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1. Zusammenfassung 
Bei der Pluripotenz verschiedener Stammzelltypen handelt es sich um einen komplexen 

biologischen Zustand, der der Zelle erlaubt, sich unbegrenzt zu teilen und zu proliferieren 

(Selbst-Erneuerung), der die Zelle aber auch auf eine Differenzierung in Gewebe aller drei 

Keimblätter und zu Keimzellen vorbereitet. Pluripotenz wird durch das Vorhandensein von 

speziellen transkriptionellen regulatorischen Netzwerken aufrechterhalten, wobei 

verschiedene Transkriptionsfaktoren an DNA binden oder auf Protein-Protein-Ebene 

miteinander interagieren. Diese Transkriptionsfaktoren sind daher wichtig für die 

Aufrechterhaltung der Pluripotenz. Allerdings wurden die Komponenten dieser 

Transkriptionsfaktornetzwerke bis jetzt noch nicht vollständig identifiziert. Die Analyse von 

Mechanismen, die an der Regulation von Pluripotenz beteiligt sind, wurde hauptsächlich 

in embryonalen Stammzellen (ESCs) durchgeführt. Vor kurzem konnte ein neuer Typus 

von pluripotenten Stammzellen identifiziert werden, nämlich multipotente adulte 

Keimbahnstammzellen (maGSCs). In der vorliegenden Arbeit zielten wir darauf ab, 

Ähnlichkeiten und Unterschiede im Genexpressionsmuster von ESCs und maGSCs 

herauszuarbeiten. Dabei sollte ein besonderer Fokus auf die Gene gelegt werden, die 

bekanntermaßen an der Regulation von Pluripotenz beteiligt sind. Ein weiteres Ziel war 

die Identifizierung putativer neuer Faktoren, die Pluripotenz regulieren.  

Im ersten Teil dieser Arbeit führten wir deswegen eine Microarray-Analyse durch, um 

ESCs, maGSCs und deren differenzierte Abkömmlinge auf RNA-Ebene zu vergleichen. 

Es konnte gezeigt werden, dass die beiden undifferenzierten Zelltypen weder anhand der 

Expression bekannter Pluripotenzgene noch anhand ihres globalen Genexpressions-

musters unterschieden werden können. Beim Vergleich differenzierter und 

undifferenzierter Zellen konnte die erwartete Veränderung im Genexpressionsmuster 

dargestellt werden. Dahingegen wiesen die zwei Zelltypen nach ihrer Differenzierung 

wieder eine sehr ähnliche Genexpression auf.  

Im zweiten und dritten Teil dieser Doktorarbeit wird der Vergleich von ESCs und maGSCs 

auf Proteinebene beschrieben. Hierdurch war es möglich, die Ähnlichkeiten zwischen den 

Zelltypen im undifferenzierten Zustand zu bestätigen. Allerdings konnten sowohl 

qualitative als auch quantitative Unterschiede in der Proteinausstattung der Zellen nach 

der Differenzierung beider Zelltypen gefunden werden. Zusätzlich konnten wir zeigen, 

dass die post-translationale Modifikation ‚Hypusinierung von Eif5a’ einen Einfluss auf die 

Proliferation von ESCs und maGSCs hat, wohingegen sie sich nicht auf die Pluripotenz 

der Zellen auswirkt.  

Der vierte Teil dieser Arbeit beschreibt die funktionelle Charakterisierung des putativen 

Pluripotenzgens Stra8. Es konnte gezeigt werden, dass Stra8 alle Charakteristika eines 

Proteins erfüllt, das an der transkriptionellen Regulation der Pluripotenz beteiligt ist. Diese 
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Charakteristika sind das Vorhandensein einer Transkriptionsfaktordomäne, die 

Expression in undifferenzierten pluripotenten Stammzellen und in Embryonen im 

Präimplantationsstadium, sowie die Abnahme der Expression während der 

Differenzierung der pluripotenten Stammzellen. Wir konnten zeigen, dass eine 

Veränderung im Proteingehalt von Stra8, und zwar siRNA-vermittelte Herunterregulation 

und stabile Überexpression, eine Veränderung des Expressionslevels sowohl 

verschiedener bekannter Pluripotenzgene als auch von Markergenen für die 

Differenzierung in die drei Keimblätter bewirkt.  

Zusätzlich wird die Identifizierung und Charakterisierung weiterer putativer 

Pluripotenzgene dargestellt. Hierfür wurden die Ergebnisse der Transkriptomanalyse, die 

im ersten Teil der Arbeit beschrieben werden, neu ausgewertet. Damit sollten 

Transkriptionsfaktoren identifiziert werden, deren Expression während der Differenzierung 

von ESCs und maGSCs herunterreguliert wird. Diese Kandidatengene wurden anhand 

ihres Expressionsmusters in pluripotenten Zellen und adulten Organen weiter analysiert. 

Dabei konnte gezeigt werden, dass ein Gen, Kbtbd8, ein Expressionsprofil zeigt, das 

charakteristisch ist für Gene, die an der Regulation von Pluripotenz beteiligt sind.  

Zusammenfassend kann gesagt werden, dass die hier präsentierten Ergebnisse Einblicke 

in die Charakteristika von maGSCs geben, wodurch deren Ähnlichkeiten zu ESCs gezeigt 

werden können. Außerdem wurden zwei Faktoren identifiziert, die möglicherweise an der 

Regulation von Pluripotenz beteiligt sind. Die Rolle dieser Faktoren in der 

Aufrechterhaltung der Pluripotenz in vitro und in vivo muss allerdings durch funktionelle 

Analysen noch genauer untersucht werden.  
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1. Summary 
Pluripotency of different stem cell types is a complex biological state which allows the 

cells to continuously proliferate (self-renewal) but also primes them for differentiation into 

all germ layers and germ cells. Regulation of pluripotency involves the presence of 

transcriptional regulatory networks, in which specific transcription factors interact via DNA-

binding and protein-protein interaction, thereby being functionally important for 

maintenance of pluripotency. These transcription factor networks are, however, until now 

incompletely defined. In the past, the analysis of mechanisms that control pluripotency 

was mostly performed in embryonic stem cells (ESCs). Recently, a new type of pluripotent 

stem cells, namely multipotent adult germline stem cells (maGSCs), was identified. In the 

present study, we aimed at the identification of similarities and differences in gene 

expression patterns of ESCs and maGSCs with a special focus on genes known to be 

involved in the regulation of pluripotency. Another goal was the identification of putative 

new pluripotency-regulating factors.  

In the first part of the study, we therefore performed whole genome microarray analysis to 

compare undifferentiated and differentiated ESCs and maGSCs with each other at RNA-

level. It could be shown that the undifferentiated cell lines are not only indistinguishable 

from each other based on their expression of known pluripotency-regulating factors but 

also based on their global gene expression pattern. We could find that, as expected, the 

cell types change their gene expression profile during differentiation. However, after 

differentiation both cell types again show a very similar gene expression pattern.  

In the second and third part of the thesis, the comparison of ESCs and maGSCs at 

protein level is described. Herewith, it was possible to confirm the similarities between 

both cell types in their undifferentiated state. However, differences in protein abundance 

could be found after differentiation of the cell lines. Additionally, we could show that the 

post-translational modification ‘hypusination of Eif5a’ has an effect on the proliferation 

potential of ESCs and maGSCs, whereas it did not influence the pluripotency of the cells.  

The fourth part of the study describes the functional characterization of the putative 

pluripotency-regulating factor Stra8. It was found that Stra8 fulfills all the criteria for a 

protein involved in transcriptional regulation of pluripotency, namely the presence of a 

transcription factor domain, the expression in undifferentiated pluripotent stem cells and 

preimplantation stage embryos and decrease of expression during differentiation of 

pluripotent cells. We could show that a change in protein level of Stra8, that are siRNA-

mediated knockdown and stable overexpression, results in a change of expression level 

of known pluripotency regulators as well as marker genes for differentiation into the three 

germ layers. 
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In addition, the identification and characterization of further putative pluripotency-

regulating factors are shown. Therefore, a reanalysis of the results of the transcriptional 

profiling experiments described in the first part of the thesis was performed to identify 

transcription factors whose expression is downregulated during differentiation of ESCs 

and maGSCs. These candidate genes were further analyzed according to their 

expression pattern in pluripotent cell lines and adult organs. Herewith, we could show that 

one gene, Kbtbd8, possesses an expression profile characteristic for genes involved in 

the regulation of pluripotency. 

In conclusion, the data presented here provides insights into the characteristics of 

maGSCs, thereby showing their ESC-like nature. Additionally, two factors that might be 

involved in transcriptional regulation of pluripotency were identified. However, further 

experiments are necessary to prove their function in regulation of pluripotency in vitro and 

in vivo. 
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2. Introduction 
2.1 Stem cells 
Stem cells possess the capacity to proliferate indefinitely (self-renew) and to differentiate 

into different tissues or cell types. These cells can be found in most tissues, and they are 

responsible for tissue maintenance and repair.  

Stem cell types can either be distinguished by their origin or by their potency. Concerning 

their differentiation potential, they can be categorized as totipotent, pluripotent, multipotent 

or unipotent stem cells. Totipotent cells have the ability to differentiate into cells of all 

three germ layers (mesoderm, endoderm, ectoderm) and to trophoblast cells, thereby 

being able to generate a viable organism after transfer to an uterus. Only the fertilized 

oocyte (zygote) and blastomeres of cleavage stage embryos till eight-cell-stage are 

totipotent. The individual blastomeres lose their totipotency when embryonic development 

progresses. This is due to the first irreversible differentiation into trophoblast and inner cell 

mass (ICM) at blastocyst stage. The cells of the inner cell mass can give rise to 

pluripotent cells. These cells are not able to form a complete viable organism, but they 

have the ability to differentiate into cells of all three germ layers in vivo and in vitro 

(reviewed in: Sell, 2004). Multipotent stem cells can differentiate into a small number of 

cell types. This differentiation is limited to tissues belonging to only one germ layer. 

Unipotent stem cells are even more restricted in their differentiation potential, which 

means they can only differentiate into one specialized cell type.  

According to their origin, pluripotent stem cells can be further classified as embryonic 

carcinoma cells (ECCs) (Kleinsmith and Pierce, 1964; Finch and Ephrussi, 1967; Kahan 

and Ephrussi, 1970), embryonic stem cells (ESCs) (Evans and Kaufmann, 1981; Martin, 

1981), embryonic germ cells (EGCs) (Matsui et al., 1992; Resnick et al., 1992), 

multipotent germline stem cells, either derived from neonatal (mGSCs) (Kanatsu-

Shinohara et al., 2004) or adult mouse testis (maGSCs) (Guan et al., 2006), epiblast stem 

cells (EpiSCs) (Brons et al., 2007; Tesar et al., 2007) and induced pluripotent stem cells 

(iPSCs) (Takahashi and Yamanaka, 2006). An overview of mouse pluripotent stem cells 

and their respective origin is given in figure 1.  
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Figure 1: Origins of mouse pluripotent stem cells. In the left column the origins of pluripotent stem cells 

and in the middle column the stem cell types, which can be derived from them, are shown. The right column 

displays the functional properties of the respective cell lines. Blue arrows indicate the derivation of cell lines 

from their respective tissues, yellow arrows show possible in vitro-differentiation of one cell type into another 

and green arrows display in vivo-properties of cultured cells. (Figure taken from: Kujik et al., 2010, modified.) 

 
 
 
 
 
 
2.1.1 Embryonic stem cells (ESCs) 
Embryonic stem cells are derived from the inner cell mass of blastocysts and are able to 

proliferate indefinitely under defined culture conditions in vitro. They are able to 

differentiate into derivatives of all three germ layers in vivo as well as in vitro. The first 

ESC-lines were derived from mouse blastocysts (Evans and Kaufmann, 1981; Martin, 



INTRODUCTION                                                                                                               7 
 

1981), whereas later it even became possible to obtain these cells from individual 

blastomeres from cleavage stage mouse embryos (Chung et al., 2006; Wakayama et al., 

2007). ESC-lines could also be generated from blastocysts of two non-human primates, 

the rhesus monkey and the common marmoset (Thomson et al., 1995; Thomson et al., 

1996), as well as from human (Thomson et al., 1998). Comparable to mouse ESC-lines, it 

was also possible to derive human ESCs from morula stage embryos (Strelchenko et al., 

2004), single blastomeres (Klimanskaya et al., 2006) and parthenogenetic embryos (Lin et 

al., 2007; Mai et al., 2007; Revazova et al., 2007).   

To prevent spontaneous differentiation of mouse ESCs in vitro, they are cultured on a 

“feeder layer” of mitotically inactive murine embryonic fibroblasts (MEFs) (Evans and 

Kaufmann, 1981; Martin, 1981). These MEFs secrete a cocktail of growth factors, which 

includes the cytokine LIF (leukemia inhibitory factor). LIF causes the ESCs to proliferate 

and at the same time inhibits their spontaneous differentiation (Martin and Evans, 1975). 

However, it is sufficient to only supplement the culture medium with LIF to keep mouse 

ESCs in an undifferentiated state (Smith et al., 1988; Williams et al., 1988). If mouse 

ESCs are cultured in the absence of a “feeder layer” and LIF, they spontaneously 

differentiate into derivatives of all three germ layers and germ cells (Doetschman et al., 

1985; Suda et al., 1987; Geijsen et al., 2004; Nayernia et al., 2006). Addition of retinoic 

acid (RA) to the culture medium induces and accelerates differentiation into several 

lineages (e.g. Doetschmann et al., 1985; Slager et al., 1993; Dinsmore et al., 1996; Dani 

et al., 1997; Drab et al., 1997). 

 
2.1.2 Pluripotent stem cells in the testis 
The mammalian testis harbors a population of unipotent stem cells, the spermatogonial 

stem cells (SSCs). These cells are responsible for maintaining spermatogenesis 

throughout the life of a male individual, thereby continuously self-renewing and 

differentiating into spermatozoa (Brinster and Avarbock, 1994).  

SSCs from mouse neonatal testis can be cultured in vitro in the presence of glial cell line 

derived neurotrophic factor (GDNF), leukemia inhibitory factor (LIF), epidermal growth 

factor (EGF) and basic fibroblast growth factor (bFGF) for an extended time period without 

losing their ability to colonize seminiferous tubules of the testis and to differentiate into 

functional sperm after transplantation into testes of infertile mice (Kanatsu-Shinohara et 

al., 2003). However, under these culture conditions cells can occasionally be found that 

resemble the morphology of ESCs. These colonies can be maintained when subsequently 

cultured under standard ESC culture conditions. These multipotent germline stem cells 

(mGSCs) express marker genes characteristic for ESCs and are able to differentiate into 

derivatives of the three germ layers in vitro and in vivo, as determined by teratoma 
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formation after subcutaneous injection into nude mice and into testes of germ cell-

depleted mice as well as chimera formation after blastocyst injection (Kanatsu-Shinohara 

et al., 2004). 

When applying standard ESC culture conditions, it is also possible to generate pluripotent 

cells from adult mouse testis (Guan et al., 2006). These multipotent adult germline stem 

cells (maGSCs) show ESC-like morphology, express marker genes characteristic for 

ESCs and can differentiate in vitro spontaneously into different cell types of all three germ 

layers. After subcutaneous injection into immunodeficient mice maGSCs form teratomas 

and after injection into blastocysts they contribute to chimera formation (Guan et al., 

2006). The derivation of pluripotent stem cells from adult mouse testis was confirmed by 

several other groups (Seandel et al., 2007; Kanatsu-Shinohara et al., 2008; Izadyar et al., 

2008; Ko et al, 2009).   

Recently, the derivation of pluripotent stem cells from spermatogonial stem cells from 

adult human testis was also reported (Conrad et al., 2008; Golestaneh et al., 2009; 

Kossack et al., 2009; Mizrak et al., 2009). These cells show similarities to human 

embryonic stem cells, are able to form teratomas after transplantation into 

immunodeficient mice and differentiate into derivatives of the three germ layers in vitro. 

However, until now it was not possible to generate clonal, yet proliferating cell lines from 

adult human testis.  

 

2.2 Analyses of pluripotent stem cells 
The properties of ESCs have been extensively characterized, mainly at the level of 

transcriptome and proteome. Mostly, these studies aimed at the identification of genes 

specifically expressed in pluripotent cells, thereby attempting to identify regulatory 

pathways that define pluripotency.  

When comparing ESCs with multipotent hematopoietic and neural stem cells at 

transcriptome level, it could be found that all these stem cell types share a similar gene 

expression pattern, maybe representing a common set of regulatory pathways (Ivanova et 

al., 2002). However, only a small number of genes belonging to this gene set are not at all 

expressed in terminally differentiated cell lines. This reveals that the genes which are 

enriched in stem cell populations are not exclusively expressed by them (Ramalho-Santos 

et al., 2002). Besides these similarities between multipotent and pluripotent stem cells, 

each type of stem cells can be distinguished from the others by a specifically expressed 

set of genes (Ramalho-Santos et al., 2002).  

Furthermore, ESCs have been studied by proteome analysis and reference maps of 

expressed proteins could be generated (Elliott et al., 2004; Nagano et al., 2005). In 2006, 

it was even possible to identify 743 proteins exclusively expressed in undifferentiated 
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mouse ESCs in a comparison between undifferentiated ESCs and ESCs differentiated for 

12 days in the absence of a “feeder layer” and LIF. This ESC-specific gene set included 

known ESC-specific transcription factors but also a high number of proteins not 

associated with pluripotency (van Hoof et al., 2006).   

Despite these studies, the mechanisms that control pluripotency remain largely unknown. 

To gain more insight into the general characteristics of pluripotent cells, it is necessary to 

analyze the similarities and differences of several pluripotent cell lines. This approach was 

taken by different groups in transcriptomics and proteomics studies (e.g. Takahashi and 

Yamanaka, 2006; Sharova et al., 2007; Buhr et al., 2008). Although different pluripotent 

stem cells are not morphologically distinguishable from each other, further analyses 

revealed that the cell lines can be discerned based on their gene expression profiles. 

Using global gene expression profiling at RNA-level, Sharova et al. (2007) could show 

that EGCs and ESCs show a very similar global gene expression pattern. This pattern 

distinguishes them from mulitpotent or unipotent stem cells. The global differences 

between different pluripotent stem cell types were even smaller than the differences 

between stem cells derived from different mouse backgrounds. However, when analyzing 

different ESC- and EGC-lines, it was possible to identify subsets of genes specific for 

each cell type. In case of ESCs and EGCs 20 and 84 “signature genes”, respectively, 

which are consistently higher expressed in one cell type, could be detected (Sharova et 

al., 2007). Examination of the nuclear proteome of ESCs and EGCs revealed a similar 

result. Although commonly expressed proteins could be found in both cell types, around 

30% of proteins identified in EGCs are specifically expressed only in this cell type (Buhr et 

al., 2008).  

In addition to extensive comparisons between ESCs and EGCs, the analyses of 

pluripotent stem cells were recently extended to iPSCs. These cells were routinely 

compared to ESCs at transcriptome level by the groups who reported the successful 

reprogramming of differentiated cells into a pluripotent state (e.g. Takahashi and 

Yamanaka, 2006; Takahashi et al., 2007; Wernig et al., 2007; Lowry et al., 2008). iPSCs 

have been referred to as “nearly similar” to ESCs of mouse and human, but a small 

percentage of genes is differentially expressed (e.g. Takahashi et al., 2007; Yu et al., 

2007; Lowry et al., 2008; Zhou et al., 2009). These differences are found in all analyzed 

iPSC-lines, suggesting that iPSCs possess a gene expression signature that can 

distinguish them from ESCs but is common for iPSC-lines generated from different 

species, from different somatic origins and following different protocols for reprogramming 

(Chin et al., 2009). The differentially expressed genes can be classified according to their 

biological functions, showing that genes which are related to processes associated with 

differentiation are higher abundant in iPSCs (Chin et al., 2009). This suggests that iPSCs 
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have not completely silenced the expression pattern of their somatic cell origin. The 

differences are strongest in early passage iPSCs, whereas iPSCs of later passages 

cluster more closely with ESCs (Chin et al., 2009).  

