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1. ZUSAMMENFASSUNG 

Pelo ist ein evolutionär konserviertes Gen, das in diversen Spezies charakterisiert wurde. In 

der Maus führt der Verlust von Pelo zu embryonaler Letalität in frühen 

Postimplantationsstadien. In vitro Studien mit Pelo-null Blastocysten haben gezeigt, dass 

PELO möglicherweise eine Rolle bei der Regulation des Zellzyklus oder der 

Selbsterneuerung der pluripotenten Embryonaler Stammzellen (Embryonic Stem Cells, ESCs) 

spielt. In der vorliegenden Arbeit sollte die molekulare Rolle von PELO bei der 

Selbsterneuerung und bei der Differenzierung von ESCs und Keimbahnstammzellen mit 

Hilfe eines konditionalen Pelo Knockout-Mausmodels in Kombination mit in vitro sowie in 

vivo Experimenten untersucht werden.  

Im ersten Teil der Arbeit konnten wir zeigen, dass PELO für die Selbsterneuerung von ESCs 

oder deren Differenzierung in die drei Keimblätter nicht notwendig ist, jedoch unabdingbar 

ist für die Differenzierung des extraembryonalen Endoderms (ExEn). Im Umkehrschluss wird 

durch die Überexpression von Pelo in ESCs das Programm zur Differenzierung des ExEn`s 

aktiviert. Auf molekularer Ebene konnten wir zeigen, dass die beeinträchtigte 

Differenzierung des ExEn`s in Pelo-defizienten Embryoidkörpern (Embryonic Bodies, EBs) 

aus einer reduzierten Aktivität des Bone Morphogenetic Proteins (BMP) resultiert. Dieses 

Ergebnis wurde durch weitere Experimente bestätigt, die gezeigt haben, dass Pelo-defiziente 

Zellen durch Behandlung mit BMP4 in das ExEn differenzieren können. In vivo Studien 

haben gezeigt, dass Pelo-null Embryonen am Tag 6.5 (E6.5) das ExEn besitzen, jedoch an 

E7.5 versterben. Dies lässt vermuten, dass PELO nicht für die Induktion der Entwicklung des 

ExEn`s notwendig ist, sondern vielmehr für dessen Erhaltung oder abschließende 

Differenzierung in das funktionelle viszerale Endoderm, das den Embryo mit 

Wachstumsfaktoren für die weitere Entwicklung versorgt. Zudem ist PELO notwendig für die 

BMP-Aktivierung zu Beginn der somatischen Zellreprogrammierung. Der Verlust von PELO 
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beeinträchtigt die Reprogrammierung zur induzierten Pluripotenz. Außerdem konnten wir die 

konservierte Funktion von PELO im Qualitätskontrollmechanismus der RNA in murinen 

ESCs feststellen. 

Im zweiten Teil der Arbeit haben wir demonstriert, dass die Pelo-Expression essentiell für die 

Erhaltung der männlichen Fertilität und Spermatogenese ist. Der Verlust von Pelo während 

der Entwicklung von männlichen Keimzellen in Mäusen hat gezeigt, dass PELO für die 

Selbsterneuerung und Erhaltung der Spermatogonialen Stammzellen  (Spermatogonial Stem 

Cells, SSCs) notwendig ist, jedoch für die Entwicklung der späteren Spermatogenesestadien 

sowie die Spermienfunktion erlässlich ist.  

Insgesamt zeigen unsere Studien die molekulare Rolle(n) von PELO in der frühen 

Embryonalentwicklung der Maus und bei der männlichen Fertilität auf. Unsere Ergebnisse 

geben Hinweise auf Ursachen von Defekten, die mit dem PELO Verlust zusammenhängen.   
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1. SUMMARY 

Pelota (Pelo) is an evolutionary conserved gene, which has been characterized in diverse 

species. In mouse, Pelo deficiency results in embryonic lethality at early post-implantation 

stage. The in vitro culture of Pelo-null blastocysts revealed that PELO may have a role in the 

regulation of the cell cycle or self-renewal of embryonic stem cells (ESCs). The overall aim of 

the present study was to investigate the molecular role of PELO in self-renewal and 

differentiation of ESCs and germ stem cells by employing conditional Pelo knockout mouse 

model in combination with both in vitro and in vivo experiments.  

In the first part of the study, we found that PELO is dispensable for the self-renewal of ESCs 

or their differentiation potential to form three germ layers in the teratoma assays, but required 

for differentiation of extraembryonic endoderm (ExEn). Conversely, overexpression of Pelo 

in ESCs activates the differentiation program towards ExEn cell lineage. At the molecular 

level, we identified that the impaired differentiation of ExEn in Pelo-deficient embryoid 

bodies (EBs) is a result of decreased activity of bone morphogenetic protein (BMP) signaling 

pathway. This finding was further corroborated by experiments showing that Pelo-deficient 

cells could differentiate into ExEn in response to BMP4 treatment. In vivo studies showed the 

presence of ExEn in Pelo-null embryos at E6.5, yet embryonic lethality at E7.5, suggesting 

that PELO is not required for the induction of ExEn development, but rather for ExEn 

maintenance or for terminal differentiation towards functional visceral endoderm which 

provides the embryos with growth factors required for further development. In addition, we 

found that PELO is required for activation of BMP signaling during the initiation stage of 

somatic cell reprogramming and its loss impairs the reprogramming towards induced 

pluripotency. Furthermore, we observed the conserved function of PELO in RNA quality 

control mechanism in murine ESCs.  
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In the second part, we demonstrate that the expression of Pelo is essential for the maintenance 

of male fertility and spermatogenesis. The consequences of Pelo deficiency on the 

development of male germ cells in mice showed that PELO is required for spermatogonial 

stem cells (SSCs) self-renewal and their maintenance, but is dispensable for the development 

of later stages of spermatogenesis and sperm function.  

Taken together, our studies uncovered the molecular role(s) of mammalian PELO in early 

embryonic development and in male fertility, and identified molecular pathways that are 

responsible for the defects resulting from Pelo depletion.   
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2. INTRODUCTION 

2.1. Pelota (PELO) is a highly conserved protein 

Pelota (Pelo) gene was first identified in Drosophila through a mutagenesis screen for 

mutated genes, which specifically affect spermatogenesis (Castrillon et al., 1993). 

Homologous genes have been then isolated and characterized in diverse species from 

archaebacteria to human (Bult et al., 1996; Davis and Engebrecht, 1998; Lalo et al., 1994; 

Ragan et al., 1996; Shamsadin et al., 2002; Shamsadin et al., 2000). In the mouse and human 

genome, there is only one copy of Pelo gene, which is localized on mouse chromosome 13 

and human chromosome 5q11 (Shamsadin et al., 2002; Shamsadin et al., 2000). The Pelo 

gene consists of three exons, however, the coding sequences are located in exons 2 and 3. 

Like the expression pattern of Pelo in Drosophila, mouse and human Pelo gene is 

ubiquitously expressed and the expression starts from early stages of development 

(Shamsadin et al., 2002; Shamsadin et al., 2000).  

Comparison of the protein sequences revealed that Pelo is highly conserved throughout the 

species. In the mouse, the 1.7kb long Pelo transcript is translated into a protein containing 385 

amino acids. Mouse PELO protein shows sequence identity of 23%, 36%, 70%, and 95% with 

those of archaebacteria, yeast, Drosophila and human, respectively (Shamsadin et al., 2002; 

Shamsadin et al., 2000). Structural analysis revealed that PELO ortholog Dom34 in yeast has 

similarity with the eukaryotic release factor 1 (eRF1), which is involved in translation 

termination and ribosome recycling (Frolova et al., 1999; Pisareva et al., 2011; Song et al., 

2000). Dom34 and eRF1 specifically interact with Hbs1 and eRF3, respectively (Carr-Schmid 

et al., 2002; Zhouravleva et al., 1995). Both Dom34 and eRF1 interacting proteins belong to 

the GTPase family and are involved in the release of the nascent polypeptide during 

translation termination (Carr-Schmid et al., 2002; Inagaki and Ford Doolittle, 2000). 
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Although the primary structure of mammalian PELO contains a putative nuclear localization 

signal (NLS) at the N-terminus, immunohistological and protein analysis revealed that PELO 

is localized at the cytoskeleton and plasma membrane (Buyandelger, 2006). The localization 

of PELO in cytoplasm was also found in Drosophila and yeast (Davis and Engebrecht, 1998; 

Xi et al., 2005). 

