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1. Zusammenfassung 

  Keimzellen transferieren genetische und epigenetische Informationen von  

Generation zu Generation. Ihre Eigenschaften haben Forscher angespornt, die 

molekularen Eigenschaften, die diese Besonderheit regulieren oder aufrechterhalten, zu 

untersuchen. Die jüngsten Entwicklungen haben gezeigt, dass eine Umwandlung von 

Stammzellen der Keimbahn zu pluripotenten Stammzellen möglich ist, was eine 

reziproke Beziehung dieser Zellen impliziert. Übereinstimmend mit diesen Ergebnissen 

haben mehrere Studien die Expression einiger Keimzellmarker (germ stem cell marker, 

GC marker) sowie prämeiotischer Marker (premeiotic marker, PrM marker) in 

verschiedenen pluripotenten Zelltypen aufgezeigt. Die Funktion und Relevanz der 

Expression dieser Markergene für die Etablierung sowie Erhaltung der Pluripotenz sind 

jedoch weitestgehend unbekannt. Im Rahmen dieser Studie sollte die Rolle von GC- und 

PrM Markergenen bei der Etablierung und Erhaltung sowohl der Pluripotenz als auch der 

Differenzierung aufgeklärt werden. 

  Im ersten Teil der vorliegenden Arbeit konnten wir zeigen, dass ausgewählte GC- 

und PrM Markergene in allen analysierten pluripotenten Stammzellen exprimiert werden, 

was auf einen gemeinsamen Keimzellursprung von pluripotenten Stammzellen schließen 

lässt. Weiterhin werden GC Markergene vor der Aktivierung von Pluripotenzgenen 

während der Reprogrammierung somatischer Zellen zu induzierten, pluripotenten Zellen 

(iPS-Zellen) aktiviert. Zusammen mit den vorliegenden molekularen Beweisen für die in 

vivo Keimzellspezifizierung lassen diese Ergebnisse vermuten, dass während der frühen 

Phasen der Reprogrammierung somatischer Zellen eine temporäre Keimzellorientierung 

existiert. 

  Im zweiten Teil dieser Arbeit haben wir mittels Reprogrammierungsversuchen mit 

somatischen Zellen die Funktion ausgewählter GC Markergene bei der Etablierung und 

Erhaltung der authentischen Pluripotenz untersucht. Kürzlich wurde gezeigt, dass 

fehlerhaftes Imprinting am Dlk1-Dio3 Lokus hauptsächlich während der Etablierung von 

induzierten pluripotenten Stammzellen (iPSCs) auftritt. Interessanterweise wiesen alle 

iPS Zelllinien, die mit dem Dppa3 als ein GC Markergen generiert wurden, ein korrektes 

Imprintingmuster am Dlk1-Dio3 Lokus auf. Diese Ergebnisse lassen vermuten, dass GC 

Markergene, insbesonders Dppa3, wichtig für die Etablierung authentischer Pluripotenz 

sind. 
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  Im dritten Teil der vorliegenden Arbeit wurde die Rolle von Dazl als ein PrM 

Markergen in post-transktiptionellen Regulationsmechanismen sowohl in pluripotenten 

Stammzellen als auch in Keimzellen untersucht. Unsere Ergebnisse deuten daraufhin, 

dass Dazl die Keimzellspezifizierung befördert und möglicherweise als ein 

translationeller Repressor fungiert, der die Balance zwischen dem Beitrag zur Keimbahn 

und zur Pluripotenz aufrechterhält. 

  Zusammenfassend betonen die Ergebnisse unserer Studien die Bedeutung von GC 

Markergenen in der Etablierung der Pluripotenz in vivo und in vitro und bekräftigen die 

Hypothese eines Keimzellursprungs aller pluripotenten Stammzellen. Somit konnten 

unsere Arbeiten einen Beitrag zur  Analyse der Rolle von GC und PrM Markergenen in 

pluripotenten Stammzellen geben. 
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1. Summary 

  Germ cells are firmly committed to fulfil the mandate of transmitting genetic and 

epigenetic information from one generation to the next. Their mysterious characteristics 

have fascinated biological researchers to study the molecular mechanisms which regulate 

or maintain this speciality. The recent advances have shown the possibility of conversion 

between germline stem cells and pluripotent stem cells, implicating their reciprocal 

relationship. In line with these observations, several studies have shown the expression of 

some germ stem cell (GC) and premeiotic (PrM) marker genes in various pluripotent cell 

types. However, the function and relevance of this marker genes expression for 

pluripotency establishment and maintenance is largely unknown. The aim of this thesis 

was to elucidate the role of GC and PrM marker genes in establishment/maintenance of 

pluripotency as well as in differentiation. 

  In the first part of this thesis, we demonstrated the expression of selected GC and 

PrM marker genes in all analysed pluripotent stem cells, suggesting a common germ cell 

origin of pluripotent stem cells. Further, the GC marker genes were found to be activated 

prior to the activation of pluripotency-related genes during somatic cell reprogramming 

towards induced pluripotency. These results together with the available molecular 

evidence for in vivo germ cell specification led us to suggest a possible existence of a 

temporary germ cell fate during early stages of somatic cell reprogramming. 

  In the second part of this study, we examined the function of selected GC marker 

genes in establishment and maintenance of authentic pluripotency using somatic cell 

reprogramming studies. Recently, defects in imprinting at the Dlk-Dio3 locus were shown 

to occur mostly during establishment of induced pluripotent stem cells (iPSCs). 

Interestingly, all iPS cell lines generated in the presence of Dppa3, a GC marker gene, led 

to the proper imprinting maintenance at the Dlk1-Dio3 locus. These results suggest that 

Dppa3 is important for the establishment of authentic pluripotency. 

  In the third part of this thesis, a PrM marker gene, Dazl was studied for its role in 

post-transcriptional regulation mechanisms in pluripotent stem cells as well as in germ 

cells. Our results suggest that Dazl, a germ cell lineage mediator, might function as a 

translational repressor to maintain the balance between germ cell lineage commitment 

and pluripotency. 