These alterations in gene expression are not due to differences in global histone 

modification. The global analysis of trimethylation of histones H3K27 and H3K4 reveals 

nearly no differences between ESCs and iPSCs, i.e. only 1% of genes are differentially 

methylated (Maherali et al., 2007; Chin et al., 2009). In contrast to this, global microRNA 

(miRNA) expression profiling showed consistently a few miRNAs that are differentially 

expressed between iPSCs and ESCs (Chin et al., 2009; Wilson et al., 2009). These 

miRNAs include a group of miRNAs previously classified as ESC-specific (Card et al., 

2008). The impact of the reported differences has neither been elucidated in case of 

EGCs nor in case of iPSCs.  

While pluripotent stem cell lines like EGCs and iPSCs have been studied in great detail, 

the characterization of maGSCs is limited to the confirmation of their pluripotent state by 

teratoma and chimera formation assays as well as basic analyses of gene expression of 

pluripotency-related genes (Guan et al., 2006; Nolte, 2008). Recently, it was shown that 

miRNAs which were thought to be specific for ESCs (Houbaviy et al., 2003) are also 

expressed in maGSCs (Zovoilis et al., 2008). However, the expression level varies 

between the two cell types, showing a lower amount of miRNAs in maGSCs (Zovoilis et 

al., 2008). A slight difference could also be observed by comparative analyses of global 

and gene-specific DNA-methylation patterns. Whereas the global DNA-methylation as 

well as the DNA-methylation of promoters of pluripotency-regulating genes are very 

similar in ESCs and maGSCs, the two cell types can be discriminated by their DNA-

methylation of imprinted gene loci (Zechner et al., 2009). Although these results give first 

hints about the ESC-like nature of maGSCs, it still has to be elucidated if they are similar 

or even identical to ESCs at the level of gene expression. 

 
2.3 Regulation of pluripotency 
The mechanisms by which pluripotent cell lines retain their pluripotency during culture are 

until now rather unknown. However, it is known that a complex network of transcription 

factors and extrinsic signals that activate signal transduction cascades are involved in the 

regulation of pluripotency and self-renewal of stem cells.   

Inside this intrinsic pluripotency network are the three transcription factors Oct4, Nanog 

and Sox2 that are indispensable for maintaining pluripotency in ESCs and early embryos 

(Nichols et al., 1998; Niwa et al., 2000; Avilion et al., 2003; Chambers et al., 2003; Mitsui 

et al., 2003). Inactivation of one of these genes leads to a loss of pluripotency and to 

differentiation of the cells. The three transcription factors act by binding to the same 
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promoter regions of genes, thereby regulating these genes’ expression (Loh et al., 2006; 

Chen et al., 2008; Sharov et al., 2008). Besides these three factors, the pluripotency 

network consists of several other proteins which were recently identified. For example, it 

was shown that amongst others the transcription factors Sall4 (Zhang et al., 2006), 

Zscan10 (Wang et al., 2007a; Wang et al., 2007b) and Zic3 (Lim et al., 2007) play an 

important role in the core pluripotency network. 

One of the extrinsic regulators is the cytokine LIF that binds to heterodimers of LIF-

receptor and Gp130 (David et al., 1993). This interaction results in the activation of Stat3- 

(Niwa et al., 1998), PI(3)K-Akt- (Kobayashi et al., 1999) and MAPK-signaling (Paling et 

al., 2004). These pathways connect the LIF-signal to the core network of intrinsic 

pluripotency-regulating factors: Stat-signaling activates Klf4 and Sox2, PI(3)K-Akt-

signaling activates Tbx3 and Nanog (Niwa et al., 2009). In the absence of fetal calf serum 

(FCS) supplementation of the growth medium with LIF is not sufficient to prevent the cells 

from differentiation, but the induction of cells with bone morphogenetic protein 4 (BMP4) is 

required (Ying et al., 2003). BMP4 inhibits differentiation by activation of Smad 

transcription factors which subsequently induce gene expression of Id gene family 

members (Ying et al., 2003). Although several genes which are involved in the 

maintenance of pluripotency have been identified in the past years, the complete 

pluripotency-regulating network remains largely unknown and needs further studies to 

identify more of its components.  

 
2.4 Objectives of this study 
The aim of this study was a further detailed molecular characterization of maGSC-lines 

isolated by our group (Guan et al., 2006). These cells are known to express the same set 

of pluripotency-regulating genes, contribute to chimeras at the same level as ESCs (Nolte, 

2008) and express the same set of microRNAs (Zovoilis et al., 2008). However, it is 

known that differences between pluripotent stem cell lines, e.g. between ESCs and EGCs 

or between ESCs and iPSCs, at the level of transcriptome and proteome exist (e.g. 

Sharova et al., 2007; Buhr et al., 2008; Chin et al., 2009). Therefore, the maGSCs should 

be compared to ESC-lines derived from the same genetic backgrounds.  

For that purpose, one wildtype and one transgenic maGSC- and ESC-line should be 

examined at transcriptome level using whole-genome microarray analyses. The genes 

found to be differentially expressed should be subsequently classified according to the 

molecular functions they perform and biological processes they are involved in. The 

results should be compared with previously published data comparing undifferentiated 

EGC- and ESC-lines (Sharova et al., 2007). With this approach it should be proven 

whether a transcriptome common for pluripotent cell lines exists. 
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The same cell lines should also be compared at proteome level. Therefore, 2D-

gelectrophoresis should be performed to generate 2D-reference maps for maGSCs and 

ESCs and the identified proteins should be classified according to their known functions. 

The ESC-like properties of maGSCs should be further validated using 2D-difference gel 

electrophoresis (2D-DIGE). 

After spontaneous differentiation of maGSCs and ESCs from wildtype mouse background, 

transcriptome and proteome analyses should be repeated to monitor the gene expression 

changes during RA-induced differentiation. Additionally, it should be investigated whether 

the cell types differentiate spontaneously in a similar way or if the origin of maGSCs 

influences their gene expression after differentiation. The genes which are downregulated 

after differentiation of the cells should be further characterized using bioinformatics. The 

classification should be based on the cellular localization and the postulated function of 

the encoded protein products.   

In the last part of this study, the role of the gene Stra8 in pluripotent cells should be further 

specified. Stra8 is known to play a role in initiation of meiosis in mammals (Anderson et 

al., 2008) and was recently found to be expressed in ESC-lines where it shuttles between 

cytoplasm and nucleus (Tedesco et al., 2009). Expression analyses of Stra8 in different 

pluripotent and differentiated cell lines as well as in embryonic stages should be 

performed. The role of Stra8 in transcriptional regulation concerning the pluripotency 

network should be evaluated by transient downregulation using small interfering RNA 

(siRNA) and stable overexpression.  
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3. Results 
The present study deals with the detailed molecular characterization of multipotent adult 

germline stem cells (maGSCs) at the level of transcriptome and proteome and the 

identification of genes involved in the regulation of pluripotency not only in maGSCs but 

also in embryonic stem cells (ESCs). The results of this thesis have been summarized in 

the following four manuscripts, of which two have been published and another two are in 

submission stage: 

 

3.1 Pluripotent embryonic stem cells and multipotent adult germline stem cells reveal 

similar transcriptomes including pluripotency-related genes 

 

3.2 Multipotent adult germline stem cells and embryonic stem cells: comparative 

proteomic approach 

 

3.3 Multipotent adult germline stem cells and embryonic stem cells functional proteomics 

revealed an important role of translation initiation factor 5A (Eif5a) in stem cell 

differentiation 

 

3.4 Germ cell specific gene Stra8 has an impact on the pluripotency network 

 
Each chapter within the results starts with a brief description of the aim and a summary of 

the conclusions of the particular manuscript in context of the complete thesis, the status of 

the manuscript, the authors and their contributions to the work.  
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3.1 Pluripotent embryonic stem cells and multipotent adult germline 
stem cells reveal similar transcriptomes including pluripotency-related 
genes 
In the first part of the thesis, the comparison of ESCs and maGSCs at transcriptome level 

is described. The analyses revealed that maGSCs are very similar to ESCs based on their 

global gene expression pattern, and the undifferentiated cell lines show a 97-99% identity 

dependent on the analyzed mouse background. No difference in gene expression could 

be found in genes involved in the regulation of pluripotency. Also after spontaneous 

differentiation of both cell lines, their transcriptomes are nearly identical, i.e. show a 

similarity of 95%, suggesting that the cells differentiate spontaneously in the same 

direction. Most interestingly, when comparing gene expression of maGSCs with 

previously published gene expression data for another pluripotent stem cell line, namely 

embryonic germ cells (EGCs), we found a high similarity between both cell types. These 

results give a hint that a common transcriptome for pluripotent cell lines exists.  

 

Sandra Meyer, Jessica Nolte, Lennart Opitz, Gabriela Salinas-Riester and Wolfgang 

Engel 

Status: Published in Molecular Human Reproduction, Volume 16 (2010), pp. 846-855 

(Impact Factor: 3.005) 

 

Author contributions to the work: 

1. Sandra Meyer: conception and design of experiments, performance of cell culture, 

preparation of cells for transcriptional profiling, characterization of cells using qRT-PCR 

and FACS, performance of transcriptional profiling (partial), data analysis, confirmation of 

data from transcriptional profiling using qRT-PCR, preparation of manuscript. 

2. Jessica Nolte: conception and design of experiments, generation of cell lines, 

characterization of cells using Western Blot, involved in preparation of manuscript. 

3. Lennart Opitz: bioinformatical analysis of raw data from microarray. 

4. Gabriela Salinas-Riester: conception and design of microarray experiments. 

5. Wolfgang Engel: conception and design of experiments, preparation of manuscript. 
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3.2 Multipotent adult germline stem cells and embryonic stem cells: 
comparative proteomic approach 
In this second part of the thesis, we report about the comparative analysis of 

undifferentiated ESCs and maGSCs at the proteome level. We generated 2D-reference 

maps and were able to identify a total number of 409 peptides, corresponding to 166 non-

redundant proteins. These proteins were classified and found to belong to various 

biological categories and cellular compartments. Using 2D-DIGE, it was possible to 

highlight the ESC-like nature of maGSCs also at protein level. In this experiment, only 18 

proteins were found to be differentially expressed between the two cell types, showing 

that ESCs and maGSCs from the same mouse strain are more similar than the same cell 

lines (e.g. ESCs or maGSCs) derived from different mouse strains.   

 

Hassan Dihazi, Gry H. Dihazi, Jessica Nolte, Sandra Meyer, Olaf Jahn, Gerhard A. Müller 

and Wolfgang Engel 

Status: Published in Journal of Proteome Research, Volume 8 (2009), pp. 5497-5510 

(Impact Factor: 5.132) 

 

Author contributions to the work: 

1. Hassan Dihazi: conception and design of experiments, data analysis and interpretation, 

preparation of manuscript. 

2. Gry H. Dihazi: isolation of proteins, performance of 2D-gelelectrophoresis and 2D-DIGE 

(partial), performance of Western Blot (partial). 

3. Jessica Nolte: generation of cell lines, involved in data interpretation, involved in 

preparation of manuscript. 

4. Sandra Meyer: performance of cell culture, preparation of cells for proteome analysis, 

involved in data interpretation, involved in preparation of manuscript. 

5. Olaf Jahn: collection and assembly of mass spectrometry data. 

6. Gerhard A. Müller: financial and administrative support. 

7. Wolfgang Engel: conception and design of experiments, involved in preparation of 

manuscript. 
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3.3 Multipotent adult germline stem cells and embryonic stem cells 
functional proteomics revealed an important role of translation 
initiation factor 5A (Eif5a) in stem cell differentiation 
In this chapter, the comparison of undifferentiated and differentiated ESCs and maGSCs 

at proteome level is described. 2D-gelectrophoresis- and 2D-DIGE-reference maps were 

created to screen for changes in protein profiles which are associated with stem cell 

differentiation. Herewith, it was possible to identify 36 proteins with a difference in protein 

level before and after differentiation in both ESCs and maGSCs. Among these proteins, 

18 were downregulated during differentiation and another 18 show a higher expression in 

differentiated cell lines. Despite the similarities at proteome level in undifferentiated cell 

lines, the differentiated ESCs and maGSCs could be distinguished by 55 differentially 

expressed proteins. One of the proteins which were downregulated during retinoic acid 

(RA)-induced differentiation in both cell types was Eif5a. This protein was previously 

described to play an important role in cell proliferation and differentiation, and its 

activation is governed by the post-translational modification hypusination. Alteration of 

hypusination of Eif5a resulted in a reduced proliferation of ESCs and maGSCs, whereas it 

did not have an effect on the pluripotency of the cell lines.  

 
Hassan Dihazi*, Gry H. Dihazi*, Olaf Jahn, Sandra Meyer, Jessica Nolte, Abdul R. Asif, 

Gerhard A. Müller and Wolfgang Engel 
*These authors contributed equally to this work. 

 

Status: Submitted to Journal of Proteome Research (Impact Factor: 5.132) 

 

Author contributions to the work: 

1a. Hassan Dihazi: conception and design of experiments, data analysis and 

interpretation, preparation of manuscript. 

1b. Gry H. Dihazi: isolation of proteins, performance of 2D-gelelectrophoresis and 2D-

DIGE (partial), performance of Western Blot (partial). 

3. Olaf Jahn: collection and assembly of mass spectrometry data. 

4. Sandra Meyer: performance of cell culture, differentiation of cell lines, preparation of 

cells for proteome analysis, preparation of cells for MTT assay and for examination of 

effect of hypusination on stem cell differentiation, involved in data interpretation, involved 

in preparation of manuscript. 

5. Jessica Nolte: generation of cell lines, involved in preparation of manuscript. 
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6. Abdul R. Asif: collection and assembly of mass spectrometry data. 

7. Gerhard A. Müller: financial and administrative support. 

8. Wolfgang Engel: conception and design of experiments, involved in preparation of 

manuscript.
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Multipotent adult germline stem cells and embryonic stem cells functional 
proteomics revealed an important role of translation initiation factor 5A 

(Eif5a) in stem cell differentiation 
 

Hassan Dihazi*#1, Gry H. Dihazi*1, Olaf Jahn2,3, Sandra Meyer4, Jessica Nolte4, Abdul R. 
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Abstract 
Multipotent adult germline stem cells (maGSCs) are pluripotent cells that can be 

differentiated into somatic cells of the three primary germ layers. In order to highlight the 

protein profile changes associated with stem cell differentiation, retinoic acid (RA) treated 

mouse stem cells (maGSCs and ESCs) were compared to untreated cells. 2-DE and 

DIGE reference maps were created, and differentially expressed proteins were further 

processed for identification. In both stem cell types the RA-induced differentiation resulted 

in alteration of 36 proteins of which 18 were downregulated and might be potential 

pluripotency associated proteins, whereas the other 18 proteins were upregulated. These 

might be correlated to stem cell differentiation. Surprisingly, eukaryotic initiation factor 5A 

(Eif5a), a protein which is essential for cell proliferation and differentiation, was 

significantly downregulated under RA-treatment. A time dependent investigation of Eif5a 

showed that the RA-treatment of stem cells resulted in a significant upregulation of Eif5a 

in the first 48h followed by a progressive downregulation thereafter. This effect could be 

blocked by the hypusination inhibitor ciclopirox olamine (CPX). The alteration of Eif5a-

hypusination, as confirmed by mass spectrometry, exerts an antiproliferative effect on 

ESCs and maGSCs in vitro, but does not affect the cell pluripotency. Our data highlights 

the important role of Eif5a and its hypusination for stem cell differentiation and 

proliferation.  
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Introduction 
Stem cells (SCs) and especially embryonic stem cells (ESCs) are pluripotent cells 

characterized by their functional capacity of self-renewal and their ability to generate all 

types of differentiated cells 1-3. The therapeutic use of ESCs could be impeded by 

problems regarding immune rejection due to genetic differences between the patient and 

the donor ESCs, as well as ethical issues associated with the use of embryos 4.  

Spermatogonial stem cells (SSCs) are self-renewing single cells located in the periphery 

of the seminiferous tubules whose continuous division maintains spermatogenesis 

throughout the life of a male individual 5. Several studies have revealed that the germline 

lineage retains the potential to generate pluripotent cells. In 2004, ESC-like cells were 

found in cell cultures of germ cells established from murine neonatal testis, designated as 

multipotent germline stem cells (mGSCs) 6. In 2006, we isolated and cultured 

spermatogonial stem cells (SSCs) from the adult mouse testis which responded to culture 

conditions and acquired ESC properties 7. We proved that the pluripotency and plasticity 

of these cells, which were named multipotent adult germline stem cells (maGSCs), were 

similar to ESCs. They were able to spontaneously differentiate into derivatives of the three 

embryonic germ layers in vitro, to generate teratomas in immunodeficient mice and to 

contribute to the development of various organs when injected into an early blastocyst. 

Our results were confirmed by other groups 8, 9. In 2008, we could confirm with respect to 

microRNA (miRNA) expression, the ESC-like nature of maGSCs 10, and their potential as 

an alternative source of pluripotent cells from non-embryonic tissues. The miRNAs were 

constantly expressed in maGSCs and downregulated after long exposure to differentiation 

conditions 10. It has been shown that maGSCs share important pluripotency features with 

male ESCs such as telomerase activity, telomere length and hypomethylation of 

pluripotency marker genes. This strengthens the view of maGSCs as pluripotent cells 11. 

More recently, Conrad and colleagues 12 generated pluripotent SCs from adult human 

testis. The established human adult GSCs were able to differentiate into various types of 

somatic cells of all three germ layers when cultured under conditions that stimulated 

human ESCs to differentiation 12.  

In a recent study, we created a proteomic map for maGSCs and compared it to the ESCs 

proteome from the same mouse. We confirmed on the proteome level the ESC-like nature 

of maGSCs 13. To identify new potential pluripotency correlated proteins or differentiation 

associated proteins, we investigated the effects of retinoic acid (RA) treatment on the 

protein expression profiles of maGSCs and ESCs and identified proteins potentially 

involved in the SCs differentiation. We demonstrated the important role of Eif5a in stem 

cell differentiation and highlighted the role of the hypusination as a stem cell differentiation 

and cell cycle control step.  
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Material and Methods 
Derivation and culture of maGSC- and ESC-lines 

The derivation and culture of maGSCs 129/SV (maGSC 129/SV) and the transgenic cell 

line Stra8-EGFP/ROSA26 (maGSC Stra8) was described previously 7. In this case, both 

maGSC-lines were generated without genetic selection, only by morphological criteria. 

The ESC R1 line was derived from the 129/SV mouse 14. The cell line ESC Stra8 was 

generated from the transgenic Stra8-EGFP/ROSA26 mouse as described previously 15. 

To maintain maGSCs and ESCs in an undifferentiated state, the cells were cultured under 

standard ESC culture conditions: DMEM (PAN, Aidenbach, Germany) supplemented with 

20% fetal calf serum (PAN), 2 mM L-glutamine (PAN), 50 mM β-mercaptoethanol 

(Gibco/Invitrogen, Eggenstein, Germany), 1x non-essential amino acids 

(Gibco/Invitrogen), sodium pyruvate (Gibco/Invitrogen), penicillin/streptomycin (PAN). 