To identify the PELO interacting proteins, a human prostate cDNA library was screened by 

yeast two-hybrid assay (Burnicka-Turek et al., 2010). This screening has identified three 

proteins namely HAX1, the eukaryotic initiation factor eIF3G, and the apoptosis inducing 

tumor suppressor SRPX as putative interaction proteins of PELO. The interactions between 

PELO and its putative partners were confirmed in vitro by GST pull-down assays and in vivo 

by co-immunoprecipitation studies (Burnicka-Turek et al., 2010). Bimolecular Fluorescence 

Complementation (BiFC) analysis has shown that protein complexes resulting from the 

interactions between PELO and either HAX1, eIF3G and SRPX are localized to cytoskeletal 

filaments (Burnicka-Turek et al., 2010). 

2.2. The molecular function of PELO 

The biological role of PELO has been studied in various species and the molecular function of 

PELO appears to be highly conserved among species. In yeast, deletion of Dom34 causes 

delayed progression through G1 phase of mitotic division and failure to undergo sporulation 

(Davis and Engebrecht, 1998). Further analysis revealed that the affected growth of mutant 

yeast is due to the decreased level of polyribosomal fraction suggesting a role for Dom34 in 

the translation process (Davis and Engebrecht, 1998). Affected cell cycle during meiotic 

division was also shown in Pelo mutant males of Drosophila (Eberhart and Wasserman, 

1995). Interestingly, restoration of the sporulation and growth defects by expression of 

Drosophila Pelo in Dom34 yeast mutants confirmed the conserved function of PELO among 
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species (Davis and Engebrecht, 1998). In addition, expression of human transgenic Pelo was 

able to rescue the lethal phenotype of Pelo-deficient mice (Buyandelger, 2006; Kata, 2009), 

further strengthening the conserved function of PELO.  

Based on the studies of consequences of Pelo mutation in different species, the biological 

functions of PELO can be categorized as follows:  

2.2.1. Requirement of PELO in early embryogenesis 

Mammalian pre-implantation development establishes three major cell lineages with distinct 

developmental potentials: the epiblast (EPI) develops into the fetus itself, the trophectoderm 

(TE) forms the placenta, and primitive endoderm (PrE) becomes the extraembryonic 

endoderm layers of the visceral and parietal yolk sacs (Beddington and Robertson, 1999; 

Chazaud et al., 2006; Rossant et al., 2003) (Fig. 1.1). Failure of these three lineages 

specification initiates abnormal embryonic development and further causes embryonic 

lethality.  

The function of mammalian PELO was first studied by the analysis of conventional Pelo 

knockout mouse (Adham et al., 2003). Heterozygous Pelo mice were viable and fertile, while 

no Pelo-null mice were found in offspring of heterozygous intercrosses, indicating that 

deletion of both alleles might lead to embryonic lethality. To confirm and to determine the 

time of embryonic lethality, embryos at different developmental stages were collected from 

heterozygous intercrosses. It has been found that implantation of Pelo-deficient embryos is 

not affected and Pelo
-/-

 embryos grow normally until embryonic day 6.5 (E6.5). By E7.5, the 

morphological abnormalities are apparent in Pelo-null embryos (Adham et al., 2003). 

Although the development at gastrulation stage is normally initiated as characterized by 

differentiation of germ layers (ectoderm, mesoderm and endoderm), the extraembryonic 

region was substantially reduced and distinct exocoelomic and chorionic cavities were lost. 
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Beyond E8.5, Pelo
-/-

 embryos were not survived, either undergoing resorption or entirely 

resorbed, indicating Pelo deficiency leads to lethality at E7.5 (Adham et al., 2003). These 

results suggest that lethality of Pelo
-/-

 embryos at post-implantation stage is not due to defect 

in the differentiation of the three germ layers (Adham et al., 2003). 

 

 

Figure. 1.1. Schematic illustration of lineage specification during mouse pre-implantation development. The 

three major cell lineages TE, EPI and PrE are established during pre-implantation stage. At E3.0 the outer cells 

of the late morula form TE, while the inside cells become ICM. Then PrE and pluripotent EPI precursors are 

specified and distribute in a "salt and pepper" pattern within the ICM during mid-blastocyst stage. At E4.0, the 

PrE cells migrate and start to form an outer surface of the EPI, and these two lineages are spatially well 

organized at late blastocyst stage (E4.5) (Figure adapted from Cockburn and Rossant, 2010).  

The cause for embryonic lethality was further investigated by blastocysts (E3.5) isolated from 

heterozygous intercrosses and by culturing for 5 days, in vitro. Like wild type blastocysts, 

Pelo-null embryos grew normal, hatched from zona pellucida and attached to culture dish at 

E4.5. After 2 days of culture, the inner cell mass (ICM) of Pelo
-/-

 embryos failed to expand. In 

contrast, trophoblast cells of Pelo-deficient embryos remained during 6 days of culture. These 

observations suggest that PELO has essential role either in controlling of cell proliferation or 

self-renewal of pluripotent ICM (Adham et al., 2003). 

The early embryonic lethality of conventional Pelo knockout mice hindered to establish Pelo-

deficient ES cell lines and to investigate the molecular role of PELO in controlling cell 
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proliferation and pluripotency. It is difficult to undertake any cellular or molecular studies of 

Pelo-deficient embryos at early developmental stages in vivo, due to the small size, number 

and the relative inaccessibility of the embryo at this early developmental stage. Moreover, it is 

hard to establish the Pelo
-/-

 ECS line in vitro because of the outgrowth defect of ICM. To 

circumvent these problems and to elucidate the function of PELO in pluripotency and during 

later life, conditional Pelo knockout mice have been generated in our group (Kata, 2009).  

To examine the consequences of Pelo deletion on ESC pluripotency and on development of 

pre-implantation embryos, Pelo
F/-

CreERT2 and control Pelo
F/-

 ES cell lines were established 

from cultured blastocysts (Kata, 2009). Treatment of Pelo
F/-

CreERT2 ESCs with 4-hydroxy 

tamoxifen (4-OHT) led to recombination of the floxed Pelo allele and generation of mutant 

Pelo
Δ/-

CreERT2 ESCs (Kata, 2009). The finding that deletion of Pelo in established ES cell 

lines did not significantly affect their viability and pluripotency was surprising given that the 

conventional Pelo
-/-

 ICMs fail to expand their pluripotent cell population (Adham et al., 

2003). To investigate the cause for this discrepancy, Pelo
F/F

CreERT and Pelo
+/+

 embryos at 

4-cell stage (E1.5) and at blastocyst stage (E3.5) were isolated and incubated with 4-OHT at 

different time points.  Freshly isolated Pelo
F/F

CreERT embryos at E1.5 were immediately 

cultured in the presence of 4-OHT. These embryos were compacted normally after 1 day, 

developed into normal blastocysts, hatched from zona pellucida, but failed to generate an ICM 

outgrowth. Similar results were obtained during the culture of freshly isolated Pelo
F/F

CreERT 

blastocysts in the presence of 4-OHT. In contrast to these observations, 4-OHT treatment after 

2 days of culture of Pelo
F/F

CreERT blastocysts did not disrupt the ICM outgrowth. These 

results suggest the PELO is essential for a developmental process occurring between E 3.5 

and E5.5 (Dörfel, 2010). By E4.5, the outer cell layer of ICM starts to differentiate into 

primitive endoderm (PrE) and subsequently to ExEn, which supports epiblast with essential 

nutrients for further development of germ layers (Rossant et al., 2003). These observations led 
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to hypothesize that embryonic lethality of Pelo-deficient embryos could be a result of 

impaired ExEn development and that PELO may be involved in the regulation of ExEn 

development. 

2.2.2. PELO in germ cell development 

The biological role of PELO in the germ cell development has been well characterized in 

Drosophila where both male and female Pelo-null mutants exhibit infertility (Eberhart and 

Wasserman, 1995). In males, PELO regulates meiotic cell cycle progression of 

spermatogenesis but not mitotic cell division. Analysis of Pelo-null male mutants showed that 

the formation of spermatogonium from germ stem cells and 4 rounds of mitotic division to 

generate 16 spermatocytes are normal, however, the late prophase to the first meiotic 

metaphase (the G2/M transition) is not completed (Eberhart and Wasserman, 1995). Therefore 

some of the meiotic processes, including the nuclear envelope break down and spindle 

formation were disrupted (Eberhart and Wasserman, 1995). Subsequently, the impaired 

fertility of mutant females was not found to be a defect of meiotic division but rather the 

result of impaired self-renewal and differentiation of germline stem cells (GSCs) (Eberhart 

and Wasserman, 1995; Xi et al., 2005). 

