). When 

mRNAs with long poly(A) tails are synthesized and released into the cytoplasm from the 

nucleus, these mRNAs are subjected to different fates. mRNAs with no CPEs in the 

3’UTR undergo deadenylation. mRNAs with long poly(A) tails are more stable compared 

to mRNAs with short poly(A) tails. As a result, the deadenylated mRNAs become less 

stable, and undergo degradation (Fig. 1.2). 

1.4.2.2. Sequence dependent deadenylation 

In mouse, unlike Xenopus, specific cis-elements are required for mRNA 

deadenylation. The CPE was considered to play a role in both deadenylation and 

polyadenylation of mRNAs through its interaction with different proteins. Hence, the 

CPE is sometimes called adenylation control element (ACE). EDEN (embryonic 

deadenylation element) (Bouvet et al., 1994), is a cis-acting element present in several 

mRNAs required for mediating the deadenylation process (Paillard et al., 1998). Xenopus 

oocytes recapitulate AU-rich element (ARE) mediated mRNA deadenylation and this 



  19

work led to the identification of a protein called embryonic poly(A) binding protein 

(ePAB), which binds to the ARE. Immunodepletion of ePAB led to degradation of 

mRNAs indicating, its role in stability of mRNAs (Voeltz et al., 2001). 

In mouse, mRNAs with CPEs undergo either immediate translation or storage as 

dormant mRNAs once they enter the cytoplasm. CPEs manage the deadenylation process 

of mRNAs in which they are present, and this deadenylation is followed by mRNA 

storage in P bodies or mRNP particles (Fig 1.2). 

1.5. Hypothesis and proposed aims of the study 

 Oocytes and zygotes survive on stored maternal mRNAs and proteins during the 

period of transcriptional silence. Maternal mRNAs are recruited to the polysomes in a 

temporal manner, and then they are translated and degraded for proper early embryo    

development. As a result, maternal mRNAs are progressively depleted after fertilization. 

Even though it is established that maternal mRNAs play a major role during 

transcriptional silence, their exact role and mechanism of regulation was not clear. 

Numerous studies have examined the total maternal mRNA population (Rambhatla et al., 

1995; Wang et al., 2004; Zeng et al., 2004; Hamatani et al., 2004) but the maternal 

mRNAs that actually play a role in early embryo development by synthesis of proteins 

were never studied. Also, the biological functions of most maternal mRNAs are not clear. 

Maternal mRNAs undergoing translation during early embryo development will be 

studied by examining the polysomal maternal mRNA population from the egg and late 1-

cell stage embryos. I propose that maternal mRNAs with functionally different biological 

activities will be recruited to the polysomes in a stage-specific manner. This hypothesis 
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Figure 1.2: Schematic representation of default and sequence dependent 

deadenylation of mRNAs. Left- mRNA with 5’ cap and poly(A) tail but with no CPE is 

subjected to default deadenylation and degradation. Right- mRNA with 5’ cap, CPE and 

long poly(A) tail undergoes sequence dependent deadenylation and storage as dormant 

mRNA.  
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will be tested by comparing the polysomal maternal mRNA population from the egg and 

late 1-cell stage embryos by microarray. Also, it is my hypothesis that temporal 

regulation of maternal mRNAs in the MII stage and late 1-cell stage is necessary to 

synthesize specific proteins required for stage specific development. CPEs help in 

translation of mRNAs at the MII stage but the mechanism underlying regulation of 

maternal mRNAs at the late 1-cell stage is not clear. In this study, I propose to identify 

and study the role of novel regulatory motifs that are different from the already 

established CPEs in regulation of maternal mRNAs at the late 1-cell stage and the 

mechanism by which mRNAs are recruited in a stage specific manner. Maternal mRNAs 

enriched on polysomes at the MII and late 1-cell stage, identified by microarray analysis, 

will be used to study the role of novel regulatory motifs. Identification of novel motifs 

will be performed by truncation or deletion experiments, and the conservation of these 

motifs in other mRNAs will be studied by bioinformatics analysis.  
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CHAPTER 2 

MATERIALS AND METHODS 

2.1 Isolation and culture of ovulated oocytes and embryos for microarray 

MII stage oocytes were collected from CF1 (Charles River) female mice 

superovulated with 5 IU of PMSG (Wang and Latham, 2000). CF1 outbred mice were 

used because of comparatively less price, and their capacity to produce large number of 

oocytes and embryos after hormonal treatment. Five IU of hCG was injected at 48 h post 

PMSG injection followed by isolation of oocytes 14 h later from the oviducts. The 

cumulus-oocyte cell mass obtained from the oviducts was treated with hyaluronidase 

enzyme (120 IU/ml, Sigma-Aldrich, St. Louis, MO) in M2 medium to remove the 

cumulus cells attached to the oocytes.  

Female mice superovulated with PMSG and hCG hormones (as described above) 

were mated with (B6D2) F1 male mice for collection of fertilized 1-cell embryos. Isolated 

embryos were cultured in KSOM medium without amino acids in the presence of α-

amanitin (24 µg/ml) from isolation until collection i.e., 19 h-28 h post hCG treatment. In 

order to inhibit transcription that occurs to a small extent from the 1-cell genome 

(Latham, Review 1999; Latham and Schultz, 2001), α-amanitin was used. α-amanitin is a 

RNA polymerase inhibitor that inhibits transcription, therefore all the mRNAs utilized for 

the analysis were maternal in origin. α-amanitin treatment did not affect the polysomal 

mRNA distribution as shown by the polysomal mRNA distribution of four maternal 

mRNAs (Wang and Latham, 2000). The MII stage oocytes and 1-cell stage embryos 

isolated were cultured at 37oC in a humidified atmosphere containing 5% CO2, 21% O2, 
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and 74% N2 and collected at 15 h and 28 h post hCG respectively for microarray and 

quantitative RT-PCR. Polysomal mRNA was isolated from 2-cell stage embryos at 45 h 

post hCG for quantitative RT-PCR.  

2.2 Polysomal messenger RNA preparation  

Large numbers of oocytes and embryos (~300-600) were isolated from CF1 

female mice. The effect of genetic variability on sample was avoided as polysomal 

mRNA was isolated from many oocytes and embryos. To remove cumulus cell remnants 

attached to the zona, all oocytes and embryos were treated with acidic Tyrode’s buffer 

(pH-2.3) (Takahashi et al., 1995; Latham et al., 1999). MII stage oocytes, late 1-cell stage 

embryos, and 2-cell stage embryos were lysed in polysome lysis buffer (PLB) [10× TAM 

(200 mM Tris pH 7.5, 1 M NH4Cl, 50 mM magnesium acetate), 5 mM DTT, 50 µl of 

NP40, 25 mg of deoxycholate in a volume of 5 ml] with 300 U of prime RNAse inhibitor 

(Eppendorf), 98.4 U of RNAguard (Amersham Biosciences), and 5 mM DTT. The lysates 

were centrifuged at 12,000 rpm at 40C for 15 min to remove nuclei and mitochondria.  

Sucrose cushions were used to separate polysomal RNA from non-polysomal RNA. The 

post-mitochondrial lysate from oocytes and embryos (150 µl) was layered on sucrose 

cushion (50 µl) and centrifuged at 50,000 revs/min (100,000 g) for 40 min using a 

Beckman TLA-100 rotor as described (De Sousa et al., 1993).  The > 80S polyribosomal 

RNA pellet was dissolved in 20 µl of guanidine thiocyanate buffer pH 7.0 (5 M 

guanidine thiocyanate, 25 mM tri-sodium citrate dihydrate, 0.5% sodium lauroyl 

sarcosinate, 20 mM DTT) and collected into 80 µl of  TE buffer (pH- 7.5). Polysomal 

RNA was precipitated using 20 µg of glycogen, 1/10 volume of sodium acetate pH-5.2 
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and 2.5 volume of ethanol. Precipitated RNA was washed with ethanol three times to 

remove the guanidine salts. The polyribosomal RNA pellet was resuspended in 20 µl of 

RNase free water or 20 µl of picopure RNA extraction buffer (Molecular Devices, 

California) and utilized for either RT-PCR or for RNA amplification for microarray 

respectively. Four replicates of MII and late 1-cell polysomal RNA were collected for 

microarray analysis and 3-4 replicates of MII, late 1-cell and 2-cell polysomal RNA for 

RT-PCR. 

2.3 RNA amplification and hybridization 

Four independent samples of polysomal RNA were collected as described above 

and utilized for RT-PCR and RNA amplification. Two rounds of linear amplifications 

were performed on maternal polysomal RNA by in vitro transcription using Affymetrix 

small sample preparation kit. To ensure reproducibility, all samples were processed at the 

same time using same lot reagents, and same lot of microarray chips. Exogenous 

prokaryote RNA [Poly(A) control kit] was added to all samples during sample 

preparation as internal control. This RNA control helps monitor the target labeling 

process. Total biotinylated cRNA (21-88 µg) was obtained after two rounds of 

amplification. Fifteen µg of cRNA for each sample were fragmented and submitted to 

microarray facility for hybridization to Affymetrix mouse microarray chips- MOE430 

v.2. Hybridization controls were mixed with the fragmented cRNA to evaluate efficiency 

of sample hybridization (GeneChip Eukaryotic Hybridization control kit). Chips were 

washed, stained and scanned according to manufacturer’s instructions (GeneChip 

Analysis Technical Manual, www.affymetrix.com).  
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2.4 Microarray data analysis 

Microarray Analysis Suite 5.0 (MAS, Affymetrix) was used to quantify 

microarray signals and normalized using a global scaling value of 150 to allow 

comparisons between arrays. TIGR-MEV (The Institute for Genomic Research Multi 

Experiment Viewer v.3.0.3) was used to analyze the data obtained after normalization. 

Genes with P call (presence) in at least 3 out of 4 replicates for any stage were subjected 

to further analysis. Significance analysis of microarray (SAM, Tusher et al., 2001) was 

used to identify genes that are significantly different between the two data sets. SAM 

analysis was performed using a fold change of > 2 which is close to the fold change of 

1.4 used by Zeng et al. (2004). A large population of mRNAs was identified as 

significant with fold change filter of 2. In order to study the most significantly 

differentiated mRNAs while being conservative, a fold change of 3 was used. Using gene 

lists obtained from SAM, significantly over represented gene categories were identified 

by EASE (Expression Analysis Systematic Explorer) (version 2.0, 

www.david.niaid.nih.gov/david/ease) (Hosack et al., 2003). EASE identifies over 

represented gene categories against the population of genes detected. Ingenuity pathway 

analysis (IPA) (www.ingenuity.com) also uses an over-representation algorithm to assign 

detected genes to different gene categories. Quality control parameters such as scale 

factor, background, percent genes detected, actin signal ratio, and GAPDH signal ratio 

were all within the expected range except for one sample which gave high actin signal 

ratio. The scale factor for one of the late 1-cell replicates was high. To check if inclusion 

of the replicate with high scale factor affects the number of genes detected, SAM analysis 

was performed comparing 8 samples (4-MII samples, 4-late 1-cell samples) to 7 samples  
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 8 sample 7 sample 

False discovery rate 0.97251 0.97251 

Delta 0.9827 0.9827 

Fold change 3.0 3.0 

Higher in MII 569 650 

Higher in 1-cell 2123 2095 

Unaltered in MII and 1-cell 11277 11224 

 

Table 2.1: Comparison of 8 samples vs 7 samples by SAM analysis. Parameters such 

as false discovery rate and delta values utilized for SAM were listed. Number of genes 

identified as significant or not significant at MII and 1-cell stages were also listed. 

Identification of an mRNA as significant by chance is given by the false discovery rate. 

Delta value defines the threshold of false positive in the validated set.  
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(4-MII samples, 3-late 1-cell samples). With a fold change filter of ≥ 3, the number of 

genes enriched at the MII or 1-cell stage did not change significantly between the 8 

samples vs 7 samples (Table 2.1).  

Amplification and hybridization controls all showed expected results. TIGR MEV 

version 3.03 was used to perform hierarchical clustering (HCL). All the GeneChip tabular 

data was deposited at the GEO Repository (GSE3962), www.ncbi.nlm.nih.gov/geo.  