ESCs and maGSCs were cultured on a feeder layer of mitomycin C-inactivated mouse 

embryonic fibroblasts (MEFs) in the presence of 1000 U/ml recombinant mouse leukemia 

inhibitory factor (LIF) (Chemicon, Temecula, USA). ESCs were isolated as described 

previously, and male ESC lines were identified and selected by PCR amplification of Sry 

gene-specific sequences 15. Male ESCs and maGSCs were cultured under the same 

conditions as described above. In order to differentiate maGSCs and male ESCs, the cells 

were plated on gelatine-coated dishes and culture medium was supplemented with 10-6 M 

RA (Sigma-Aldrich, Steinheim, Germany) instead of LIF. Cells were cultured for 20 days 

before they were lysed and the proteins were extracted.  

 

Protein extraction 

The protein extraction for 2D gel electrophoresis was performed as described previously 
16. Briefly, 75% confluent cultures were trypsinized and washed three times with 1x PBS. 

The cells were harvested by centrifugation at 200 x g for 10 min, the pellet was treated 

with 0.3-0.5 ml lysis buffer (9.5 M urea, 2% CHAPS (w/v), 2% ampholytes (w/v), 1% DTT). 

Ampholytes and DTT were added before use. After adding the lysis buffer the samples 

were incubated for 30 min at 4°C. For removing the cell debris sample centrifugation was 

carried out at 13,000 x g and 4°C for 45 min. The supernatant was recentrifuged at 13,000 

x g and 4°C for an additional 45 min to get maximal purity. The resulting samples were 

used immediately or stored at -80°C until use.    

 

Protein precipitation 

To reduce the salt contamination and to enrich the proteins, methanol-chloroform-

precipitation according to Wessels and Flugge 17 was performed. Briefly, 0.4 ml of 

methanol (100%) was added to 0.1 ml aliquots of protein samples and mixed together. 0.1 
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ml chloroform was added to the samples and the mixture was vortexed. Subsequently, 0.3 

ml water was added and the solution was vortexed and centrifuged at 13,000 x g for 1 

min. The aqueous layer was removed, and another 0.4 ml methanol (100%) was added to 

the rest of the chloroform and the interphase with the precipitated proteins. The sample 

was mixed and centrifuged for 2 min at 13,000 x g and the supernatant was removed. The 

pellet was vacuum dried and dissolved in lysis buffer.  

Total protein concentration was estimated using the Bio-Rad protein assay (Bio-Rad, 

Hercules, USA) according to Bradford 18. Bovine serum albumin (Sigma-Aldrich) was used 

as a standard. 

 

2D Gel Electrophoresis (2-DE) 

IPG strips (11 cm, pI 5-8) were passively rehydrated in 185 µl solution containing 150 µg 

protein in a rehydration buffer (8 M urea, 1% CHAPS, 1% DTT, 0.2% ampholytes, and a 

trace of bromophenol blue) for 12 h. The IEF step was performed on the PROTEAN® IEF 

Cell (Bio-Rad). Temperature-controlled at 20°C, the voltage was set to 500 V for 1 h, 

increased to 1,000 V for 1 h, 2,000 V for 1 h and left at 8,000 V until a total of 50,000 

Vhours was reached. Prior to SDS-PAGE, the IPG strips were reduced for 20 min at room 

temperature in SDS equilibration buffer containing 6 M urea, 30% glycerol, 2% SDS, 0.05 

M Tris-HCl, and 2% DTT on a rocking table. The strips were subsequently alkylated in the 

same solution with 2.5% iodacetamide substituted for DTT, and a trace of bromophenol 

blue. For the SDS-PAGE 12% BisTris Criterion precast gels (Bio-Rad) were used 

according to manufacturer’s instructions. The gels were run at 150 V for 10 min, followed 

by 200 V until the bromophenol blue dye front had reached the bottom of the gel.   

 

Gel staining 

For image analysis, 2-DE gels were fixed in a solution containing 50% methanol and 12% 

acetic acid over night and fluorescent stained with Flamingo fluorescent gel stain (Bio-

Rad) for minimum 5 h. After staining, gels were scanned at 50 µm resolution on a Fuji 

FLA-5100 scanner (Fuji Photo, Kanagawa, Japan). The digitalized images were analyzed 

using Delta 2D 3.4 (Decodon, Braunschweig, Germany). For protein identification, 2-DE 

gels were additionally stained with colloidal Coomassie blue, Roti-blue (Roth, Karlsruhe, 

Germany) overnight.  

 

2D-DIGE 

Protein extraction and methanol-chloroform-precipitation were performed as described 

above. The resulting pellet was dissolved in labeling buffer (30 mM Tris-HCl pH 8.5, 9.5 M 



RESULTS                                                                                                                          46 
 

urea, 2% CHAPS), centrifuged (5 min, 13,000 x g), and the protein concentration of the 

supernatant was determined as described above.  

Each dye was freshly dissolved in anhydrous N,N-dimethylformamide (DMF) (Sigma-

Aldrich, St. Louis, USA) to a stock solution containing 1000 pmol/µl. One volume of 

CyDye stock solution was added to 1.5 volumes of high grade DMF to make a 400 µM 

CyDye solution. For minimal labeling 400 pmol of the amine-reactive cyanine dyes Cy3 

and Cy5 was added respectively to 50 µg proteins from each maGSCs and ESCs, 

following the manufacturer’s protocol (GE Healthcare, Munich, Germany). The labeling 

reaction was carried out at 4°C in the dark for 30 min and the reaction was terminated by 

addition of 10 nmol lysine at 4°C in the dark for 10 min. Equal volumes of 2x sample 

buffer (30 mM Tris-HCl pH 8.5, 9.5 M urea, 2% CHAPS, 10 mM PMSF, 130 mM DTT and 

2% ampholytes 3-10) were added to each of the labeled protein samples. To avoid the 

dye-specific protein labeling, every pair of protein samples from two independent cell 

extract preparations were processed in duplicate while swapping the dyes. Thereby four 

replicate gels were obtained, allowing to monitor regulation factors down to twofold 

changes 19. 50 µg of an internal standard consisting of a mixture of all samples under 

investigation were labeled with 400 pmol Cy2 and included on all gels to facilitate gel 

matching, thereby eliminating artifacts from experimental variation. The three differentially 

labeled fractions were pooled. Rehydration buffer (8M urea, 1% CHAPS, 13 mM DTT and 

1% ampholytes 3-10) was added to make up the volume to 185 µl prior to IEF. The 2-DE 

was performed as described above. The CyDye-labeled gels were scanned at 50 µm 

resolution on a Fuji FLA5100 scanner (Fuji Photo) with laser excitation light at 473 nm and 

long pass emission filter 510LP (Cy2), 532 nm and long pass emission filter 575LP (Cy3), 

and 635 n, and long pass emission filter 665LP (Cy5). Fluorescent images were acquired 

in 16-bit TIFF files format. Spot matching across gels and normalization based on the 

internal standard was performed with Delta 2D software (Decodon). To analyze the 

significance of protein regulation, a Student’s t-test was performed, and statistical 

significance was assumed for p-values less than 0.01. For protein identification, 2-DE 

were post stained with colloidal Coomassie blue (Roti-Blue) overnight. Differentially 

regulated proteins were excised and processed for identification by mass spectrometry. 

 

Protein identification 

Manually excised gel plugs were subjected to an automated platform for the identification 

of gel-separated proteins 20 as described in the framework of recent DIGE-based 21 and 

large-scale proteome studies 22. An Ultraflex MALDI-TOF-TOF mass spectrometer 

(Bruker Daltonik) was used to acquire both PMF and fragment ion spectra, resulting in 

confident protein identifications based on peptide mass and sequence information. 
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Database searches in the Swiss-Prot primary sequence database restricted to the 

taxonomy mus musculus were performed using the MASCOT Software 2.2 (Matrix 

Science). Carboxamidomethylation of Cys residues was specified as fixed and oxidation 

of Met as variable modifications. One trypsin missed cleavage was allowed. Mass 

tolerances were set to 100 ppm for PMF searches and to 100 ppm (precursor ions) and 

0.7 Da (fragment ions) for MS/MS ion searches. The minimal requirement for accepting a 

protein as identified was at least one peptide sequence match above identity threshold in 

addition to at least 20% sequence coverage in the PMF. 

 

Western Blot analysis 

The confirmation of the protein expression differences between differentiated and 

undifferentiated maGSCs and ESCs detected during the proteomic analysis data was 

done performing Western Blot analyses according to Towbin et al. 23. Rabbit monoclonal 

anti-Eif5a (Abcam, UK), rabbit polyclonal anti-Tardbp (Abcam), rabbit polyclonal anti-

stathmin 1 (Abcam), rabbit anti-laminin (Sigma-Aldrich), rabbit polyclonal anti Pdlim 

(Abcam), mouse monoclonal anti-Trim28 (Abnova), rabbit polyclonal anti-peroxoredoxin 6 

(Abcam), rabbit anti-nucleolin (Sigma-Aldrich), rabbit polyclonal anti-enolase (Santa 

Cruz), rabbit poyclonal anti-Oct4 (Abcam), rabbit polyclonal anti-Sox2 (Abcam) and 

mouse monoclonal anti-Tuba antibody (Sigma-Aldrich) were used as primary antibodies. 

Molecular Probes® Alexa Fluor 647 goat anti-mouse IgG antibody, Alexa Fluor 647 goat 

anti-rabbit IgG, Alexa Fluor 680 goat anti-mouse IgG antibody and/or Alexa Fluor 680 

goat anti-rabbit were used as secondary antibodies. Before imaging, the blots were dried 

in the dark. The blot membranes were scanned at 50 µm resolution on a Fuji FLA-5100 

scanner (Fuji Photo) with single laser-emitting excitation light at 635 nm and 670 nm, 

respectively.  

 

Bioinformatics 

The classification of the identified proteins according to their main known/postulated 

function was carried out using DAVID bioinformatics (http://www.david.abcc.ncifcrf.gov). 

This classification together with the official gene symbol (given in Supplemental Table 1) 

was used to investigate and categorize the gene ontology (GO)-annotations (biological 

processes and molecular functions). To predict potential protein-protein interaction 

between the altered protein expressions and to understand the connection to cell 

differentiation network generation was performed using STRING 8.2 (Search Tool for the 

Retrieval of Interacting Genes/Proteins, http://string.embl.de) 24.  
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MTT assay for cell proliferation 

For the cell proliferation assay the cell proliferation kit I (MTT) from Roche was used. 

ESCs and maGSCs were plated into 96-well flat-bottomed microtiter plates (Becton 

Dickinson, Heidelberg, Germany) with 104 cells/well in 150 µl of their respective media. To 

investigate the effect of ciclopirox olamine (CPX) on cell proliferation, the cells were 

preincubated for 24h before treatment with increasing concentrations of CPX (0-15 µM) 

for different incubation times. Furthermore, RA (1 µM) treated cells were subjected to 2 

µM CPX and the cell proliferation was monitored in a time dependent manner. All 

analyses were performed in triplicate. The cell viability in each well was assayed 

according to the manufacturer’s recommendation. The cells were incubated with the 

yellow MTT solution (10 µl solution to 100 µl medium) for 4h at 37°C. After the incubation 

period, purple formazan salt crystals were formed. These salt crystals are insoluble in 

aqueous solution, but may be solubilized by adding the solubilization solution (100 µ/slit) 

and incubating these overnight in a humidified atmosphere (37°C, 5% CO2). The 

quantification of the formazan product is performed spectrophotometrically by an ELISA-

reader (PerkinElmer). An increase/decrease of the number of viable cells results in an 

increase/decrease of the total metabolic activity in the sample. This increase/decrease 

correlates directly to the amount of purple formazan crystals which are formed.  

 

Monitoring the effect of hypusination inhibition on stem cell differentiation and proliferation 

ESCs and maGSCs were cultured in 24-well plates for 24 h. Subsequently, the cells were 

treated with CPX (2 µM) for 72 h. The CPX was then removed by replacing the culture 

medium with fresh medium containing RA (1 µM), LIF (103 units/ml) or none of the two. 

The impact of the treatment on cell differentiation and proliferation was followed for 4 days 

using a Zeiss Axiophot microscope (Carl Zeiss, Jena, Germany) and the AnalySIS 

software (Soft Imaging Systems, Leinfelden, Germany).  

 

Results 
Comparative analysis of the proteome of the undifferentiated and the differentiated 

maGSCs and ESCs by 2D-DIGE 

In a recent study we confirmed on the proteome level the ESC-like nature of maGSCs. 

166 different non-redundant proteins were identified 13 of which 18 showed a different 

expression in maGSCs than in ESCs. To explore the proteome changes in stem cells 

caused by differentiation, and to highlight the pluripotency associated proteins, the effect 

of the differentiation stimulating agent retinoic acid (RA) on the protein expression in 

maGSCs and ESCs was investigated. DIGE analysis of maGSCs and ESCs originating 

from two different mouse lines (129/SV and Stra8-EGFP/ROSA26) was performed, and 
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compared to the RA stimulated maGSCs and ESCs. The DIGE images were analyzed 

with the Delta2D software (Decodon); interesting protein spots were excised and analyzed 

with MALDI-TOF-TOF. Using the MASCOT Database (Matrix Science), we could identify 

77 different protein spots (Supplemental Table 1). Comparing both cell types and taking 

the proteins, which were regulated in the same manner in both cell types (maGSCs and 

ESCs) in account, the RA treatment resulted in the alteration of 36 non-redundant 

proteins in the pI-range 5-8 in ESCs as well as in maGSCs. Among these proteins, 18 

were found to be downregulated (Atp5h, Eif5a, Eno1, Eno3, Hnrpab, Hnrpf, Hnrnph1, 

Hnrpdl, Hspd1, Khsrp, Ncl, Nup50, Nup62, Pgam1, Ranbp1, Stmn1, Tardbp, and Trim28), 

and 18 were upregulated (Actb, Capg, Cstb, Eno1, Erp29, Etfa, Fabp3, Lamc1, Lgals1, 

Lrpap1, Pdia3, Pdlim, Prdx6, Txndc5, Pgk1, Tubb5, Atp5a1, and Vim) under RA-

stimulation. We noticed that one isoform of Eno1 was downregulated and another isoform 

of Eno1 was upregulated under RA treatment (Figure 1A, 1B, Table 1). 

 

Figure 1: Differential proteome analysis of maGSCs/maGSCs-RA and ESCs/ESCs-RA. After the 

labeling step (50 µg protein were labeled with 400 pmol of Cy3 respectively Cy5, the internal standard was 

labeled with Cy2) the samples were subjected to DIGE. A) 2D-DIGE map of maGSCs and maGSCs-RA 

proteomes (mouse line 129/SV) are shown: Cy3-labeled proteins are false colored in blue (representing 

proteome  
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maGSCs proteome) and Cy5-labeled proteins are false colored in orange (representing maGSCs-RA 

proteome). B) 2D-DIGE map of ESCs and ESCs-RA proteomes (mouse line 129/SV) are shown: Cy3-labeled 

proteins are false colored in blue (representing ESCs proteome) and Cy5-labeled proteins are false colored in 

orange (representing ESCs-RA proteome). Gene names of the identified proteins are indicated. 

 

Some of the proteins were behaving differently in maGSCs and in ESCs under RA 

treatment. Gapdh, Uchl1 and some isoforms of Pdia3 were upregulated in ESCs under 

RA treatment, but slightly downregulated in maGSCs (Supplemental Table 2). Atp5a1, 

Pgk1, and Tubb5 showed an upregulation in ESCs but no regulation in maGSCs. Txndc5 

showed an upregulation in maGSCs but no regulation in ESCs (Table 1).   

 
Table 1: Listed proteins found to be differently expressed in maGSCs and ESCs after RA-treatment. 

Presented are proteins, which showed similar behavior in both cell types. The regulation fold is given.  

Comparative analysis of the proteome of the differentiated maGSCs and ESCs 

Because of the high proteome similarity between the maGSCs and ESCs 13, DIGE 

analysis of the cell extracts from the two cell types stimulated with RA was performed. 

The achieved DIGE-gels of the stimulated cells indicated a significant difference in protein 

pattern, showing that 55 protein spots were differently expressed, when maGSCs/RA was 

compared to ESCs/RA (Supplemental Figure 1). RA treatment resulted in different 

behavior in the investigated cell lines.  
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Western blot analysis of the proteins presented in different levels in undifferentiated and 

differentiated SCs 

A selection of the proteins found to be downregulated after stimulation with RA was 

validated with fluorescent Western Blot analysis. maGSCs isolated from two different 

mouse lines (Stra8-EGFP/ROSA26 and 129/SV) stimulated by RA and their 

corresponding ESCs were tested together with their corresponding non-stimulated 

samples. Fluorescent Western blot using one-step fluorescence imaging with Alexa Fluor 

Dye-conjugated antibodies offer high signal stability and a wide linear dynamic range. 

Therefore, it allows for accurate quantification which can effectively complement the DIGE 

data.  

Our results verified the data found in the DIGE experiments. Eif5a, Tardbp, Ncl, Stmn1, 

and Trim28 were downregulated after stimulation with RA (Figure 2A, 2C), whereas 

Lamc1, and Pdlim were upregulated (Figure 2B, 2D). Tuba was used as an internal 

standard. The differentiation of the stem cells was monitored by stem cell markers Oct4 

and Sox2, which were significantly downregulated upon RA treatment (Figure 2A). 

Regarding Eno1, we observed that one isoform (higher mass) of Eno1 was 

downregulated after stimulation (Figure 2A), whereas another isoform with lower mass 

was upregulated after RA-treatment (Figure 2B). These differences in regulation of the 

proteins were observed in both mouse lines and in maGSCs as well as in ESCs. The 

confirmation of the DIGE data by the Western blot experiments strengthens the described 

protein alterations during stem cell differentiation. 
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Figure 2: Fluorescent Western blot analyses of proteins which expression was found to be altered as 
a result of cell differentiation. A) The protein extraction and estimation were carried out as described in the 

materials and methods. The Western blots were performed with antibodies against selected proteins from the 
two different mice lines Stra8-EGFP/ROSA26 and 129/SV mice lines respectively were analyzed. Tuba was 

used as an internal standard, and the stem cell markers Oct4 and Sox2 were used as controls. B) Three of 

the 
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the upregulated proteins were analyzed with Western blots: Eno1, Lamc1, Pdlim1 in cell extracts from cells 

originating from two mice lines mentioned above were analyzed. C, D) Western blot quantification was 

performed by densitometry and is represented in form of histograms. The bar charts represent the ratio (in 

densitometric units) of the corresponding protein, tubulin (Tuba) was used as a loading control. Comparative 

statistic analyses of the Western blots were assessed using t-test for paired samples, (*) p<0.05, (**) p<0.01, 

(***) p<0.001 

 

To gain more information on the biological mechanisms, molecular functions and cellular 

locations associated with the downregulated proteins, DAVID bioinformatics, Gene 

Ontology (GO) and PANTHER (Protein ANalysis THrough Evolutionary Relationships) as 

classification systems were used to categorize the identified proteins. The 18 

downregulated proteins were analyzed (Atp5h, Eif5a, Eno1, Eno3, Hnrpab, Hnrpf, 

Hnrph1, Hnrpdl, Hspd1, Khsrp, Ncl, Nup50, Nup62, Pgam1, Ranbp1, Stmn1, Tardb, and 

Trim28), and of these proteins 58% were located in the nucleus (Supplemental Figure 2). 