Bone morphogenetic protein (BMP) signaling plays an important role in regulation of stem 

cell self-renewal and differentiation. In Drosophila ovary, GSC maintenance is regulated by 

BMP signaling which represses a Bam-dependent differentiation pathway (Chen and 

McKearin, 2003; Song et al., 2004). In mutant ovary, depletion of Pelo caused impaired GSC 

maintenance and subsequent loss of germline. Although the activity of the BMP signaling is 

decreased in mutant GSCs, Bam expression is still repressed, suggesting that PELO regulates 

GSC self-renewal through Bam-independent differentiation pathway (Xi et al., 2005). It has 

been shown that PELO involves in BMP signaling to control expression of Dpp target genes 
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in GSCs such as Dad (Xi et al., 2005). Increased BMP activity in ovary as a result of dpp 

overexpression represses GSCs differentiation and induces GSC-like tumors in Drosophila 

(Song et al., 2004). In Pelo mutant ovary, the expression of Dad, which is a downstream 

target of Dpp, was downregulated, suggesting PELO is involved in regulating the activity of 

BMP signaling pathway in GSCs (Xi et al., 2005).   

2.2.3. Role of PELO in protein translation 

The molecular function of PELO has been broadly studied in yeast, where PELO ortholog 

Dom34 and its interacting partner Hbs1 participate in RNA quality control mechanism called 

No-Go decay (NGD) and Non-stop decay (NSD) (Doma and Parker, 2006; Kobayashi et al., 

2010; Passos et al., 2009) (Fig. 1.2). In general, all RNAs are degraded at the end of their 

distinct life time, however, RNA defective in its structure is detected and rapidly degraded by 

the quality control mechanisms. In NGD pathway, ribosome stalled in translational elongation 

due to RNA stem loop structures, pseudoknots, rare codons, truncated mRNA or depurination 

of mRNA, such mRNA is recognized and  is endonucleolytically cleaved near the stalled 

ribosome and degraded (Doma and Parker, 2006; Gandhi et al., 2008). NSD recognizes and 

degrades mRNA on which the ribosome is blocked due to the absence of stop codon 

(Kobayashi et al., 2010). Initially, endonuclease activity of Dom34 has been reported (Lee et 

al., 2007), however, it could not be confirmed in further independent studies and the cleaved 

product of mRNA is detected in absence of Dom34 (Chen et al., 2010; Passos et al., 2009; 

Shoemaker et al., 2010). But cleavages were increases in the presence of Dom34, suggesting 

that Dom34 might act as stimulator of cleaving process (Kobayashi et al., 2010; Shoemaker et 

al., 2010). Apart from yeast, conserved function of PELO in quality control mechanism has 

been observed in diverse species, such as archaebacteria and Drosophila S2 cells (Kobayashi 

et al., 2010; Lee et al., 2007; Passos et al., 2009). Recently it has been also shown that 
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mammalian PELO-Hbs1 complex functions in the decay of non-stop mRNA in HeLa cells 

(Saito et al., 2013).  

 

Figure. 1.2. Schematic representation of the NGD and NSD pathways. There are three distinct events, including 

ribosome dissociation, mRNA and peptide degradation, occur during surveillance mechanism. Dom34/Hbs1 

complex recognizes and binds with stalled ribosome and stimulates ribosomal subunit dissociation with ABCE1. 

In NGD pathway, stalled ribosome stimulates endonucleolytic cleavage of mRNA near the stalled ribosome. The 

resulting mRNA, with free 3' and 5' termini, is further degraded by exosome and Xrn1 and the defective peptide 

is degraded by E3 mediated proteasomal degradation. In NSD pathway, ribosome stalled at mRNA that lacking 

the stop codon and recruits Dom34-Hbs1-ABCE1 complex. After ribosome dissociation, released mRNA and 

protein is degraded by exosome and proteasome (Figure adapted from Kobayashi et al., 2010 and Tsuboi et al., 

2012).  
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It is interesting to note that after interacting with Hbs1, protein structure of Dom34 (also 

archaebacterial PELO) is converted to the tRNA like structure, which enabling it to fit into the 

ribosome (Chen et al., 2010; Kobayashi et al., 2010). This structural adaption of Dom34 

suggests that Dom34 has important role in translation regulation. Recently it has been found 

that both Dom34 and Hbs1 interact with ribosome recycling protein ABCE1 (also known as 

Rli1) and the resulting Dom34-Hbs1-ABCE1 complex promotes dissociation of ribosomal 

subunits, suggesting Dom34 is involved in ribosome recycling (Pisareva et al., 2011; van den 

Elzen et al., 2014). Ribosome recycling is essential for sustaining the sufficient supply of 

ribosomal subunits for next round of protein synthesis and failure of this process leads to 

critical default in translational (Guydosh and Green, 2014; Pisareva et al., 2011). 

2.3. Aim of the study 

I. Role of PELO in early embryogenesis 

Previous results showed that the temporal deletion of Pelo after E4.5 of embryonic 

development does not affect the establishment of ESCs in vitro. The impaired differentiation 

of ExEn in Pelo-deficient embryoid bodies (EBs) led to perform the following approaches to 

determine the role of PELO in ExEn development. 

1. Investigation of pluripotency potential of Pelo-deficient ESCs in vitro and in vivo. 

2. Studying the consequences of Pelo deletion on the development of ExEn in EBs and 

embryos. 

3. The effect of Pelo overexpression on ESCs pluripotency.  

4.  Identification of the affected signaling pathway, which is responsible for impaired 

development of ExEn in the Pelo-deficient EBs. 
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5. Investigation of whether PELO is essential for the establishment of induced 

pluripotency of somatic cells and identification of the molecular causes of the failure 

in reprogramming of Pelo-deficient fibroblasts. 

6. Determination of whether the role of PELO in NGD is also conserved in mammalian 

cells. 

7. Impaired differentiation of Pelo-deficient ESCs in EBs led to determine the role of 

PELO in mRNA and protein stability of some pluripotency related genes. 

II. Role of PELO in germ cell development 

Previous report showed that the Pelo mutation affects the male and female fertility in 

Drosophila. These observations led to determine the consequences of temporal deletion of 

Pelo at different stages of development on male fertility of mouse. Several approaches were 

undertaken to identify the following points: 

1. Identification of developmental stages of germ cells, which are affected by Pelo 

deletion. 

2. Determination of the signaling pathway, which is affected in Pelo-deficient germ cells 

and is responsible for impaired self-renewal of SSCs. 
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3. RESULTS 

The early embryonic lethality of Pelo conventional knockout mouse model validates a crucial 

role of this gene in development. To investigate the biological function of PELO in early 

embryogenesis and germ cell development we analyzed Pelo conditional knockout mouse as 

a model. Using this mouse model, we deepened the exact role of PELO by induced deletion 

at different developmental stages and analyzed the defects resulting from Pelo deletion. Our 

results are summarized in the following manuscripts.  

3.1. Pelota regulates the development of extraembryonic endoderm through activation 

of bone morphogenetic protein (BMP) signaling 

3.2. Pelota mediates gonocyte maturation and maintenance of spermatogonial stem cells 

in mouse testes 
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3.1. Pelota regulates the development of extraembryonic endoderm through 

activation of bone morphogenetic protein (BMP) signaling 

In this part of the work, we found that Pelo deficiency did not markedly affect the self-

renewal of ESCs or lineage commitment in teratoma assays, while their differentiation into 

ExEn was severely compromised in EBs. Furthermore, we found that forced expression of 

Pelo in ESCs resulted in spontaneous differentiation towards the ExEn lineage. At the 

molecular level, decreased activity of the BMP signaling pathway were observed in Pelo-null 

EBs. In vivo studies showed that PELO is not required for the induction of ExEn 

development, but rather for the maintenance or terminal differentiation of ExEn. Moreover, 

Pelo-null fibroblasts failed to reprogram toward induced pluripotent stem cells (iPSCs) due to 

inactivation of BMP signaling and impaired mesenchymal-to-epithelial transition. Also we 

showed the conserved function of PELO in RNA quality control mechanism in murine ESCs. 

Collectively, our results indicate that PELO plays an important role in the establishment of 

pluripotency and differentiation of ESCs into ExEn lineage through activation of BMP 

signaling. 

Authors: Gunsmaa Nyamsuren*, Aleksandra Kata*, Xingbo Xu, Priyadharsini Raju, Ralf 

Dressel, Wolfgang Engel, D.V. Krishna Pantakani, Ibrahim M. Adham 

* contributed equally to this work 

Status: Published in Stem Cell Research (Impact factor 3.912), Volume 13, Issue 1, July 

2014, Pages 61-74  

Author contributions to the work: 

1. Gunsmaa Nyamsuren: Conception and design of experiments, performed the 

experiments including identification of PELO expression in undifferentiated ESC and 

http://www.sciencedirect.com/science/article/pii/S1873506114000476


  Results 

17 
 

differentiated EBs, and embryos, analysis of differentiation potential of Pelo-deficient ESCs, 

overexpression studies, ExEn differentiation in neonatal mice, cell proliferation analysis, 

participated in PCR array and verification, molecular studies to identify the affected signaling 

pathway and verification, actinomycin D chase experiment, No-Go decay study, Northern 

blot, sample and data collection, data analysis, data interpretation, involved in manuscript 

preparation. 