2.5 Quantitative RT-PCR analysis and dot blotting 

 Polysomal RNA was isolated from MII oocytes, α-amanitin treated 1-cell and 2-

cell stage embryos for quantitative RT-PCR amplification and dot blotting (Rambhatla et 

al., 1995; Latham et al., 2000). This method involves reverse transcription and 

quantitative amplification of the 3’ ends of the polysomal RNA and this technique 

preserves the quantitative representation of individual RNA with respect to the entire 

population (Brady and Iscove, 1993). The 3’ terminal portions of mRNA were amplified 

using a 61 nt primer containing an oligo and 23 dT residues. The amplified cDNA was 

blotted to a nytran membrane and used to measure the expression of any specific mRNA 

using radio labeled probes. cDNA probes complementary to the 3’ terminal portions of 

the mRNAs of interest were used for hybridization to the blots. Blots were hybridized 

with 1x106 cpm/ng of radio labeled probe. After overnight hybridization, blots were 

washed, exposed to screens and imaged using a Fuji phosphorimager. Normalized data 

were used to obtain the expression pattern of specific mRNA during embryo 

development. Primers employed for cDNA probe preparation are mentioned in Table 2.2. 
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Gene name Gene Accession number Primers Size (nt) Position(nt)

Gdf9 BC052667 Up 5'-AGCTCAAATGGGACAACTGG-3' 
Low 5'-ACACTCGTGGGGAGAAAGAG-3' 

523 1102-1624 

Slc35b3 BC006881 Up 5'-GAAAGCCATGGACATGAAAAA-3' 
Low 5'-CAAAACGGAATGGAGACACA-3' 

401 1269-1669 

Taldo1 NM_011528 Up 5'-TGACTTCCTCACCATCTCCC-3' 
Low 5'-TATGATCCATCCCTTCTCCG-3' 

401 767-1167 

Dnajc10 BC033461 Up 5'-TCTGATGCGCTTGAAAAGAA-3' 
Low 5'-AAGGAAAAACCACGGCTACA-3' 

457 3031-3487 

Tada2l NM_172562 Up 5'-AACACCAGTGGGCATTTGTT-3' 
Low 5'-TTTATATCCGGTGCCACCTC-3' 

406 1667-2072 

Amfr BC040338 Up 5'-GTGCTCTCGCATCACAGAAG-3' 
Low 5'-ACCTAGGCGCCTGTTATCCT-3' 

542 2690-3231 

Cept1 BC021753 Up 5'-AATTTCAGGCCCCATCCTAT-3' 
Low 5'-TATCAAGATTTCCCAAGCCC-3' 

408 1546-1953 

Pdcd6 BC040079 Up 5'-TGCTGGTCAGTGATTCTGTAGTG-3' 
Low 5'-GCCTTCTGTGCAAGTTCCAT-3' 

209 800-1008 

Lbr NM_133815 Up 5'-CAGGACAAGTGGCAAGTTCA-3' 
Low 5'-TCAGAACCAGGCAAAGAACC-3' 

350 3072-3421 

Rybp NM_019743 Up 5'-GACAAGAAGAGCCCGACCAG-3' 
Low 5'- CTGCTGACATGTCGCCCTTT-3' 

636 151-786 

Brg1 XM_134660 Up 5'-CGCTGGAGGAGATCGAAGA-3' 
Low 5'-TGCTACCCATCACTGCTAAGG-3' 

836 4357-5192 

Gtf3C2 BC043100 Up 5'-AACAACATAAGCACCCTGCC-3' 
Low 5'-TGAGGTGCTGCTATCCACAG-3' 

571 3821-4391 

Polb BC060998 Up 5'-ACCATCTGCTGCAAGGAAGT-3' 
Low 5'-TGATTGTGAAGCGGTTTTCC-3' 

560 365-924 

Baf57 NM_020618 Up 5'-CAGCCGCTCACCTTTCTTAG-3' 
Low 5'-GTTCGGCTCTGATCTATGGG-3' 

702 2058-2759 

EII3 NM_145973 Up 5'-AAGCCAGAGGTTCACAGAGC-3' 
Low 5'-TTTTATCCCTGCAAGGCAAC-3' 

551 1040-1590 

Anapc5 BC046804 Up 5'-ATCGGTGGCAGAGCTGTACT-3' 
Low 5'-GAGGTGGTTAATCAAGGGCA-3' 

511 1800-2310 

Mapk1 BC058258 Up 5'-GGTGGACACACACAAAGCTG-3' 
Low 5'-TTGGACATTGGTCTCTGCAC-3' 

539 2066-2604 

Myst1 BC036284 Up 5'-GGGAAGTTTCTCATCGCCTT-3' 
Low 5'-AGGCCACTCACTTCTTGGAA-3' 

400 1008-1407 

Abhd3 NM_134130 Up-5' AGATGGGTGAAGAGGTCCAG-3' 
Low-5'-CATTGTTGCATTTGCCTTTT-3' 

404 1335-1739 

H1foo NM_138311 Up-5' CACACTGGAGATGGCACCTA-3' 
Low-5' TGGAGGAGGTCTTGGGAAGT-3' 

408 574-982 

Spry4 BC057005 Up-5' GCCTCAAGGGAACAACACAT-3' 
Low-5' CACAGGAATGTGGTGGAGTG-3' 

358 4010-4368 

Table 2.2: Primers used in QADB analysis. Gene name, gene accession number, 
sequence of upper (Up) and lower (Low) primers, size of the probe and position of the 
probe are indicated. 
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2.6 Isolation and culture of oocytes and embryos for microinjection 

 MII stage oocytes were isolated from (B6D2) F1 female mice superovulated with  

5 IU of PMSG and hCG (Wang and Latham, 2000). (B6D2) F1 female mice were used to 

collect MII oocytes instead of CF1 outbred mice to overcome the block in development at 

2-cell stage presented by CF1 eggs (Erbach et al., 1994; Summers et al., 1995). MII 

oocytes isolated in M2 medium were cultured in CZB medium [Chatot, Ziomek, Bavister 

medium] for recovery. To obtain synchronous 1-cell embryos, MII oocytes were 

parthenogenetically activated using strontium chloride (induces multiple Ca+2 

oscillations). MII oocytes were cultured in activation medium (9 ml of calcium free CZB, 

100 µl of calcium free glutamine, 10 µl of 5 µg/ml cytochalasin B and 10 mM strontium 

chloride) for 5-6 h and cultured in KSOM medium without amino acids subsequently. 

mRNA was injected into MII oocytes either  

before or after chemical activation, thus with respect to mRNA injection, early or late 1- 

cell stage embryos were utilized for mRNA injection respectively. 

Early and late 1-cell embryos were also prepared by intracytoplasmic sperm 

injection (ICSI) into MII oocytes. Early 1-cell embryos and late 1-cell embryos were 

prepared by injection of sperm after and before mRNA injection respectively.  

2.7 Preparation of ICSI embryos  

MII oocytes were collected from (B6D2) F1 female mice as described above and 

used for intracytoplasmic sperm injection. Sperm were collected from caudae epididymes 

of 10-12 wk old (B6D2) F1 males (Yoshida and Perry, 2007). Fat, debris and blood from 

caudae epididymes was removed by placing it on Whatman filter paper. The caudae 
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epididymes were opened using sharp scissors and pressed gently to extrude the sperm. 

The sperm were collected into equilibrated CZB medium using a blunt polished glass 

pipette and used after 15 mins for injection into oocytes. The sperm suspension was 

mixed with 10% PVP360 solution to get a final concentration of 7-8%. The PVP360 

solution retards the movement of sperm, making collection of sperm into the injection 

pipette easy. The sperm was drawn into the injection pipette as far as the midpiece, and 

piezo pulses of intensity 3-6 and frequency 2 were gently applied to separate the tail from 

the head. MII oocytes were anchored in place using a holding pipette, and the sperm head 

was gently injected into the cytoplasm. Piezo pulses (intensity 3-6 and frequency 2) were 

used  to penetrate the zona pellucida and then to pierce the plasma membrane, lower 

strength piezo pulses (intensity 1-2 and frequency 1) were applied and the sperm head 

was deposited in the cytoplasm (Liang et al., 2009).  Care was taken to avoid touching or 

disturbing the spindle, as it would affect the embryo development. The oocyte was 

released from the holding pipette after injection of sperm and allowed to recover for 5 

min before transferring it into the incubator. All embryos were cultured in CZB medium 

for 5 h and then cultured in KSOM medium without amino acids. 

2.8 Preparation of chimeric messenger RNA 

Chimeric plasmids with the EGFP (Enhanced Green Fluorescent Protein) open 

reading frame (ORF) and the Bag4 3’UTR were constructed. The EGFP ORF was 

synthesized from pEGFP- N2 (BD Biosciences) by PCR using primers with Sac I and Nsi 

I restriction enzyme sites in the upper and lower primers respectively. The EGFP ORF 

was digested with restriction enzymes Sac I and Nsi I and the 3’UTR (Bag4) was 
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digested with Nsi I and Sma I enzymes. The two pieces were ligated and inserted into 

pBluescript (pBSK) vector digested with Sac I and Sma I enzymes. An oligo of 28 

adenosine residues was inserted into the EcoR V site in pBSK vector by blunt end 

ligation. mRNAs with a poly(A) tail of ~30 adenosines are inactive and can undergo 

translation only after readenylation. To identify novel motifs that aid in translation by 

polyadenylation at the 1-cell stage, a poly(A) tail of 28 adenosines was inserted. The 

plasmid with EGFP ORF and 3’UTR was linearized with Hind III enzyme, which cuts 

downstream of the 3’UTR and poly(A) tail in the vector (Fig. 2.1).  

 Constructs with part of the Bag4 3’UTR missing were made in two ways. By 

using primers with restriction enzymes, the two pieces of the 3’ UTR that need to be 

joined were synthesized by PCR. The two pieces were digested and ligated using a 

common restriction enzyme that produces sticky ends in the center. The ligated piece was 

digested with Nsi I and Sma I enzymes and inserted into the pBSK vector. A pBSK 

vector with EGFP ORF and adenosine residues (28) inserted already was digested with 

Nsi I and Sma I enzymes and used for ligation (Fig. 2.2). 

Deletions were also done using two sets of primers as explained in Fig. 2.3. Two 

sets of primers were designed to span the regions to be ligated (Primers 1, 2, 3, and 4). 

The sequence that flanks the region to be deleted was utilized in the lower primer of the 

first set i.e., primer 2 and the upper primer of the second set i.e., primer 3. Using these 

two sets of primers and cDNA from ovary tissue as template, PCR was performed 

amplifying the regions. Because of the primer design, the flanking regions will also be 

included in the PCR product. The product from the first PCR was used as template for the 

second round of PCR performed using primers 1 and 4. In this PCR, a hybrid will be  
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Figure 2.1: Synthesis and ligation of EGFP ORF and Bag4 3’ UTR into pBSK 

vector. EGFP ORF and Bag4 3’UTR were synthesized by PCR using primers with 

restriction enzymes. EGFP ORF and 3’UTR were ligated after digestion with compatible 

restriction emzymes and inserted into pBluescript vector. An oligo of 28 adenosine 

residues was inserted into the pBSK vector downstream of the 3’UTR. Hind III enzyme 

present downstream of the d(A)28 was used to linearize the plasmid and used for in vitro 

transcription using T7 promoter. 
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Figure 2.2: Synthesis of chimeric plasmids with truncations in the 3’ UTR using 

restriction enzymes. The two pieces of 3’UTR were synthesized using primers with 

restriction enzymes. Digested pieces were ligated and inserted into pBSK vector with 

EGFP ORF and adenosine residues (28).  
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Figure 2.3: Synthesis of chimeric plasmids with truncations in the 3’UTR using 

primers. The red and green regions flank the region that need to be deleted. Primers 1 

and 2 cover the 5’ end of the Bag4 mRNA and primers 3 and 4 cover the 3’ end of the 

Bag4 mRNA. Primers 2 and 3 include the flanking region from both ends. Using these 

two sets of primers, PCR was performed leading to the synthesis of 5’ and 3’ regions 

with the flanking portions in the PCR product. Second round of PCR was performed 

using products from the 1st PCR as template. Primers 1 and 4 form a hybrid with the 1st 

PCR product leading to the synthesis of full length Bag4 3’UTR with the region in 

between deleted.  
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formed where the primers will utilize both PCR products as template for elongation 

process thus synthesizing the final product with deletion. All constructs synthesized were 

confirmed by sequence analysis. 

Capped mRNA was synthesized by in vitro transcription using the mMESSAGE 

mMACHINE T7 kit from Ambion (cat# AM1344) and purified using the MEGA CLEAR 

kit (Ambion) or by LiCl (Lithium Chloride) precipitation as suggested by mMESSAGE 

mMACHINE kit. 

2.9 Messenger RNA microinjection 

 For all mRNA injections, mRNA of concentration 0.5 pmol/µl was used. 

Microinjection needles were made using the micropipette puller (Model P-87) from 

Sutter Instruments. mRNA was loaded carefully into the microinjection needle from the 

back, taking care not to form any bubbles. By connecting the injection needle to an air 

cylinder, the volume of mRNA injected can be adjusted by monitoring the air pressure. 