  Collectively, the results of our studies emphasize the importance of GC marker 

genes in establishment of pluripotency in vivo and in vitro, and strengthen the hypothesis 
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of germ cell origin of all pluripotent stem cells. Our studies shed light on the 

undiscovered role of GC/PrM marker genes in pluripotent cells. 
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2. Introduction 

  “Germ cells are the most fascinating cells of all cell types and are still deeply 

mysterious” (McLaren, 1994). The biological significance of germ cells is to perpetuate 

the parental genetic information to the next generation. To this end, germ cells undergo 

extensive genetic and epigenetic reprogramming through complex biological processes 

such as chromatin condensation, meiosis and morphological transformation into mature 

gametes. They are specified during embryonic development and can be distinguished 

from other somatic cells by their unique gene expression profiles. Intriguingly, the 

expression of germ cell marker genes is not only restricted to germ cells, but are also 

highly expressed in pluripotent inner cell mass (ICM) and various pluripotent cell types. 

This may indicate that all pluripotent cells might have the same germ cell origin or 

probably the expression of germ cell marker genes is indispensable for establishment and 

maintenance of pluripotency. The goal of this thesis was to investigate the importance of 

these germ cell marker genes in pluripotent stem cells as well as during the induction of 

pluripotency in somatic cells. Hence, the role of selected germ cell marker genes during 

germ cell development will be highlighted along with a brief introduction to origins of 

pluripotent stem cells. 

 

2.1. Mouse germ cell development 

  During mouse early embryogenesis, primordial germ cells (PGCs), the founder 

population of germ cells, are specified at proximal epiblast, undergo further development 

and finally localize to the genital ridge at midgestation (Ginsburg et al., 1990). After 

reaching puberty, germ cells are developed into mature haploid spermatozoa or oocytes. 

Then a new cycle will start again upon fertilization, representing the beginning of a new 

individual.  

PGCs specification is induced by instructive signal, Bone Morphogenetic Protein 

(BMP), which is secreted from extra embryonic ectoderm prior to gastrulation at 

embryonic day E6.25. A small cluster of PGC precursors (approximately 8 cells) appear 

at the proximal epiblast at this stage (Ohinata et al., 2005). During this time, B-

lymphocyte-induced maturation protein-1 (Blimp1) and Interferon-induced 

transmembrane protein 3 (Ifitm3, also known as Fragilis), two typical early germ stem 

cell marker genes are necessarily expressed and function in differentiation suppression 

thereby maintaining the PGC congregation (Vincent et al., 2005; Tanaka et al., 2005). At 
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E7.5, about 50 PGCs are completely separated in the extra- embryonic mesoderm at the 

base of the allantois (Ginsburg et al., 1990). These cells can be easily distinguished by the 

expression of Alkaline Phosphatase (AP), a surface marker for germ cells as well as 

pluripotent stem cells, and Developmental pluripotency-associated protein 3 (Dppa3), 

another important germ stem cell marker gene (Saitou et al., 2002). From this region, 

PGCs migrate and proliferate while passing through primitive streak, embryonic 

endoderm to reach hind gut with around 250 cells at E9.5 (Tam and Snow 1981). Later 

on, PGCs change direction and move towards dorsal mesentery and colonize in the 

genital ridges at E12.5, where about 4000 PGCs start to undergo sex-specific 

differentiation to form mature gametes (De Felici et al., 1992). The pre-meiotic specific 

genes Mouse vasa homologue (Mvh) and Deleted in azoospermia-like (Dazl) start to 

express at E10.5 and E11.5, respectively. They are believed to have essential roles in fate 

determination event of the germ cell and in fundamental events of post-migratory germ 

cell development (Fujiwara et al., 1994; Haston et al., 2009). The process of germ cell 

specification and development is illustrated in figure 2.1.  

 

 
Figure 2.1. A schematic illustration of mouse primordial germ cell specification and migration during 

embryonic development. Primordial germ cell (PGC) precursors (E6.25) and PGCs are presented as green 

circles during embryonic development from E6.25 to E12.5, and the PGC migration route is indicated by a 

green arrow. The timing of germ cell specific marker genes Blimp1, Ifitm3, Dppa3, Mvh, and Dazl 

expression is shown below. Al, allantois; AVE, anterior visceral endoderm; DE, distal endoderm; DVE, 

distal visceral endoderm; EM, embryonic mesoderm; Epi, epiblast; ExE, Extra-embryonic ectoderm; ExM, 

extra-embryonic mesoderm; PGC, primordial germ cells; VE, visceral endoderm (Figure adapted and 

modified from: Saitou et al., 2012). 
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2.2. Developmental roles of selected stage-specific germ cell marker genes 

2.2.1. Blimp1 is expressed as early as in the founder PGCs at E6.25 and functions as a 

determinant of PGC specification (Ohinata et al., 2005). Blimp1 encodes a transcriptional 

repressor protein which contains an N-terminally located positive regulatory domain 

functioning in chromatin remodeling; a proline-rich region responsible for the 

recruitment of transcriptional co-repressor and a C-terminally located five krüppel-type 

zinc finger motifs for DNA binding (Ren et al., 1999; Yu et al., 2000). Strikingly, Blimp1 

knock-out studies showed a complete depletion of PGCs at E7.25 when germ cell 

specification initiates (Vincent et al., 2005). A recent study reported the successful 

establishment of embryonic stem cells (ESCs) and epiblast stem cells (EpiSCs) from 

Blimp1-deficient blastocyst and epiblast, respectively (Bao et al., 2012). These results 

suggest that Blimp1 expression is only obligatory for the PGCs specification but not for 

the establishment and maintenance of pluripotency. 
 

2.2.2. Ifitm3 is a member of interferon-induced transmembrane protein gene family. The 

encoded protein contains two transmembrane domains and localizes on the cell surface 

(Lange et al., 2003). Upon the BMP signaling stimulation, the expression of Ifitm3 is 

activated as early as in PGC precursors (Lange et al., 2003). It is believed that Ifitm3 

expression is important for the congregation as well as PGCs migration towards the 

genital ridge (Tanaka et al., 2005; Saitou et al., 2002). Contrary to this hypothesis, 

genetic depletion of Ifitm3 does not result in any detectable effect on embryonic 

development, viability and fertility, possibly due to the existence of compensatory 

mechanisms (Lange et al., 2008). 