2. Aleksandra Kata: Participated in generation of Pelo conditional knockout mouse, 

primary studies of Pelo-deficient ESCs and Annexin-V apoptosis assay.  

3. Xingbo Xu: Performed the reprograming of Pelo-deficient fibroblasts, PCR array, 

data analysis. 

4. Priyadharsini Raju: Involved in the verification of the affected signaling pathway, 

proofreading the manuscript. 

5. Ralf Dressel: Performed teratoma formation assay, cell cycle analysis, data analysis. 

6. Wolfgang Engel: Conception and design of experiments, interpretation of the data, 

gave critical review of the manuscript.  

7. D.V. Krishna Pantakani: Conception and design of experiments, interpretation of the 

data, data analysis, helped in drafting the manuscript. 

8. Ibrahim M. Adham: Conception and design of experiments, coordination and helped 

to draft the manuscript. 

 

 



  Results 

18 
 

 



  Results 

19 
 

 



  Results 

20 
 

 



  Results 

21 
 

 



  Results 

22 
 

 



  Results 

23 
 

 



  Results 

24 
 

 



  Results 

25 
 

 



  Results 

26 
 

 



  Results 

27 
 

 



  Results 

28 
 

 



  Results 

29 
 

 



  Results 

30 
 

 

 

 



  Results 

31 
 

3.2. Pelota mediates gonocyte maturation and maintenance of 

spermatogonial stem cells in mouse testes 

In this part of the study, Pelo was conditionally deleted to determine its function in male 

germ cell development of developing mice. Deletion of Pelo in adult mouse leads to 

exhaustion of the SSCs pool, while spermatogenic cells beyond the SSCs are not affected and 

are potential to develop fertilization efficient spermatozoa. Further, the deletion of Pelo 

during embryonic development revealed that the PELO is dispensable for maintaining the 

gonocytes, but is necessary for its conversion to SSCs. Immunohistological and protein 

analyses indicated that the activity of PI3K-Akt pathway was highly activated in the absence 

of PELO. In mutant testes, enhanced activity of PI3K-Akt pathway decreases the 

transcriptional activity of FOXO1, which induces the expression of genes that maintain the 

balance between SSC self-renewal and differentiation. Taken together, our results indicated 

that PELO regulates the PI3K/Akt pathway and that the enhanced activity of PI3K/Akt and 

subsequent FOXO1 transcriptional inactivation are responsible for the impaired development 

of SSCs in mutant testes. 
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4. DISCUSSION 

Characterization of the conventional Pelo knockout mice revealed that the PELO is essential 

for early embryonic development. Failure of the inner cell mass (ICM) of Pelo-null blastocyst 

to expand and produce embryonic stem cells (ESCs) in in vitro culture led to suggest that 

PELO might be involved in control of either the cell cycle, the self-renewal of pluripotent 

ESCs or their differentiation potential (Adham et al., 2003). Therefore, the first aim of this 

work was to elucidate the effects of conditional deletion of Pelo on pluripotency of ESCs and 

early embryonic development. These studies showed that Pelo deficiency did not markedly 

affect the self-renewal of ESCs or their differentiation potential to mesodermal, endodermal 

and ectodermal cell-lineages in teratoma assays. Rather, our results indicate that PELO is 

involved in extraembryonic endoderm (ExEn) development through the activation of BMP 

signaling. 

To determine the consequences of Pelo deficiency on male germ cell development, we 

temporally deleted Pelo at different developmental stages in our second study. Our results 

indicate that PELO is required for self-renewal of spermatogonial stem cell (SSC), but is 

dispensable for the development of later spermatogenic stages or for sperm function. In 

addition, the transition of gonocytes to SSCs at early postnatal stages was affected in the 

absence of Pelo. 

4.1. Pelo is dispensable for ESC pluripotency and self-renewal 

Our group has previously reported that homozygous Pelo conventional knockout embryos die 

at early post-implantation stages (Adham et al., 2003). In vitro culture of Pelo-deficient 

blastocysts demonstrated that the cells of the ICM are fully expanded and hatched from their 

zona pellucida, but their outgrowth is impaired (Adham et al., 2003). The underlying cause 

for disrupted outgrowth of Pelo-null ICM has been attributed either to defects in cell 
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proliferation or self-renewal property of pluripotent ICM. Analyses of cell proliferation in 

Pelo mutant lines of S. cerevisiae and D. melanogaster revealed that the PELO is required for 

cell cycle progression (Davis and Engebrecht, 1998; Eberhart and Wasserman, 1995). The 

evolutionally conserved role of PELO in control of cell cycle has been confirmed by the 

rescue of the delayed growth and sporulation defects seen in Pelo mutant yeast lines by the 

Drosophila wild-type Pelo transgenic allele (Eberhart and Wasserman, 1995). To study the 

effect of PELO depletion on cell proliferation and pluripotency, we have established a Pelo
F/-

CreERT2 ES cell line. After Cre-mediated recombination of Pelo
F
 allele, the proliferative 

capacity of resulting Pelo-deficient ESCs (Pelo
Δ/-

) was found to be not significantly affected. 

Pelo-deficient ESCs continuously propagated and retained their capacity to form 

undifferentiated colonies at clonal densities. In addition, no significant differences were 

observed in the analyzed cell cycle parameters between control and mutant ESCs. These 

observations established that deletion of Pelo disrupts outgrowth of ICM through 

mechanisms different from those hypothesized cell cycle regulation or self-renewal defects. 

Induced deletion of Pelo at different pre-implantation stages during in vitro culture indicated 

that PELO is essential for specific developmental stage occurring between the E3.5-E5.5. 

These results led to suggest that PELO is required for the differentiation of ExEn, which 

takes place between E3.5-E4.5. Analyses of knockout mouse models revealed that disruption 

of ExEn development leads to early embryonic lethality as observed in Pelo-deficient 

embryos (Chen et al., 1994; Duncan et al., 1997; Koutsourakis et al., 1999; Morrisey et al., 

1998; Niakan et al., 2010; Yang et al., 2002). Therefore, we have studied the differentiation 

potential of Pelo-deficient ESCs in vitro in embryoid bodies (EBs) and in vivo in teratoma 

assay. 

ESCs, the in vitro counterpart of ICM, have an impressive potential to differentiate into all 

cell types of the developing and adult organism. When cultured in suspension without anti-
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differentiation factors, ESCs aggregate and spontaneously differentiate into multicellular 

bodies called EBs (Doetschman et al., 1985). The developmental process of EBs mimics the 

early steps of spontaneous cell differentiation and morphogenesis of the early embryos, like 

development of the ExEn, three germ layers, and cavitation (Conley et al., 2007; 

Coucouvanis and Martin, 1995, 1999; Doetschman et al., 1985; Keller, 1995). Upon 

aggregation of ESCs, the outer layer of developing EBs differentiates into ExEn, which 

deposits extracellular matrix into the underlying basement membrane (BM). Inside the BM, 

primitive ectoderm layer is developed, and cavitation is formed in the core of EBs 

(Coucouvanis and Martin, 1995; Li et al., 2004; Niwa, 2010; Rula et al., 2007).  

Thus, we took advantage of EB formation method and found that Pelo-deficient ESCs fail to 

differentiate into ExEn in EBs. At the molecular level, the failure of ExEn differentiation in 

Pelo-deficient EBs was accompanied by significant decrease in the expression of the 

transcription factors Gata4, Gata6 and Hnf4, which are markers for ExEn lineage. 

Inactivation of those genes in knockout mouse models disrupts the development of ExEn and 

leads to early embryonic lethality (Chen et al., 1994; Duncan et al., 1997; Koutsourakis et al., 

1999; Kuo et al., 1997; Molkentin et al., 1997; Morrisey et al., 1998). Furthermore, 

expression of pluripotency-related genes was persistence in Pelo-null EBs. Although ESCs 

were failed to differentiate in the absence of Pelo in vitro EB formation assay, Pelo-deficient 

ESCs showed  differentiation potential in vivo as evidenced by the presence of all three germ 

layers in teratoma formation assay suggesting that Pelo deficiency does not delay lineage 

commitment. But loss of Pelo expression disrupts ESCs differentiation program towards 

ExEn, which impairs proper development of EBs in vitro (Futterer et al., 2012). 

In contrast to failed differentiation of Pelo-deficient ESCs to ExEn, overexpression of Pelo 

induced the differentiation of ESCs to ExEn as evidenced by the expression of ExEn-markers 

GATA4 and DAB2. It is interesting to note that overexpression of Gata6 and Gata4 also 
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triggers differentiation of ESCs into ExEn lineage (Fujikura et al., 2002). Interestingly, we 

found that the expression levels of the transgenic Pelo transcript were approximately 1.7-fold 

higher than that of wild type ESCs, suggesting that this modest change of Pelo is sufficient to 

induce commitment of ESCs towards the ExEn lineage.      