The injection needle was opened by gently touching its tip against the holding pipette. 

Air bubbles in the needle were removed by using increased air pressure. The mRNA 

solution (5-10 pl) was injected into the cytoplasm. This corresponds to 1.5x106-3x106 

molecules respectively. mRNA was injected into the cytoplasm of MII and 1-cell stage 

embryos taking care not to disturb the spindle or pronuclei. Successful injection of 

mRNA was confirmed visually by the presence of a bright field along with the movement 

of cytoplasm around the opening of the injection needle. All injections were performed 

using at least two mRNA preparations and repeated three times. 

 



  36

2.10 Measurement of fluorescence intensity 

 Images of oocytes and embryos were taken at approximately every 3 h starting 

from 6 h post mRNA injection. All images were collected from 6 h post mRNA injection 

as 1-cell embryos showed fluorescence indicating that GFP protein can be synthesized 

from injected mRNA by 6 h. Images were obtained using identical camera settings for all 

groups and experiments. Fluorescence intensity of oocytes or embryos was measured 

using the Image J program from NCBI (National Center for Biotechnology Information). 

Measurements of whole oocytes or embryos were taken, and the cumulative average was 

then calculated from all the measurements for a specific time point obtained from all the 

experiments with a particular mRNA and stage of embryo. The time point when the 

fluorescence first appeared was considered as the time of appearance of fluorescence (hrs 

post mRNA injection). 

2.11 Bioinformatics analysis 

 Lists of mRNAs enriched in the egg and 1-cell samples obtained from microarray 

data were utilized for this analysis. The 3’UTR regions were extracted from GenBank 

downloaded from NCBI. Known CPE motifs listed in Table 2.3 were utilized for the 

analysis (Oh B et al., 2000). Using a customized algorithm, the presence of known CPEs 

in the list of mRNAs translated at the MII and 1-cell stages was analyzed. The 3’end of 

the ORF (54 nt) and the 3’UTR of Bag4 (BC058518) was utilized to identify the novel 

motifs involved in translation of the mRNA. A sub-sequence of size 1-9 nt covering the 

entire Bag4 3’UTR sequence was compared to the target sequence i.e., MII population 

and 1-cell population of translated mRNAs. The occurrence of each sub-sequence (1 nt-9 
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nt) was counted in the target sequence and normalized by the number of possible 

occurrences for a specific length of sub-sequence to obtain the frequency. Only sub-

sequences with frequency of occurrence not less than 50 in MII and 1-cell populations 

were considered.  

2.12 Real Time PCR 

 RNA was isolated from oocytes, eggs and zygotes using the Pico Pure RNA 

Isolation kit (Molecular Devices, California). Random hexamers were used for 

synthesizing the cDNA. PCR was performed on the cDNA using Taqman PCR Master 

Mix and ABI 7000 thermal cycler (Applied Biosystems) at typical amplification 

parameters (500C for 2 min and 950C for 10 min, followed by 40 cycles at 950C for 15 s 

and 600C for 1 min). The expression level of Bag4 mRNA was normalized to histone 

H2A mRNA. 
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Table 2.3: Putative CPEs utilized for bioinformatics analysis.  

 

 

 

 

 

 

 

Putative CPE Sequence Putative CPE Sequence 

AUUUUUAU UUUUAU 

UUUUUAAU AUUUUUAA 

UUUUAAU UUUUUAU 

AUUUUAA AUUUUAAU 

AUUUUUA UUUUAUU 

UUAUUAUUU AUUUUUAAA 

(U)8-12  
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CHAPTER 3 

STUDY OF DYNAMIC CHANGES IN MATERNAL mRNA UTILIZATION AND 
 

 FUNCTION 
 

3.1 Introduction 

Fertilization in mammals requires fusion of two gametes i.e., a large egg and a 

relatively small sperm.  Early embryo development involves changes in nuclear function 

leading to the formation of a fully competent 1-cell embryo. To achieve precise gene 

expression during early embryo development, correct genomic reprogramming of the 

parental chromatin is required. During this period of chromatin restructuring, complete 

transcriptional silence is maintained. All necessary activities of the embryo will be 

directed by maternal mRNAs and proteins during the period of transcriptional silence. 

Maternal mRNAs are synthesized in the oocyte and stored in dormant form. 

Activation of the dormant maternal mRNAs is achieved through cytoplasmic 

polyadenylation leading to protein synthesis (Bachvarova et al., 1985; Paynton et al., 

1988; Bachvarova et al., 1989; Vassalli et al., 1989; Huarte et al., 1992; Salles et al., 

1992; Gebauer et al., 1994; Salles et al., 1994; Sheets et al., 1995; Hwang et al., 1997; Oh 

et al., 1997; Oh et al., 1998; Latham, 1999; Knowles et al., 2003; Evsikov et al., 2004). 

Studies have indicated that the pattern of protein synthesis during the initial stages of the 

mouse embryo development is complex (Latham et al., 1991). In mammals, inhibition of 

protein synthesis with cycloheximide (Wang and Latham 1997; Wang et al., 2001) or 

inhibition of maternal mRNA polyadenylation (Aoki et al., 2003; Hara et al., 2005) 
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prevents embryonic gene transcription, indicating a role of maternal mRNAs in the 

process of embryonic genome activation (Wang and Latham, 2000; Latham and Schultz, 

2001; Wang et al., 2001).  

To understand early development, it is important to identify the maternal mRNAs 

and their functions. Quantitative and semi-quantitative reverse transcription and 

polymerase chain reaction assays (RT-PCR) (Rambhatla et al., 1995; Alizadeh et al., 

2005) or analysis of total mRNA populations from oocytes and early embryos by oligo 

(dT) priming and reverse transcription to examine changes in the maternal mRNA 

population (Hamatani et al., 2004; Wang et al., 2004; Zeng et al., 2004) were employed. 

Oligo (dT) priming recognizes mRNAs based on length of the poly(A) tail on mRNAs, 

and it represents the changes in mRNA abundance related to polyadenylation (Rambhatla 

et al., 1995). Although these studies provided evidence for translational recruitment of 

mRNAs, a complete examination of maternal mRNAs undergoing stage-specific 

recruitment is needed to identify maternal mRNAs translated at different stages and their 

biological activities. 

It is my hypothesis that maternal mRNAs translated at the MII stage and late 1-

cell stages are different. Based on this hypothesis, I predicted that maternal mRNAs 

translated in the oocyte and late 1-cell stage embryos are different and proteins 

synthesized from the translated maternal mRNAs reflect the specific needs of the oocyte 

or embryo. To identify the maternal mRNAs that play a role in early embryo 

development, I performed a detailed analysis of the polysomal maternal mRNAs of the 

ovulated oocytes and late 1-cell embryos. This analysis led to a direct comparison of 

mRNAs undergoing translation before and after fertilization. The polysomal maternal 
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mRNA population in the 1-cell stage is critical because fertilization initiates a series of 

changes converting the mature oocyte into a competent embryo. Development during this 

stage is almost entirely driven by translational recruitment of maternal mRNAs and the 

proteins they encode. The microarray analysis performed in this study identified 2311 

maternal mRNAs that are differentially translated at the MII and 1-cell stage. 

Significantly different functional classes of translated maternal mRNAs were utilized at 

these two stages. These mRNAs can be examined in greater detail to understand the 

requirements of the oocyte and late 1-cell stage embryo based on the proteins 

synthesized. 

3.2 Results 

3.2.1 Overview of microarray analysis 

 Microarray analysis was performed utilizing four independent samples of 

ovulated oocytes and late 1-cell embryos (Fig. 3.1). Polysomal RNA from these samples 

was subjected to two rounds of amplification for cRNA synthesis. External and internal 

controls during sample preparation and hybridization procedure were all within the 

expected range. The oocyte and 1-cell stage polysomal RNA samples clustered well 

among themselves upon hierarchical clustering (HCL) (Fig. 3.2). There was no 

intermixing of individual samples between the two different stages, thus revealing 

significant differences between the polysomal populations of the two kinds of cells. One 

of the 1-cell samples branched separately from the rest of the samples but still clustered 

with the 1-cell samples, not with the MII samples. 
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Figure 3.1: Schematic representation of cRNA synthesis and microarray analysis. 

Polysomal RNA isolated from MII oocytes and α-amanitin treated 1-cell embryos was 

utilized for cRNA preparation. Synthesized cRNA was hybridized on microarray chips 

(MOE 430 v2) and data obtained after normalization were used for microarray analysis. 
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3.2.2 Measurement of changes in the polysomal maternal mRNA population 

 As shown by previous studies, maternal mRNAs are synthesized in the oocyte and 

utilized in the egg and 1-cell embryos until the late 2-cell stage (Latham et al., 1991; 

Latham et al., 2000). This raises a major question whether there is a specific pattern in 

utilizing the maternal mRNA transcripts during the transition from oocyte to embryo 

stage. The ability of the MII stage oocyte and 1-cell embryo to perform translation was 

determined by the rate of L-[35S] methionine incorporation into protein which increases 

slightly (~30–40%) after fertilization (Schultz et al., 1979; Latham KE, unpublished). 

This study indicated that the MII stage oocyte and 1-cell embryo possess enough 

polysomal mRNA to perform translation. The array of proteins synthesized varies 

significantly with 60% of the proteins detected on high resolution 2D gels changing by 2 

fold or more in rate of synthesis and 27% showing 4 fold or greater changes (Latham et 

al., 1991). These studies show that different maternal mRNAs are translated in eggs and 

1-cell embryos. Because the array of proteins synthesized at the MII and 1-cell stage 

varies greatly in magnitude between stages, this study was designed to measure the 

overall change. In order to study the mRNAs translated at different stages and the 

magnitude of change, microarray analysis was performed on the polysomal mRNA 

populations from these two stages.  

Nearly 29% of the Affymetrix IDs detected on microarray were identified as 

differentially translated with a fold change cutoff of 2.0 (Table 3.1). Major differences 

between the polysomal maternal mRNA populations of oocytes and late 1-cell embryos 

were observed. 1173 Affymetrix IDs were identified as translationally enriched at the  
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Figure 3.2: Hierarchical clustering of the MII and late 1-cell samples. GeneSpring 

software was used to perform HCL. MII represents the MII oocyte and 1C represents late 

1-cell embryo. Colors represent the relative mRNA abundance with red color indicating 

high abundance and green representing low abundance. 
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MII stage compared to 2977 at the 1-cell stage. Also, 9819 Affymetrix IDs were not 

changed between the two stages (Table 3.1). 

To focus on the major differences between the two polysomal maternal mRNA 

populations, a 3.0 fold cutoff was used (false discovery rate=0.97251) (Table 3.2). This 

stringent cutoff yielded 569 Affymetrix IDs with greater signals in the oocyte polysomal 

maternal mRNA population, and 2123 with greater signals in the 1-cell stage. These 

Affymetrix IDs corresponded to 495 and 1816 individual mRNAs at the MII and 1-cell 

stage respectively. Thus, a greater number of maternal mRNAs were recruited to the 

polysomes at the 1-cell stage while a smaller set of mRNAs exited the polysomes. 

 To compare the total maternal mRNA population to the polysomal maternal 

mRNA population, microarray data from polysomal maternal mRNA was compared to 

the array data from total maternal mRNA population obtained from Zeng et al., 2004. 

Mouse 430A and Mouse 430B chips were used for analyzing total maternal mRNAs 

while Mouse set 430 v2 with probe sets from both Mouse 430A and Mouse 430B chips 

was used for microarray on polysomal maternal mRNAs (www.affymetrix.com).  The 

total maternal mRNA obtained from the MII and α-amanitin treated 1-cell embryos was 

analyzed by microarray and subjected to data analysis in a manner similar to the 

polysomal maternal mRNA. This analysis revealed 1160 Affymetrix probe sets to be 

different between the two stages (197 high at the MII stage, 963 at the 1-cell stage). A 

large population of Affymetrix probe sets (~31,000) from total maternal mRNA analyses 

was shown to be not differentially regulated between stages. 