14 of the downregulated proteins were nucleic acid binding, and were found to be 

involved in the mRNA transcription regulation, 8 were involved in the mRNA splicing and 9 

in the nucleoside, nucleotide and nucleic acid metabolism (Supplemental Figure 3, 

Supplemental Table 3). Furthermore, 8 proteins were involved in the KRAB box 

transcription factor (transcriptional repressor), and 3 in other zinc finger transcription 

factors (Supplemental Figure 4, Supplemental Table 4). The functional analysis of the 

downregulated proteins revealed that the larger part of these proteins are involved in 

transcription regulation and have potential to be pluripotency associated proteins.  

To bring more light in the data generated and to analyze the proteins in the context of 

biological processes, pathways and networks, the data were compared using STRING: 

functional protein association networks 8.2. The database and web-tool STRING is a 

metaresource that aggregates most of the available information on protein-protein 

association, scores these, and augments this within predicted interactions as well as with 

the results of automatic literature-mining searches 24. The basic interaction of STRING is 

the functional association, which in this database, is defined as the specific and 

meaningful interaction between two proteins which contribute to the same function 

process. To generate an interaction network, the 166 identified non-redundant proteins 

from the former study 13 including the proteins found to be downregulated upon RA 

treatment were given into the database which created an interaction network of the 

predicted associations of the proteins. The proteins which were downregulated under RA 

treatment were highlighted on the network image. The interactions among these 

downregulated proteins were higher than the interactions among the other proteins 

(Supplemental Figure 5A). This finding might explain their similar behavior under RA 

treatment. Moreover, we used STRING 8.2 to investigate the interaction partners of Eif5a. 

We generated another network map illustrating Eif5a and its interaction partners among 
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the downregulated proteins. Predicted functional partners of Eif5a were added to the 

interaction map (Supplemental Figure 5B). The generated network showed a strong 

interaction between Eif5a and the proteins which were involved in nuclear protein 

transport. This finding confirms the possible nuclear translocation of Eif5a.  

 

Inhibition of Eif5a hypusination impacts the stem cell proliferation and differentiation 

 

The DIGE and Western blot data showed a downregulation of Eif5a upon RA-treatment. 

Eif5a was described to be involved in cell proliferation and differentiation 25. To highlight 

the possible role of this protein in stem cell differentiation, a time dependent expression 

regulation upon RA-treatment was investigated performing Western blot analysis. Short 

time treatment of RA, 24-48 h, resulted in a significant increase in the Eif5a expression, 

whereas a prolonged stimulation led to a significant decrease in Eif5a expression (Figure 

3). 

 

 

 

 

 

 

 

 
 
 
Figure 3: Fluorescent Western blot analyses of Eif5a expression alteration during stem cell 
differentiation. The protein extraction and estimation were carried out as described in the material and 

methods. The Western blots were performed with anti-Eif5a antibody in cell extracts from cells treated with 

RA for different incubation times. Western blot quantification was performed by densitometry and is 

represented in form of histograms. The bar charts represent the ratio (in densitometric units) of the 

corresponding protein and tubulin (Tuba) was used as a loading control. Comparative statistical analyses of

the Western blots were assessed using t-test for paired samples.  

 

 

 

 

 

 

 

 

Eif5a activation is controlled by a posttranslational modification called hypusination. This 

modification requires two steps which are controlled by two different enzymes. CPX is a 

hypusination inhibitor which controls the second step of the modification, which is 

catalyzed by deoxyhypusine hydroxylase 26. We investigated the effect of this inhibitor on 

the cellular viability and proliferation of ESCs and maGSCs using time- and concentration 

dependent treatment of the cells and MTT-assay. ESCs and maGSCs were treated with 

increasing CPX concentrations during different incubation times. The hypusination 
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inhibition was controlled by mass spectrometry and the cell viability was monitored by the 

MTT assay (Figure 4).  

 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 4: Effect of CPX on stem cell proliferation and viability. A) ESCs and maGSCs treated with 

different CPX concentrations (0-15 µM) for different incubation times. The cell viability was assessed using 

MTT-assay. B) Effect of hypusination inhibition on the cell proliferation was assessed using MTT-assay. Stem 

cells were treated either with RA (1 µM) or with RA-CPX (1 µM/2 µM). The cell viability was tested.  

 

 

 

 

 

The overall cell viability of the pluripotent cells was found to be strongly dependent on the 

CPX concentration as well as the incubation time in both cell lines, ESCs and maGSCs. In 

the presence of 2.5 µM CPX the cell viability of the maGSCs in culture was 79.6 ± 4.1%, 

58.34 ± 5.5%, 27.3 ± 3.4% and 28.6 ± 2.1% after 24, 48, 72 and 96 h, respectively (Figure 

5B). A higher CPX concentration (15 µM) resulted in a significant decrease in the cell 

viability. After 24 h of incubation, the cell viability was 56 ± 2.9%, and only 8 ± 2.4% 

survived after 96 h treatment (p<0.05, Student’s t-test) (Figure 4A). The CPX had a similar 

effect on the ESCs; the viability of the ESCs was significantly affected by the CPX in a 

time- and concentration-dependent manner (p<0.05, Student’s t-test). Moreover, the 

ESCs were found to be more sensitive to CPX than the maGSCs; the cell viability of the 

ESCs was less than 75% after 24 h of incubation with 2.5 µM CPX (Figure 4A). The 

combination of the CPX treatment with RA-stimulation did not impair the effect of CPX on 

the cells. In contrast to RA treated cells, CPX-RA treatment resulted in CPX-similar effects 

without RA treatment, namely cell cycle and cell proliferation arrest (Figure 4B). 

To investigate the impact of Eif5a hypusination inhibition on maGSCs and ESCs 

proliferation and differentiation, we treated the cells with CPX (2 µM) for 72 h. 

Subsequently, the CPX was removed by replacing the culture medium with fresh medium, 

containing either RA (1 µM), LIF (103 units/ml) or none of the two. The impact of the 
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treatment on cell morphology was followed for 4 days using a Zeiss Axiophot microscope 

(Carl Zeiss) and the AnalySIS software (Soft Imaging Systems). When compared to the 

control, CPX treated ESCs and maGSCs showed no change in cell differentiation. In 

contrast, LIF and RA treated cells built colonies and showed normal proliferation, 

altogether the RA treated cells showed differentiation (Figure 5A, C). The effect of CPX 

could not be impaired by addition of RA. Both maGSCs and ESCs treated with RA and 

CPX showed similar behavior to the CPX treated cells, which means slow proliferation 

and no differentiation (Figure 5A, C). The CPX treatment altered significantly the cell 

differentiation and proliferation but did not affect the cell pluripotency. The cells were able 

to differentiate when CPX was removed from the culture medium or replaced by RA or LIF 

(Figure 5B, D, E, F). 

Parallel to the proliferation inhibition, Eif5a showed no significant alteration in the 

expression level in cells treated with CPX, not even when the cells were treated with RA 

for 96 h (Figure 6).  
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Figure 5: Microscopic analyses of maGSCs and ESCs. A, C) Microscope analyses of ESCs and

maGSCs differentiating cells treated with different compounds (RA, LIF, and CPX) for 72 h. B, D) CPX was 

removed from the respective wells and cell differentiation was monitored with Zeiss Axiophot microscope 

equipped with the AnalySIS software. E, F) In parallel, the cells were treated with CPX for 72 h followed by 

72 h without treatment and immunofluorescence was performed using Eif5a (E) or nestin (F) antibodies. 

Samples were analyzed on an immunofluorescence Zeiss Axiophot microscope equipped with the AnalySIS 

software.  
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Figure 6: Fluorescent Western blot analyses of Eif5a expression alteration during stem cell 
differentiation. The protein extraction and concentration determination were carried out as described in the

materials and methods. The Western blots were performed with anti-Eif5a antibody in cell extracts from cells 

treated with either CPX for 96 h or RA for different incubation times. Western blot quantification was 

performed by densitometry and is represented in form of histograms. The bar charts are represented as the 

ratio (in densitometric units) of the corresponding protein and tubulin (Tuba) as a loading control. 

Comparative statistic analyses of Western blots were assessed using t-test for paired samples.  

 
Discussion 
ESCs and maGSCs share high similarity in pluripotency 7, 8, 10, 27-29. In our previous work 

we studied the proteomes from both cell types. We used DIGE to highlight the ESC-like 

nature of maGSCs on the proteome level. The maGSCs proteome was found to be highly 

similar to that of ESCs 13. We also demonstrated that the inter-individual differences of 

maGSCs proteomes are minimal. As previously described, these two types of cell lines 

can differentiate into somatic cells of the three primary germ layers 7. In this study, we 

investigated the proteomes of differentiated cells and compared these to the proteome on 

undifferentiated cells to identify pluripotency associated proteins and proteins, which 

might correlate to differentiation. RA, as the oxidized form of vitamin A, acts through Hox 

genes, which are involved in early developmental stages. Depending on the target cells, 

RA stimulates the transcription of different sets of genes involved in cell differentiation 30, 

31. The stimulation of stem cells with RA resulted in alteration of the expression of 36 

proteins, which were classified in two groups according to their expression status (up- or 

downregulated). Functional analysis of the proteins revealed that a major part of the 

downregulated proteins were nucleic acid binding proteins, which were found to be 

involved in the mRNA transcription regulation, in mRNA splicing and in nucleoside, 

nucleotide and nucleic acid metabolism (Supplemental Table 2, Supplemental Figure 2). 

Moreover, some of these proteins were involved in transcription repression, which might 

highlight their potential role in pluripotency. Trim28 is a member of the tripartite motif 

(TRIM) family, which is involved in transcription regulation. Trim28 is a well-characterized 

transcriptional repressor. It forms a complex with a KRAB-domain transcription factor and 
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increases the efficiency of KRAB-mediated repression 32, 33. It can also silence 

transcription through an interaction with heterochromatin protein 1 (HP1). Trim28 also 

functions as a transcriptional corepressor for the KRAB zinc finger proteins and as a 

moderator of the repression activity 34-36. Its role in transcription repression and in 

interaction with KRAB-domain, may explain its role in pluripotency and the downregulation 

during stem cell differentiation. Tardbp is a DNA- and RNA-binding protein, which is 

involved in transcription and splicing regulation. Tardbp may also be involved in 

microRNA biogenesis, apoptosis, cell division and in HIV-1 transcription repression 37, 38. 

The downregulation of Tardbp in stem cells upon RA treatment is still not clear, but it may 

be explained by its potential role as a transcription regulator in pluripotency. The 

upregulated proteins were predicted to be involved in different processes which are 

related to cell differentiation (proliferation, oxidative stress, cell adhesion, cell extracellular 

matrix interaction and cytoskeleton). 

Translation elongation factors facilitate protein synthesis by the ribosome. Eif5a is a 

universal translation elongation factor which is highly conserved in all cells and it is the 

only eukaryotic protein known to have the unusual amino acid hypusine. The hypusine is 

the result of a post-translational modification catalyzed by two enzymes: deoxyhypusine 

synthase and deoxyhypusine hydroxylase 39. During hypusination, one of the Eif5a lysine 

residues is modified by the addition of a butylamino group from spermidine to form 

hypusine, which is found in all eukaryotes and in some archaea, but not in bacteria 40. 

Hypusine is essential to the function of Eif5a and is involved in protein biosynthesis by 

promoting the formation of the first peptide bond and translation elongation 41. Eif5a was 

downregulated upon prolonged RA-treatment, whereas short time stimulation resulted in 

an upregulation of the protein. Eif5a has been shown to be associated with translation, 

viability and proliferation processes 25, 42-44. Similar to our results, Luchessi and 

colleagues45 observed an increase in Eif5a gene expression in the first 48 h after stem 

cells from rat skeletal muscles were submitted to differentiation. Moreover, they 

demonstrated that the inhibition of Eif5a hypusination altered the satellite cell 

differentiation. The inhibition of maGSC and ESC differentiation during the treatment of 

the cells with the hypusination inhibitor CPX revealed the importance of Eif5a according to 

the differentiation. The inhibitory effect of CPX on cell differentiation was found to be 

reversible and was not associated to apoptosis. The Eif5a expression was upregulated in 

the first period of cell differentiation and went back to a lower expression level compared 

to the Eif5a expression level of undifferentiated cells. The hypusination inhibition did not 

have any impact on the expression of Eif5a, but blocked the cell differentiation completely. 

The Eif5a hypusination is important for the protein function and for the promotion of 

translation elongation 41.   
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Summary 
The data presented in this work highlights a set of proteins, which are differentially 

expressed during stem cell differentiation. Some of the identified proteins were found to 

be downregulated in accordance with downregulation of the pluripotency markers. This 

might underline the role of these proteins causing pluripotency. Proteins, which were 

upregulated accompanying the cell differentiation, were also presented. These proteins 

might have an important role during stem cell differentiation. Furthermore, our functional 

proteomics data also highlight the role of hypusination by affecting the Eif5a activity, the 

stem cell proliferation and differentiation.  
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3.4 Germ cell specific gene Stra8 has an impact on the pluripotency 
network 
Transcriptome and proteome analyses of differentiated and undifferentiated pluripotent 

stem cells can be used as a tool for the identification of unknown putative pluripotency-

regulating genes. These genes should show a high expression in all analyzed 

undifferentiated cell lines, and the expression should be strongly downregulated during 

differentiation of the cells. Since most known pluripotency-regulating genes act as 

transcription factors, the presence of protein domains known to be involved in 

transcriptional regulation can provide a further indication whether the downregulated 

genes encode for proteins involved in regulation of pluripotency.  

One of the putative pluripotency-regulating genes identified in a global transcriptome 

analysis is Stra8 (stimulated by retinoic acid gene 8). In this last part of the thesis, Stra8 

was further characterized. It could be shown that Stra8 is expressed in preimplantation 

stage embryos and in nucleus and cytoplasm of pluripotent cells, whereas its expression 

is downregulated during spontaneous RA-induced differentiation of these cells. The 

protein domain structure of Stra8 includes a helix-loop-helix DNA binding domain which 

suggests a role in transcriptional regulation. We propose that this regulation is performed 

on genes involved in the maintenance of pluripotency. siRNA-mediated knockdown of 

Stra8 in ESCs resulted in an increased expression of pluripotency-regulating genes, 

whereas marker genes related to differentiation of the cells are downregulated. In contrast 

to this, stable overexpression of Stra8 in ESCs caused a downregulation of expression of 

genes involved in the pluripotency network. It can be concluded from these results that 

Stra8 plays a role in the control of the balance between pluripotency and differentiation of 

pluripotent stem cells.       
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Abstract 
Stra8 (stimulated by retinoid acid gene 8) is known as a germ cell marker gene that is 

exclusively expressed in premeiotic spermatogonia of adult male and in premeiotic 

follicles of adult female mice. Very recently it was shown that Stra8 is also expressed in 

embryonic stem cells (ESCs) and that the protein is not exclusively localized in cytoplasm 

but can shuttle between the cytoplasm and the nucleus. Here, we describe that Stra8 has 

an impact on the pluripotency network. The expression of Stra8 is limited to pluripotent 

cell lines compared to non pluripotent ones, and is downregulated during differentiation of 

these cells. Immunocytochemistry demonstrated the presence of STRA8 protein in all 

preimplantation stages including blastocyst stage. This result could be confirmed by two 

independent transgenic mouse models. During preimplantation stages STRA8 shows 

cytoplasmic localisation whereas in ESCs it could also be found in the nucleus. STRA8 

protein sequence includes a helix-loop-helix DNA binding domain containing a nuclear 

localisation signal, suggesting a putative role in transcriptional regulation. siRNA- 

mediated knockdown of Stra8 in ESCs caused upregulation pluripotency regulating genes 

like Oct4, Nanog, Klf4, Lin28 and Zfp206 and downregulation of differentiation markers 

like Hnf4, Nestin and Vimentin. Stable overexpression of Stra8 in ESCs resulted in the 

expected downregulation of the pluripotency network and in an increase of expression of 

mesodermal, but not of ecto- and endodermal differentiation markers. Taken together our 

results suggest a regulatory function of Stra8 in the control of the balance between 

pluripotency and differentiation of embryonic stem cells. 

 
Introduction 
The germ cell specific gene Stra8 (Stimulated by retinoic acid gene 8) was identified in 

P19 embryonal carcinoma cells as retinoic acid responsive [1]. Stra8 expression could be 

induced by retinoic acid in F9 teratocarcinoma cells as well as in embryonic stem cells 

(ESCs) [2, 3] and its expression was found to be crucial for the initiation of meiosis of 
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germ cells in both, male and female [4-6]. In female germ cells, Stra8 is expressed in an 

anterior to posterior wave corresponding to the wave of expression of early meiotic genes 

[3]. In male mice, STRA8 protein is localized in the cytoplasm of type A and B 

spermatogonia, preleptotene spermatocytes as well as in early leptotene spermatocytes 

[2, 7]. Both Stra8-deficient male and female mice are infertile [4, 8, 9]. Taken together, all 

these data suggest that the decision to enter meiosis is determined by retinoic acid (RA) 

induction of Stra8 preceding premeiotic DNA replication.  

Despite its undisputable role in initiation of male and female meiosis, recent findings put 

light on its possible function in pluripotent stem cells. Todesco et al. (2009) [10] described 

the shuttle of STRA8 between the cytoplasm and the nucleus in ESCs. As this shuttling 

could play a basic role for the regulation of protein activity important for cell proliferation 

and signal transduction [11, 12] this raises the question about the function of Stra8 in 

pluripotent cells. STRA8 protein has a helix-loop-helix domain that is localized at the N-

terminus and is highly conserved during evolution [10]. Such domains are known to be 

involved in protein-protein interactions [13] and may include functional sequences for the 

active shuttle of proteins between nucleus and cytoplasm [14]. Basic helix-loop-helix 

proteins (bHLH) are also known as a group of eukaryotic transcription factors that are 

involved in a variety of different developmental pathways [15]. It was shown that STRA8 

protein is endowed with a functional nuclear localisation signal (NLS) within its helix-loop-

helix domain and cross-linking experiments also suggest a putative binding of STRA8 to 

DNA [10]. The active import of STRA8 into the nucleus let the authors suggest that this 

protein may act as a transcription factor or at least as a transcriptional co-regulator. 

As we used Stra8 promoter activity before to enrich spermatogonial stem cells from adult 

mouse testis which could be converted to pluripotent maGSCs (multipotent adult germline 

stem cells) [16] we asked the question, whether Stra8 is only expressed in pluripotent 

stem cells or if there is a direct connection to the pluripotency network. We mainly used 

ESCs and not maGSCs in this study as maGSCs are derived from germ cells, the main 

acting place of Stra8, and therefore the credibility of the statement for all pluripotent cells 

could be challenged by someone. 