The transcription factor GATA6 regulates the development of ExEn (Koutsourakis et al., 

1999; Morrisey et al., 1998; Shimosato et al., 2007). Like Pelo-deficient blastocysts, Gata6-

null blastocysts showed the normal development of the trophectoderm. However, the growth 

of the ICM was severely impaired after 5 days of culture as a result of impaired development 

of visceral endoderm (VE) (Koutsourakis et al., 1999). Deletion of Gata6 results in a 

decreased expression of Gata4 and late endodermal markers, including Hnf4 and α-

fetoprotein (Morrisey et al., 1998). Dab2 is one of Gata6-induced gene and first expressed in 

PrE of the E4.5 blastocyst (Morrisey, 2000; Yang et al., 2002). Like Pelo mutants, Gata4-

deficient ESCs can contribute to three germ layers in teratoma formation assay, but fail to 

undergo ExEn formation in vitro (Soudais et al., 1995). Thus, the observation found in Pelo-

deficient cells strengthen that similar to ExEn marker genes, PELO functions in proper 

development of ExEn. 

4.2. Impaired development of ExEn in Pelo-deficient embryos  

During preimplantation mouse development, pluripotent ICM gives rise to two cell lineages, 

the epiblast and PrE (Beddington and Robertson, 1999; Chazaud et al., 2006; Gardner, 1982). 

The epiblast differentiates during later embryonic development into three germ layers 

(Cockburn and Rossant, 2010). The PrE give rise to ExEn, which contributes to visceral (VE) 

and parietal endoderm (PE) development. VE and PE provide the developing embryo with 

nutritive support and growth factors that are essential for the cell differentiation and axial 

pattern (Bielinska et al., 1999; Duncan et al., 1997; Meehan et al., 1984). Failure in the 
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development of the PrE and its derivatives leads to an early embryonic lethality 

(Koutsourakis et al., 1999; Kuo et al., 1997; Molkentin et al., 1997; Morrisey et al., 1998; 

Yang et al., 2002).  

Our in vitro findings that impaired development of ExEn in Pelo-deficient EBs, hint us a 

possible explanation for the early embryonic lethality observed in conventional knockout 

mice. Immunohistochemical studies showed that ExEn is formed in Pelo-deficient E6.5 

embryos as evidenced by the expression of endodermal markers GATA4 and DAB2. 

However, the development of Pelo-null embryos at E7.5 was severely affected, a likely 

consequence of impaired development of ExEn.  These results led us to suggest that although 

PELO is dispensable for the induction of ExEn, it is required for the maintenance or terminal 

differentiation towards functional ExEn derivatives (Nyamsuren et al., 2014). Like Pelo 

mutants, targeted deletion of Gata6, Gata4, Sox17, Dab2 and Hnf4 genes does not disrupt the 

formation of ExEn prior to implantation, however, the terminal differentiation of ExEn is 

disrupted leading to early embryonic lethality (Chen et al., 1994; Duncan et al., 1997; Kanai-

Azuma et al., 2002; Koutsourakis et al., 1999; Kuo et al., 1997; Molkentin et al., 1997; 

Morrisey et al., 1998; Niakan et al., 2010; Yang et al., 2002). These studies have attributed 

the affected development of mutant embryos to deficiency of functional ExEn. Restoration of 

ExEn development in Pelo-null EBs by supplementation of RA led us to suggest that RA-

regulated pathway might have induced the ExEn differentiation in Pelo-null embryo at E6.5 

(Nyamsuren et al., 2014). 

4.3. BMP signaling pathway and differentiation of ExEn  

Transforming growth factor β (TGFβ) pathways control wide range of developmental 

processes, from gastrulation and body axes to organ-specific morphogenesis and adult tissue 

homeostasis (Wharton and Derynck, 2009). Bone morphogenic proteins (BMPs), group of 
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signaling molecules belonging to the TGFβ family protein, regulate many aspects of post-

implantation development (Goumans and Mummery, 2000). It has been shown that BMP 

signaling is required for the induction of ExEn development and ectoderm cavitation in both 

mouse embryos and EBs (Coucouvanis and Martin, 1999; Soares et al., 2008; Yamamoto et 

al., 2009). Thus, inhibition of BMP signaling by expression of a dominant-negative BMP 

receptor, down-regulation of Bmp6 expression in ectodermal cells or addition of the BMP 

antagonist Noggin in culture prevents the development of ExEn in EBs (Conley et al., 2007; 

Coucouvanis and Martin, 1999).  

There are number of antagonists for BMP signaling pathway. Noggin, one of the BMP 

antagonists, binds to BMP receptors and blocks the binding of BMPs to their receptors (Xu et 

al., 2005). It has been found that culture of human ESCs with Noggin combined with basic 

fibroblast growth factor (bFGF) suppresses BPM signaling and maintains the long term 

undifferentiated proliferation of human ESCs in the absence of fibroblast feeder layer (Wang 

and Morrisey, 2010; Xu et al., 2005).  

In Pelo-deficient EBs, a significant decrease in the expression levels of BMP targeted genes, 

phosphorylated Smad1/5, and the overexpression of Noggin were observed. These results 

suggest that PELO regulates differentiation towards ExEn lineage through the activation of 

BMP signaling. These assumptions were supported by the observations of restored ExEn 

development in Pelo-deficient EBs grown in medium supplemented with BMP4. Further, the 

negative effect of conditioned medium collected from mutant EBs on the ExEn formation in 

wild-type EBs and the significant decrease of luciferase activity in the BMP responsive 

reporter cell line indicate that mutant EBs secrete extracellular modulators, especially the 

Noggin, which attenuate the BMP signaling activity (Nyamsuren et al., 2014).  
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The BMP signaling is regulated both at intracellular and extracellular levels. For example, it 

can be regulated by extracellular modulators such as Noggin and Chordin (Piccolo et al., 

1996; Zimmerman et al., 1996), or at intracellular level by inhibitors for downstream targets, 

and ubiquitination and proteasomal degradation of BMP signaling effectors (Gazzerro and 

Canalis, 2006). The responsiveness of wild-type and mutant cells to Noggin and BMP4 

treatment excludes the role of PELO in regulation of the intracellular modulators of BMP 

signaling. Acute overexpression of Noggin in Pelo-null EBs led to suggest that PELO 

regulates the BMP signaling by negatively regulating Noggin expression at either 

transcriptional or post-transcriptional levels. Cytoplasmic localization of PELO in human and 

Drosophila cells (Burnicka-Turek et al., 2010; Xi et al., 2005) rules out that PELO directly 

regulates Noggin at the transcriptional level. Although it is known that PELO has a conserved 

role in NGD, its deletion did not affect the stability of Noggin transcripts suggesting that 

PELO indirectly down-regulates Noggin through controlling the stability of transcription 

factors regulating Noggin expression. Taken together, these results led us to conclude that the 

reduced BMP signaling in Pelo-null EBs accounts for the observed defect in ExEn 

differentiation (Nyamsuren et al., 2014). In support of our results, impaired ExEn 

development as a result of the affected BMP signaling was also shown in Smad4-deficient 

EBs (Sirard et al., 1998). 

4.4. PELO in BMP-mediated MET activation 

Great advantage of the cellular reprogramming of somatic cells towards iPSCs is the in vitro 

recapitulation of the pluripotency establishment and subsequent embryonic development. The 

impaired outgrowth of conventional Pelo knockout blastocyst in culture prevent us to 

establish Pelo-deficient ES cell line, which can facilitate discovering the role of PELO in 

comprehensive aspects such as, maintenance of pluripotency or differentiation process. Thus 
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using conditional Pelo knockout mouse model, we successfully generated Pelo-deficient 

fibroblasts and tested whether Pelo-null somatic cell can be reprogrammed to the iPSCs. 

Surprisingly, our experiments showed that PELO deficiency inhibits the reprogramming of 

somatic cells, whereas the overexpression of Pelo along with other reprogramming factors 

promotes efficient reprogramming (Nyamsuren et al., 2014). These results suggest that PELO 

is required during the initiation stage of reprogramming, and its loss impairs the 

reprogramming process. Recent reports revealed that increased BMP signaling during the 

initial stages of reprogramming promotes the mesenchymal-to-epithelial transition (MET) (Li 

et al., 2010; Samavarchi-Tehrani et al., 2010). Our subsequent results showed the inactivation 

of BMP signaling in Pelo-deficient cells undergoing reprogramming, thus confirming a 

critical role of PELO in the early phase of somatic reprogramming, probably by activating 

BMP signaling. Consistent with the failure in reprogramming of Pelo-deficient cells, the 

expression levels of mesenchymal and epithelial markers were not significantly altered in 

Pelo-null cells undergoing reprogramming and remained at the levels observed in parental 

Pelo-deficient MEF cells. 