 

2.2.3. Dppa3 was initially identified as a PGC marker gene expressed at E7.25 embryo, 

therefore it is also named as PGC7 (Sato et al., 2002). This gene encodes a protein 

containing both nuclear localization signal and nuclear export signal allowing it to shuttle 

between nucleus and cytoplasm (Saiti et al., 2007). Dppa3 is known to harbor a DNA- 

binding domain responsible for chromosomal organization at the N-terminus of the 

protein and a splicing factor like motif involved in RNA processing at the C-terminus 

(Aravind et al., 2000). Experimentally it was also proven that Dppa3 is able to bind both 

on DNA and RNA (Aravind et al., 2000). Dppa3 is inherited as a maternal factor since its 

expression is detected in oocytes and in zygotes, later on the inherited expression is 

replaced by the onset of zygotic expression, which persists until preimplantation embryo 
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development (Payer et al., 2003). Dppa3 expression is silenced until E7.25, there after, is 

restricted and mark PGCs during migration till their colonization at genital ridges (Sato et 

al., 2002). Even though Dppa3 is used as a germ stem cell marker gene, it seems to be not 

important for PGC emergence (Bortvin et al., 2004; Payer et al., 2003). Dppa3 knockout 

studies showed that the first generation mutant mice have no significant defects in germ 

cells development and differentiation (Bortvin et al., 2004). However, the second 

generation mutant embryos die at early cleavage stages emphasizing the significance of 

Dppa3 as a maternal factor indispensible for pre-implantation embryo development 

(Bortvin et al., 2004).  

 

2.2.4. Mvh encodes an ATP-dependent RNA helicase of the DEAD-box protein family 

(Hay et al., 1990). In PGCs, the expression of Mvh is detectable after PGC colonized in 

the genital ridge at around E10.5. It is continuously expressed until the sex-specific germ 

cell differentiation to generate mature gametes (Toyooka et al., 2000). Furthermore, it is 

also believed that the Mvh expression is in response to a germ-soma interaction (Toyooka 

et al., 2000). Genetic ablation studies revealed that Mvh-null male mice are sterile, while 

females are fertile (Tanaka et al., 2000). 

 

2.2.5. Dazl codes for an RNA binding protein that is important for germ cell 

differentiation in vertebrates (Peng et al., 2009). Dazl protein contains an RNA 

recognition motif (RRM) that mediates the interaction with its target mRNAs, as well as a 

DAZ motif and a proline-rich region, which might be involved in protein-protein 

interactions (Tsui et al., 2000a). Dazl expression is first detectable in post-migratory 

PGCs at E11.5 and persists till gametogenesis (Cauffman et al., 2005). It is localized in 

both nucleus and cytoplasm of fetal gonocytes, but relocates to the cytoplasm during 

male meiosis (Reijo et al., 2000). The deletion of mouse Dazl leads to the loss of germ 

cells in both male and female gonads (Ruggiu et al., 1997). Additionally, it has also been 

reported that Dazl deficiency leads to a reduction in post-migratory PGCs number, failure 

to re-establish genomic imprints, and defects in meiotic progression (Haston et al., 2009). 

 

2.3. Pluripotent stem cells and their origins 

  Pluripotent stem cells have the capacity of prolonged self-renewal and the ability to 

differentiate into all three germ layers (ectoderm, endoderm and mesoderm). However, 

alone they can not give rise to a fetus or entire organism because of lacking the ability of 
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differentiating into extra-embryonic tissues such as placenta (Byrne, 2011). Based on the 

origin of the cells which are used for the establishment of pluripotent cells, the 

pluripotent stem cell lines can be currently defined as follows: [1] Embryonic Stem Cells 

(ESCs) derived from the Inner Cell Mass (ICM) of E3.5 day mouse blastocysts (Evans et 

al., 1987; Martin, 1981), [2] Epiblast Stem Cells (EpiSCs) derived by the culture of 

proximal region of E5.5-6.5 embryo epiblast (Brons et al., 2007; Tesar et al., 2007), [3] 

Embryonic Germ Cells (EGCs) derived from the in vitro culture of PGCs, which have 

colonized the genital ridge at E12.5 (Matsui et al., 1992; Resnick et al., 1992), [4] 

Embryonic Carcinoma Cells (ECCs) derived from either testicular or ovarian teratomas 

of embryos (Kleinsmith and Pierce 1964; Finch and Ephrussi 1967; Kahan and Ephrussi 

1970), [5] multipotent Germ line Stem Cells (mGSCs) and multipotent adult Germ line 

Stem Cells (maGSCs) derived from neonatal and adult mouse testis, respectively 

(Kanatsu-shinohara et al., 2004, Guan et al., 2006), and [6] induced Pluripotent Stem 

Cells (iPSCs), generated by reprogramming of somatic cells by enforced expression of 

several ectopic transcriptional factors such as Oct4, Sox2, Klf4, c-Myc, Nanog, and Lin28 

(Takahashi and Yamanaka 2006; Takahashi et al., 2007). The developmental origin of 

fore-mentioned pluripotent stem cells is depicted in figure 2.2.  

 
Figure 2.2. Developmental origins of pluripotent stem cells. Different types of pluripotent cells can be 

derived by explanting cells at various stages of mouse embryonic development or from neonatal and adult 

mouse testis. Induced pluripotent stem cells (iPSCs) are derived by direct reprogramming of somatic cells 

in vitro by forced expression of certain transcriptional factor cocktails. (Figure adapted from: Hanna et al., 

2010). 

 
  Tracing back to the origin of above mentioned pluripotent cell lines highlights that 

EpiSCs, EGCs, ECCs, GSCs and maGSCs, all have the germ line origin, except ESCs 

and iPSCs whose origins or transitions are currently not clearly understood. Due to the 
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developmental stage of isolation, they have their unique gene expression marks to 

distinguish from each other. However, they all share the expression of germ cell stage 

specific marker genes such as Blimp1, Ifitm3, Dppa3, Mvh and Dazl. This may indicate 

that all pluripotent cell types could have a germ cell origin or might transit through the 

germ cell fate and these marker genes are all necessary for maintenance of pluripotency. 

 

2.3.1. Induced pluripotent stem cells (iPSCs) 

  iPSCs are being considered as the most promising tool which can be used in disease 

modeling, regenerative medicine applications, and drug screening because of their high 

similarities to ESCs (Fig. 2.3).  

 

Figure 2.3. The derivation and applications of iPS cells.  The iPS cells can be generated from patient 

biopsies. Later on the patient tailored iPS cells are cell-type-specifically differentiated and used for 

transplantation in cell replacement therapy. Disease-affected cells differentiated from iPS cells can be used 

for disease modeling and drug discovery. (Figure adapted from: http://www.eurostemcell.org). 