A total of 739 probe sets out of 963 identified as significant at the 1-cell stage 

were present in the list of probe sets obtained from the polysomal array data identified by 
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> 2 fold change 

Stage Probe sets (n) 

Higher at MII than late 1-cell 1173 

Higher at late 1-cell than MII 2977 

Unchanged 9819 

 

Table 3.1: Number of probe sets identified with > 2 fold change. Number of probe 

sets identified as enriched at the MII and late 1-cell stages with a fold change cutoff of > 

2 is represented. Unchanged represents the probe sets that did not change between the 

MII and 1-cell stage.  
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 > 3 fold enrichment 

Stage Probe sets (n) Transcripts (n) 

Higher at  MII than late 1-cell 569 495 

Higher at late 1-cell than MII 2123 1816 

 

Table 3.2: Number of probe sets and transcripts identified as enhanced in the MII 

and 1-cell stage polysomal populations with >3 fold change.  
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this study. 117 probe sets out of 197 were identified as significantly enriched on 

polysomes at the MII stage. Polysomal array not only identified probe sets recognized by 

total maternal mRNA analysis but also identified new probe sets that are different 

between the stages. Thus, the analysis of polysomal mRNAs provides a better view of 

differential translation. 

3.2.3 Polysomal expression profiles of representative maternal mRNAs 

 Microarray analysis provided lists of genes differentially enriched in polysomes at 

the MII and 1-cell stages. In order to confirm the temporal expression pattern of specific 

mRNAs identified by microarray, another independent assay-Quantitative Amplification 

and Dot Blotting (QADB) was performed. Polysomal mRNA from MII stage oocytes, α-

amanitin treated late 1-cell stage embryos, and α-amanitin treated 2-cell stage embryos 

was collected to make blots. These polysomal mRNA populations in the form of cDNA 

on blots were hybridized with mRNA specific 3’UTR probes and analyzed to assay 22 

maternal mRNAs from different functional categories. Of the 22 maternal mRNAs, 11 

were enhanced in the oocyte polysomes and 11 were enhanced in the 1-cell polysomes 

according to the microarray. The QADB analysis confirmed the microarray results for 

most of the transcripts analyzed (20 of 22) (Fig. 3.3). Nine of the maternal mRNAs 

enhanced in the oocyte polysomes displayed decrease (range 1.5- to 82- fold) in 

translation in the 1-cell embryos and remained low at the 2-cell stage. Cept1 showed a 

slight decrease in abundance at the 1-cell stage compared to the MII stage and then it 

declined further at the 2-cell stage. The Abhd3 mRNA showed persistent translation in 

the 1-cell stage compared to the MII stage. Ten out of the 11 mRNAs tested for 
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abundance at the MII stage showed high abundance at the MII stage and then the 

abundance of the mRNA decreased by 1-cell and 2-cell stages. This confirms the 

microarray result that, once the mRNAs are translated at the MII stage, the mRNAs come 

off the polysomes and undergo degradation.  

 Out of the 11 mRNAs tested for increased polysomal abundance at the 1-cell 

stage, 10 of them displayed increased translation by 1.6- to 231- fold increase in 

polysomal mRNA abundance at the 1-cell stage. Gtf3c2 displayed low transcript 

abundance in polysomes at the 1-cell stage compared to the MII stage and it should be 

noted that it is represented by five different probe sets on the microarray and only one 

represented high abundance at the 1-cell stage. Different probe sets were designed to 

measure the abundance of the splice variants by microarray and such a difference in 

translation of a single variant would not be revealed by the QADB method. Some of the 

maternal mRNAs- Spry4, Abcf3, and Kpna2 identified by the microarray analyses had 

been detected previously in a subtraction hybridization screen at the 1-cell stage  (Latham 

KE,  unpublished). The published results support the preferential translation of Gdf9, 

H1foo, and Mos in the oocyte and/or their degradation after fertilization (Rajkovic and 

Matzuk, 2002; Alizadeh et al., 2005) and preferential translation of Slc6a9 at the late 1-

cell stage (Steeves et al., 2003) confirming microarray results.  
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Figure 3.3: Relative polysomal maternal mRNA abundance analyzed by QADB.  

A) Represents polysomal maternal mRNAs enriched in the MII oocytes and B) indicates 

abundance of maternal mRNAs enriched on the late 1-cell polysomes. Polysomal RNA 

isolated from at least 3 replicates of MII, 1-cell (1c) and 2-cell (2c) stages was utilized. 
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3.2.4 Functional relevance of changes in the polysomal maternal mRNA 

population 

 A large fraction of maternal mRNAs is different between the MII and 1-cell 

polysomal populations. But do these changes in polysomal mRNA population reflect 

protein synthesis to address specific needs of the embryo? To check if the transcripts 

identified by microarray reflect changing needs of the embryo, three different analyses 

were performed. Expression Analysis Systematic Explorer v. 2.0 (EASE) analysis, 

Ingenuity Pathway Analysis (IPA), and manual assignment of the differentially translated 

mRNAs to different gene categories were performed.  

  The EASE analysis searches for categories of transcripts that are over represented 

within a list of affected mRNAs, based on the Gene Ontology (GO) categories. In this 

case, maternal mRNAs showing enhanced translation at a specific stage will be evaluated 

for over-representation within specific GO functions. This over-representation analysis 

provides an indication of the biological process indicating the underlying biological 

significance. This analysis revealed that most of the maternal mRNAs enriched in the 

oocyte polysomes encoded proteins associated with homeostasis (Table 3.3). Top-ranking 

GO categories included integral to membrane, extracellular space, metal ion transport, 

and transmembrane receptor protein serine/threonine kinase activity. The maternal 

mRNAs enriched in the 1-cell stage polysomal maternal mRNA population (Table 3.4) 

revealed an over-representation of mRNAs encoding proteins mostly related to 

biosynthesis. The four top-ranked categories were macromolecular biosynthesis, 

biosynthesis, protein biosynthesis, and cellular biosynthesis.  
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Gene Category EASE score 

integral to membrane 5.23E-21 

extracellular space 8.29E-05 

metal ion transport 7.48E-04 

transmembrane receptor protein serine/threonine kinase activity 9.33E-04 

transforming growth factor beta receptor activity 9.33E-04 

porter activity 1.07E-03 

Electrochemical potential-transporter activity 1.28E-03 

transmembrane receptor protein kinase activity 1.55E-03 

cation transport 2.08E-03 

receptor activity 2.46E-03 

di-\,tri-valent cation transporter activity 2.53E-03 

transporter activity 2.54E-03 

carrier activity 5.06E-03 

transferring glycosyl groups 6.52E-03 

signal transducer activity 9.28E-03 

endomembrane system 9.80E-03 

di-\, tri-valent inorganic cation transport 1.01E-02 

ion transport 1.07E-02 

transmembrane receptor activity 1.14E-02 

cation transporter activity 1.89E-02 

morphogenesis of an epithelial sheet 2.22E-02 

manganese ion binding 4.46E-02 

 
Table 3.3: Gene categories identified as over represented by EASE analysis using 

maternal mRNAs enriched in MII oocyte polysomes. The gene lists from SAM were 

imported into EASE (version 2.0) to represent the overrepresentation of annotated genes. 

An EASE score was calculated which expresses the likelihood of overrepresentation in 

the Gene Ontology Consortium annotation categories- GO biological process, GO cell 

component, and GO molecular function.  
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Gene Category EASE score 
macromolecule biosynthesis 8.50E-05 
biosynthesis 3.40E-04 
protein biosynthesis 3.70E-04 
cellular biosynthesis 4.00E-04 
intracellular 4.70E-04 
cytosol 4.20E-03 
cytosolic ribosome (sensu Eukaryota) 5.20E-03 
structural constituent of ribosome 5.40E-03 
macromolecule metabolism 9.80E-03 
pyrophosphatase activity 1.10E-02 
cellular macromolecule metabolism 1.10E-02 
intracellular organelle 1.20E-02 
hydrolase activity\, acting on acid anhydrides\, in phosphorus-containing anhydrides 1.30E-02 
nucleoside-triphosphatase activity 1.40E-02 
oxidation of organic compounds 1.50E-02 
ribosome 1.70E-02 
main pathways of carbohydrate metabolism 1.90E-02 
nucleosome 1.90E-02 
regulation of transport 2.40E-02 
transcription cofactor activity 2.60E-02 
primary metabolism 2.90E-02 
cytoplasm 3.00E-02 
cellular metabolism 3.10E-02 
ATPase activity 3.20E-02 
gluconeogenesis 3.40E-02 
protein metabolism 3.50E-02 
metabolism 3.50E-02 
obsolete cellular component 3.70E-02 
protein domain specific binding 3.80E-02 
cellular protein metabolism 3.80E-02 
mitochondrion 4.00E-02 
purine ribonucleotide metabolism 4.10E-02 
transcription factor binding 4.10E-02 
ribosome biogenesis and assembly 4.30E-02 
protein complex 4.40E-02 
purine nucleotide metabolism 4.50E-02 
non-membrane-bound organelle 4.70E-02 
intracellular non-membrane-bound organelle 4.70E-02 
double-stranded RNA binding 4.80E-02 

 
Table 3.4: Gene categories identified as over represented by EASE analysis using  

maternal mRNAs enriched in 1-cell polysomes. 
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The second independent analysis, IPA analysis, identifies biological pathways or 

networks of interacting genes. By associating lists of identified mRNAs with specific 

pathways or processes, the IPA provides a second, independent means of identifying 

categories of affected mRNAs. The results obtained from IPA analysis were different 

from EASE analysis, most likely due to constraints within the annotation database (Fig. 

3.4). EASE and IPA assigned genes to different gene categories leading to differences in 

the gene categories identified as significant at the MII stage and late 1-cell stage. The 

gene categories identified differed in the relative rankings and significance at the MII and 

1-cell stages but the top ranked category at both stages was protein synthesis. Other top 

categories at the MII stage were cellular assembly and function and post-translational 

modifications. In the 1-cell stage, molecular transport, protein trafficking, DNA 

replication, recombination and repair were significant and top ranked. 

EASE and IPA analysis are largely dependent on the accuracy of annotations 

within GO categories. With the genes not annotated completely, EASE and IPA cannot 

provide a complete picture of the gene categories that are enriched at the MII and 1-cell 

stages. I therefore performed a third independent method of analysis involving manual 

assignment of mRNAs to specific functional categories, followed by the evaluation of the 

relative size of each category. Genes were categorized into 12 functional categories (Fig. 

3.5). Of the 2311 differentially translated maternal mRNAs, 870 have not yet been 

annotated in the available databases. I assigned 1430 (99%) of the remaining 1441 

transcripts to one or more of these 12 categories. Homeostasis was the largest category 

with 19% of mRNAs involved at the MII stage.  Signaling, transcription, metabolism, 

and cell cycle control were also among the top-ranked categories. In the 1-cell stage, a  
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Figure 3.4: Over-representation of functional categories as shown by Ingenuity 

Pathway Analysis. A) MII stage, B) 1-cell stage transcripts were categorized using IPA 

analyses. The threshold value for the analysis was set at p=0.05. 
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Figure 3.5: Manual assignment of differentially translated mRNAs to gene 

categories. Annotated genes were categorized into 12 different gene categories and the 

percentage of genes in each gene category is represented.  Non-annotated genes were not 

utilized for manual assignment and also annotated genes with no known function were 

not used. Categories with <1% of genes in either stages were not represented here.  
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large number of genes was involved in metabolism (21%) while only 5% of the genes 

were involved in homeostasis. Signaling, transcription and post-translational regulation 

were other categories with highest representation at the 1-cell stage. These results reveal 

that transcripts enriched in the polysomes at the two developmental stages were involved 

in different functional categories. 

3.2.5 Analysis of polysomal mRNAs translated at both MII and late 1-cell stages 

 All the above analyses were performed on transcripts that are differentially 

translated at the MII and 1-cell stages. However, there is a large population of mRNAs 

that is maintained at both the MII and late 1-cell stages (mRNAs with fold change less 

than 3).  The functions of maternal mRNAs that are translated in common between the 

two stages are provided by categorizing transcripts to different functional categories (Fig. 