 

Materials and methods 
Cell culture 

Pluripotent ESC- and maGSC- cell lines were cultured as previously described [17]. For 

differentiation, cells were plated on 0.1% gelatine coated dishes without LIF (leukaemia 

inhibitory factor) and in the presence of 10-6M retinoic acid (RA) for 20 days. 
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Immunostaining of cells and embryos 

Cells were grown on culture slides till 80% confluence and than fixed with 4% 

paraformaldehyde (PFA) in PBS for 10 min at room temperature. Preimplantation 

embryos were collected from superovulated wild type or Stra8-EGFP transgenic mice by 

flushing the uterus in due course post-fertilization. Embryos were washed in PBS and 

than also fixed in 4% PFA in PBS for 10 min at room temperature. Fixed cells as well as 

fixed embryos were washed twice with PBS and then incubated for 1h in PBS containing 

0.1% BSA and 0.1% Tween20 to block for unspecific binding. Cells were incubated with 

either Stra8 (ab49405, Abcam) or Oct4 (MAB4419, Millipore) antibodies diluted 1:500 in 

blocking buffer in a humidified chamber at 4°C overnight. Either anti-rabbit IgG Cy3, anti-

mouse IgG-Cy3 or anti-mouse IgG-FITC (all SIGMA-Aldrich) were used as secondary 

antibodies, depending on the specific requirements. For nuclear staining, cells and 

embryos were covered with DAPI (Vectashield). Pictures were taken using confocal laser 

scanning microscope (Olympus). To perform negative controls, cells or embryos were 

incubated with IgG from rabbit serum (I8140, SIGMA-Aldrich) or IgG from mouse serum 

(I8465; SIGMA-Aldrich) instead of primary antibody. 

 

Transfection of eukaryotic cells with siRNA 

Transfection of pluripotent cell lines with siRNA oligonucleotides at a final concentration of 

60 nM was performed using Lipofectamine™2000 (Invitrogen) according to 

manufacturer’s instructions. In brief, 500.000 cells per well were plated on 6 well tissue 

culture plates one day prior to transfection. On the next day 10 µl of siRNA (Invitrogen) 

(sequence can be found in supplementary table S1) and 10 µl of Lipofectamine™2000 

were mixed with 50 µl OptiMEM (Gibco/Invitrogen) each and incubated for 5 min at room 

temperature. Then both mixtures were combined and incubated for further 20 min at room 

temperature. Meanwhile, cells were washed with PBS and medium was changed. 

OptiMEM-siRNA-Lipofectamine™2000-mixture was added drop-by-drop to the cells. After 

24h at 37°C, 5% CO2, medium was changed to normal culture medium and cells were 

used for isolation of RNA or protein at indicated time points after transfection. For control 

the same procedure was performed using BLOCK-iTTM Fluorescent Oligo (Invitrogen). 

 

Gene expression studies 

Total RNA was extracted from cells or preimplantation embryos by using Trifast Reagent 

(Peqlab) according to manufacturer’s protocol. Prior to reverse transcription using 

Superscript II cDNA synthesis kit and oligo(dT) primer (Invitrogen), RNA was treated with 

DNase I (Sigma) to avoid any genomic DNA contamination. Quantitative RealTime-PCR 

(qRT-PCR) was performed on ABI Prism 7900 HT Fast Detection System (Applied 
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Biosystems Inc.) as previously described (Kurrasch et al., 2004). Each 10 µl reaction was 

performed in 384-well format using SYBRgreen PCR Master Mix (Qiagen) and 3 µM of 

each PCR primer. All reactions were performed from two biological replicates, analysed in 

one run in triplicate and runs were repeated three times (n=18). Levels of mRNA 

expression were normalized to those of the mouse housekeeping genes Sdha (succinate 

dehydrogenase) and HPRT (Hypoxanthine-guanine phosphoribosyltransferase). 
Oligonucleotide primers for qRT-PCR were obtained from Eurofins MWG Operon. Primer 

sequences used for gene amplification can be found in supplementary material 

(Supplementary Table S2). Conventional RT-PCR amplification was performed using 

specific primers for HPRT, Stra8 and Zfp206. RT-PCR was achieved after 33 cycles at 

94ºC, 30 s; 50ºC–62ºC, 30 s; 72ºC, 45 s, depending on the primer sets. Primer 

sequences are given in Supplementary Table S2. 

 

Isolation of proteins and Western blot 

Cells were resuspended in lysis buffer (10 mM Tris/HCl, pH 8.1 mM EDTA, 2.5% SDS), 

supplemented with 1 mM phenylmethanesulphonylfluoride (PMSF) and protease inhibitors 

and sonicated. Protein extracts (20 μg) were denatured at 70°C in NuPage SDS sample 

buffer (Invitrogen), separated on a NuPage 10% Bis-Tris Gel (Invitrogen) and transferred 

to a Hybond-C Extra membrane (GE Healthcare Europe). Blots were blocked for 

unspecific binding with 5% nonfat dry milk in blocking buffer (25 mM Tris, 0.15 M NaCl, 

0.1% Tween20) and incubated overnight at 4°C with primary and - after washing in 

blocking buffer for 1 h at 4°C - with secondary HRP-conjugated antibody. Protein bands 

were visualised using enhanced chemiluminescence as described by the manufacturer 

(Santa Cruz Biotechnology). 

 
Construction of plasmids for Stra8 overexpression in ESCs 

To obtain a vector for the overexpression of Stra8, the hEF1alpha- promoter was cut out 

from the pBOS-vector (BD Bioscience) using HindIII/EcoRI and cloned into pEGFP-1 

(Clontech). The resulting phEF1alpha-EGFP vector served as control in all experiments. 

From this vector, ORF of EGFP was replaced by PCR-amplified ORF of Stra8 using 

EcoRI/NotI sites resulting in phEF1alpha-Stra8 (figure 4A). 

 

Generation of transgenic mice 

The Stra8-EGFP promoter vector and resulting transgenic mice were previously described 

[18]. To create pStra8-Cre, the 1.4 kb promoter of Stra8 was PCR-amplified and 

sequenced with primers containing XbaI or EcoRI sequences. pBS-Cre construct was 

produced by Cre-excision from pMC-Cre (kindly provided by Klaus Rajewsky [19]) by 
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EcoRI/XhoI and cloning into pBluescript II KS+ (Stratagene). Sequence verified 1.4 kb 

Stra8 promoter was cloned into pBS-Cre. Resulting Stra8-Cre construct was linearized by 

XbaI and injected into pronuclei of fertilized oocytes from FVB mice. Resulting transgenic 

animals were bred to create a colony of Stra8-Cre mice. When homozygous, the mice 

were bred with R26R reporter strain [20]. Whenever Stra8 promoter is or was active, cells 

will become lacZ positive (figure S3). All of the experimental procedures complied with 

National regulations for the Care and Use of Laboratory Animals (similar to the U.S. 

National Research Council guidelines).  

 

Chromatin immunoprecipitation (ChIP) real time PCR assays 

To cross-link the cells, they were cultured for 10 min at room temperature in 1% 

formaldehyde in culture medium. Cross-linking was stopped by glycine at a final 

concentration of 125 mM. Cells were lysed by incubation in buffer containing 10mM Tris-

HCl pH7.5, 10mM NaCl, 3mM MgCl2, 0.5% IGEPAL and 1mM PMSF followed by 

centrifugation and incubation in lysis buffer supplemented with 1mM CaCl2 and 4% 

IGEPAL. The chromatin was then sonicated using Branson Sonifier 250 to obtain an 

average DNA fragment length of ~200-500 bp. Soluble chromatin was incubated with and 

without (negative-control) antisera (3-5µg) directed against H3K4me3 (39159; Active 

Motif), H3K9me3 (07-442; Millipore), H3K9ac (07-352; Millipore) and H3K27me3 (07-449; 

Millipore) for 3h at 4°C and complexed with protein-A sepharose beads overnight at 4°C. 

Next, the beads were washed with wash buffer I (20mM Tris-HCl pH8.0, 2mM EDTA, 

1.0% Triton X-100, 150mM NaCl, and 1mM PMSF) followed by washing with wash buffer 

II (wash buffer I supplemented with 0.1% SDS, 500mM NaCl) and wash buffer III (10mM 

Tris-HCl pH8.0, 1mM EDTA, 250mM LiCl, 0.5% IGEPAL, 0.5% Deoxycholate). Finally, the 

chromatin was eluted from the beads by adding elution buffer (25mM Tris-HCl, 10 mM 

EDTA, 0.5% SDS) and incubating for 1h at 65°C. Reverse cross-linking was performed by 

adding elution buffer containing Proteinase K followed by incubation for 1h at 65°C. The 

DNA was than extracted, purified and eluted in 40 µl of TE buffer using the Wizard SV Gel 

and PCR clean-up System (Promega). Quantification of precipitated DNA was carried out 

using SYBR green (Invitrogen)-based real-time qPCR amplification. Primer sequences 

are given in supplementary table S2. The qRT-PCR data of two biological and two 

independent technical replicates were calculated (n=12) and expressed as percentage of 

input DNA. 
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Results 
Expression analysis of Stra8 in pluripotent cell lines 

Immunocytochemistry (ICC) with Stra8 antibody on different pluripotent cell types 

(maGSCs and ESCs) from different genetic backgrounds (C57Bl/6 and FVB) revealed 

expression of STRA8 in all analyzed cells. Also the different subcellular localization which 

was recently described by Tedesco et al. (2009) [10] could be depicted (Fig. 1).  

 

 

 

 

 

 

Figure 1: Expression and subcellular localization of STRA8 protein in different pluripotent cell types. 

Cells were analyzed by immunostaining with a STRA8 specific antibody. For comparative analysis two 

pluripotent cell types (ESCs and maGSCs) were analyzed from two different genetic backgrounds (C57Bl/6 

and  FVB). maGSCs from C57Bl/6 were used for negative control (IgG) staining. Nuclear as well as 

cytoplasmic localization of STRA8 protein could be detected. Magnification: 600X 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Compared to OCT4, nuclear localization of STRA8 looked similar in ES-RI cells (Fig. S1). 

Stra8 expression analysis on RNA level revealed that Stra8 is downregulated upon RA 

induced differentiation after 20 days (Fig. 2). Because Stra8 is expressed in 

undifferentiated ESCs and downregulated upon differentiation, it can be assumed that 

Stra8 is connected to the pluripotency network.  
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Figure 2: Expression of Stra8 in undifferentiated and differentiated ESCs and maGSCs. Conventional 

RT-PCR was done on cDNA of undifferentiated and differentiated ESCs and maGSCs from the same 

genetic background (129Sv). To induce differentiation, cells were cultivated for 20d on gelatine coated 

dishes in the absence of LIF and in the presence of RA (+RA). cDNA from WT-testis served as a positive 

control. Comparative expression of pluripotency gene Zfp206 served as control. Stra8 shows the same 

pattern as Zfp206 – its expression is downregulated after differentiation.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3:  Characterization of ESCs with knock down of Stra8 expression using siRNA. (A) 

Expression of Stra8 and pluripotency markers was analyzed by quantitative real-time PCR in Stra8 siRNA 

treated ESCs. Data are presented as relative expression level to control siRNA transfected ESCs. (B) 

Relative expression of differentiation markers in the Stra8 knock down cells. Each embryonic germ layer is 

represented by one marker gene (endoderm – Hnf4, mesoderm – Vimentin, ectoderm – Nestin) (C) 

Western blot using Stra8 specific antibody confirmed knockdown of STRA8 at protein level. qRT-PCR data 
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are depicted as the average +/- SD of two biological replicates. Statistical significances were analyzed 

using Mann-Whitney U-Test (*, p<0.05; **, p<0.005; ***, p<0.0005). 

Influence of Stra8 expression on the pluripotency network 

To further support our hypothesis we checked the influence of Stra8 on the pluripotency 

network. We performed siRNA mediated knockdown of Stra8 in ES-RI cell line. Stra8 

expression was checked by quantitative Real Time-PCR analysis (qRT-PCR) (Fig. 3A) 

and the efficient downregulation at the protein level was confirmed by Western blot 

analysis (Fig. 3C). Interestingly, the Stra8 downregulation in ESCs resulted in significant 

upregulation of the analyzed pluripotency genes (namely Oct4, Nanog, Klf4, Lin28 and 

Zfp206) (Fig. 3A) both 48h and 72h after siRNA transfection. As expected from this result, 

the expression of the differentiation markers Hnf4, Nestin and Vimentin was significantly 

decreased (Fig 3B).  

These results let us ask the question, what influence Stra8 overexpression may have in 

pluripotent cells. To answer this question, we constructed two vectors. In the control 

vector EGFP is expressed under the control of the human elongation factor 1 alpha 

promoter (hEF1alpha-EGFP) whereas in the second vector Stra8 is expressed under the 

same promoter (hEF1alpha-Stra8) (Fig. 4A). ES-RI cell were stably transfected either with 

the control or the Stra8 vector. Level of overexpression of different clonal cell lines was 

determined by qRT-PCR (data not shown). Finally, one clonal cell line, in which Stra8 

showed a two fold overexpression compared to EGFP control cells, was chosen for 

further analysis (Fig. 4B). Coincident with the results from the downregulation, Stra8 

overexpression resulted in a significant downregulation of the pluripotency markers (Fig. 

4B). Additionally, only the mesoderm differentiation markers (vimentin and 

eomesodermin) are significantly upregulated (Fig. 4C) suggesting a directed mesodermal 

differentiation of Stra8 overexpressing ESCs. After culturing the cells for further four 

passages, also the morphology of the cells changed to now resembling differentiating 

cells (Fig. S2).  
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Figure4: Characterization of ESCs with stable Stra8 overexpression under the hEF1α promoter. (A) 

The 1.2 kb promoter of hEF1α was inserted into the EGFP reporter vector pEGFP-1. This vector served as a 

control. For overexpression of Stra8, EGFP was cut out and full-length cDNA of Stra8 was inserted. (B) 

Expression of Stra8 and pluripotency markers was analyzed by quantitative real-time PCR in Stra8

 

 

 

overe xpressing ESCs. Data are presented as relative expression level to cells expressing EGFP with the 

same vector system. (C) Relative expression of some differentiation markers in the Stra8 overexpressing 

are grouped by their affiliation to different embryonic germ layers.  cells. Markers  

qRT -PCR data are depicted as the average +/- SD of two biological replicates. Statistical significances were 

analyzed using Mann-Whitney U-Test (*, p<0.05; **, p<0.005; ***, p<0.0005). 
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Expression of Stra8 in preimplantation embryos 

Pluripotency regulating genes are expressed in preimplantation embryos and especially in 

the inner cell mass (ICM) of blastocysts. Therefore we performed ICC for STRA8 on 

different stages of preimplantation development. STRA8 protein could be detected in all 

investigated stages starting from fertilized oocytes till blastocysts (Fig. 5).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Expression of STRA8 in preimplantation embryos. Preimplantation embryos as indicated were 

stained with STRA8 specific antibody. Nuclei were stained with DAPI. Results indicate that STRA8 is already 

present in unfertilized oocytes and is expressed throughout pre-implantation development till blastocyst stage. 

Magnification: 200x 

 

 

 

 

 

STRA8 protein seems to be localized in all stages in the cytoplasm. To substantiate the 

expression of STRA8 in the ICM, we repeated staining and investigated the blastocysts in 

a higher magnification (Fig. 6A). Here it became clear that STRA8 is also but not 

exclusively expressed in the ICM. Double staining with an OCT4-antibody on morula 

stages (Fig. 6B) revealed that STRA8 and OCT4 are expressed in the same cell but in 

different compartments at least in preimplantation embryos. To confirm these results we 

used two transgenic mouse models which were established in our lab before. The first 

one expresses EGFP under the control of the 1.4 kb Stra8 promoter (Fig. S3A) [18] and 

was used in other studies as well (e.g. [16]). Analysis of blastocysts of homozygous Stra8-

EGFP breedings revealed EGFP expression in all analyzed embryos (Fig. S3B). 

Interestingly, EGFP expression in blastocysts was restricted to the ICM. The next 

transgenic mouse line used to confirm Stra8 expression in preimplantation development, 

expresses Cre recombinase under the control of the same 1.4 kb promoter used in the 
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other mouse line (Fig. S4). Breeding of these mice with the R26R reporter strain [20] 

resulted in LacZ expression. LacZ staining of blastocysts from double homozygous 

breeding resulted in positive signal (Fig. S4C) whereas the control blastocysts (single 

homozygous) remained unstained (Fig. S4A+B). Also whole mount LacZ staining on 13.5 

dpc embryos supported this result as embryos from the Stra8-Cre/R26R mice are lacZ 

positive (Fig. S4D). Taken together all these results confirmed that Stra8 is indeed 

expressed in preimplantation embryos and in the ICM of blastocysts even though not 

exclusively and not in the nucleus. These results let us suggest, that the shuttle of STRA8 

to the nucleus is restricted to pluripotent cell lines [10]. 

other mouse line (Fig. S4). Breeding of these mice with the R26R reporter strain [20] 

resulted in LacZ expression. LacZ staining of blastocysts from double homozygous 

breeding resulted in positive signal (Fig. S4C) whereas the control blastocysts (single 

homozygous) remained unstained (Fig. S4A+B). Also whole mount LacZ staining on 13.5 

dpc embryos supported this result as embryos from the Stra8-Cre/R26R mice are lacZ 

positive (Fig. S4D). Taken together all these results confirmed that Stra8 is indeed 

expressed in preimplantation embryos and in the ICM of blastocysts even though not 

exclusively and not in the nucleus. These results let us suggest, that the shuttle of STRA8 

to the nucleus is restricted to pluripotent cell lines [10]. 

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

Figure 6:  Expression of STRA8 and co-localization with Oct4 in the Inner Cell Mass (ICM) of the 
blastocyst. (A) To further substantiate expression of STRA8 in cells of the ICM, blastocyst was stained with 

STRA8 specific antibody and investigated with higher magnification (400x). (B) Double staining with OCT4 

and STRA8 specific antibodies on morula stage supports that cells expressing OCT4 in the nucleus are 

expressing STRA8 in the cytoplasm. Magnification: 400x ation: 400x 

  

  

  

  

  

  

Analysis of histone modifications on the Stra8 promoterAnalysis of histone modifications on the Stra8 promoter 

Next, we investigated gene specific histone modifications by chromatin 

immunoprecipitation (ChIP) real-time PCR analysis in ES-RI cells (Fig. 7). For 

pluripotency regulators in ESCs like Oct4 and Nanog it is known that the promoters of 

these genes are enriched for activating histone modifications including H3K4me3 and 

H3K9ac and depleted of repressive ones like H3K27me3 and H3K9me3 [21]. In addition, 

Hoxa11, an early gene for embryonic development has ESC-typical bivalent chromatin 
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conformation with activating (H3K4me3) as well as repressive (H3K27me3) modifications. 

The histone modifications on the Stra8 promoter showed a bivalent modification pattern 

but with a much less prominent repressing modification compared to Hoxa11.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Analysis of histone modification levels at Oct4, Nanog, Hoxa11 and Stra8 promoters in ESCs. 

The chromatin of ES-RI lines was subjected to ChIP analysis using antibodies against four different histone 

modifications. The precipitated DNA was analyzed by real-time qPCR for abundance of the various 

modifications at the indicated promoter regions. The qPCR data are presented as percentage of input DNA. 

qRT-PCR data are depicted as the average +/- SD of two biological replicates. 