 

  Importantly, the iPS technology allows researchers to obtain and to study 

pluripotent cells without the controversial use of embryos and also to transplant patient-

tailored cells to avoid any immunogenic responses (Nishikawa et al., 2008). Due to their 

capacity to differentiate into all kinds of cell types in the body, the use of iPSCs in 

regenerative medicine is very alluring. Although promising, several studies revealed the 

existence of minor differences between mouse iPSCs and ESCs at both genetic and 

epigenetic levels, demanding a need to optimize current protocols (Gore et al., 2011; 
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Hussein et al., 2011; Zhao et al., 2011). Of particular interest is the imprinting defect 

observed at the Dlk1-Dio3 imprinting cluster in majority of iPS cell lines (Stadtfeld et al., 

2010). The iPSCs with imprinting defects are developmentally compromised and show 

reduced chimerism with loss of germ-line transmission capacity (Stadtfeld et al., 2010; 

Liu et al., 2010). Taken together, these results suggest that there are still many unknown 

flaws with iPSCs and a complete characterization should be performed before 

consideration of any clinical applications.  

 

2.4. Objectives 

  To better understand the role of germ cell marker genes in establishment and 

maintenance of pluripotency, the current study was designed and performed with 

following objectives: 

1. Expression analysis of selected stage-specific germ cell marker genes in various 

pluripotent cell types at the genetic and epigenetic level.  

2. Analysis of selected stage-specific germ cell marker genes expression during the 

process of iPS cells generation. 

3. Role of germ stem cell marker gene, Dppa3, in establishment of pluripotency during 

somatic cell reprogramming.  

4. Elucidating the function of mouse Dazl and its novel splice variant in pluripotent stem 

cells. 
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3. Results 

  The present thesis systematically analyzed the expression of selected stage-specific 

germ cell marker genes in pluripotent cells and studied their functions in establishment 

and induction of pluripotency. To gain more insights into the molecular mechanism, two 

representative marker genes, Dppa3 (germ stem cell marker) and Dazl (pre-meiotic 

maker) were selected and their roles in pluripotency were elucidated separately. The 

results of this thesis are summarized in the three following manuscripts, where the first 

one has been published, the second and the third have been submitted to peer-reviewed 

journals. 

 

3.1. Stage-specific germ-cell marker genes are expressed in all pluripotent cell types 

and emerge early during induced pluripotency. 

 

3.2. Dppa3 binds to the IG-DMR of the Dlk1-Dio3 imprinting cluster and prevents 

its imprinting loss during iPS cell generation. 

 

3.3. Mouse Dazl and its novel splice variant function in translational repression of 

target mRNAs in embryonic stem cells. 
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3.1. Stage-specific germ cell marker genes are expressed in all pluripotent cell types 

and emerge early during induced pluripotency 

  In the first part of the thesis, using mouse as a model system, we systematically 

studied RNA and protein expression of germ stem cell/pre-meiotic (GC/PrM) markers in 

ESCs, iPSCs and germ line derived pluripotent stem cell lines such as EGCs, ECCs and 

maGSCs. Furthermore, by taking the advantage of gene silencing technique, we showed 

that the GC/PrM networks are independent from pluripotency network comprising of 

Oct3/4, Sox2 and Nanog in ESCs. Strikingly, the chromatin immunoprecipitation (ChIP) 

assay revealed an active chromatin structure for GC marker genes and a bivalent 

chromatin states at PrM marker genes. Additionally, we studied the gene expression 

pattern during the time course of induced pluripotent stem cells generation from 

fibroblast cells and identified that GC marker genes are expressed earlier than that of 

pluripotency marker genes. To sum up, based on our results, we speculate that the 

expression of GC markers might indicate the germ cell origin of ESCs whereas the PrM 

marker genes expression might indicate the poised state of pluripotent stem cells for germ 

line commitment. 

Authors: Xingbo Xu, D.V.Krishna Pantakani, Sandra Lührig, Xiaoying Tan, Tatjana 

Khromov, Jessica Nolte, Ralf Dressel, Ulrich Zechner and Wolfgang Engel 

Status: Published in PLoS ONE 6(7): e22413. doi:10.1371/journal.pone.0022413 

Impact Factor: 4.351 
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3.2. Dppa3 binds to the IG-DMR of the Dlk1-Dio3 imprinting cluster and prevents 

its imprinting loss during iPS cell generation. 

  The observation that the expression of GC marker genes precedes the expression of 

pluripotency maker genes during generation of iPSCs prompted us to study their role in 

generation of authentic iPSCs with greater efficiencies. iPSCs are generated by the forced 

expression of a set of pluripotency-related transcription factors. However, the majority of 

mouse iPS cell lines displayed an imprinting defect at the Dlk1-Dio3 imprinting cluster 

and fails to show germ line transmission. The normal expression level of Gtl2, a non-

coding RNA from the Dlk1-Dio3 cluster, is considered as a bona fide marker for 

authentic induced pluripotency. In the second part of this thesis, we studied the role of 

GC marker genes (Blimp1, Ifitm3 and Dppa3) in establishment of authentic iPSCs and 

found that supplementation of Dppa3 to the classical reprogramming factor cocktail can 

enhance the reprogramming and prevent the Dlk1-Dio3 imprinting defect. At the 

molecular level, we show that Dppa3, the epigenetic regulator, binds to a specific region 

within the intergenic-differentially methylated region (IG-DMR), the imprinting control 

region of the Dlk1-Dio3 cluster. Further studies showed that the binding of Dppa3 can 

lead to a reduced binding of Dnmt3a, a de novo DNA methyltransferase, to the IG-DMR 

locus thereby preventing the abnormal methylation observed in iPSCs. Taken together, 

our results demonstrate that Dppa3-mediated epigenetic regulation is essential for 

generating authentic iPSCs. 
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3.3. Mouse Dazl and its novel splice variant function in translational repression of 

target mRNAs in embryonic stem cells 

  Although pluripotent cells are known to express several PrM marker genes, their 

functional relevance to pluripotency is largely unknown. To unveil the function of PrM 

marker genes in pluripotent cells, in the third part of this thesis, we choose Dazl, a PrM 

marker gene, as a candidate and elucidated its function in ESCs. During the course of this 

study we identified a novel Dazl splice variant (Dazl_8) in mouse ESCs and 

subsequently found it to be expressed in various pluripotent cell types as well as at 

different stages of testicular development. Protein sub-cellular localization studies 

revealed a diffused cytoplasmic and large granular localization pattern for Dazl_8, 

which is similar to the pattern observed for Dazl full length (Dazl_FL) protein. Moreover, 

the studies using alteration of Dazl expression in ESCs indicated a role for Dazl in the 

negative translation regulation of both known and unknown target genes. The translation 

repressive role of Dazl in ESCs but not in germ line derived GC1 cells was further 

confirmed in luciferase reporter assays. Furthermore, we identified several specific as 

well as common targets for both Dazl isoforms in ESCs through RNA-binding 

immunoprecipitation followed by whole genome transcriptome analysis. Collectively, our 

results highlight that Dazl might function as a translational repressor at physiological 

level to maintain the balance between germ cell lineage commitment and pluripotency of 

ESCs. 
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4. Discussion 

  Embryonic stem cells (ESCs) derived from the inner cell mass (ICM) of blastocysts 

are capable of differentiating into all cell types of the adult organism and are regarded as 

the “gold standard” of pluripotency (Smith et al., 2009; Bilic et al., 2012). These unique 

characteristics imply that the production of lineage-specific cell types differentiated from 

ESCs might be possibly applied in cell replacement therapies (Lerou and Daley, 2005). 