3.6). Gene categories related to post-translational modifications, gene transcription, 

macromolecular and ion transport mechanisms, cell cycle control, DNA replication and 

repair, ubiquitination, mRNA splicing, and signal transduction were observed in both 

stages. These are the same gene categories observed when total maternal mRNAs that 

were expressed throughout MII and 1-cell stages were categorized into GO categories 

(Zeng et al., 2004). Similar percentages of mRNAs from total and polysomal maternal 

mRNA populations were observed in these GO categories (Fig. 3.6). Both total and 

polysomal maternal mRNA analysis identified similar gene categories to be present in the 

maternal mRNAs that were translated at both stages. An Ingenuity pathway analysis was 

used to analyze the total and polysomal maternal mRNA populations that are common 

between the two stages (Fig 3.7). Many GO categories in both populations were involved  
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Figure 3.6: Gene ontology categorization of maternal mRNAs with < 3 fold 

difference between the MII and late 1-cell stages. Transcripts identified as present at 

both stages by A) array on polysomal maternal mRNAs B) microarray on total maternal 

mRNA population were categorized (Zeng et al., 2004). Gene categories with more than 

50 entries were represented and those with less than 50 are combined into a single 

category i.e., others. A total of 2996 annotated polysomal mRNAs and 2957 from total 

mRNA population were analyzed. 
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in signaling mechanisms. Purine metabolism was top ranked in the total maternal mRNA 

population while Estrogen receptor signaling was top ranked in the polysomal maternal 

mRNA population. Ingenuity pathway analysis of total and polysomal maternal mRNA 

populations presented many gene categories that are similar in both mRNA populations 

studied but the relative rankings of the categories differed between the two groups. Thus, 

the polysomal maternal mRNAs that are translated throughout the transition from the MII 

stage to the late 1-cell stage encode proteins with diverse biological activities while 

displaying statistical differences between the total and polysomal maternal mRNAs 

expressed at both stages. The differences in ranking between gene categories enriched on 

the polysomal and total maternal mRNA population indicates recruitment of the specific 

mRNAs into polysomes and their role in embryonic gene activation. 

3.3 Discussion 

 A detailed analysis of the polysomal maternal mRNA populations of 

mouse oocytes (MII) and late 1-cell stage embryos was performed. This was the first 

study of this kind, examining the population of translationally active (polysomal) mRNAs 

in mammalian oocytes and embryos.  Numerous other studies reported transcriptome 

analyses on whole transcriptomes of oocytes and embryos, but none provided information 

about the polysomal mRNA populations (Hamatani et al., 2004; Zeng et al., 2004).  

Knowledge of the polysomal mRNA population is crucial to understand the functions and 

also to identify the maternal mRNAs translated in these early stages.  Analyses of the 

polysomal maternal mRNA population focused on answering the following important 

questions: To what degree do maternal mRNAs change between the stages? What are the  
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Figure 3.7: Ingenuity Pathway Analysis based categorization of transcripts 

translated at both stages. Transcripts identified as present at both stages with less than 3 

fold change between stages were subjected to IPA.  A) polysomal maternal mRNAs B) 

total maternal mRNAs were subjected to IPA. Threshold was set at P=0.05.  
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maternal mRNAs translated during the MII and late 1-cell stages? Does this change 

reflect specific needs of the embryo? What are the functions of proteins synthesized from 

maternal mRNAs? 

 Previous analyses examined total maternal mRNA population; as a result specific 

maternal mRNAs involved in various biological activities at specific time points 

werenever studied. Some studies indicated that the array of proteins synthesized during 

the late 1-cell stage differed greatly from the MII stage (Latham et al., 1991) but the 

identities of the proteins were not determined. Studies employing oligo (dT) priming 

combined with RT-PCR techniques, RT-PCR methods that selectively amplify 

polyadenylated mRNAs (Rambhatla et al., 1995; Alizadeh et al., 2005), oligo (dT) 

primed microarray studies (Hamatani et al., 2004; Wang et al., 2004; Zeng et al., 2004) 

revealed transcription-independent increase in transcript abundance and translation 

attributed to polyadenylation at the 1-cell stage. 

My analysis revealed for the first time, the magnitude of change in translation of 

polysomal maternal mRNAs as development proceeds from egg to late 1-cell stage. With 

a stringent cutoff of 3-fold change, a total of 2692 probe sets were different between the 

polysomal maternal mRNA populations of oocytes and 1-cell embryos. Microarray 

studies examining total cellular mRNA captured only a small fraction of these changes. 

Approximately 1160 probe sets from total maternal mRNA analysis were identified as 

differentially enriched compared to 2692 from polysomal maternal mRNAs. Two other 

studies identified many fewer changes in the maternal mRNA abundances during the 

transition from MII stage to late 1-cell stage (Hamatani et al., 2004; Wang et al., 2004).  
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These comparisons illustrate the importance of examining the polysomal maternal mRNA 

population rather than the total maternal mRNA population to answer specific questions.  

 My analysis not only identified the global changes in maternal mRNA 

recruitment, it also revealed changes in the functional classes of proteins encoded by the 

recruited maternal mRNAs. The striking result indicates a switch in biological activities 

of eggs and late 1-cell embryos; transcripts involved in homeostasis were enriched on 

polysomes at the MII stage while transcripts with biosynthesis related activities were 

translated in the late 1-cell embryo. There is a sharp contrast in preferential translation of 

transcripts at the MII stage compared to the late 1-cell stage. The increase in rate of 

translation of transcripts related to biosynthesis and metabolism indicates the increasing 

demand for nutrients and energy by the late 1-cell embryo. Maternal mRNAs related to 

homeostasis are recruited during oocyte maturation and then progressively degraded. 

There is a shift from homeostasis to biosynthesis and metabolism related processes after 

fertilization by subsequent recruitment of maternal mRNAs encoding those proteins. This 

switch in translation patterns is reminiscent of differences revealed by EASE analysis 

performed on polysomal maternal mRNA population (Table 3.3 & 3.4). While maternal 

mRNAs specifically related to homeostasis and metabolism is translated at the MII and 

late 1-cell stage, mRNAs related to signaling are translated at both stages. This 

translation pattern shows how both specific and general demands of the oocyte and 

zygote are met by the maternal mRNAs. 

 Another important gene category with most genes involved at the 1-cell stage was 

transcription. Stage dependent recruitment of maternal mRNAs encoding transcription 

factors may help in initiation of gene transcription (Wang and Latham, 1997; Wang et al., 
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2001). The late 1-cell stage embryos acquire the ability of transcription but only to a 

small extent (Latham et al., 1992; Latham, 1999). By the 2-cell stage, specific 

transcription factors appear and genome activation occurs (Kaneko et al., 1997; Wang 

and Latham, 2000). A number of gene transcription factors such as E2F transcription 

factor 1, RNA polymerase 1, 2, 3, MYST histone acetyltransferase 1, and SWI/SNF-

related family proteins were translated at the late 1-cell stage. Also, transcripts involved 

in cell cycle regulation, such as cyclins and anaphase promoting factor prepare the cell 

for cell division. There is an increase in the number of proteins synthesized at late 1-cell 

stage and this may be facilitated by enhanced translation of transcripts encoding 

translation initiation, elongation, and termination factors on polysomes. These events thus 

establish a smooth transition for unfertilized oocyte to develop to a fully competent 

embryo ensuring proper further development. 

By applying the microarray analysis technique to a specific group of maternal 

mRNA population rather than the entire mRNA population, this analysis was able to 

reveal dynamic changes in the polysomal maternal mRNAs as the oocyte develops to the 

late 1-cell embryo. The polysomal maternal mRNAs enriched at these stages served as a 

good resource in understanding their biological activities, maternal mRNAs responsible 

for stage specific activities, and role of mRNAs that are translated at both stages. 
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CHAPTER 4 

 TRANSLATION REGULATION AT THE ONE-CELL STAGE BY NOVEL 

REGULATORY MOTIFS IN THE 3’UTR 

4.1 Introduction 

Translational regulation is affected by the presence of a 5’ cap, secondary 

structure, multiple ORFs, multiple AUGs, IRESs (internal ribosome entry sites), 

polyadenylation, and trans-acting factors (Gebauer et al., 1994; Coller and Parker, 2005; 

Fitzgerald and Semler, 2009). All these factors regulate mRNA translation by 

manipulating the stability of the mRNA, accessibility to ribosomes, 5’ and 3’ mRNA end 

interaction by circularization (Gray and Wickens, 1998; Mignone et al., 2002; Chatterjee 

and Pal, 2009). Translational regulation is mediated by cis regulatory elements in the 5’ 

and 3’ UTRs and trans-acting factors that interact with them (Paillard et al., 1998; de 

Moor et al., 2005).  

Translational regulation is as important as transcriptional regulation, especially in 

oocytes and early embryos, where transcriptional silence is maintained (Schier, 2007; 

Stitzel and Seydoux, 2007). Maternal mRNAs are synthesized during oogenesis and 

utilized during meiotic maturation, fertilization and early embryogenesis. Maternal 

mRNAs are sequestered to messenger ribonucleoprotein particles (mRNP) to accomplish 

masking from translational apparatus and also protection from degradation (Davidson, 

1986).  

mRNAs in the oocyte are recruited in a stage-specific manner for translation and 

this temporal recruitment of mRNAs is essential for the development of the embryo (de 
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Moor and Richter, 2001). To achieve temporal regulation, oocytes developed an 

extraordinary control mechanism by which specific mRNAs will be translated. The 

3’UTR contains two well established regulatory motifs, the hexanucleotide and the 

cytoplasmic polyadenylation element (CPE) (McGrew et al., 1989). The CPE is an AU 

rich motif present in many maternal mRNAs and it plays a key role in mRNA translation 

during meiotic maturation (Salles et al., 1992). It is located upstream of the nuclear 

polyadenylation signal AAUAAA, also called the hexanucleotide. The polyadenylation 

signal AAUAAA is highly conserved and is essential for efficient polyadenylation of 

mRNAs. Cytoplasmic polyadenylation of many mRNAs requires both the CPE and the 

hexanucleotide (Fox et al., 1989; McGrew et al., 1989; Vassalli et al., 1989; McGrew and 

Richter, 1990; Simon et al., 1992; Gebauer et al., 1994). In Xenopus oocytes, mRNAs 

without a CPE in the 3’ UTR undergo deadenylation and degradation in the cytoplasm 

(Vassalli et al., 1989; Fox and Wickens, 1990; Varnum and Wormington, 1990). mRNAs 

with CPEs are subjected to deadenylation and stored in mRNP particles in a dormant 

form (Bachvarova et al., 1985; Bachvarova et al., 1989; Paynton et al., 1988; Huarte et 

al., 1992; Paris et al., 1988; Paris and Philippe, 1990).  Activation of dormant maternal 

mRNAs is accompanied by cytoplasmic polyadenylation (Bachvarova et al., 1985; 

Bachvarova et al., 1989; Paynton et al., 1988; Vassalli et al., 1989; Latham, 1999; Huarte 

et al., 1992; Salles et al., 1992; Salles et al., 1994; Gebauer et al., 1994; Sheets et al., 

1995; Hwang et al., 1997; Oh et al., 1997; Oh et al., 1998; Knowles et al., 2003; Evsikov 

et al., 2004).   

The CPE acts as either a translation inhibitor or activator depending on the 

proteins it interacts with (Simon et al., 1992; Richter, 1999). The CPE interacts with the 
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cytoplasmic polyadenylation element binding protein (CPEB) (Gebauer and Richter, 

1996). In dormant mRNAs, the CPEB interacts with Maskin, which is an inhibitory 

protein that prevents translation (Stebbins-Boaz et al., 1999; Cao and Richter, 2002; 

Barnard et al., 2005). Phosphorylation of CPEB breaks the interaction with Maskin and 

therefore CPEB interacts with cleavage and polyadenylation specificity factor (CPSF) 

present on the hexanucleotide (Bliger et al., 1994; Dickson et al., 1999; Mendez et al., 

2000b). This interaction brings in the poly(A) polymerase leading to the addition of a 

long poly(A) tail. The poly(A) tail is protected from degradation by poly(A) binding 

protein (PABP) (Voeltz et al., 2001), which interacts with the 5’ end of the mRNA and 

assembles translation initiation factors and 40S ribosome to initiate translation (Fig. 4. 1) 

(Fox et al., 1992).   

 Temporally correct recruitment of maternal mRNAs is required for proper early 

embryo development. Most studies focused on recruitment of dormant maternal mRNAs 

for translation during egg maturation (Mendez et al., 2000a; Cao and Richter, 2002). 

Some studies described the role of known CPEs before fertilization (Huarte et al., 1992; 

Gebauer et al., 1994), but research on post-fertilization translational control is very 

limited. I sought to determine the molecular mechanisms that control translational 

recruitment during maturation and after fertilization. It is my hypothesis that novel motifs 

are required for regulation of maternal mRNAs at the late 1-cell stage. My analysis 

revealed that different molecular mechanisms regulate mRNA translation during the MII 

and the 1-cell stage. There is a significant shift in the cis-regulatory elements utilized for 

regulation as the oocyte develops to the late 1-cell stage confirming the predictions made 

in the study. For the first time, this study established the role of novel motifs in regulation 
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Figure 4.1: Schematic representation of the process of polyadenylation of dormant 

mRNAs and initiation of translation. CPEB present on the CPE is inactivated by 

interaction with maskin. Maskin inhibits translation by interacting with EIF4e and 

preventing it from forming a complex with other translation initiation factors. When 

CPEB is phosphorylated, the maskin-CPEB interaction is disrupted and CPEB interacts 

with CPSF on hexanucleotide. CPSF brings poly(A) polymerase and adds poly(A) tail. 