Discussion 
Germ cell specific genes became more and more important in the regulation of 

pluripotency. Even Oct4, the main key player of pluripotency, was first described to have a 

germline-specific expression in adult mice [22]. In nascent germ cells, pluripotency 

regulating genes like Oct4, Sox2 and Nanog are either maintained or reactivated during 

germ cell specification and it is suggested that the expression of these genes is essential 

for the establishment and the maintenance of functional totipotency in the germ cell 

lineage [23, 24]. More recently Sall4, a member of the SALL gene family that encodes a 

group of putative developmental transcription factors, was found to be exclusively 

expressed in the adult mouse in testis and ovary [25]. Later it was shown that murine 

Sall4 is essential for inner cell mass (ICM) formation and knock down of Sall4 in ESCs 

leads to loss of pluripotency [26]. As Sall4 acts as an activator of Oct4 and interacts with 

Nanog by forming a protein-protein complex, it seems that SALL4 can be a core factor for 

the pluripotency network [27, 28]. Recent data suggest that Sall4 is not essential for the 

pluripotency itself but for stabilization of ESCs by repressing aberrant trophectoderm gene 

expression [29].  
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Another example for a germ cell specific gene regulating pluripotency is the transcription 

factor Zfp206. This gene encodes for a zinc finger and SCAN- domain-containing protein 

and was found to play an important role in the control and regulation of pluripotency. The 

knockdown of Zfp206 expression by RNA interference was found to induce differentiation 

in ESCs while the stable overexpression prevents ESCs from differentiation upon retinoic 

acid (RA) treatment [30-32]. It was further shown that Zfp206 is only expressed in the 

testis of adult mice but not in other organs [32], suggesting again a connection between 

germ cell specific and pluripotency related genes. Very recently it was shown that Zfp206 

physically interacts with Oct4 and Sox2, two of the main key players in pluripotency [33]. 

Similar to Sall4 and e, Stra8 is a germ cell specific gene which is also expressed in 

pluripotent cells. Therefore, we asked the question, whether germ line specific Stra8 could 

also have an impact on the pluripotency network. Expression analysis of different 

pluripotent cell types showed that Stra8 is widely and strongly expressed and that this 

expression is decreased upon differentiation of stem cells (Figs. 1+2). These results are 

supported by several comparative transcriptome analyses in stem cells. As an example, 

Stra8 appears in several lists of genes that are predominantly expressed in stem cells and 

embryos and was classified as a pluripotency related gene [34, 35]. Stra8 was found to be 

downregulated in embryonic stem and embryonic germ cells after withdrawal of LIF for 

three days [35] supporting our result of complete shut down of expression after 20 days of 

differentiation (Fig. 2). STRA8 expression in early embryonic development and the co-

expression with OCT4 in blastomers supports our hypothesis that Stra8 is not restricted to 

male germ cells in mouse testis. Because the Stra8 deficient mouse is not lethal but 

infertile [4, 8, 9], we suggest that Stra8 has no crucial role in preimplantation development 

and for the establishment and maintenance of pluripotency. However, siRNA mediated 

knock down of Stra8 in ESCs demonstrated a clear effect on pluripotency related genes 

(Fig. 3). But, as these genes are significantly upregulated and differentiation markers are 

downregulated, we conclude, that Stra8 might play a role in the maintenance of the 

balance between pluripotency and differentiation in stem cells. To support this hypothesis, 

we show also the opposite effect: stable overexpression of Stra8 in ESCs leads to 

downregulation of the pluripotency network (Fig.4). Interestingly, endodermal marker 

expression is significantly downregulated while vimentin, a mesodermal marker gene, is 

significantly upregulated and ectodermal markers are not affected. This leads us to the 

conclusion that a well defined level of Stra8 expression is essential for the stabilization of 

stem cells and that the twofold overexpression of Stra8 supports mesodermal 

differentiation. Such level-of-expression-dependency is also known for Oct4 where a 1.5 

fold overexpression of the OCT4 protein in ESCs resulted in differentiation into a 

population of cells expressing both endodermal and mesodermal markers [36]. Taken 
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together, the data from knock-down and overexpression experiments indicate, that Stra8 

is connected to the pluripotency regulating network. This is also supported by the data of 

Sharov et al. (2008) [37] who could identify Stra8 as one of the genes that respond to 

suppression of Oct4 and Sox2 in ESCs as well as to the overexpression of Nanog. 

Another support for the hypothesis that Stra8 level is important for stability of pluripotency 

is the decoration of the Stra8 promoter with partially bivalent chromatin marks (Fig. 7). 

The bivalent chromatin pattern appears to be unique for pluripotent stem cells [38] and 

was identified at about 15 % of the examined sites [39]. Many of the genes endowed with 

these marks were found to encode for transcription factors that play an important role in 

lineage specification during embryonic development like Hoxa11. As this bivalent 

decoration on the Stra8 promoter is only partial, means that the repressive mark 

(3meH3K27) is not as dominant as for Hoxa11, we suggest that even by the chromatin 

modifications the level of Stra8 expression is controlled.  

We have shown that Stra8 is expressed in preimplantation embryos as well as in different 

pluripotent cell types and becomes downregulated upon differentiation. The expression 

pattern could be confirmed in transgenic embryos of two different strains, as well. 

Functional analyses in ESCs showed that overexpression as well as knock down of Stra8 

has an impact on the pluripotency network, and we suggest a role of Stra8 in the 

stabilization and maintenance of pluripotency.  
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4. Discussion 
As described above (2.1.1), ESCs are pluripotent cells that possess the capacity to self-

renew unlimitedly and to differentiate into derivatives of all three germ layers in vitro and 

in vivo. Because of this plasticity, ESC-therapies promise great advantages in 

regenerative medicine. However, the use of ESCs in therapy is limited due to ethical and 

immunological reasons. The generation of maGSCs, i.e. pluripotent stem cells derived 

from an adult organism, is an important advance in overcoming these obstacles, since it 

allows obtaining patient-specific pluripotent cell lines without the use of embryos. 

However, until now the features and characteristics of maGSCs are incompletely defined. 

To figure out whether maGSCs are similar or even identical to ESCs, we performed 

analyses of their gene expression pattern. For this purpose we studied their properties at 

transcriptome and proteome level. We could show that nearly no significant differences 

exist between both cell types, especially the genes known to be involved in the regulation 

of pluripotency were found to be identically expressed and present at the same level.  

However, considering the fact that the mechanisms and pathways that control 

pluripotency and stem cell self-renewal are still largely unknown, it is very important to 

identify new pluripotency-regulating genes. In the present study, we were able to 

recognize Stra8 as a gene putatively involved in the maintenance of pluripotency. We 

characterized the expression profile of Stra8 and analyzed the subcellular localization of 

the protein encoded by this gene. We further described its role in pluripotency by 

performing Stra8-overexpression and -downregulation studies in vitro. Herewith, we could 

find that a change in the expression level of Stra8 affects not only the expression of 

known pluripotency-regulating genes but also the expression of several lineage-specific 

genes.  

 

4.1 Identification of putative pluripotency-regulating genes using 
transcriptome analyses 
Transcriptional profiling is not only useful for comparing two or more cell lines to evaluate 

their overall similarities and differences but it can also be applied for the identification of 

transcripts that are characteristic of one cell line. To recognize a gene expression profile 

specific for pluripotent stem cells, several studies were performed that compared ESCs to 

differentiated cells (e.g. Bhattacharya et al., 2004; Brandenberger et al., 2004), to other 

pluripotent and multipotent stem cells (e.g. Ivanova et al., 2002; Ramalho-Santos et al., 

2002; Tanaka et al., 2002) or to ESCs derived from other species (e.g. Ginis et al., 2004). 

Several groups reported about the comparison of human ESCs and terminally 

differentiated cells. Bhattacharya et al. (2004) analyzed six human ESC-lines and RNA 

pooled from different human organs with whole genome oligonucleotide microarrays. 
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Herewith, it was possible to identify 92 genes specifically expressed in all the analyzed 

ESC-lines. These genes included known pluripotency-regulating factors, like Oct4 

(Nichols et al., 1998; Niwa et al., 2000) and Nanog (Chambers et al., 2003; Mitsui et al., 

2003), as well as transcripts for ribosomal proteins and DNA-repair enzymes, modulators 

of WNT- and retinoic acid-signaling and cell cycle regulators (Bhattacharya et al., 2004). 

Differences between human ESCs and differentiated subpopulations derived from them 

could also be found in FGF- and Nodal-signaling which components were strongly 

expressed in undifferentiated cells. The presence of this variety of signal transduction 

factors suggests that ESCs are able to respond to diverse cellular signals while 

maintaining an undifferentiated state (Brandenberger et al., 2004).  

Comparison of ESCs to multipotent stem cell types resulted in identification of gene 

clusters that are equally expressed in different types of stem cells, independent of their 

potency, but also of several genes that are specifically expressed in one cell type 

(Ivanova et al., 2002; Ramalho-Santos et al., 2002; Tanaka et al., 2002). For example, 

216 genes were found to be strongly expressed in mouse hematopoietic, neural and 

embryonic stem cells. These genes could be classified in various biological categories 

with most genes playing a role in signal transduction, stress response with upregulated 

DNA repair and protein folding, as well as chromatin remodeling (e.g. DNA methylases, 

DNA helicases, histone deacetylases) (Ramalho-Santos et al., 2002). However, only four 

out of these genes were not detectable at all in terminally differentiated cells, providing an 

indication that the properties of stem cells are caused rather by the simultaneous 

enrichment of several genes than by the presence of individual factors (Ramalho-Santos 

et al., 2002).  

The approach described above was also taken by Ginis et al. (2004), who compared 

human and mouse ESCs to identify genes that can distinguish between both cell types. 

For this, they used cDNA microarrays containing 96 genes specific for cell cycle and 

apoptosis. Expression of genes involved in cell cycle showed that both cell lines 

proliferate, and that they are distinguishable only by their expression of different MCM 

genes (Ginis et al., 2004). The factors encoded by these genes bind to the DNA after 

mitosis and induce DNA-replication (Lei and Tye, 2001; Nishitani and Lygerou, 2002). 

However, larger differences could be found in genes involved in apoptosis. Although only 

a small number of apoptosis-related genes were expressed at all, only 8% of these 

transcripts were present in ESCs from both species. Many of the genes which were only 

detectable in mouse cells belong to the p53-pathway. This pathway responds to DNA 

damage and induces cell growth inhibition and cell death (Gottifredi et al., 2000; Schultz 

et al., 2000). In contrast to this, human cells expressed factors which inhibit the function of 

p53 (Ginis et al., 2004). Although mouse and human ESCs both show similarities in 
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expression of marker genes for pluripotency, they can be distinguished by differences in 

expression of FoxD3, which is crucial for pluripotency in mouse ESCs but not detectable 

and therefore dispensable in human ESCs (Ginis et al., 2004). Moreover, mouse and 

human ESCs differ in the expression of embryonic antigens (Henderson et al., 2002) and 

the LIF-receptor (Carpenter et al., 2004; Ginis et al., 2004; Rosler et al., 2004). 

Differences in gene expression between mouse and human ESCs could also be found by 

Bhattacharya et al. (2004), who compared the human ESC-specific genes identified in 

their study with previously published genes specific for mouse ESCs (Ivanova et al., 2002; 

Ramalho-Santos et al., 2002; Tanaka et al., 2002). Only 13-35% of mouse “stemness” 

genes are also overexpressed in human ESCs, indicating quite large differences in gene 

expression in ESCs derived from different species (Bhattacharya et al., 2004). These 

differences in gene expression might be explained by the fact that human and mouse 

ESCs are derived from different developmental stages, what is demonstrated by the fact 

that human ESCs are able to differentiate into trophectoderm lineage, whereas mouse 

ESCs are not (reviewed in Odorico et al., 2001). Another explanation might be that mouse 

ESCs are treated with LIF to inhibit differentiation, whereas human ESCs keep their 

pluripotent state without administration of LIF (reviewed in Kujik et al., 2010). 

Taken together, these results show that signature profiles for individual cell lines or cell 

types can be developed applying transcriptional profiling. In the present study, we 

therefore aimed at the identification of genes specifically expressed in pluripotent stem 

cells, which might play a role in the regulation of pluripotency or self-renewal. Therefore, 

we combined the approaches of the previously published studies mentioned above, 

analyzing two different types of pluripotent stem cells with their respective differentiated 

counterparts instead of either analyzing two different types of stem cells or ESCs and 

differentiated cell lines derived from them. Since we presume that the mechanisms and 

pathways that control pluripotency are identical in different pluripotent cell lines from one 

species, with this approach it should be possible to more specifically identify genes whose 

products are involved in regulation of pluripotency.  

To follow this approach, we reanalyzed the results of the whole genome transcriptional 

profiling experiments we performed (3.1) and concentrated on the genes whose 

expression was downregulated at least twofold during differentiation of both ESCs and 

maGSCs. We could identify 795 genes that fulfilled this criterion. To narrow down the 

number of potential candidate genes, we reviewed the literature for properties of known 

pluripotency-regulating genes. We found that most of these factors play a role in 

transcriptional regulation (e.g. reviewed in: Chen and Daley, 2008; Jaenisch and Young, 

2008; Kim et al., 2008). For example, the core pluripotency-regulators, Oct4, Nanog and 

Sox2, all act as transcription factors, and genome-wide binding site analysis revealed that 
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they interact with a high number of genes (Boyer et al., 2005; Loh et al., 2006). In 

addition, a large number of other transcription factors, like Esrrb, Tbx3, Foxd3, Klf4, Sall4 

(Ivanova et al., 2006; Zhang et al., 2006; Jiang et al., 2008; Liu and Labosky, 2008; van 

den Berg et al., 2008; Zhang et al., 2008; Han et al., 2010; Zhang et al., 2010) and others, 

were recently identified to play a role in pluripotency. A summary of several known 

pluripotency-regulating transcription factors and their protein domains are shown in table 

1.  
 

 

Table 1: 14 exemplary chosen pluripotency-regulating genes that function via transcriptional 
regulation. The protein domains present in the gene products as predicted using Pfam database 

(http://pfam.sanger.ac.uk/) are presented as are the publications in which the respective gene’s role in 

pluripotency regulation were first described.  

 
Symbol NCBI ID Name Protein domains involved in 

transcriptional regulation 
(predicted with Pfam database; 

http://pfam.sanger.ac.uk) 

Literature 

Esrrb 26380 estrogen related 

receptor, beta 

zinc finger, C4 type Ivanova et al., 2006; van 

den Berg et al., 2008; 

Zhang et al., 2008 

Foxd3 15221 forkhead box D3 fork head domain Liu and Labosky, 2008 

 

Klf4 16600 kruppel-like factor 4 

(gut) 

zinc finger, C2H2 type Jiang et al., 2008; Zhang 

et al., 2010 

Lin28 380669 lin-28 homolog (C. 

elegans) 

'Cold-shock' DNA-binding 

domain 

Xu et al., 2009 

Nanog 71950 nanog homeobox  homeobox domain Chambers et al., 2003; 

Mitsui et al., 2003 

Oct4 18999 POU domain, class 5, 

transcription factor 1 

homeobox domain, POU domain Nichols et al., 1998; 

Niwa et al., 2000 

Sall4 99377 sal-like 4 (Drosophila) zinc finger, C2H2 type Zhang et al., 2006 

 

Sox2 20674 SRY-box containing 

gene 2 

HMG box Avilion et al., 2003 

Tbx3 21386 t-box 3 T-box Ivanova et al., 2006; Han 

et al., 2010 

Zfp281 226442 zinc finger protein 

281 

zinc finger, C2H2 type Wang et al., 2008 

 

Zfp42 22702 zinc finger protein 42 zinc finger, C2H2 type Scotland et al., 2009 

 

Zfx 22764 zinc finger protein x-

linkes 

zinc finger, C2H2 type Galan-Caridad et al., 

2007 
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Table 1: Continued 
 

Zic3 22773 zinc finger protein of 

the cerebellum 3 

zinc finger, C2H2 type Lim et al., 2007 

Zscan10 332221 zinc finger and SCAN 

domain containing 10 

zinc finger, C2H2 type Wang et al., 2007a; Yu 

et al., 2009 

 

Because of these properties of pluripotency-regulating genes, we examined the presence 

of protein domains known to be specific for transcription factors using Pfam database 

(Finn et al., 2010; http://pfam.sanger.ac.uk/) in the 795 genes identified in our 

transcriptional profiling. After this restriction, 689 genes that were not transcription factors 

could be neglected, so that 106 putative pluripotency-regulating genes remained. Within 

this cluster were 14 genes that are already known to play a role in the regulation of 

pluripotency, so that 92 putative candidate genes remained. These 92 candidate genes 

were subsequently classified using GeneMania (http://www.genemania.org/search.jsf) 

according to their predicted physical interactions with proteins of the pluripotency-network 

or co-expression with these respective proteins. GeneMania is a tool that helps to identify 

genes that are related to a set of input genes by using published functional association 

data, which includes interactions at protein and gene level, co-expression and co-

localization of the proteins in question (Warde-Farley et al., 2010). Using Embryonic Stem 

Cells database (http://biit.cs.ut.ee/escd) it was additionally checked whether a binding of 

Oct4, Nanog, Sox2 or Klf4 occurred at gene level. The transcription factor binding data in 

the database was assembled from different published ChIP-PET-, ChIP-Chip- and ChIP-

seq-experiments (e.g. Boyer et al., 2005; Chen et al., 2008). These analyses revealed 

that 22 of the candidate proteins are predicted to directly interact with proteins of the 

pluripotency-network, namely Oct4, Nanog, Sox2, Zscan10, Zfp296, Lin28 or Klf4, 

whereas 32 genes indirectly interact with these proteins. Furthermore, 41 of the 92 genes 

are bound by the transcription factors Oct4, Nanog, Sox2 or Klf4 at DNA level. From these 

genes, 5 were selected for further characterization (Fig. 2). These genes are: Zbtb8a, 

which directly interacts with Oct4 and indirectly with Sox2 and Nanog at protein level and 

is bound by Oct4 at DNA level; Kbtbd8, which colocalizes with Zscan10 and Nanog and 

its promoter is additionally bound by Nanog; Mcm10, which is coexpressed with Oct4, 

Nanog, Sox2, Utf1 and Lin28 and its promoter is also bound by Nanog; Znhit3 is also 

bound by Nanog at DNA level and the gene is coexpressed with Oct4, Nanog and Sox2; 

and finally Zfp532 which interacts indirectly with Oct4 and Sox2 (Table 2).  
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Figure 2: Schematic overview showing the procedure for the identification of putative pluripotency-
regulating genes. The genes which were found to be downregulated during differentiation of ESCs and 

maGSCs were analyzed for the presence of transcription factor domains. Genes, whose encoded products 

are known to be involved in the regulation of pluripotency, were excluded. With the remaining factors, 

database searches evaluating their predicted interactions with known pluripotency-regulating genes at 

protein and DNA level were performed. Several genes were selected for further analyses.   

 
 
 
 
 
 

 
 
 
Table 2: Characteristics of the genes selected for further analyses after following the strategy for 
identification of putative pluripotency-regulating genes described above. The fold changes of 

expression during differentiation of ESCs and maGSCs are shown. The interactions of the encoded proteins 

with components of the pluripotency network and the binding of pluripotency-associated transcription factors 

at DNA level are presented. 

 
Symbol NCBI ID Name Fold 

change 
ESC 

– 
ESC 
diff 

 

Fold 
change 
maGSC 

– 
maGSC 

diff 
 

Interaction with 
proteins of 

pluripotency 
network 

(predicted with 
GeneMania) 

Binding of 
transcription 

factors at gene 
level (predicted 
with Embryonic 

Stem Cells 
Database) 

Kbtbd8 243574 kelch repeat 

and BTB 

(POZ) domain 

containing 8 

2.5 2.3 Nanog, Zscan10 Nanog 
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Table 2: Continued 
 
Mcm10 70024 minichromoso

me 

maintenance 

deficient 10 (S. 

cerevisiae) 

2.8 2.4 Lin28, Nanog, 

Oct4, Sox2, Utf1 

Nanog 

Zbtb8a 73680 

 

zinc finger and 

BTB domain 

containing 8a 

 

2.9 2.9 Oct4, via Mnat1 

with Nanog and 

Sox2 

Oct4 

Zfp532 328977 zinc finger 

protein 532 

2.4 2.3 via Pou2f1 with 

Sox2, via Ewsr1 or 

Ilf2 or Sumo1 with  

Oct4  

none 

Znhit3 448850 zinc finger, HIT 

type 3 

1.7 2.6 Nanog, Oct4, Sox2 Nanog 

 

These genes should be further characterized according to their gene expression pattern in 

differentiated and undifferentiated pluripotent stem cells and in different adult tissues and 

organs. We presumed that pluripotency-regulating genes are strongly expressed in 

pluripotent cell lines, whereas they are downregulated during differentiation and therefore 

not detectable in differentiated cell lines as well as in adult organs. However, for several 

pluripotency-regulating genes an expression in spermatogonia of adult testis has been 

described, e.g. Sall4 (Kohlhase et al., 2002), Tex19 (Kuntz et al., 2008), Zscan10 (Wang 

et al., 2007a). Therefore, expression in testis was not a criterion for exclusion of genes 

from the study. 