Therefore, they have become the focal point of a burgeoning field of biomedical research 

and regenerative medicine. Germ cells are the truly and unique immortal cells which are 

able to surpass the genetic information from one generation to the next, indefinitely 

(McLaren, 2001). Interestingly, germ stem cells, the unipotent stem cells, isolated at 

various stages of germ cell development have a unique ability to transform into pluripotent 

stem cells (Kahan et al., 1970; Matsui et al., 1992; Resnick et al., 1992; Guan et al., 2006; 

Kanatsu-Shinohara et al., 2004).  Moreover, several studies have shown the expression of 

several germ cell marker genes in pluripotent stem cells including ESCs (Geijsen et al., 

2004; Qing et al., 2007; Mise et al., 2008) and also reported their spontaneous 

differentiation towards germ cells (Hübner et al., 2003; Geijsen et al., 2004; Lacham-

Kaplan et al., 2006). These results highlight the possible reciprocal relationship between 

germ cells and pluripotent stem cells and even caste the doubt on the origin of ESCs.  

  In the present study, we systematically analyzed the expression of selected germ stem 

cell (GC) and premeiotic (PrM) marker genes in several pluripotent stem cells (Xu et al., 

2011). Our results indicate that the expression of GC and PrM marker genes are important 

for the establishment of pluripotency and germ line commitment of pluripotent stem cells, 

respectively. Moreover, our findings implied that the expression of GC marker genes 

triggered by BMP signals parallels between in vivo germ cell specification and in vitro 

somatic cell reprogramming to induced pluripotency, indicating the establishment of 

pluripotency probably via the germ cell fate/origin.  In line with these assumptions, our 

further results indicate that the expression of Dppa3, a GC marker gene, is important for 

the establishment of authentic pluripotency during somatic cell reprogramming, while the 

expression of Dazl, a PrM marker gene, can lead to the generation of putative germ cells.  

 

4.1. Spermatogenesis reconstituted from pluripotent stem cells in vitro 

  Over 10% of couples in the world are suffering from infertility and the males are 

account for approximately 50% of all cases (Schlegel, 2009). Male infertility can be 
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attributed by spermatogenic arrest at different stages of meiosis. Therefore, the derivation 

of haploid gametes ex vivo is being considered as an alternative approach to treat male 

infertility. Recent advances in germ cell research have shown the possibility to generate 

haploid germ cells using in vitro system (Hübner et al., 2003; Nayernia et al., 2006; Yu et 

al., 2009).  

  The derivation of haploid germ cells from various pluripotent stem cells has been 

established almost a decade ago. The first study reported the spontaneous differentiation of 

ESCs towards germ cell lineage under LIF and feeder depleted culture conditions (Hübner 

et al., 2003). Thereafter, several distinct strategies were also proved the possibility to obtain 

PGCs and even haploid gametes from ESCs by mimicking the in vivo environment in 

embryoid bodies (Toyooka et al., 2003; Geijsen et al., 2004; Lacham-Kaplan et al., 2006), 

by the activation of germ cell differentiation pathways using growth factors (Nayernia et al., 

2006) or through overexpression of PrM marker genes (Yu et al., 2009). This 

differentiation property towards germ cell lineage is not only restricted to ESCs but also 

demonstrated for other pluripotent stem cells such as embryonal carcinoma cells (ECCs) 

(Nayernia et al., 2004), embryonic germ cells (EGCs) (Eguizabal et al., 2009), multipotent 

adult germ line stem cells (maGSCs) (Nolte et al., 2010) and induced pluripotent stem cells 

(iPSCs) (Imamura et al., 2010; Zhu et al., 2012; Yang et al., 2012). In order to facilitate 

human reproductive medicine, these protocols were applied to human model and 

successfully produced primordial germ cells (PGCs) from human ESCs (Tilgner et al., 

2008; West et al., 2008; Bucay et al., 2009; Aflatoonian et al., 2009) and human iPSCs 

(Park et al., 2009). Additionally, several groups have reported that human pluripotent stem 

cells can enter meiosis and produce haploid cells (Eguizabal et al., 2011; Panula et al., 

2011). Thus, many reproducible results have highlighted the feasibility to produce germ 

cell or haploid cells from pluripotent cells. Hereby this in vivo system can be used as an 

excellent tool to study germ cell development and signalling processes in an easy to access 

model. Moreover, it holds the therapeutic potential for treatment of male infertility. 

  Strikingly, several of the above mentioned studies have noted the expression of some 

of the GC and PrM marker genes already in undifferentiated pluripotent cells (Geijsen et al., 

2004; Qing et al., 2007; Mise et al., 2008). These observations led to a suggestion that 

ESCs, apart from germ line derived pluripotent stem cells, might have a germ cell origin or 

the expression of GC marker genes might be important for the establishment/maintenance 

of pluripotency.  
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4.2. Stage-specific germ cell marker genes are expressed in all mouse pluripotent cell 

types and emerge early during induced pluripotency 

  Since the techniques for successful generation of ECCs and ESCs were established in 

the mouse, a series of pluripotent stem cell lines were established. Historically, the 

pluripotent EGCs, ECCs and maGSCs have been documented, all with germ line origins 

(Kahan et al., 1970; Matsui et al., 1992; Resnick et al., 1992; Guan et al., 2006; Kanatsu-

Shinohara et al., 2004). However, till now there is no convincing result to show either the 

ICM or the germ cell origin of ESCs. High similarities between germ cells and ESCs made 

stem cell researchers to speculate the possible germ cell origin of ESCs (Zwaka et al., 2005; 

Nichols and Smith 2011). Traditionally, ESCs are regarded as an in vitro equivalent of the 