Collectively, the failure of Pelo-deficient MEFs to activate BMP signaling during 

reprogramming reinforces that PELO is an indispensable component for the activation of 

BMP signaling during the establishment of pluripotency in somatic cells. 

4.5. PELO is essential for male germ cell development and maintenance 

Genetic ablation of Pelo leads disrupted spermatogenesis in male Drosophila, prompt us to 

determine the role of PELO in the development of male germ cells in mice.  

In this context, we have investigated the biological function of PELO in male germ cell 

development through the temporal deletion of Pelo at different developmental stages. In adult 

mice, PELO depletion resulted in the loss of all germ cells after 45 days of gene deletion. The 
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absence of new emerging spermatogenic cycles in mutants confirmed that the SSCs were 

unable to maintain spermatogenesis in the absence of PELO. However, germ cells that 

entered the spermatogenic cycle are capable of completing spermatogenesis and producing 

functional spermatozoa. Gradual loss of SALL4-positive undifferentiated SSCs and GCNA1-

positive spermatogonia indicate the depletion of SSC pool and the loss of undifferentiated 

spermatogonia in Pelo-deficient mice. The dramatic disruption of spermatogenesis in Pelo-

deficient mice is similar to that observed in mice lacking the PLZF, ETV5, Foxo1, or Shp2 

genes which regulate the self-renewal of SSCs (Costoya et al., 2004; Goertz et al., 2011; Puri 

et al., 2014; Simon et al., 2007).  

Despite the fact that PELO is essential for the maintenance of SSCs, gonocytes were not 

sensitive to PELO depletion, however, gonocyte derivatives were differentially affected by 

PELO depletion. A subset of gonocytes differentiated and gave rise to the first wave of 

spermatogenesis as indicated by the presence of meiotic cells in 2-week-old mutant testes, 

while, the maturation of mutant gonocytes to SSCs was impaired. In contrast to the transition 

of most gonocytes to SSCs in 2-week-old control testes, the persistence of comparable 

numbers of gonocytes in 1- and 2-week-old mutant testes suggests that the Pelo deletion 

affects the maturation of gonocytes to SSCs during postnatal development. These results 

indicate that PELO is not required for gonocyte survival or differentiation of their derivatives 

during the first wave of spermatogenesis. Previous studies have demonstrated that the nuclear 

FOXO1 plays an essential role in the developmental conversion of gonocytes to SSCs via the 

transcriptional induction of many genes, whose encoded proteins are required for the 

development and maintenance of SSCs (Goertz et al., 2011; Ngo et al., 2013). Our 

investigation of the sub-cellular localization of FOXO1 showed that most of the mutatnt 

gonocytes retained FOXO1 in cytoplasm, in contrast to the expected nuclear localization, 

suggesting a clear impairment in the transition of gonocytes to SSCs. Thus, there were a 
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reduced number of GCNA1-positive spermatogonia in the absence of PELO during postnatal 

development.  

The phosphorylation of FOXO1 is mediated by the activation of the PI3K/Akt signaling 

pathway (Brunet et al., 1999). The GDNF-mediated PI3K/Akt pathway is known to play an 

essential role in SSC self-renewal (Braydich-Stolle et al., 2007). The enhancement of basal 

GDNF-induced Akt phosphorylation in Pelo-deficient testes suggests that PELO negatively 

regulates GDNF-mediated PI3K/Akt activation. The Akt-dependent phosphorylation of 

FOXO1 triggers its rapid nuclear export and subsequent degradation via the ubiquitin-

proteosome degradation pathway (Huang and Tindall, 2011). A recent study showed that 

PELO negatively regulates PI3K/Akt pathway by antagonizing the direct binding of p84 

regulatory subunit of PI3K to active HER2 and the epidermal growth factor receptor in tumor 

cell lines (Pedersen et al., 2014). Therefore, it is likely that PELO regulates PI3K/Akt and its 

mediator FOXO1 in SSC development. This hypothesis is supported by our results, which 

showed higher levels of pAkt, the downstream mediator of PI3K, in mutants compared to 

wild types. The higher levels of pAkt in Pelo mutant testes in turn phosphorylated FOXO1, 

resulting in its cytoplasmic localization and inactivation. The reduction in the levels of pAkt 

upon the addition of PI3K inhibitor further confirmed that the PI3K-Akt signaling cascade 

was enhanced in the absence of PELO. Consistent with our findings, SSC depletion was also 

accompanied by a persistent increase in PI3K/Akt activity in mice lacking PTEN, which 

normally antagonizes the PI3K/Akt pathway (Goertz et al., 2011). On the other hand, the 

nuclear retention of FOXO1 in the absence of GILZ resulted in the accumulation of SSCs, as 

their differentiation potential was impaired (Ngo et al., 2013). 

Collectively, we have shown the evidence that PELO indirectly regulates the sub-cellular 

localization of FOXO1, as PI3K/Akt signaling is highly activated in the absence of PELO. 

This in turn affects SSC pool formation, disrupts the balance between SSC self-renewal and 
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differentiation, and leads to a loss of spermatogenesis. Thus, PELO is an intrinsic modulator 

in SSCs that is essential for finely regulating the signals required for SSC self-renewal.  

4.6. Mammalian PELO is involved in the No-Go decay 

Dom34, the yeast homologue of mammalian Pelo, is involved in the No-Go mRNA decay 

(NGD), which clears cells from mRNA on which the movement of ribosomes is paused  

either at stem loop, rare codon or pseudoknot (Chen et al., 2010; Doma and Parker, 2006; 

Graille et al., 2008). This RNA quality control is detected in other species including 

archaebacteria and Drosophila S2 cells (Kobayashi et al., 2010; Lee et al., 2007; Passos et al., 

2009). To determine whether PELO is involved in NGD, we studied the expression of 

transgenic EGFP reporter gene (SL-EGFP), containing a stable stem loop (SL) located 

upstream in frame with EGFP and a zeocin resistance cassette in Pelo
F/-

 and Pelo-deficient 

ESCs. In our study, we could establish zeocin resistant colonies only in case of Pelo-deficient 

cells but not in Pelo
F/-

 after selection (Nyamsuren et al., 2014). Accumulation of transgenic 

SL-EGFP mRNAs in Pelo-null ESCs and failure to detect in control Pelo
F/-

 ESCs led us to 

suggest that the NGD is responsible to trigger the decay of SL-EGFP mRNA in Pelo
F/-

 ESCs. 

To further prove the participation of PELO in NGD, we generated pCAG-rare-EGFP-IZ 

construct containing tandem repeat sequence of CAG, which is a rare codon for arginine in 

mouse. The 4 times CAG repeat sequence is located downstream of start codon of EGFP 

(Fig. 4.1A). Interestingly, after transfection of the Pelo
F/-

 and Pelo
Δ/-

 ESCs and selection for 

zeocin (Zeo) resistance, we did not detect any Zeo-resistant Pelo
F/-

 ECS-colonies. In contrast, 

we established nine Zeo-resistent colonies from transfected Pelo-null ESCs. Although, RT-

PCR and Northern blotting analyses showed that all mutant colonies express EGFP-Zeo-

fusion RNA, it could not be translated as indicated by failure in detecting western blotting 

analysis and undetectable EGFP fluorescence (data not shown) (Fig. 4.1B and C). The reason 

might be that the rare codon sequence blocks ribosome movement during translation. 
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Collectively, our results suggest that the decay of EGFP-Zeo fusion mRNA due to PELO 

mediated NGD in control ESCs, making them sensitive to zeocin selection and their 

subsequent loss.  

 

Figure. 4.1. PELO is involved in the NGD. A. Schematic of pCAG-rare-EGFP-IZ construct containing 4 times 

CAG sequence for a rare codon coding for arginine. The rare codon sequence (rare) is located at upstream and 

in-frame with the EGFP reporter gene. The internal ribosome entry site (IRES) is inserted between EGFP and 

Zeocin resistant gene. B. After transfection of control PeloF/- and mutant PeloΔ/- ESCs with the reporter 

construct and selection for zeocin resisrant colonies, total RNA was prepared from zeo-resistant Pelo∆/- ESC-

colonies (L2-L5) and untransfected mutant ESCs (L1). Northern blot analysis was subsequently performed 

using an EGFP probe. Rehybridization of blot with human elongation factor-2 cDNA (EF-2) revealed the 

integrity of RNA. C. Protein samples were extracted from zeo-resistant Pelo∆/- ESC-colonies (L2-L5) and Vsig-

EGFP transgenic stomach as control (L1), and analyzed by Western blotting using an anti-GFP antibody.   