PABP interacts with the 40S ribosome and other translation initiation factors at the 5’ end 

of the mRNA and initiates protein synthesis. (This figure was modified from Barnard et 

al., 2005). 
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of translation at the 1-cell stage and also explained how temporal regulation is established 

by novel motifs along with CPEs.  

4.2 Results 

4.2.1 Role of known translation regulatory elements and 3’UTR in differential 

translation of maternal mRNAs 

 
Specific cis-acting motifs like CPEs and the hexanucleotide are involved in 

translation of mRNAs at the MII stage (Padmanabhan and Richter, 2006).  One of the 

major questions concerning temporal regulation of maternal mRNAs was to what degree 

CPEs regulate mRNAs at the MII stage and the 1-cell stage. The availability of a 

database of ~2300 differentially translated maternal mRNAs from the MII and late 1-cell 

stage provided the ideal situation to identify the novel regulatory motifs involved in 

temporal translation of maternal mRNAs. A preliminary manual sequence analysis of 

transcripts selected with no bias towards fold-difference or biological activity was 

performed to examine CPE occurrence. To ensure that the complete 3’UTR was present, 

only transcripts with published full length mRNA sequences with poly(A) tails were 

analyzed. Genes with multiple transcript splice variants were scored positively if a known 

CPE was seen in any one variant. The percentage of transcripts with putative CPEs 

differed greatly between the two mRNA populations. A large percentage of maternal 

mRNAs translated at the MII stage had CPEs (81% at the MII stage vs 41% at the late 1-

cell stage). The presence of another regulatory element, PRE (polyadenylation response 

element) was also examined (Charlesworth et al., 2004). Putative PREs were present in 

all the maternal transcripts examined. 
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 To explore fully the role of CPEs in translation, a bioinformatics analysis was 

performed on differentially enriched polysomal maternal mRNAs. This analysis revealed 

that 85.6% (376 out of 439) contained putative CPEs at the MII stage compared to 52.7% 

(880 out of 1671) at the 1-cell stage (Table 4.1). The apparent abundance of CPEs in 

3’UTRs of transcripts at the MII stage indicated the major role played by them in 

temporal regulation at that stage. Also, it indicates that in 1-cell stage embryos, novel 

regulatory elements may be involved in regulating translation. 

With such a vast difference in the mode of regulation of mRNAs at the MII and 1-

cell stages, the question arises whether the distribution of CPEs in the MII stage 

polysomal mRNAs was random or instead reflected the need for temporal regulation. To 

explore this, I evaluated the overall 3’UTR nucleotide content and CPE distribution. The 

nucleotide content of 3’UTR sequences at the MII stage and 1-cell stages was 

significantly different. Adenine and uracil nucleotides were slightly higher in the 3’UTRs 

of MII stage transcripts whereas cytosine and guanosine residues were high in the 

3’UTRs of mRNAs present at the 1-cell stage (Table 4.2). Bioinformatics analysis 

identified that putative CPEs were distributed in both the ORF and 3’UTR, and CPEs 

were present at approximately 50% higher frequency in the 3’UTR than the ORF (Table 

4.3). Again this distribution followed a similar pattern as shown in Table 4.1 i.e., CPEs 

were present at higher frequency in the MII stage transcripts than the 1-cell stage 

transcripts irrespective of whether it is ORF or 3’UTR. The two mRNA populations not 

only differed in the nucleotide content and distribution of CPEs but they also presented a 

difference in the size of the 3’UTRs. The average 3’UTR length of transcripts enriched at 

the MII stage was 1671 nt compared to 717 nt at the 1-cell stage.  These results revealed 
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 MII Late 1-cell 

Transcripts with putative CPEs 376 (85.6%) 880 (52.7%) 

Transcripts with no putative CPEs 63 (14.4%) 791 (47.3%) 

 

Table 4.1: Percentage of transcripts with CPEs enriched on polysomes. Presence of 

CPEs in transcripts was identified by bioinformatics analyses. Sequences of mRNAs 

enriched on polysomes at MII and 1-cell stage were obtained from GenBank. Presence of 

known CPEs in the 3’UTRs of these mRNAs was analyzed by using a customized 

algorithm. 
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 MII Late 1-cell 

Adenine 27.99% 26.34% 

Cytosine 19.59% 22.85% 

Guanosine 21.03% 22.78% 

Uracil 31.39% 28.02% 

 

Table 4.2: Nucleotide content in mRNA transcripts enriched at the MII and 1-cell 

stage. Bioinformatics analysis was used to identify the nucleotide content of mRNAs 

translated at the MII and late 1-cell stage.  
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  Coding sequence 3’UTR 

Egg   206/446 (46.2%)   374/446 (83.8%) 

Late 1-cell   464/1685 (27.5%)   839/1685 (49.8%) 

 

Table 4.3: Proportion of mRNAs with known CPEs in the coding region and 3’UTR.   
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that even though CPEs were distributed in the ORF and the 3’UTR, they were present in 

the 3’UTRs of MII stage transcripts in high number.  

4.2.2 Selection of mRNA for identification of novel regulatory motifs 

 A large population of transcripts at the late 1-cell stage did not have CPEs (47%) 

indicating the possible existence of novel regulatory motifs. My goal was to identify the 

regulatory motifs that control recruitment of mRNAs to the polysomes at the late 1-cell 

stage. To do this, I elected to pursue a deletion/truncation mutagenesis strategy by which 

to identify specific regions and elements that direct translational recruitment at the 1-cell 

stage.  The overall strategy was to select one specific mRNA, the 3’UTR of which would 

serve as a model for discovering novel regulatory motifs, and then expand the analysis by 

determining the conservation and distribution of those motifs amongst other regulated 

mRNAs.   This strategy would be best served by using a 3’UTR that was of a relatively 

short length, with no CPE, that was from an mRNA that displayed a dramatic regulation 

in translation, for which the mRNA is relatively abundant, and preferably encodes a 

protein with an essential function. Absence of a known CPE avoids regulation by the 

CPE, which would confound the identification of novel motifs. The presence of a 

putative hexanucleotide was considered essential, because studies showed that 

hexanucleotide is needed for CPE mediated translation regulation during maturation (Fox 

et al., 1989; McGrew et al., 1989; Vassalli et al., 1989; McGrew and Richter, 1990; 

Simon et al., 1992; Gebauer et al., 1994). If novel motifs are similar to CPEs in terms of 

translational regulation of mRNAs, then the hexanucleotide would be needed. The Bag4 

(BCL2 associated athanogene 4) mRNA displayed all of these characteristics.  BAG4 
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also known as silencer of death domain (SODD), is a member of the BAG family 

proteins. Over-expression of BAG4 suppresses TNF-induced cell death and NF-KB 

activation and therefore acting as a negative regulator of apoptosis. It was enriched on 

polysomes at the late 1-cell stage by ~12 fold (raw value from microarray MII stage-100, 

late 1-cell stage-1248), lacks a CPE, and contains a hexanucleotide. Even though other 

transcripts satisfied many of the above criteria, the comparatively short length of the 

Bag4 3’UTR (647 nt; GenBank accession no-BC058518) made it an ideal candidate for 

the study. 

 To confirm the suitability of the Bag4 mRNA for the proposed studies, mRNA 

expression and translation were examined in further detail.  Microarray analysis indicated 

that the Bag4 mRNA is translated highly at the late 1-cell stage compared to the MII 

stage. Bag4 mRNA expression and translation were examined further by Quantitative 

amplification and dot blotting technique (QADB) (Rambhatla et al., 1995) and Q-PCR. 

The Bag4 mRNA was translated highly at the 1-cell stage compared to the MII stage. The 

Bag4 mRNA transcript was higher in 2-cell stage polysome compared to the MII and 1-

cell stage (Fig. 4.2). Q-PCR was also performed using total mRNA from GV, MII and 1-

cell stages. Total Bag4 mRNA was more abundant at the MII stage compared to the 1-

cell stage (Fig. 4.3). Even though total Bag4 mRNA was high at the MII stage compared 

to the 1-cell stage (Fig. 4.3), it was not recruited to the polysomes at the MII stage (as 

shown by microarray and QADB) and also it is likely to decline in abundance at the 1-

cell stage due to the mRNA recruitment to the polysomes, translation and subsequent 

degradation.  
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Figure 4.2: Bag4 polysomal mRNA abundance shown by QADB. Polysomal mRNA 

from 3 replicates of egg, 1-cell and 2-cell embryos was utilized for cDNA synthesis. Dot 

blots were hybridized with Bag4 radio labeled probe corresponding to the 3’UTR. Y axis 

represents cpm bound and standard error is indicated. 
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Figure 4.3: Total Bag4 mRNA expression shown by Real Time PCR. Real Time-PCR 

performed on total mRNA isolated from GV, MII and 1-cell stages. Probe corresponding 

to exons 1-2 of Bag4 was utilized. Y-axis represents relative expression compared to the 

GV stage. 
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4.2.3 The Bag4 chimeric mRNA recapitulates endogenous Bag4 mRNA regulation  
 
 The above observations indicate that Bag4 is an ideal candidate for studies to 

identify novel regulatory motifs.  A further criterion that must be satisfied is that the 

Bag4 3’UTR be able to recapitulate the endogenous pattern of translation regulation.  

Chimeric mRNA transcripts with EGFP (Enhanced Green Fluorescent Protein) ORF 

fused to Bag4 3’UTR were designed and produced by in vitro transcription from cDNA 

plasmid constructs (Fig. 4.4). Green fluorescent protein will be synthesized as a reporter 

upon translation of EGFP ORF, and the timing of translation will be directed by the 

regulatory elements in the Bag4 3’UTR.  Depending on the presence or absence of green 

fluorescence at a particular stage upon microinjection of the chimeric mRNA, novel 

motifs that act as either activators or inhibitors of translation in specific regions of the 

3’UTR were identified.  

 The chimeric Bag4 mRNA recapitulated endogenous Bag4 mRNA temporal 

translational pattern when injected into embryos fertilized by intracytoplasmic sperm 

injection (ICSI). The Bag4 chimeric mRNA was injected into early 1-cell (E1C) and late 

1-cell (L1C) stage embryos (Table 4.4).  In E1C embryos, the chimeric mRNA was 

injected into the egg before sperm injection. In the second group L1C, mRNA was 

injected after fertilization by sperm injection. The early 1-cell embryos displayed low 

translation compared to the late 1-cell stage. The mRNA injection confirmed similar 

translational regulation of chimeric constructs as the endogenous Bag4 mRNA. This 

correlates with the microarray and QADB data, where Bag4 mRNA translation was low 

in egg and high in the late 1-cell stage. These results established that the Bag4 3’UTR  
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Figure 4.4: Steps involved in the synthesis of chimeric mRNA and microinjection. 

EGFP ORF, Bag4 3’ UTR and a short poly(A) tail were inserted into pBluescript 

plasmid. Linearized plasmid DNA was subjected to transcription using mMESSAGE 

mMACHINE kit. mRNA with short poly(A) tail was injected into oocytes or embryos. 

Fluorescence from synthesis of green fluorescent protein was utilized for identifying the 

novel motifs. 
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Table 4.4: GFP protein synthesis in embryos fertilized by ICSI and parthenogenetic 

activation. Intensity of GFP synthesized from Bag4 chimeric mRNA injected into MII, 

early and late 1-cell embryos prepared by intracytoplasmic injection and parthenogenetic 

activation. The 1396-1996 nt indicates the region of the Bag4 3’UTR inserted into 

chimeric mRNA.  The values represent expression of green fluorescent protein measured 

by Image J analyses and SEM values. Image J analysis was performed on images taken at 

6 h post mRNA injection.  All injections were performed at least three times and using 

two different RNA preparations. E1C and L1C represent early 1-cell and late 1-cell 

stages. <1 – Low expression (pink), 1-2- Intermediate expression (yellow), >2- High 

expression (green). 

 

 

 



  80

contains all the regulatory motifs that are required for proper temporal regulation at the 

late 1-cell stage. 

The chimeric Bag4 mRNA was tested for translational recruitment in eggs before 

and after parthenogenetic activation.  Three different injection/activation protocols were 

used: a) mRNA injection into MII eggs (MII) followed by culture, b) mRNA injection 

into MII eggs followed by parthenogenetic activation and culture (E1C), c) 

parthenogenetic activation before injection, followed by culture (L1C) (Fig. 4.5).  

Translational recruitment of the chimeric mRNA in the early vs late 1-cell stage embryos 

was tested by parthenogenetic activation either after or before mRNA injection 

respectively. A complete picture of how Bag4 mRNA was translated and how activation 

affects its translation is provided by the stages of eggs and embryos used.  