ICM, but it was shown that ESCs more closely resemble cells derived from the primitive 

ectoderm (Gardner and Brook, 1997). Recently, two independent groups have shown that 

only a small subset of cells in the ICM, which are positive for GC marker genes, are able to 

give rise to ESCs in vitro (Nichols et al., 2009; Chu et al., 2011). The authors constructed a 

reporter system by fusing the promoter region of Blimp1, the GC determinant, to a 

fluorescent protein to monitor the signal during the process of ESC establishment. Notably, 

the authors observed the positive signal from 2 days after blastocyst culture; moreover, a 

clear outgrowth resembling ESC-like colony appeared only 4 days after the culture (Chu et 

al., 2011). As expected, the Blimp1 positive cells also showed expression of other GC 

marker genes such as Dppa3, Ifitm3, Prdm14 and Lin28 (Chu et al., 2011). This outcome 

reflected that there is an intermediate state of PGC-like property acquisition during the 

early derivation process of ESCs. In agreement with these results, our study (Xu et al., 

2011) could show that the GC marker genes possess an active chromatin signature at their 

promoter regions in ESCs, which could be a reminiscent of PGC fate determination during 

early events of ESC establishment. 

  These observations raised the question whether there is also a temporary PGC fate 

during iPS cell generation. In our study (Xu et al., 2011), we attempted to answer this 

question by direct reprogramming of somatic cells into iPSCs and by analysing the 

activation of selected GC/PrM markers along with the activation of core pluripotency 

marker genes during this process. Intriguingly, the activation of GC markers Blimp1, 

Dppa3 and Ifitm3 was found to precede the activation of the endogenous pluripotency 

markers such as Oct3/4, Sox2 and Nanog. In contrast, the expression of PrM marker genes 

such as Dazl, Mvh and Stra8 was detected only in established iPS cell lines. Meanwhile, 

two elegant studies revealed that Mesenchymal-to-Epithelial Transition (MET) is necessary 
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during the initiation stage of reprogramming and this key event is driven by the BMP 

signalling pathway (Li et al., 2010; Samavarchi-Tehrani et al., 2010). Furthermore, all 

ESC-like characteristics are acquired by sequential expression of cell adherence marker 

genes Cdh1 and β-catenin, followed by concomitant upregulation of early pluripotency 

marker genes such as AP and SSEA1 (Samavarchi-Tehrani et al., 2010). By a coincidence, 

at early gastrulation of embryo development, PGC precursors are induced by an instructive 

BMP signalling followed by MET and the expression of GC marker genes Blimp1, Dppa3, 

Ifitm3 along with Cdh1 (Matsui, 2009; Saitou, 2009). Notably, loss of BMP signal leads to 

lack of PGCs in vivo and inactivation of BMP results in failure to generate iPSCs from 

somatic cells (Lawson et al., 1999; Saito, 2009). Collectively, through our expression 

analysis and observation of molecular parallels between PGC specification and iPSC 

generation, we speculate that even somatic cells have to pass through a temporary PGC fate 

to achieve pluripotency during reprogramming. 

 

4.2.1. Expansion of PGC fate model to human somatic cell reprogramming 

  To assess whether the temporary PGC fate is also recapitulated during human 

somatic cell reprogramming, we decided to analyze the GC, PrM and pluripotency marker 

genes expression during reprogramming of adult human fibroblast cells. In the first pilot 

screening, we decided to collect one sample from each three distinct phases (initiation, 

maturation and stabilization) of reprogramming, i.e., at day 14, day 20, and day 30 as well 

as wild type fibroblast cells and established human induced pluripotent stem cells (hiPSCs) 

as negative and positive controls, respectively. Quantitative real time PCR analysis 

revealed a very high significant expression levels of GC markers (Blimp1 and Ifitm3) 

already in wild type fibroblasts and these expression levels were gradually reduced and 

reached to levels seen in established iPSCs by day 30 (Fig. 4.1). In contrast, the expression 

of Dppa3, the other GC marker gene, was only detectable at day 20 and significantly 

increased to 100-fold than the expression levels of iPSCs (Fig. 4.1). The endogenous 

expression of key pluripotency markers Oct4, Sox2 and Nanog appeared by day 20 and 

showed increased expression by day 30 (Fig. 4.1). Surprisingly, we could detect a 

significant expression of PrM marker gene Dazl on day 14 of reprogramming with an 

increased trend till day 30 (Fig. 4.1). Collectively, these preliminary results indicate that 

the expression pattern of GC and PrM marker genes before and during somatic 

reprogramming differ between mouse and human fibroblasts. In order to rule out that the 

expression of GC marker genes is specific to this particular fibroblast cell line which we 
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used for reprogramming studies, we analyzed and found the expression of GC marker 

genes in 4 different human fibroblast cell lines (data not shown).  

 

Figure 4.1. Expression pattern of GC/PrM- and pluripotency-marker genes during the course of hiPS 

generation. Quantitative real time qPCR analysis of germ stem cell (Blimp1, Ifitm3, and Dppa3), 

pluripotency (Oct3/4, Sox2, and Nanog), and pre-meiotic (Dazl) genes during the time course of iPS cell 

generation. 0d- wild type human fibroblasts; 14d-, 20d-, 30d- : day 14, day 20, and day30 after virus infection; 

iPS- established human iPS cells. The qPCR data of three technical replicates were calculated and represented 

as a mean ±SD.  

 

  Although human ESCs are broadly used as a model for biomedical research, they are 

more difficult to manipulate than their counter parts in mouse (Nichols and Smith, 2011). 

Two distinct groups of pluripotent cells are derived from mouse early embryonic 

development: (1) ESCs are established from E3.5- E4.5 blastocysts and (2) epiblast stem 

cells (EpiSCs) are derived from E5.5- E6.5 post implantation embryos (Evans and 

Kaufman, 1981; Brons et al., 2007; Tesar et al., 2007). ESCs are regarded to bear a ground 

state (naïve) of pluripotency; however, EpiSCs hold a “primed” state of pluripotency. 

Unlike ESCs, EpiSCs are not able to contribute to chimeras after their injection into 

blastocysts (Nichols and Smith, 2009). Interestingly, the high molecular similarities 

between human ESCs and mouse EpiSCs led to propose that human ESCs, in contrast to 

mouse ECS, are in a “primed” state of pluripotency (Nichols et al., 2009). Taken together, 

we speculate that there are fundamental differences between mouse and human ESCs and 

somatic reprogramming and this could be partly attributable to the cell intrinsic and species 
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specific mechanisms. However, further studies are necessary to identify the PGC fate 

during human iPSC generation.  