To confirm these results, control and mutant ESCs were double transfected with pCAG-rare-

EGFP-IZ and hygromycin selection vector. After hygromycin selection, we observed nearly 

same number (32 colonies from control and 28 colonies from mutant) of hygromycin 

resistant colonies from Pelo
F/-

 and Pelo
Δ/-

 ESCs. In contrast to growth of stable transfected 

mutant ESCs in the presence of hygromycin and zeocin, Pelo
F/-

 ESCs colonies were gradually 

lost after hygromycin and zeocin double selection.  These results confirm that the EGFP-Zeo-

fusion RNA containing rare codon sequence is in frame with EGFP and is stable in mutant
 

ESCs compared to control ESCs.   
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Recently, the conserved function of PELO in quality control mechanism that NSD has been 

reported in mammalian cell (Saito et al., 2013). In HeLa cells, downregulation of Pelo 

expression elongates the half life of fusion β-globin mRNA that lacking stop codon. In 

addition, after knockdown the Pelo, expressions of Hbs1 and exosome Ski2 that degrades the 

mRNA, were decreased. These results were further confirming that function of PELO in 

decay of aberrant mRNAs is conserved (Saito et al., 2013). 

The stability of many mRNAs is not only associated with specific cis elements in 5´- and 3´-

untranslated regions of the mRNA, but it is also regulated during translation via cis-

determinants within the coding region which can affect translation and destabilize mRNAs 

(Lemm and Ross, 2002). It has been shown that the ribosomal stalling at rare codons induces 

rapid degradation of c-myc mRNA during the differentiation of myoblast to myotube (Lemm 

and Ross, 2002; Wisdom and Lee, 1990). These observations suggest that the function of 

NGD is not only restricted to RNA quality control, but also has a broader role in regulation of 

gene expression during development. This fact can be further supported by the results 

showing the tissue specific differences in tRNA expression (Dittmar et al., 2006). Therefore, 

pausing of elongating ribosomes for long time due to low availability of cognate rare tRNAs 

might trigger mRNA degradation by NGD in a developmental-dependent manner. In this 

context, it is interesting to note that the down-regulation of pluripotency-associated genes is a 

prerequisite for the differentiation processes and is attained at different levels such as gene 

regulation by repression of transcription, epigenetic modification and posttranscriptional 

silencing. Failure of Pelo-deficient ESCs to silence their self-renewal program during 

differentiation suggests that NGD is involved in the mRNA degradation of pluripotency-

regulating genes. Therefore, it remains to determine whether PELO-dependent decay directly 

targets mRNA degradation of pluripotency-associated genes or indirectly regulates mRNA 

stability of genes related to BMP signaling. 
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4.7. PELO modulates the translation of pluripotent gene 

ESC differentiation is triggered by repression of transcription factors which establish and 

maintain the pluripotency (Zernicka-Goetz et al., 2009). The expression of a set of 

transcriptional factors, including Oct4, Nanog and Sox2, is sufficient to provide pluripotency 

and to regulate stem cell self-renewal and differentiation (Boyer et al., 2005). The persistent 

expression of pluripotency-related proteins in Pelo-deficient EBs led us to investigate the 

consequences of Pelo depletion on both the mRNA stability and protein synthesis of 

pluripotency-related genes. We performed actinomycin D chase experiments to monitor the 

post-transcriptional changes in the levels of pluripotent Oct4 mRNA and protein as a model 

in control and Pelo-null ESCs. Upon blocking of transcription with actinomycin D, Oct4 

mRNA levels were reduced only after 8 h in both ES cell lines (Fig. 4.2A). In contrast to 

mRNA levels, a significant increase in Oct4 protein levels was observed after 2 h of 

treatment in Pelo-deficient ESCs, whereas the levels of Oct4 were unchanged in control 

ESCs even after 4 h of treatment (Fig. 4.2B). Similarly, Pelo-null EBs showed a marked 

increase in levels of Oct4 protein, while no expression of Oct4 was detected in control EBs, 

as expected (Fig. 4.2C). These results suggest that the turnover of Oct4 mRNA is not 

controlled by PELO-dependent mRNA decay. The significant increase in the levels of Oct4 

protein after transcription blockade in both undifferentiated and differentiated Pelo-deficient 

ESCs suggest that PELO acts as a modulator of translation. To determine whether Oct4 

protein is stable in Pelo-deficient ESCs, we performed cycloheximide chase experiments. 

After blocking the translation with cycloheximide, levels of Oct4 protein were markedly 

higher in Pelo-deficient ESCs compared to control ESCs, suggesting that Pelo deficiency 

enhances the translation of Oct4. Similar results were observed for another pluripotency-

specific protein Sall4 (Fig. 4.2D).  
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Figure. 4.2. PELO modulates the translation levels of pluripotency-related genes. A. Oct4 mRNA stability in 

PeloF/− and Pelo∆/− ESCs. Cells were harvested at the indicated time points after the addition of actinomycin D, 

and RNA samples were analyzed by Northern blotting using Oct4 cDNA probe. Expression levels of Oct4 were 

normalized to corresponding EF-2 mRNA levels. The normalized levels in control cells at time 0 were 

expressed as 1.00, and all other normalized mRNA levels were graphed relative to that value (right panel). B. 

and C. After actinomycin D treatment, protein samples were prepared from PeloF/− and Pelo∆/− ESCs (B) and 

EBs (C), analyzed by Western blotting using an anti-Oct4 antibody. Expression levels of Oct4 protein were 

normalized to α-tubulin protein levels. D. Oct4 and Sall4 protein stability in PeloF/− and Pelo∆/− ESCs. Control 

and Pelo-deficient ESCs were treated with cycloheximide, and total proteins were isolated after indicted time 

points and analyzed by Western blotting using anti-Oct4 and Sall4 antibodies.  
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We previously identified that PELO interacts specifically with eIF3G, a subunit of translation 

initiation factor 3, which plays a central role in translation initiation (Burnicka-Turek et al., 

2010; Siridechadilok et al., 2005). Taken together, these results suggest that the interaction of 

PELO with eIF3G might attenuate the translation initiation in a yet to be identified 

mechanism, and thereby PELO can act as a translational modulator (translational silencer). 

PELO depletion might have resulted in an increased number of translation initiation events 

per Oct4 and Sall4 mRNA molecule and might have subsequently elevated the efficiency of 

Oct4 protein synthesis. Therefore, the slight increase in Oct4 protein levels could be 

sufficient to induce the transcription of an Oct4-positive autoregulatory loop and to sustain 

the undifferentiated state in differentiating Pelo-deficient ESCs. 

4.8. PELO is involved in processing of pri-miRNAs regulating the 

degradation of pluripotent transcripts during differentiation of ES cells 

MicroRNAs are non-coding, small RNAs of ~22 nucleotides and are complementary to one 

or several mRNAs. They regulate the target gene expression in different manners, including 

translational repression, mRNA cleavage and deadenylation (Kim et al., 2009). Recent 

reports show that miRNAs function in cell growth, development, and differentiation. The 

genes encoding miRNAs produce the long primary transcripts (pri-miRNA) and that generate 

mature miRNA via two step processing. In the nucleus, pri-miRNA transcript is cropped into 

the stem-loop structured precursor (pre-miRNA) by RNase III enzyme Drosha and the double 

stranded RNA binding protein DGCR8/Pasha (Denli et al., 2004; Gregory et al., 2004; Han et 

al., 2004). The resulting pre-miRNA is then exported into the cytoplasm by exportin-5 and 

further processed into a mature miRNA by another RNase III, Dicer (Bernstein et al., 2001; 

Lund et al., 2004; Yi et al., 2003).      

The biogenesis of mature miRNA from pri- and pre-miRNA transcripts involves cleavage of 

stem loop structure. Our study showed that the significant decrease in the levels of some 
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mature miRNA in Pelo-deficient reprogramming cells (Nyamsuren et al., 2014), led us to 

hypothesize that PELO might be involved in processing of miRNAs. We firstly examined the 

expression of pri-miR-143 and -145 in WT and mutant ESCs and EBs, The pri-miR-143 and -

145 is highly up-regulated during ESCs differentiation and targets pluripotent transcripts such 

as Oct4, Sox2 and Klf4 for degradation (Xu et al., 2009). The exon-intron organization of pri-

miR-143/-145 locus was determined in mouse genome (Fig. 4.3A).  RT-PCR analysis using 

primers locating in two exons of pri-miR-143/-145 cluster did not amplify an expected 1.7-kb 

pri-transcripts in undifferentiated ESCs of both genotypes (Fig. 4.3C). Interestingly, the 

expression of pri-miR-143/-145 transcript was largely accumulated in Pelo-deficient EBs, but 

not in control EBs (Fig. 4.3C). The very low expression of pri-miR-143/-145 in control EBs 

might be due to the immediate processing of pri-transcript to generate pre- and mature 

miRNA, probably in PELO-dependent pathway. To further confirm the accumulation of pri-

miR-143/-145 transcript in Pelo-deficient EBs, Northern blot analysis was performed using 

amplified RT-PCR product of pri-miR-143/-145 cluster as a probe. As shown in Figure 4.3D, 

the probe hybridized only with several RNA-spliced isoforms of pri-miR-143/-145 cluster in 

mutant EBs, but not in control EBs or in undifferentiated ESCs of both genotypes (Fig. 