 MII eggs and early 1-cell parthenogenetic embryos produced low fluorescence 

with Bag4 chimeric mRNA injection. But when injected into the late 1-cell embryos, 

translation was quick (within 6 h of mRNA injection) and yielded intense fluorescence 

(Table 4.4). Embryos prepared by parthenogenetic activation thus recapitulated the 

expression pattern shown by embryos fertilized by ICSI (Table 4.4). This indicates that 

parthenogenetic activation does not alter the GFP translation pattern and regulation by the 

Bag4 3’UTR. So, for all further mRNA injections parthenogenetically activated eggs 

were utilized, as this method is much less laborious and can yield a larger number of 

synchronously developing embryos than ICSI, and can be applied with stringent control 

over timing of activation.  
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Figure 4.5: Stages of eggs and embryos utilized for microinjection. Time of 

parthenogenetic activation or ICSI with respect to mRNA injection is indicated. Time 

taken for collection of oocytes, mRNA microinjection, ICSI and parthenogenetic 

activation is represented below.  
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4.2.4 Characterization of novel motifs in the Bag4 mRNA 3’UTR 
 
 The Bag4 mRNA 3’UTR lacks a known CPE and one or more novel motifs must 

exist to direct stage-specific translational recruitment.  To define regions of the Bag4 

mRNA with novel motifs, a series of chimeric plasmids with different regions of the 

Bag4 3’UTR deleted or truncated and joined to the EGFP ORF was created. GFP protein 

was synthesized within 6 h after injection of chimeric mRNA with 1343-1752 nt (Bag4-

1) and 1344-1491nt (Bag4-3) at all stages (Fig. 4.6). This indicates three possibilities-

presence of an activator of translation in the region common to both Bag4-1 and Bag4-3, 

or presence of an inhibitor in the region deficient in the chimerics, or a combination of 

both activators and inhibitors.   

For the first possibility to be correct there should be an activator in either Bag4-1 

or Bag4-3. Both Bag4-1 and Bag4-3 showed high translation at all stages compared to 

Bag4 and therefore an activator may be present in the region common to both chimerics 

i.e., 1344-1491 nt (Bag4-3) region. Bag4-13 chimeric with the 5’ region of Bag4-3 i.e., 

1344-1423 nt yielded high translation of GFP protein at all stages and within 6 h after 

injection of the mRNA (Fig. 4.6). Overall, Bag4-1, Bag4-3, Bag4-13 constructs indicated 

the presence of a strong activator in the 1344-1423 nt (80 nt) region.  

Bag4-7 and Bag4-10 cover 1470-1748 nt of Bag4-1 (Fig. 4.6). Bag4-7 mRNA 

(1644-1748 nt) on injection indicated higher translation compared to Bag4 at MII and 

early 1-cell stages (Fig. 4.6). This result indicated that 1644-1748 nt contains a motif 

required for translation. The region at position 1470-1748 nt (Bag4-10), showed a 

decrease in translation at the MII stage indicating absence of an activator and presence of 

a MII inhibitor. The MII stage inhibitor in the Bag4-10 truncation inhibits the MII stage  
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Figure 4.6: Chimerics with Bag4 3’UTR truncations. All the above constructs contain 

EGFP ORF and the region of Bag4 3’ UTR shown. Bold lines represent the region of 

Bag4 3’UTR included in the chimeric construct and the region between the brackets is 

not included in the chimeric construct. The region of Bag4 3’UTR included in each 

chimeric construct is represented in nt.  Full length and truncated mRNAs were designed 

to possess 28 adenosine residues. mRNA of concentration 0.5 pmol/µl was injected into 

MII, E1C and L1C stages. All injections were performed at least thrice and using two 

different RNA preparations. GFP protein synthesis at 6 h post mRNA injection was 

considered for representing the color pattern. <1 – Low expression (pink), 1-2- 

Intermediate expression (yellow), >2- High expression (green). 
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activator in the Bag4-7 truncation. These inhibitors and activators work on each other and 

they do not control the activator in 1344-1423 nt region. The 1343-1752 nt (Bag4-1) 

construct contains the activator from 1344-1423 nt (Bag4-13) and the inhibitor from 

1470-1748 nt (Bag4-10) but Bag4-1 showed high translation in the MII and early 1-cell 

stages indicating that the MII inhibitor in Bag4-10 has no effect on the activator in Bag4-

13. Also, even in the absence of the activator from Bag4-7 in Bag4-13, there was 

increased translation at the MII stage indicating that the activator in Bag4-7 is not needed 

for translation at the MII stage. 

All chimeric mRNAs injected were highly translated in the late 1-cell stage 

embryos indicating that low translation in the MII stage and early 1-cell embryos is 

mediated by inhibitors. To test the possible presence of an inhibitor in the 1752- 2018 nt 

region (3’ end of the Bag4 3’UTR), the Bag4-8 and Bag4-9 chimerics were constructed. 

On injection of the chimeric mRNA with 1753-1890 nt (Bag4-8), EGFP protein synthesis 

was intermediary in the MII and early 1-cell stages indicating possibility of presence of 

an inhibitor. The Bag4-9 chimeric mRNA with 1891-2018 nt showed high protein 

synthesis in the MII stage and intermediate level at the early 1-cell stage. The Bag4-16 

chimeric with Bag4-13 and Bag4-9 regions together showed high translation. This 

confirms that Bag4-9 has no inhibitor that regulates the activator in Bag4-13. 

Furthermore, mRNA from Bag4-19 with the entire Bag4 3’UTR except for the Bag4-8 

region showed high translation at all stages confirming presence of a strong inhibitor in 

Bag4-8 that was responsible for regulating translation at the MII and early 1-cell stages. 

These results indicate the location of the MII and early 1-cell stage inhibitor of translation  
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to the 1753-1890 nt (Bag4-8) region. Finally, truncation studies revealed a region with an 

activator at 1344-1423 nt (Bag4-13) and a region with an inhibitor at 1753-1890 nt 

(Bag4-8).  

 The MII and early 1-cell inhibitor is present in the 138 nt of Bag4-8. Deletion of a 

small region 1827-1873 nt in Bag4-22 chimeric mRNA slightly increased translation at 

the MII and early 1-cell stages compared to the full length Bag4 chimeric mRNA. Thus, 

the Bag4-22 construct indicated the presence of a mild inhibitor, but shows that the 1827-

1873 nt region has a strong inhibitor. The Bag4-24 lacks 1753-1826 nt and it showed 

reduced translation. The 1858-1869 nt region was deleted in Bag4-23 and there was 

increased GFP protein synthesis with mRNA injection, showing the presence of a strong 

inhibitor in the missing region. The 1874-1890 nt region was excluded as an inhibitor 

because this region was present in Bag4-22 and was insufficient to cause inhibition. So, 

the Bag4-22, Bag4-23 and Bag4-24 truncations indicated the 1827-1869 nt region (43 nt) 

(Fig 4.10) to be essential for establishing complete translation inhibition at the MII and 

early 1-cell stage. Also these studies indicated that even a very small deletion, absence of 

1858-1869 nt i.e., CUUACCUGCAGG, increased translation at these stages (Fig. 4.6), 

thus confirming the presence of a specific inhibitor responsible for inhibiting translation 

at the MII and early 1-cell stage. 

 To test the effect of the Bag4-7 and Bag4-9 regions on the inhibitors in Bag4-8, 

the Bag4-7, 8, Bag4-8, 9 and Bag4-7, 8, 9 constructs were synthesized.  Chimeric 

mRNAs with 1644-1890 nt (Bag4-7, 8) yielded low fluorescence in the MII and early 1-

cell stages similar to Bag4. The Bag4-8, 9 (1753-2018 nt) mRNA increased GFP 

translation in all stages. Also, the Bag4-7, 8, 9 chimeric mRNA showed translation 
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similar to Bag4-9. When Bag4-8 and Bag4-9 were joined, the inhibition by Bag4-8 was 

reduced. But, Bag4-7 and Bag4-8 together yielded low translation at the MII and early 1-

cell stages. These results indicate that different regions of the 3’UTR can affect the 

activity of the inhibitors.  

To confirm the results obtained with the parthenogenetic embryos, chimeric 

truncated mRNAs were also injected into embryos fertilized by ICSI. The Bag4-13 (with 

activator), Bag4-19 (without the Bag4-8 region and the inhibitor in it) and Bag4-24 (with 

inhibitor) mRNAs were injected into ICSI embryos (Fig. 4.7).  The results obtained with 

the ICSI fertilized embryos were similar to results obtained from parthenogenetic 

embryos.  

To eliminate the possibility that degradation of the chimeric mRNA is responsible 

for low GFP synthesis at the MII and early 1-cell stage, images of the oocytes and 

embryos were collected at different time points. The data obtained with the full length 

Bag4, Bag4-10, and Bag4-13 chimeric mRNA indicated that irrespective of the size of 

the 3’UTR, the mRNAs were stable. There is an increase in fluorescence at around 19-30 

h post mRNA injection in MII and early 1-cell stage indicative of translation from the 

injected mRNA (Fig. 4.8). This increase in fluorescence clearly indicates that the injected 

mRNAs are stable and persist over a long period to facilitate EGFP production at a later 

stage. 
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Figure 4.7: GFP protein synthesis from Bag4-13, Bag4-19, Bag4-24 chimeric mRNA 

injection into ICSI embryos. Bag4-13, Bag4-19 and Bag4-24 mRNA were injected into 

early 1-cell and late 1-cell embryos prepared by ICSI. The intensity of fluorescence is 

indicated by the values and the color code. GFP protein synthesis at 6 h post mRNA 

injection was considered for representing the color pattern and all injections were 

performed at least thrice and using two different RNA preparations. All injections were 

performed at least thrice and using two different RNA preparations. GFP protein 

synthesis at 6 h post mRNA injection was considered for representing the color pattern. 

<1 – Low expression (pink), 1-2- Intermediate expression (yellow), >2- High expression 

(green). 
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Figure 4.8: GFP synthesis measured at various time points indicates absence of 

mRNA degradation. Images of MII, early 1-cell and late 1-cell embryos were taken at 

different time points after chimeric mRNA injection. Fluorescence intensity measured 

using Image J program was represented in arbitrary values on Y-axis. X-axis represents 

the time when the image was collected i.e. hours post mRNA injection. Data obtained 

from three chimeric mRNAs- Bag4, Bag4-10, Bag4-13 is shown.  
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4.2.5 The Bag4 3’UTR secondary structural analysis to identify interactions 

between different regions of the 3’UTR 

 Truncation experiments pointed to the CUUACCUGCAGG motif in Bag4-8 to be 

responsible for inhibition of translation at the MII and early 1-cell stages. They also 

indicated that the 1827-1869 nt region in the Bag4 3’UTR controls translation and the 

presence of Bag4-7 and Bag4-9 regions affects the activity of the inhibitor motif in Bag4-

8 (Fig. 4.6, compare Bag4-7,8, Bag4-8,9 to Bag4-8 mRNA translation). Secondary 

structures predicted using CONTRAfold (Do et al., 2006) indicated differences in 

interactions between the nucleotides among various chimerics. The endogenous Bag4 

mRNA with low translation at the MII and early 1-cell stages presents strong interactions 

between the inhibitory region i.e., 43 nt region and the surrounding nucleotides (Fig. 

4.9A). This strong interaction is possible even in the presence of Bag4-7 as shown by the 

Bag4-7, 8 chimeric mRNA structure (Fig. 4.9B) but, it is disrupted by the Bag4-9 region 

present in Bag4-7, 8, 9 chimeric mRNA structure (Fig. 4.9C). The Bag4-24 chimeric 

mRNA with the inhibitor region also presented strong secondary structure interactions 

(Fig. 4.9D). The structure of the inhibitory region in Bag4-7, 8, 9 and Bag4-24 is similar 

but only Bag4-24 was able to inhibit translation indicating that strong secondary 

structural interactions are essential. The 1835-1852 nt (Bag4-8) in the Bag4 3’UTR 

mRNA sequence is responsible for forming these interactions and they point how 

secondary structure can affect mRNA translation. 
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Figure 4.9: Secondary structure image of Bag4 mRNA and chimeric mRNAs. A. 

Endogenous Bag4 mRNA structure, B. Bag4-7, 8 chimeric mRNA structure C. Bag4-7, 

8, 9 chimeric mRNA structure, D. Bag4-24 chimeric mRNA structure. mRNA secondary 

structure is represented using line drawing and the region identified by truncation studies 

is represented in red. The regulatory region in red is enlarged to indicate the secondary 

structure interactions. Secondary structure was constructed using CONTRAfold.  