 
 4.2.2. Transdifferentiation of somatic cells into induced germline stem cells 

  The observation that GC marker genes are expressed earlier than that of pluripotency 

marker genes and the possible temporary PGC fate during somatic cell reprogramming 

prompted us to evaluate the feasibility to derive germ line stem cells (GSCs) directly from 

somatic cells. At the meantime, it was shown that mouse ESCs and iPSCs are able to 

generate PGC-like cells through an epiblast-like state, and these cells have been 

demonstrated for their capability to initiate spermatogenesis (Hayashi et al., 2011). Based 

on these observations, we explored a condition in which fibroblast cells can 

transdifferentiate into germline stem cells. 

  In order to screen the candidate GC factor(s) that induces transdifferentiation of 

fibroblast cells to a germ cell state, we used OSKM (Oct3, Sox2, Klf4 and c-Myc) in 

combination with GC marker genes (Blimp1, Ifitm3, Dppa3) for reprogramming studies as 

outlined in figure 4.2. Approximately after two weeks of transduction, few round and 

clustered cells were formed and resembled PGC/SSC-like morphology in the combination 

of OSKM+Blimp1 (OSKMB) (Fig. 4.3 A). In contrast, OSKM cells showed compacted 

ESC like colonies (Fig. 4.3 A). The induced GSCs (iGSCs) obtained in OSKMB 

combination were able to proliferate and showed typical grape-like morphology of germ 

cells and are positive for alkaline phosphatase (AP) staining (Fig. 4.3 A). 

   

 
Figure 4.2. Schematic diagram depicting the generation of iGSCs. The iGSCs were generated by using 

different combinations of reprogramming factors along with GC factors and growth factors, which are 

supplemented to the medium to facilitate the generation of iGSCs. 
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  To further characterize the iGSCs, we performed RT-PCR analysis for the expression 

of GC marker genes Oct4, Cdh1, Plzf, and Gfrα-1. These studies revealed that the 

expression of typical GC marker genes Plzf and Gfrα-1are highly expressed in iGSCs and 

spermatogonial stem cells (SSCs), an established SSC line or testis, but not in ESCs (Fig. 

4.3 B). In addition, these iGSCs were positive for Plzf and Gfrα-1 expression as judged by 

immunocytochemistry (Fig. 4.4 A), however, the expression of pluripotent cell marker 

SSEA1 was visible only in ESCs but not in iGSCs and SSCs (Fig. 4.4 B).    

          
Figure 4.3. Generation and characterization of iGSCs. (A) Colony morphology of iPSCs generated with 

OSKM or iGSCs generated in the presence of OSKMB. (B) RT-PCR analysis for the expression of GC genes 

in two iGSC lines, ESCs, fibroblasts (FBs), SSCs, and WT- testis. Water (control) was used as a negative 

control.  

 
  To rule out that iGSCs are not a pluripotent cell type, we injected these cells into 

immunodeficient mice and observed a malignant tumour but not the teratoma, suggesting 

that these cells are not pluripotent. Next, to assess the functional properties of iGSCs in 

reconstitution of spermatogenesis in vivo, we transplanted these cells into the testis of 

busulfan treated mice. Unfortunately, these mice developed testicular tumours suggesting 

that the derivation of iGSCs protocol needs to be optimized. Collectively, in this part of our 

study, we developed an in vitro method that achieves three significant endpoints. First, the 

generation of PGC- or SSC-like cells from somatic cells is possible and it gives a strong 

evidence for our hypothesis that there is a temporary germ cell fate before somatic cells 

enter into the pluripotent state. Second, this is the first ever report that successfully 

generates putative germ cells directly from somatic cells without entering any intermediate 

cell stage(s). The mechanism of PGC development is difficult to study mainly because of 

the inaccessibility of PGC during development. Our PGC-like cell induction system thus 

might facilitate the understanding of this complicated process. Third, our results agree with 

A. B.
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those in a previous report, which showed that Blimp1 expression mediates the germ cell 

fate commitment (Ohinata et al., 2005). These data may therefore also have ramifications 

for reproductive technology as well as for disease modelling approaches. 

 

  

 
Figure 4.4. Characterization of iGSCs by immunocytochemistry.  Immunocytochemical analysis for Plzf 

and integrin α-6 (A) Sall4 and SSEA1 (B) in ESCs, SSCs and iGSCs. 

B. 

A. 
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4.3. Dppa3 binds to the IG-DMR of the Dlk1-Dio3 imprinting cluster and prevents its 

imprinting loss during iPS cell generation 

  In the past few years, a variety of reprogramming methods have been established to 

generate iPS cells from somatic cells. Several standards for the evaluation of iPSCs 

pluripotency and their functional equivalence to ESCs have been accepted including 

molecular tests and in vivo developmental analysis. Among all these criteria, germ-line 

transmission was proposed to be one of the most stringent assessments reflecting the 

authenticity of iPS cells. Recently, two independent studies reported that the majority of 

mouse iPS cell lines show abnormal imprinting at the Dlk1-Dio3 locus and this leads to the 

loss of germline transmission of chimeras (Stadtfeld et al., 2010, Liu et al., 2010). The 

expression of Gtl2, a non-coding RNA of the Dlk1-Dio3 cluster, is being regarded as a 

bona fide marker for assessment of authentic pluripotent cell lines and thereby the germ 

line transmission competency. 

  Genomic imprinting is an epigenetic process of gene regulation during 

gametogenesis in mammals. Imprinted genes are characterized by differential DNA 

methylation and monoallelic expression according to the parent of origin-dependent 

manner (Spahn and Barlow, 2003). Imprinting control regions (ICRs) mediates the 

expression pattern of imprinted genes. Interestingly, many of the imprinted genes are 

grouped in domains, and the expression is regulated by cis-acting control elements which 

can repress multiple imprinted genes of the same domain. One such particular imprinting 

domain is at the Dlk1-Dio3 locus (delta-like 1 homolog-type III iodothyronine deiodinase) 

which is located on distal mouse chromosome 12 (12qF1) and human chromosome 14q32. 