4.3D). These results suggest that the pri-miR-143/-145 isoforms are not processed to pre- and 

mature miRNAs in differentiated mutant ESCs. We have also determined the expression 

pattern of pri-miR-296 and -470, which degrade the pluripotency genes Nanog and Sox2 

during ESCs differentiation (Tay et al., 2008). Like the expression pattern of pri-miR-143/-

145 cluster, expression levels of pri-transcripts containing either miR296 or -470 were highly 

accumulated in Pelo-deficient EBs (Fig. 4.3C). Collectively, these results suggest that PELO 

might be involved in the biogenesis of those indicated miRNAs, which trigger the 

degradation of pluripotency-related genes during differentiation.  
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The 3'-untranslated region (UTR) of Oct4 contains targeting sequences for different miRNA 

including miR-145 (Xu et al., 2009). To examine whether the persistent expression of Oct4 in 

mutant EBs is due to the absence of miR-145, we cloned the 3'UTR of Oct-4 downstream of 

luciferase coding sequence (Luc-3'UTR Oct4) (Fig. 4.3B). Control and mutant ESCs were 

transiently transfected with Luc-3'UTR Oct4 reporter construct and induced for 

differentiation by culturing in suspension for 3 days and subsequently analyzed for luciferase 

activity. Levels of luciferase activity were significantly elevated in Pelo-deficient EBs, 

suggesting that impaired processing of miRNAs in mutant cells might have resulted in 

persistent expression of luciferase reporter, while, targeting of Luc-3'UTR Oct4 by mature 

miRNA represses the translation of luciferase reporter in control EBs (Fig. 4.3E).  

Further, we analyzed the expression of mature miRNAs that induce MET in control and 

mutant ESCs. We found that the level of mature miRNA were significantly downregulated in 

Pelo-deficient ESCs compared to those of control ESCs (Fig. 4.3F). To verify whether all 

miRNAs are downregulated or only subset of miRNAs are affected in Pelo-deficient ESCs, 

we checked the expression of several other randomly picked miRNAs and found no 

significant difference in expression between control and Pelo-deficient ESCs (Fig. 4.3G). We 

then analyzed the transcript levels of MET miRNAs both at pri- and pre-miRNA level using 

primers that specifically amplify pri- and pre-miRNA (Fig. 4.3H). Interestingly, the primers 

(thick arrow) which can detect only the pri-miRNA transcript showed huge accumulation of 

pri-miRNA transcripts for MET miRNAs in Pelo-deficient ESCs (Fig. 4.3I). On the other 

hand, the primers (thin arrow) located in stem loop, which can detect both pri and pre-

miRNA transcripts, revealed accumulation of transcripts which are equal to pri-miRNA 

transcript levels, indicating that PELO is essential for the processing of some, if not all, pri- 

to pre-miRNAs. We overexpressed Pelo in Pelo-deficient ESCs to verify whether it can 
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rescue the pri-miRNA accumulation and found reduced levels of pri-miRNA confirming the 

role of PELO in miRNA biogenesis (Fig. 4.3I). 

Growing body of evidence shows that miRNAs function in ESCs differentiation by silencing 

the expression of pluripotency-related genes (Chivukula and Mendell, 2009; Meltzer, 2005). 

Like Pelo-deficient ESCs, ESCs lacking DGCR8 and Dicer did not affect ESC self-renewal, 

but their differentiation potential was severely compromised (Kanellopoulou et al., 2005; 

Wang et al., 2007). This failed silencing of pluripotency network is secondary to a loss of 

mature miRNAs that normally repress translation of pluripotency proteins (Kanellopoulou et 

al., 2005; Wang et al., 2007). Furthermore, it is reported that the downregulation of miRNAs 

regulating the differentiation is important for reprograming somatic cells into iPSCs 

(Nakagawa et al., 2008; Takahashi and Yamanaka, 2006; Wernig et al., 2007). Failure of 

Pelo-deficient fibroblast to reprogram towards iPSCs and results showing reduced levels of 

mature miRNAs further support the idea that PELO might be involved in the biogenesis of 

miRNA.  

Our observations require further investigation to evaluate the accumulation of pri-miRNA 

transcripts and failure to produce mature miRNAs in Pelo-deficient cells. The questions arise, 

whether the function of PELO in decay or biogenesis of miRNA is restricted to a group of 

mRNAs or pri-miRNAs. Furthermore, the exact role of PELO in these processes remains 

unknown. Even though endonuclease activity of Dom34/Pelo has been reported (Lee et al., 

2007), it could not be confirmed in other independent studies (Passos et al., 2009; Shoemaker 

et al., 2010). Therefore further studies are necessary to identify the role of PELO in 

translational regulation either by mRNA decay or miRNA-mediated translational repression. 
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Figure. 4.3.   PELO mediates processing of pri-miRNA regulating the pluripotency of ES cells. A. Structure of 

mouse miR-143/145 primary transcripts (adapted from Kent et al., 2010). B. Schematic of the reporter construct 

(Luc-3'UTR Oct4) showing the 3'-untranslated region of Oct4 inserted downstream of luciferase ORF. C. 

Expression analysis of pri-miR-145, -296, -470 in PeloF/- , Pelo∆/- ESCs and EBs at differentiation day 5. D. 

RNAs prepared from PeloF/- , Pelo∆/- ESCs and EBs at 5 days were analyzed by northern blotting using miR-
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143/145 probe. ~9kb primary transcript was accumulated in Pelo∆/- EBs. No primary transcripts were detected in 

neither PeloF/-, Pelo∆/- ESCs or PeloF/- EB. E. Relative luciferase activities in the PeloF/- and Pelo∆/- cells at 3 

days of differentiating condition. Numbers are mean ± SD. n = 3 experiments. F. and G. Expression of mature 

miRNA inducing MET (F) and ubiquity expressed miRNA (G) in PeloF/- , Pelo∆/- ESCs was determined by 

quantitative RT-PCR. Values of expression levels normalized to Hprt are presented as mean ± SD. n = 3 

experiments per gene and genotype. H. Schematic localization of primers in pri-miR, which was used for 

expression analysis of pri- (arrows) and pre- and mature miR-429 and -205. I. Expression of pri-, and pre 

miR429 and -205 in Pelo+/+, Pelo∆/- and Pelo-overexpressing (+/+T) ESCs was determined by quantitative RT-

PCR. Values of expression levels normalized to Hprt are presented as mean ± SD. n = 3 experiments per gene 

and genotype. 

4.9. Future endeavors and perspectives 

In the present thesis, we highlight the role of PELO in stem cell self-renewal/differentiation 

processes. The molecular mechanisms that underlie the stem cells transition from 

undifferentiated to differentiated states are largely unknown. However, stem cell 

differentiation involves many changes at transcriptional as well as translational levels, which 

contribute to protein composition by exact gene expression during each cell fate. In this 

context, it is interesting to note that, ribosomal subunits or monosomes are predominantly 

present in ESCs. In contrast, cells in EBs showed an approximately 60% increases in their 

polysome fraction, indicating enhanced translational efficiency during the differentiation 

(Sampath et al., 2008). Many recent reports have shown that PELO ortholog Dom34 has a 

role in protein translation, in particular the ribosome recycling. Thus, it might be necessary to 

check the translational efficiency in both Pelo-deficient ESCs and EBs by polysome 

profiling.  

Although the function of PELO in translational regulation has been extensively characterized 

in yeast, only little is known in mammalian system. Moreover, the interaction of PELO with 

eIF3G might attenuate the translation initiation in a yet to be identified mechanism. 

Therefore, it would be of great importance to determine the recruitment of mammalian PELO 

to translational elongation complex and the associated translational regulation mechanisms.  
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Although RNA binding Sm-fold protein domain has been identified in PELO, its binding 

specificity to target RNA sequences is unknown. To identify target RNAs preferentially 

associated with PELO, we can take advantage of UV cross-linking and analysis of cDNA 

(CRAC) method. Using this approach we can determine the transcriptome-wide map of 

PELO targets and further the RNA consensus sequence bound by PELO. 
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