First, we performed conventional RT-PCR to validate the whole genome microarray 

results and to check whether the gene expression of Kbtbd8, Mcm10, Zbtb8a, Zfp532 and 

Znhit3 decreased during differentiation of the cells with RA for 20 days (Fig. 3A). We 

could find a strong decrease in expression in ESCs and in maGSCs after differentiation in 

all analyzed candidate genes except Znhit3 and Zbtb8a. In case of Zbtb8a in ESCs the 

expression level remained constant before and after differentiation, whereas a significant 

decrease could be observed in maGSCs. For Znhit3 no expression at all could be 

detected in undifferentiated ESCs, whereas strong expression was present in 

differentiated ESCs. Although these differences between microarray- and RT-PCR-data 

could be found, we next performed expression analyses using conventional RT-PCR for 

all the candidate genes in adult mouse organs (Fig. 3B). The results of the gene 

expression profiling revealed that Kbtbd8 and Mcm10 are specifically expressed in adult 

mouse testis, whereas the other candidate genes were present in all analyzed organs, 

thus providing an indication of their ubiquitous expression. Since their expression was not 
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restricted to pluripotent cell lines, it was unlikely that Zbtb8a, Zfp532 and Znhit3 play a 

critical role in the regulation of pluripotency. Therefore, they were excluded from our set of 

candidate genes. To next evaluate whether the expression of Kbtbd8 and Mcm10 can be 

found in the spermatogonial stem cell population in testis, we performed conventional RT-

PCR-analyses with cDNA derived from testicular developmental stages (Fig. 3C). Kbtbd8 

could be detected from day 5 onwards, which shows that its expression starts in 

spermatogonia. In contrast to this, expression of Mcm10 could only be found from day 15 

onwards, what suggests an expression in spermatocyte stage.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: Analyses of gene expression of the 5 putative pluripotency-regulating genes identified in our 
whole genome transcriptional profiling using conventional RT-PCR. (A) Expression analyses in 

undifferentiated (ES RI and maGSC 129SV) and 20d differentiated ESCs and maGSCs derived from 129SV 

mouse background (ES RI diff and maGSC 129SV diff). (B) Expression analyses in different adult mouse 

organs. (C) Expression analyses in testis developmental stages (from 5 days after birth to 30 days after birth). 

Amplification of HPRT is used as a positive control for presence of cDNA in analyzed samples.  

 

 

 

 

 

 

 

Next, we reviewed the literature for published data about functional aspects of Kbtbd8 and 

Mcm10. Mcm10 is described as belonging to the highly conserved family of mini-

chromosome maintenance (MCM) proteins that play a role in the initiation of DNA-

replication in eukaryotes (Homesley et al., 2000). Mcm10 is localized at replication origins 

of DNA and might be involved in the formation of replication forks and the recruitment of 

other DNA replication related proteins, like all six subunits of the Mcm2-Mcm7-complex 

(Lei and Tye, 2001). Mcm10 is not only extensively classified in literature but it was also 
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found to be highly abundant in mouse ESCs before (Ginis et al., 2004). This and the fact, 

that we did not find Mcm10 to be present in spermatogonial stem cells of adult testis, led 

us to conclude that it does not play a role in pluripotency-regulation. In contrast to this, 

murine Kbtbd8 is not described in the literature until now. Only one publication exists that 

associates human KBTBD8 with idiopathic short stature (ISS) in a Korean population (Kim 

et al., 2010). Because the gene has not yet been functionally classified and its expression 

is specific for pluripotent cells and stem cell populations in the adult body, we concluded 

that this gene might be a marker gene for the pluripotent state. However, gene expression 

analyses of Kbtbd8 that show its predominant expression in pluripotent stem cells do not 

provide sufficient evidence to deduce that this gene plays a role in the regulation of 

pluripotency. For that purpose, functional studies, like downregulation of the gene’s 

expression using RNA interference (RNAi), have to be performed. With this combination 

of expression profiling and RNAi-experiments Ivanova et al. (2006) were able to identify 

several genes involved in the regulation of pluripotency (Ivanova et al., 2006).  

Using a two-color whole genome microarray system (Agilent, Santa Clara, USA) (data 

deposited at GEO database at http://www.ncbi.nlm.nih.gov/geo (accession number 

GSE15861)), it was also possible in the present work to identify the downregulation of 

transcripts for the transcription factors Morc1, Stra8 and Zfp819 as well as for Lrrc34, 

which contains a protein-protein-interaction domain, during differentiation. The properties 

of Stra8 are described in chapter 3.4 and will be further discussed in chapter 4.4. The 

functional characterization of Morc1 was performed in a diploma thesis (Stolp, 2009) and 

the latter two proteins are presently analyzed in the context of two individual PhD-theses 

and will therefore not be discussed here.  

 
4.2 Identification of putative pluripotency-regulating genes using 
proteome analyses 
The goal of proteomics is identical to that of transcriptional profiling, namely the 

quantitative comparative description of gene expression in two or more cell lines. 

However, the advantage of describing the overall similarities and differences of cell lines 

or cells under different culture conditions at protein level is that the protein is the 

functional unit of the cell on which cell behavior depends, whereas the mRNA quantified in 

transcriptional profiling is just an intermediate stage.  

To identify the characteristics of pluripotent cell lines, several proteomic studies using 2D-

gelelectrophoresis (2-DE) and subsequent mass spectrometry were performed 

(Baharvand et al., 2007; Buhr et al., 2007; Baharvand et al., 2008). Although herewith 

protein reference maps specific for ESCs were generated, with none of the studies it was 

possible to identify known pluripotency-regulating genes. In our proteomics study 
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comparing undifferentiated and differentiated ESCs and maGSCs (Dihazi et al., 

submitted; 3.3) it was only possible to identify 18 proteins that were specific for both 

pluripotent cell lines. One of these was the known pluripotency-regulating transcription 

factor Trim28 (Fazzio et al., 2008; Seki et al., 2010). Trim28 is known to be involved in 

chromatin remodeling by inducing formation of heterochromatin during differentiation of 

stem cells (Kurisaki et al., 2005). When Trim28 is present in mouse ESCs, it was found to 

be phosphorylated at the C-terminal serine residue 824. The phosphorylated form 

associates with Oct4 and subunits of the ESC-specific chromatin remodeling complex 

esBAF. This complex localizes at active chromatin marks and induces the expression of 

ESC-specific genes, thereby maintaining the undifferentiated state of ESCs (Seki et al., 

2010). To identify further putative pluripotency-regulating genes we concentrated on the 

18 proteins found to be downregulated during differentiation in both pluripotent stem cell 

lines. However, these proteins are mostly well characterized and were already found to be 

downregulated during differentiation of ESCs. For example, the decrease in expression in 

Eno1, Eno3, Hspd1 and Stmn1 was also found in the study of Baharvand et al. (2008), 

who compared two different mouse ESC-lines with their differentiated counterparts after 

16 days of culture in the absence of a feeder layer and LIF (Baharvand et al., 2008). 

Hspd1 belongs to the family of heat shock proteins and functions as a component of the 

protein-folding system located in the mitochondrial matrix. However, it could also be found 

at the cell surface (Soltys and Gupta, 1997; Soltys and Gupta, 1999; Nunomura et al., 

2005). The downregulation of Hspd1 was not only reported by Baharvand et al. (2008) but 

was also found by several other groups who performed proteomic studies (Kurisaki et al., 

2005; Wang and Gao, 2005; van Hoof et al., 2006). This high abundance in different 

proteomic studies suggests that Hspd1 can be used as a marker for undifferentiated 

ESCs, although it does not play a role in the regulation of pluripotency. In contrast to this, 

Stmn1 encodes a cytosolic phosphoprotein which is responsible for cell proliferation in 

different lineages (Rowlands et al., 1995). The role of Stmn1 during differentiation of 

pluripotent cells is not yet clear, however, it was proposed that it regulates cell division by 

instabilizing the interphase microtubules leading to formation of the mitotic spindle 

(Holmfeldt et al., 2001; Iancu et al., 2001). Eno1 and Eno3 are proteins involved in energy 

metabolism. The downregulation of these proteins reveals a highly active metabolism in 

pluripotent cells (Baharvand et al., 2008). Next to these proteins, we could identify 

different components of ribonucleoproteins (RNPs) (Hnrpab, Hnrpf, Hnrnph1, Hnrpdl) and 

nucleolins (Nup50, Nup62). RNPs are associations of proteins and RNAs. The proteins 

identified here possess a RNA-binding domain and are implicated in performing a function 

in RNA-splicing (reviewed in Han et al., 2010). Nucleoporins act as the main structural 

components of the nuclear pore complex, which is a structure that regulates the flow of 
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macromolecules between nucleus and cytoplasm (reviewed in Wälde and Kehlenbach, 

2010).   

As described above, it was neither possible to identify proteins containing transcription 

factor domains nor known pluripotency-regulating factors, except for Trim28. Because of 

these results, we decided to repeat our proteomic analyses after prefractionation of the 

cells. For this, we analyzed the nuclear proteomes of differentiated and undifferentiated 

ESCs and maGSCs. We expected to get an enrichment of transcription factors with this 

methodology. This approach was also taken by Buhr et al. (2008) who compared 

undifferentiated ESCs and EGCs with MEFs. They could find 30 proteins that were 

present only in pluripotent cell lines, of which 60% had a nuclear localization. 17 of these 

proteins were previously identified in other proteomic studies. However, among these 30 

proteins only one was known to be involved in the regulation of pluripotency, namely 

Dppa5 (Tanaka et al., 2006). In our study, we could find 59 proteins which were 

downregulated during differentiation. Also in this experiment around 60% of proteins were 

in fact localized in the nucleus, indicating a nuclear enrichment according to percentages 

found in literature (Buhr et al., 2008). Surprisingly, it was not possible to identify known 

pluripotency regulators among these 59 proteins, not even Trim28, which could be found 

in our complete cell proteome analysis. However, again several RNPs (Hnrnpab, 

Hnrnpa3, Hnrpdl, Hnrnph1, Hnrnpk, Hnrnpl, Hnrnpa2b1), nucleoporins (Nup62, Nup43, 

Nup54) and histone clusters (Hist1h2af, Hist2h2ac, Hist1h2bb) could be identified.  

Using other proteomic methods without 2D-gelelectrophoresis, it was generally possible to 

generate reference maps from pluripotent stem cells with a much larger number of 

identified proteins (e.g. Nagano et al., 2005; van Hoof et al., 2006). Nagano et al. (2005) 

described the proteomic analysis of murine ESCs. For this, they isolated whole protein 

from cultured ESCs and subjected it directly to tryptic digestion. These digested proteins 

were then analyzed using a micro-scale 2-D LC MS/MS. Herewith it was possible to 

identify a subset of 1790 proteins, including a variety of transcription factors (Nagano et 

al., 2005). This subset of transcription factors also contained known pluripotency-

regulating proteins, namely Sox2 (Avilion et al., 2003), Utf1 (Nishimoto et al., 2005) and 

Oct4 (Nichols et al., 1998; Niwa et al., 2000). In conformance with our data, they could 

identify a high number of nuclear proteins like nucleolins, histones and components of 

heterogenous nuclear RNPs. The expression levels of these proteins were found to be at 

the same level as those of known cytosolic house-keeping proteins (Nagano et al., 2005), 

which are the most abundant proteins in other cell types (Jacobs et al., 2004). These 

results indicate that pluripotent stem cells express exceptionally high levels of these 

nuclear proteins, which might be explained by the fact that ESCs form colonies with a high 

nuclear-cytoplasmic ratio (Nagano et al., 2005). A similar method without performance of 
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2D-geleclectrophoresis was taken by van Hoof et al. (2006). They isolated whole protein 

from mouse and human ESCs as well as from their differentiated derivatives, performed 

1D SDS-PAGE and cut each lane in 26 parts which were digested by incubation with 

trypsin. Finally, the digested peptides were analyzed by nanoflow liquid chromatography 

and FT-ICR-MS/MS (van Hoof et al., 2006). Herewith, 1871 proteins could be identified in 

undifferentiated mouse ESCs and 1552 proteins in their differentiated counterparts. From 

these set of proteins, 743 could be uniquely identified in mouse pluripotent stem cells. 

These subset included not only known pluripotency-regulating factors like Oct4 (Nichols et 

al., 1998; Niwa et al., 2000) and Utf1 (Nishimoto et al., 2005) but also other proteins 

characteristic for ESCs like alkaline phosphatase (ALPL). Comparable to the result of our 

proteomic analysis (Dihazi et al., submitted; 3.3), van Hoof et al. (2006) could find an 

enrichment of the heat shock protein Hspd1 in undifferentiated mouse ESCs.  

Although a limited number of identified proteins overlapped between our study (Dihazi et 

al., submitted; 3.3) and the published large-scale proteomics approaches (Nagano et al., 

2005; van Hoof et al., 2006), our results clearly show that the methodology applied by us 

contains limitations in matters of the quantity of proteins and the types of proteins which 

can be identified. We hypothesized that the lack of known pluripotency-regulating genes 

found not only in our study but also in other published studies (Baharvand et al., 2007; 

Buhr et al., 2007; Baharvand et al., 2008) is due to the limitations of 2D-

gelelectrophoresis. 2-DE couples isoelectric focusing (IEF) using immobilized pH-

gradients (IPGs) in the first dimension with SDS-PAGE in the second dimension. Thereby, 

it enables the separation of a protein mixture according to the molecular mass, isoelectric 

point (pI) and relative abundance of a single protein (reviewed in: Görg et al., 2004). 

However, limitations in 2-DE include the detection of proteins which strongly differ in their 

abundance in one sample, detection of very acidic or very basic proteins and detection of 

low-abundance or membrane proteins (Görg et al., 2009). Proteins which are differentially 

expressed are hardly detectable, because the minor spots, representing low-abundance 

proteins, can be obscured by stronger ones, which are generated by high abundance 

proteins with similar molecular mass and isoelectric point (Anderson and Anderson, 

1998). Very acidic or very basic proteins possess a low or a high pI, respectively, which 

are separated in the IEF. For this step, typically IPGs spanning a gradient between pI 3-

10 are used, so that proteins with a lower or higher pI are not detectable. In addition, 

when analyzing total protein derived from eukaryotic cells using a single wide-range pH 

gradient, only a small percentage of the complete proteome can be identified. The same 

is true for proteins with different molecular masses: proteins with a very high or low 

molecular mass are not detectable due to the resolution of the SDS-PAGE (Görg et al., 

2009). Membrane proteins, which are usually very hydrophobic proteins, are also 
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underrepresented on 2D-gels. This can be explained by the fact that hydrophobic proteins 

possess a low solubility in aqueous solution which leads to aggregation and precipitation 

of the proteins. However, even if the proteins are solubilized and properly separated 

according to their pI during IEF, it is possible that the proteins will not elute from the IPG-

strip during the transfer from first to second dimension (Görg et al., 2009). Many 

membrane proteins are expressed in low copy numbers and possess basic pIs, what 

additionally complicates their detection (Wilkins et al., 1998; Corthals et al., 2000). To find 

out why it was not possible to detect known pluripotency-regulating factors using 2-DE, 

we analyzed their molecular masses and calculated their pIs (Table 3).  

 
Table 3: Depiction of 30 exemplary chosen pluripotency-regulating factors. The molecular masses in 

kDa as indicated at NCBI (http://www.ncbi.nlm.nih.gov/protein) and the theoretical isoelectric points (pI) as 

calculated using ExPASY Proteomics Server (http://expasy.org/tools/pi_tool.html) are given.  

 
Symbol Name UniProt KB 

Accession Number 
Molecular mass 

[kDa] 
Theoretical 

pI 
Dppa4 developmental pluripotency-

associated 4 
Q8CCG4 32.7 8.97 

Dppa5a developmental pluripotency-
associated 5a 

Q9CQS7 13.8 6.15 

Epha2 Eph receptor A2 
 

Q03145 106.5 5.82 

Esrrb estrogen related receptor, beta 
 

Q61539 48.4 8.27 

Fgf4 fibroblast growth factor 4 
 

P11403 19.0 10.24 

FoxD3 forkhead box D3 
 

Q61060 46.3 5.64 

Gdf3 growth differentiation factor 3 
 

Q3TUX1 41.6 9.44 

Jarid1b lysine(K)-specific demethylase 5b 
 

Q80Y84 175.6 6.03 

Klf2 kruppel-like factor 2 (lung) 
 

Q3V293 37.6 8.84 

Klf4 kruppel-like factor 4 (gut) 
 

Q60793 51.9 8.66 

Lin28 Lin28 homolog A (C. elegans) 
 

Q8K3Y3 22.7 8.85 

Nanog Nanog homeobox 
 

Q80Z64 34.2 6.32 

Nr0b1 nuclear receptor subfamily 0, 
group B, member 1 

Q61066 52.6 5.77 

Oct4 POU domain, class 5, 
transcription factor 1 

P20263 38.2 6.05 

Sall4 sal-like 4 (Drosophila) 
 

Q8BX22 113.2 8.02 

Slc2a3 solute carrier family 2 (facilitated 
glucose transporter), member 3 

P32037 53.5 4.95 

Sox2 SRY-box containing gene 2 
 

P48432 34.5 9.81 

SSEA1 stage-specific embryonic antigen 
1 

Q11127 49.5 9.95 

Tbx3 T-box 3 
 

P70324 79.3 8.05 
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Table 3: Continued 
 
Tcf3 transcription factor 3 

 
P15806 67.7 5.94 

Tcl1 T-cell lymphoma breakpoint 1 
 

P56280 14.1 5.36 

Tex19.1 testis expressed gene 19.1 
 

Q99MV2 40.4 4.61 

Trap1a tumor rejection antigen P1A 
 

P19473 25.8 3.83 

Utf1 undifferentiated embryonic cell 
transcription factor 1 

Q6J1H4 36.4 10.05 

Zfp42 zinc finger protein 42 
 

P22227 32.4 8.42 

Zfp143 zinc finger protein 143 
 

O70230 69.0 5.74 

Zfp281 zinc finger protein 281 
 

Q99LI5 96.7 8.77 

Zfx zinc finger protein x-linked 
 

P17012 90.0 5.75 

Zic3 zinc finger protein of the 
cerebellum 3 

Q3UYV1 50.4 8.89 

Zscan10 zinc finger and SCAN domain 
containing 10 

Q3URR7 88.4 8.37 

 

Herewith it became clear that 18 of these 30 known pluripotency regulating proteins 

possess pIs that are not in the range of the used IPG-strip, namely between 5 and 8, 

whereas the molecular masses of the proteins lie within the detection range of the SDS-

PAGE gel. While the lack of these 18 proteins can be explained by the limitations of the 

used IPG-strip, the absence of the other 12 proteins can only be explained by their low 

abundance or by other methodological limitations. However, first preliminary results 

generated by prefractionation of pluripotent stem cells and subsequent analyses of their 

nuclear proteomes using 1D SDS-PAGE followed by mass spectrometry as described by 

van Hoof et al. (2006) revealed the possibility to identify a significantly higher quantity of 

proteins, including transcription factors and several known pluripotency-regulating genes 

(data not shown). This analysis will be subsequently extended to prefractionated 

differentiated cells to identify a reliable pluripotent stem cell-specific proteome. 