                  

                       

                    

A. 

C. 

B. 

D. 
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4.2.6 Conservation of inhibitory motifs among other mRNAs  

 Truncation and deletion studies identified the 1827-1869 nt region in the Bag4 

3’UTR that directs translation inhibition. To identify novel motifs present in this region 

and to check the extent of conservation of novel motifs among the translated maternal 

mRNAs at the MII and 1-cell stage, bioinformatics analysis was performed. To identify 

the novel motifs, the entire Bag4 3’UTR sequence was analyzed by comparing 1-9 nt of 

the Bag4 3’UTR sequence to the 3’UTR sequences of mRNAs translated at the MII and 

1-cell stage. CUUACCUG motif from CUUACCUGCAGG (1858-1869 nt) (Fig. 4.10) 

was identified as significantly enriched in the 1-cell mRNA population. The 

CUUACCUG inhibitor motif was present in 3’UTRs of 60 mRNAs enriched at the 1-cell 

stage compared to 5 mRNA 3’UTRs at the MII stage (Table 4.5). A large number of 

mRNAs i.e., 677 mRNAs at the late 1-cell stage had CUUACCUG motif with a single 

nucleotide mismatch. The bioinformatics analyses also identified three overlapping 

motifs in Bag4-8 (Fig. 4.10). These motifs were present next to each other and in close 

proximity to the 12 nt (1858-1869 nt) motif-CUUACCUGCAGG identified as inhibitor 

by the truncation studies. GACUCUUG and GGACCUC motifs were present in 50 and 

128 mRNAs enriched at the 1-cell stage (7 and 23 mRNAs at the MII stage respectively). 

With a single nucleotide mismatch, these motifs were present in 608 and 1066 mRNAs 

respectively at the late 1-cell stage compared to 205 and 284 mRNAs at the MII stage 

(Table 4.5). The AGACUC motif, which is part of the GACUCUUG motif, is present in 

440 mRNA 3’UTRs translated at the late 1-cell stage while 1473 mRNAs possessed the 

motif with a mismatch (129 mRNAs with exact motif and 395 with mismatch at the MII 

stage). 
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Figure 4.10: Representation of the 43 nt region with novel inhibitor motifs identified 

by bioinformatics analyses.  
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Motif Stage Total number of mRNAs 

with exact novel motif 

Total number of mRNAs 

with exact and single 

nucleotide mismatch motifs 

MII 129 395 AGACUC 

1-cell 440 1473 

MII 7 205 GACUCUUG 

1-cell 50 608 

MII 23 284 GGACCUC 

1-cell 128 1066 

MII 5 204 CUUACCUG 

1-cell 60 677 

 

Table 4.5: Number of mRNAs with exact and single mismatch nucleotide motifs in 

the 3’UTR. Transcripts enriched at the MII and 1-cell stage were used for identification 

of number of mRNAs with exact and single nucleotide mismatch motifs. 433 mRNAs 

enriched at MII stage and 1655 mRNAs enriched at late 1-cell stage were utilized for this 

analysis. 
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Truncation studies and secondary structure analyses indicated that CUUACCUG 

motif along with AGACUC, GACUCUUG and GGACCUC motifs are important for 

inhibition of translation. Secondary structure analysis implicated the strong interactions 

of these motifs with surrounding nucleotides to be responsible for inhibition. So, presence 

of CUUACCUG motif by itself in a large number of mRNAs is not enough and does not 

implicate automatic regulation of translation. So, I checked for the presence of 

AGACUC, GGACCUC and GACUCUUG along with CUUACCUG. AGACUC, 

GGACCUC, and CUUACCUG motifs were present in 165 mRNAs compared to 544 

mRNAs at the late 1-cell stage (Table 4.6). Also, GACUCUUG, GGACCUC and 

CUUACCUG motifs were present in 116 and 308 mRNAs at MII and 1-cell stage 

respectively. All 4 motifs were present in 116 and 307 mRNAs at MII and 1-cell stage 

respectively (Table 4.6). The AGACUC motif is part of the GACUCUUG motif, as a 

result there was no difference between the number of mRNAs with GACUCUUG, 

GGACCUC and CUUACCUG to number of mRNAs with all 4 motifs. Thus, 

bioinformatics analysis identified large population of mRNAs with novel motifs 

indicating that these motifs are well conserved in the 1-cell stage maternal mRNA 

population and also they regulate translation. 

4.3 Discussion  

My present study constitutes the first detailed examination and identification of 

novel inhibitor motifs involved in non-CPE dependent regulation of maternal mRNA 

translation after fertilization in mice. This study for the first time attempted to examine 

the role of inhibitors in translation regulation. Many previous studies identified activator 
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Motifs AGACUC 

GGACCUC 

CUUACCUG 

GACUCUUG 

GGACCUC 

CUUACCUG 

AGACUC 

GACUCUUG 

GGACCUC 

CUUACCUG 

Number of mRNAs with 

multiple motifs at MII stage 

165 116 116 

Number of mRNAs with 

multiple motifs at 1-cell stage 

544 308 307 

 

Table 4.6: Number of mRNAs with multiple novel motifs in the 3’UTR. mRNAs 

were tested for presence of multiple novel motifs. mRNAs enriched on polysomes at the 

MII stage and late 1-cell stages were utilized for the analysis.  
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motifs that aid in translation of specific maternal mRNAs (Huarte et al., 1992; Gebauer et 

al., 1994; Oh et al., 2000) but until now, knowledge on inhibitors of translation and the 

mechanism of action of these inhibitors was never examined.  

It is my hypothesis that many maternal mRNAs recruited at the late 1-cell stage 

are regulated in a CPE-independent manner. The regulation by novel motifs should be 

specific to the 1-cell stage mRNAs to establish a temporal wave of translation because 

regulation at the MII and 1-cell stage cannot be achieved by the same CPE motifs. By 

focusing on the polysomal mRNAs and their regulation, I was able to address the 

following questions: To what degree does CPEs regulate translation in the MII stage? Do 

CPEs regulate translation at the 1-cell stage? If CPEs are not responsible for translation at 

the 1-cell stage, then what are the novel motifs that regulate translation?  

CPEs were shown to be important in translation of tissue-type plasminogen 

activator (tPA), Mos, Spindlin and Cyclin B1 mRNAs during maturation (Swiderski et al., 

1988; Huarte et al., 1992; Gebauer et al., 1994; Oh et al., 2000) and Catenin after 

fertilization (Ohsugi et al., 1996). These studies examined the translation regulation of 

individual maternal mRNAs translated during maturation and fertilization. Oh et al. 

(2000) indicated that Spin mRNA contains a CPE that helps in polyadenylation during 

oocyte maturation and after fertilization. But the overall significance and the degree of 

CPE regulation at the MII stage and late 1-cell stage was never analyzed. My analyses on 

a large population of polysomal mRNAs translated at the MII and late 1-cell stages aided 

in examining the role of CPEs. CPEs were present in 86% of transcripts at the MII stage 

implying that CPEs were involved during meiotic maturation and only 53% of transcripts 

at the 1-cell stage had CPEs (Table 4.1). Thus, CPEs play a major role in polyadenylation 
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and translation of mRNAs at the MII stage with a lesser role at the late 1-cell stage. It is 

of interest to observe translation of CPEB1 and CPEB4 proteins that bind to the CPE at 

the MII stage. These proteins facilitate translation mediated by polyadenylation. The 

reduction in the abundance of CPEB1 and CPEB4 transcripts by late 1-cell stage suggests 

a shift in command from CPEs to other regulatory elements.  

CPEs were present in 53% of transcripts at the late 1-cell stage. But these 

transcripts were not subjected to translation at the MII stage. Also, regulation of protein 

synthesis from transcripts with no CPEs (47%) at the 1-cell stage was not clear. To 

answer these questions, I examined the translational regulation of a specific mRNA that 

is translated at the late 1-cell stage. By focusing on one transcript, I was able to identify 

the motifs responsible for inhibiting translation at the MII stage. The Bag4 mRNA with 

no CPEs in its 3’UTR clearly showed the presence of multiple inhibitors and activators 

that work at different stages of development (Fig. 4.6). Thus truncation/deletion 

experiments efficiently identified various motifs that regulate Bag4 mRNA translation 

during early embryo development. 

Proper temporal regulation of maternal mRNAs is the key for early embryo 

development. The non-CPE containing transcripts are kept dormant at the MII and early 

1-cell stage by the novel inhibitors identified by this study. CPEs aid in translation at the 

MII stage by recruiting mRNAs, whereas inhibitors delay translation until the late 1-cell 

stage by inhibiting translation at the MII and early 1-cell stage. Thus, in eggs the process 

of recruitment of CPE-containing mRNAs and maintenance of the inhibitor containing 

mRNAs in dormant form occur simultaneously. When the CPE containing transcripts 

undergo degradation following translation, the inhibitor containing transcripts become 
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recruited at the late 1-cell stage. It is my hypothesis that trans-acting inhibitory proteins 

are present in the MII and early 1-cell stage embryos, and that these proteins bind to the 

novel motifs. When the early 1-cell embryo develops to the late 1-cell embryo, the trans-

acting inhibitory proteins are degraded and therefore the effect of inhibition disappears 

allowing the transcripts to undergo translation. Previously, it was thought that at the MII 

stage, only CPE-mediated regulation is important for temporal regulation.  But both CPE-

mediated and inhibitor-mediated translation regulation are needed for establishing proper 

temporal regulation. 

Secondary structure of mRNA also plays an important role in mRNA regulation 

by hiding or exposing different regions of the 3’UTR or ORF for interaction with trans-

acting factors.  Studies have shown that specific motifs like CPEs and PREs are 

responsible for regulating translation (McGrew and Richter, 1990; Charlesworth et al., 

2004). But the effect of mRNA secondary structure on the activity of these motifs was 

never examined. The Bag4 truncation studies indicated that different regions of the 

3’UTR can either activate or deactivate the inhibitors. Secondary structure analyses of 

endogenous Bag4 3’UTR, chimeric Bag4-7,8, Bag4-24 and Bag4-7,8,9 mRNAs indicated 

that strong interactions between the inhibitors and the surrounding region is required for 

establishing inhibition. This study not only identified regions responsible for regulation, 

but it also identified short 6-8 nt motifs that act as inhibitors and motifs that aid in 

inhibition. Bag4-23 chimeric mRNA with absence of inhibitor led to high GFP 

translation at the MII and early 1-cell stage. Bioinformatics analyses showed that these 

motifs are conserved in a large number of mRNA transcripts enriched at the late 1-cell 

stage. The AGACUC motif with a mismatch is present in 1473 mRNAs out of 1655 
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mRNAs enriched in polysome at the late 1-cell stage. A large number of mRNAs i.e., 307 

mRNAs contain all 4 motifs that establish temporal regulation. This indicates that motifs 

identified in this study inhibit translation at the MII and early 1-cell stages of many 

maternal mRNAs.  

By identifying inhibitors of translation in a number of transcripts recruited at the 

late 1-cell stage, my study explained an important regulatory control that is needed for 

early development. This study identified novel inhibitor motifs that regulate translation at 

the late 1-cell stage and also helped in understanding how embryos establish a complex 

temporal translation regulation. 
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CHAPTER 5 

FUTURE DIRECTIONS 

 
Earlier chapters stressed the importance of temporal translation of maternal 

mRNAs for embryonic development. My studies indicated the role of novel inhibitory 

motifs in the regulation of translation at the late 1-cell stage. Bioinformatics analyses 

indicated specific motifs that are responsible for inhibition of translation at the MII and 

early 1-cell stage. Maternal mRNAs with these motifs are inhibited at the MII and early 

1-cell stages and the effect of inhibition is removed as the embryo develops to the late 1-

cell stage embryo. The exact mechanism of how the late 1-cell embryos escape the 

inhibition is not clear. It is my hypothesis that specific proteins interact with the 

inhibitory motifs and cause inhibition at the MII and the early 1-cell stages. These 

proteins may be degraded by late 1-cell stage and thus these mRNAs undergo translation. 

It would be interesting to identify the proteins that interact with these specific inhibitory 

motifs. Proteins interacting with inhibitory motifs will be identified by affinity 

purification based on streptomycin-binding aptamers (Windbichler and Schroeder, 2006). 

Hybrid RNA with ‘strepto tag’ attached to the 3’UTR region with inhibitors will be 

immobilized on a streptomycin affinity matrix and eluted proteins will be identified by 

Mass Spectrometry. Identification of the proteins that interact with the novel inhibitors 

will help in understanding the mechanism of translation regulation and also will explain 

how the CPE mediated regulation is different or similar to this regulation. 
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