 

4.3 Similarities and differences in genes identified in transcriptome 
and proteome analyses 
Despite the obvious limitations of proteome analysis applying 2-DE described above (4.2), 

we wanted to evaluate similarities and differences in genes identified in transcriptomics 

and proteomics. Therefore, we compared the proteins found to be downregulated during 

differentiation in maGSCs and ESCs in proteomics with those found in transcriptomics: in 

the comparison between the 795 genes whose expression was downregulated in 

transcriptomics and the 18 proteins which were higher abundant in whole cell lysates from 

undifferentiated cells we could identify only two factors that were found to be similarly 

regulated with both methods. These factors were Eif5a, which we propose to play an 
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important role in stem cell proliferation and differentiation (Dihazi et al., submitted; 3.3), 

and Eno1, which is a subunit of the phosphopyruvate dehydratase, an enzyme required 

for glycolysis. The downregulation of Eno1 was previously recognized by Baharvand et al. 

(2008). Next we compared the 795 ‘transcriptomic-genes’ with the 59 downregulated 

proteins from our nuclear proteome analysis and found 14 commonly regulated factors 

(Table 4).  

 
Table 4: List of genes whose expression was found to be downregulated during differentiation in the 
transcriptional profiling experiments and in the analyses of nuclear proteomes in both maGSCs and 
ESCs.  

 
Symbol NCBI ID Name 

 
Actl6a 56456  actin-like 6A 

 
Hist2h2ac 319176 histone cluster 2, H2ac 

 
Grwd1 101612 glutamate-rich WD repeat containing 1 

 
C1qbp 
 

12261 complement component 1, q subcomponent binding protein 

Polr2e 66420 polymerase (RNA) II (DNA directed) polypeptide E 
 

Nup43 69912 nucleoporin 43 
 

Cbx1 12412 chromobox homolog 1 (Drosophila HP1 beta) 
 

Hspe1 15528 heat shock protein 1 (chaperonin 10) 
 

Phb 18673 prohibitin 
 

Pa2g4 18813 proliferation-associated 2G4 
 

Sod2 20656 superoxide dismutase 2, mitochondrial 
 

Eif5a 276770 eukaryotic translation initiation factor 5A 
 

Lsm2 27756 LSM2 homolog, U6 small nuclear RNA associated (S. 
cerevisiae) 

Hist1h2bb 319178 histone cluster 1, H2bb 
 

 

This list again includes the proliferation-inducing factor Eif5a, several histone clusters and 

the nucleoporin Nup43 (4.2). However, in summary it can be concluded that the overlap in 

genes whose expression is downregulated during differentiation found in transcriptomics 

and in different proteomics approaches is very low.  

It is obvious that a much higher number of differentially expressed genes could be 

detected using transcriptional profiling, whose products could not be detected at all using 

our proteomic approach. The same phenomenon was also observed by Nagano et al. 

(2005) who performed a large-scale proteomic approach and compared their results with 

previously published transcriptional profiling data (Ramalho-Santos et al., 2002). For 

them, it was only possible to identify the products of 60 genes among 485 transcripts 
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identified in transcriptional profiling (Nagano et al., 2005). They argued that their 

proteome-analysis covered only a subset of the cells’ complete proteomes whereas the 

transcriptional profiling discovered all transcripts present in a cell line. Another explanation 

could be that the translation of mRNA into protein is a highly regulated process, so that 

changes in mRNA expression do not necessarily reflect changes in protein levels (e.g. 

Anderson and Seilhamer, 1997; Nagano et al., 2005; Unwin et al., 2006). A low 

correlation between data derived at RNA- and protein level was also found when 

performing Northern blots for detection of differentially expressed RNA and high-

performance liquid chromatography (HPLC) for detection of proteins (Tew et al., 1996). 

This indicates that the obtained results are not due to methodological problems with 

transcriptomics and proteomics (Anderson and Anderson, 1998). Additionally, it was 

found by performing transcriptional profiling of ESCs that these cells express transcripts 

associated with differentiation (e.g. Ginis et al., 2004). These transcripts were present in a 

very low amount, but they were detectable by transcriptional profiling using microarray 

analyses or serial analysis of gene expression (SAGE) (Anisimov et al., 2002; Sharov et 

al., 2003; Brandenberger et al., 2004; Richards et al., 2004). However, these transcripts 

are not necessarily translated into proteins, and when they are, they are too low abundant 

to be detected using 2-DE. In contrast to this, presence of gene products that can be 

detected by proteomics but not by transcriptional profiling might be due to the fact that 

proteins from FCS cannot be completely eliminated when performing proteomics from 

cultured cells (Miller et al., 2006; Buhr et al., 2007). FCS is used in cell culture to keep the 

cells in a proliferative state. It contains a wide variety of proteins, however, its exact 

composition is not known. Buhr et al. (2007) could show that around 7% of their identified 

proteins were derived from serum in the cell culture media. These proteins could not be 

disregarded even after four washing steps with PBS (Buhr et al., 2007). Moreover, it was 

shown by Miller et al. (2006) that even extensive washing cannot eliminate all FCS-

proteins but changes the cells’ protein expression profile because of induction of stress 

(Miller et al., 2006). These summarized results clearly show that due to the differences in 

the resolution limits of the applied methods and the uncommon properties of pluripotent 

stem cells the divergences in identified gene products observed in our studies are not 

surprising.  

 
4.4 Functional characterization of the putative pluripotency-regulating 
gene Stra8 
The murine gene for Stra8 (stimulated by retinoic acid gene 8) is located on chromosome 

6 and consists of 10 exons. Stra8 is highly conserved in amniotes at gene as well as at 

protein level. Prediction of protein domains using PSIPRED-database (McGuffin et al. 
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(2000; http://www.psipred.net/psiform.html) for Stra8 revealed the presence of a N-

terminal Helix-loop-helix- (HLH) domain and three nuclear export signals (NES) (Tedesco 

et al., 2009). The HLH-domain is found in transcription factors, and HLH-proteins function 

in the regulation of gene expression, cell cycle and cell differentiation (Norton, 2000). The 

HLH-domains often include functional sequence motifs which are responsible for shuttling 

of proteins between nucleus and cytoplasm (Black et al., 2001). This is also the case in 

the HLH-domain of Stra8 which includes a nuclear localization signal (NLS) (Tedesco et 

al., 2009).  

Stra8 was first identified in P19 embryonic carcinoma cells as a gene upregulated in 

response to induction with RA (Bouillet et al., 1995). In the mouse, expression of Stra8 

could be detected in the male developing gonad from 12.5 dpc onwards and in cytoplasm 

of spermatogonia and preleptotene spermatocytes in the adult testis (Oulad-Abdelghani et 

al., 1996). Later, Menke et al. (2003) could show that Stra8 is also expressed in mouse 

embryonic ovaries between 12.5 dpc and 16.5 dpc (Menke et al., 2003). Male as well as 

female Stra8-/- mice are infertile because Stra8-deficient germ cells do not progress 

through meiosis (Baltus et al., 2006; Koubova et al., 2006). Stra8 expression could also 

be found in different pluripotent cell lines, like ESCs (Oulad-Abdelghani et al., 1996), F9 

teratocarcinoma cells (Oulad-Abdelghani et al., 1996) and maGSCs (Guan et al., 2006) 

and its expression strongly increased upon short time-stimulation with RA. Stra8-promoter 

activity was previously used as a tool to enrich spermatogonial stem cell populations 

either from adult mouse testis suspensions (Guan et al., 2006) or from cultured pluripotent 

stem cells (Nayernia et al., 2004; Nayernia et al., 2006; Nolte et al., 2010). In the first 

case, a transgenic mouse carrying a Stra8/EGFP-promoter construct was used. Testis 

cell suspensions derived from these mice were subjected to fluorescence activated cell 

sorting (FACS) to obtain an enriched spermatogonial stem cell (SSC) population which 

could be recognized by its green fluorescence. This cell population was subsequently 

reprogrammed to pluripotency by culture of the cells in ESC-specific conditions and called 

maGSCs (Guan et al., 2006). In the second case, mouse pluripotent cell lines, namely 

teratocarcinoma cells, ESCs and maGSCs, were stably transfected with a Stra8/EGFP-

promoter construct. After RA-induction the EGFP-positive cells were sorted out by FACS. 

Thereby so-called SSC lines could be generated from pluripotent cells. These SSCs were 

subsequently able to undergo meiosis and generate haploid male gametes that were 

functional. SSCs derived from teratocarcinoma cells were injected into germ cell-depleted 

mouse testis and could give rise to mature spermatozoa in vivo. These spermatozoa were 

functional and were able to fertilize oocytes after intracytoplasmatic sperm injection (ICSI) 

(Nayernia et al., 2004). In case of SSCs derived from ESCs (Nayernia et al., 2006) and 

maGSCs (Nolte et al., 2010), the differentiation towards male gametes was pursued in 
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vitro and led to the generation of haploid cells. These haploid cells fertilized oocytes after 

ICSI, embryonic development progressed and offspring was generated.  

These studies clearly show that Stra8 has an important role in germ cell development and 

the initiation of meiosis in vivo and in vitro. However, recent findings provide evidence that 

Stra8 has an additional function in pluripotent stem cells as well as in germ cells. Stra8 

protein was first described to localize in cytoplasm (Oulad-Abdelghani et al., 1996). 

However, Tedesco et al. (2009) could show that in the developing ovary at 13.5 dpc in 

around 50% of cells Stra8 is present in cytoplasm as well as in nucleus, whereas it is 

exclusively present in nucleus in the other 50% of cells. In pluripotent stem cells Stra8 is 

even predominantly present only in the nuclear compartment (Tedesco et al., 2009). This 

occurrence in different cellular compartments could be explained by the presence of the 

NLS inside Stra8’s HLH-domain, which is responsible for the shuttle between nucleus and 

cytoplasm (Black et al., 2001). This shuttle between cellular compartments is common for 

proteins that act as transcriptional regulators and gives a hint that Stra8 might also act as 

a transcription factor or a transcriptional co-regulator that interacts with other transcription 

factors (Tedesco et al., 2009). These studies reveal that Stra8 fulfills all the requirements 

for a protein involved in the regulation of pluripotency mentioned above (4.1). These are, 

in brief, the presence of a transcription factor domain and therefore nuclear localization of 

the protein and the restricted expression in pluripotent cell lines and premeiotic stages of 

germ cells in adult testis. Additionally, using whole genome microarray analyses we could 

show that the expression of Stra8 is strongly downregulated during spontaneous RA-

induced differentiation of the cells, confirming the exclusive expression of Stra8 in stem 

cell populations. Further indications for the role of Stra8 in pluripotency regulation are the 

results of our knockdown and overexpression experiments. They showed that changes in 

Stra8 protein levels influenced not only expression of genes required for maintaining the 

pluripotent state but also expression of lineage-specific genes (Nolte et al., submitted; 

3.4). These results reveal that Stra8 likely plays a role in maintaining the balance between 

self-renewal and differentiation in pluripotent stem cells.  

In pluripotent stem cell lines Stra8 was found to be associated with chromatin (Tedesco et 

al., 2009). However, it is not clear whether this association is due to a direct or an indirect 

interaction. This renders possible that Stra8 might be involved in modulating chromatin 

structure during differentiation of stem cells and might be associated with subunits of 

chromatin remodeling complexes. This mechanism was also found for the pluripotency-

regulating transcription factor Trim 28, which promotes a stem cell specific gene 

expression profile by binding to active chromatin marks in undifferentiated cells and 

inducing heterochromatin formation during differentiation of stem cells (Kurisaki et al., 

2005; Seki et al., 2010). Taken together, the results described above reveal that Stra8 not 
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only plays a role in the initiation of germ cell development and the regulation of 

pluripotency but may also play a role in epigenetic regulation of gene expression. 

However, the possible function of Stra8 in chromatin remodeling and epigenetic regulation 

has to be further analyzed.  

 
4.5 Future endeavors and perspectives 
The present study provides first insights in the gene expression profile of maGSCs at 

RNA and protein level. It was possible to show that maGSCs are nearly identical to ESCs 

at transcriptome and proteome level. Additionally, it could be shown that the cell types 

differentiate spontaneously in the same directions. While analyzing the changes in gene 

expression during differentiation we were able to identify several transcription factors that 

might act as pluripotency regulators. One of these candidate genes, Stra8, was 

extensively characterized by performing functional studies, like knockdown and 

overexpression of Stra8-protein. Another putative pluripotency-regulating gene, the 

transcription factor Kbtbd8, has been studied based on its gene expression profile in 

different cell lines, organs and testicular developmental stages. Based on its predominant 

expression in pluripotent stem cells, we propose that Kbtbd8 possesses a role in the 

regulation of pluripotency. However, since expression analysis alone does not provide 

enough evidence for conclusions about the functional properties of a protein, it is 

necessary to study its role in pluripotency and self-renewal of stem cells. This could be 

done by using siRNA-mediated knockdown of Kbtbd8 to analyze the changes in gene 

expression and properties of pluripotent stem cells after downregulation of the putative 

pluripotency-regulating gene. This approach was undertaken by Ivanova et al. (2006) who 

were able to identify several regulators of self-renewal which were unknown until then, 

namely Esrrb, Tbx3 and Tcl1 (Ivanova et al., 2006). In contrast to this, overexpression 

studies of Kbtbd8 should be performed in pluripotent stem cells as well as in differentiated 

cell lines to check whether the cells keep their pluripotent state under differentiation-

promoting conditions or are reprogrammed to a pluripotent state, respectively. Interaction 

partners of the protein should be determined to find potential association with proteins of 

the pluripotency network. In our approach to identify genes playing a role in pluripotency-

maintenance we concentrated on proteins which are downregulated during differentiation 

and additionally include a transcription factor domain. We took this approach because it is 

known that transcription factors play an important role in maintaining pluripotency. 

However, further studies showed that regulatory proteins and functional RNAs, like 

histone modulators, DNA-methylases and siRNAs, are differentially expressed between 

ESCs and their differentiated derivatives (Lei et al., 1996; Bernstein et al., 2003; Lee et 

al., 2004). Additionally, ESCs possess a high abundance of DNA repair factors (Sato et 
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al., 2003). This provides an indication that these factors might act as molecular switches 

that activate gene expression programs required for pluripotency and differentiation 

(Miura et al., 2004). Therefore, the results of the transcriptional profiling should be 

reanalyzed to identify chromatin modifying factors and DNA repair proteins that are 

downregulated during differentiation. These proteins might play a role in regulating 

pluripotency and defining the stem cell state. Finally, the proteomic analyses should be 

extended to large-scale approaches, thereby providing more insights into pluripotent stem 

cell specific proteomes. These proteomic approaches could be used to identify 

abundance of proteins or posttranslational modifications involved in signal transduction 

pathways. Herewith, the presence and activity of pathways specific for pluripotent stem 

cells could be analyzed.  
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6. Abbreviations 
°C     degree Celsius 

x g     gravity 

µ-     micro 

1D     one dimensional 

2D     two dimensional 

2D-DIGE    two dimensional difference gel electrophoresis 

2DE     two dimensional gel electrophoresis  

ALPL     alkaline phosphatase 

bFGF     basic fibroblast growth factor 

bHLH     basic helix-loop-helix proteins 

BMP4     bone morphogenetic protein 4 

bp     base pair 

BSA     bovine serum albumin 

c-     centi 

cDNA     complementary DNA 

CHAPS 3-[(3-cholamidopropyl)dimethylammonio]-1-

propanesulfonate 

ChIP     Chromatin ImmunoPrecipitation 

CPX     ciclopirox 

Da     Dalton 

DAPI     4',6-diamidino-2-phenylindole 

DMEM     Dulbecco’s modified Eagle's medium 

DMF               N, N-dimethylformamide 

DNA     deoxyribonucleic acid 

dpc     days post coitum 

DTT     dithiothreitol 

ECCs     embryonic carcinoma cells 

EDTA     ethylenediaminetetraacetic acid 

EGCs     embryonic germ cells 

EGF     epidermal growth factor 

EGFP     enhanced green fluorescent protein 

ELISA     enzyme-linked immunosorbent assay 

EpiSCs    epiblast stem cells 

ESCs     embryonic stem cells 

FACS     fluorescence activated cell sorting 

FCS     fetal calf serum 
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FDR     false discovery rate 

FT-ICR-MS/MS Fourier transform ion cyclotron resonance mass 

spectrometry 

g     gramm 

GDNF     glial cell line derived neurotrophic factor 

GEO     gene expression omnibus 

GO     gene ontology 

GSCs     germline stem cells 

h     hour 

H3K27     histone 3 lysine 27   

H3K27me3    trimethylation of histone 3 lysine 27 

H3K4     histone 3 lysine 4 

H3K4me3    trimethylation of histone 3 lysine 4 

H3K9ac    acetylation of histone 3 lysine 9 

H3K9me3    trimethylation of histone 3 lysine 9 

HMT     histone methyltransferase 

HPLC     high-performance liquid chromatography 

HRP     horseradish peroxidase 

ICC     immunocytochemistry 

ICM     inner cell mass 

ICSI     intracytoplasmic sperm injection 

IEF     isoelectric focusing 

IPG     immobilized pH-gradients 

iPSCs     induced pluripotent stem cells 

ISS      idiopathic short stature 

k-      kilo 

l     liter 

LC-MS/MS    liquid chromatography tandem mass spectrometry 

LIF     leukemia inhibitory factor 

m-      milli 

m     meter 

M     molar 

maGSCs    multipotent adult germline stem cells 

MALDI     matrix-assisted laser desorption/ionization 

MCM     mini-chromosome maintenance  

MEFs      mouse embryonic fibroblasts 

mGSCs     multipotent germline stem cells  
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min     minute 

miRNA     micro RNA 

mRNA     messenger RNA 

MS     mass spectrometry      

n-      nano 

NES     nuclear export signals 

NLS     nuclear localization signal 

ORF     open reading frame 

p-      pico 

PANTHER     Protein ANalysis THrough Evolutionary Relationships 

PBS     phosphate buffered saline  

PCA     principal component analysis 

PCR     polymerase chain reaction 

PFA     paraformaldehyde 

PGCs     primordial germ cells 

pH     preponderance of hydrogen ions 

pI     isoelectric point 

PMF     peptide mass fingerprint 

PMSF      phenylmethanesulphonylfluoride 

ppm     parts per million 

qRT-PCR    quantitative RealTime-PCR 

RA     retinoic acid 

RNA     ribonucleic acid 

RNAi     RNA interference 

RNPs     ribonucleoproteins 

RT-PCR    reverse transcriptase PCR 

SAGE     serial analysis of gene expression 

SAPE     streptavidin R-phycoerythrin 

SCs     stem cells 

SDS     sodium dodecylsulfate 

SDS-PAGE    SDS-polyacrylamide gel electrophoresis 

siRNA     small interfering RNA 

SSCs     spermatogonial stem cells 

ssDNA     single strand DNA  

TOF     time of flight  

V     Volt
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