Abnormal imprinting pattern at the Dlk1-Dio3 locus in humans is known to disrupt the 

function of the genes located in this locus and leads to a spectrum of disorders (table 4.1). 
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Table 4.1 Pathological anomalies in human harbouring genetic defects at the Dlk1-Dio3 locus. matUPD, 

maternal uniparental disomy; patUPD, paternal uniparental disomy; snoRNA, small nucleolar RNA (Table 

adapted from Rocha et al., 2008) 

 

  In our previous study (Xu et al., 2011), we observed that the GC marker genes are 

activated earlier than endogenous pluripotency marker genes during somatic cell 

reprogramming. These results promoted us to investigate the role of GC marker genes in 

establishment of authentic pluripotency. In the present study (Xu et al., 2012, manuscript 

under review), we show that all iPS cell clones generated in presence of Dppa3 show 

normal imprinting at the Dlk1-Dio3 imprinting cluster. At the molecular level, we show 

that Dppa3 counteracts the binding of Dnmt3a, a de novo DNA methyltransferase, to this 

region thereby probably preventing the aberrant DNA methylation at this region during 

reprogramming. In line with a recent report, which showed that vitamin C can abolish the 

imprinting defect during reprogramming (Stadtfeld et al., 2011), we also observed that 

vitamin C can prevent the loss of imprinting at the Dlk1- Dio3 locus. Moreover, we 

observed a positive correlation between vitamin C and Dppa3, where the addition of 

vitamin C dramatically activated the expression of Dppa3 during very early stages of 

reprogramming. This early activation of Dppa3 might be sufficient for the 

maintenance/establishment of imprinting at the Dlk1-Dio3 locus. Thus, our study 

establishes Dppa3 as a genetic factor responsible for proper maintenance of imprinting 

during reprogramming and for the establishment of authentic pluripotent stem cells. 
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4.3.1. Functional analysis of Dppa3 during somatic cell reprogramming by inducible 

transgenic mouse model 

  To gain more insights into the function of Dppa3 in establishment of authentic 

pluripotency and to study in which stage of reprogramming Dppa3 is important. We took 

advantage of doxycyclin-inducible system where the expression of Dppa3 can be 

temporally controlled. Towards this end, we constructed pTre_Dppa3 expression vector by 

cloning mouse Dppa3 open reading frame into pTre 3G vector. An ectopic hemagglutinin 

(HA) protein tag was added to the C-terminus of Dppa3 in order to facilitate 

immunoprecipitation assays afterwards (Fig. 4.5 A). The pTre_Dppa3 expression construct 

was then used to generate a transgenic mouse line. At the same time, an additional 

transgenic mouse line carrying the transactivator was generated. Further, the double 

transgenic mouse line was generated by inter-breeding of the two transgenic lines and 

currently, we are on the way to produce embryonic fibroblast cells and to perform iPS cells 

generation as outlined (Fig. 4.6).  Briefly, after OSKM transduction, the Dppa3 transgene 

expression will be induced at indicated time point of reprogramming using doxycycline. 

The reprogramming time course samples in which the Dppa3 was activated at different 

time points will be analysed for Gtl2 expression. Moreover, the genome wide transcriptome 

might be necessarily performed from different samples to address the question of boosting 

reprogramming efficiency. 

 
Figure 4.5. Schematic representation of Tet-on 3G system and Dppa3 transgenic mouse model 

generation. (A) Representative images showing the construct structure of Tet-on vector and pTre_Dppa3. 

The genotyping primers are indicated by arrows.  (B) In the absence of doxycycline (-dox), the generated 

double transgenic embryonic fibroblasts will have no Dppa3 transgene expression (left panel), whereas the 

addition of doxycycline (+dox) to the culture medium induced the activation of Dppa3.  (Images were 

adapted and modified from www.clonetech.com)  

A. 

B. 
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Figure 4.6. Schematic representation of induced Dppa3 expression during somatic cell reprogramming. 

The classic reprogramming factors (OSKM) will be delivered by retroviral infection. The expression of 

Dppa3 will be activated at indicated time points during the reprogramming by adding doxycycline (blue 

arrows) to the culture medium. 

 

4.4. Mouse Dazl and its novel splice variant function in translational repression of 

target mRNAs in mouse embryonic stem cells 

  ESCs are regarded as a suitable model to study germ cell development in vitro and 

hold a great potential for reproductive medicine (Daley, 2007). In vitro generation of 

haploid gametes has been partly successful. The sperm-like cells derived from ESCs were 

able to fertilize oocytes by intracytoplasmic sperm injection (ICSI) (Hübner et al., 2003; 

Toyooka et al., 2003; Clark et al., 2004; Geijsen et al., 2004; Nayernia et al., 2006). A 

recent publication showed that the overexpression of Dazl, a PrM marker gene, in mouse 

ESCs leads to the generation of both motile tailed-sperm and oocytes (Yu et al., 2009). 

Subsequent functional studies showed that these artificial gametes could be used to produce 

early embryos until 8-cell stage (Yu et al., 2009). This study further supports our 

assumption (Xu et al., 2011) that the expression of PrM marker genes is important for the 

germ cell lineage commitment of pluripotent stem cells. 

  Since 2004, artificial sperm has been derived in vitro in our group using several 

pluripotent cell types (Nayernia et al., 2004; Nayernia et al., 2006; Nolte et al., 2010). In 

general, our protocol is based on retinoic acid induced differentiation, analysis for the 

activation of the EGFP reporter from Stra8 promoter and subsequent separation of cells 

using fluorescence activated cell sorting (FACS). To overcome the transgene 

overexpression and reporter based approaches, which might cause the insertional 

mutagenesis, we attempted to use protein transduction strategy to generate germ cell-like 

cells.  Previous studies have demonstrated that the conjugation of a short peptide such as 

HIV-Tat to a recombinant protein can facilitate the delivery of target protein into cells 

(Becker-Hapak et al., 2001; Albarran et al., 2005; Rayapureddi et al., 2010). To generate 

recombinant Dazl protein that can penetrate through the cell plasma membrane, we decided 

to fuse HIV-Tat polypeptide to the C terminus of Dazl (Fig. 4.7 A). The recombinant 

protein was expressed in E. coli and subsequently purified by using HisTrap purification 
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system (Fig. 4.7 B). The Western blot analysis of the purified recombinant protein 

confirmed the successful purification of Dazl-Tat protein (Fig. 4.7 C). In order to test the 

function of Dazl-Tat recombinant protein in terms of cell permeability and stability, we 

treated immortal mouse fibroblast (NIH-3T3) cells. We observed that the Dazl-Tat 

recombinant protein easily penetrates cells (Fig. 4.7 D) and is stable inside of cells for at 

least 48 hours (data not shown). 

            

 

 
Figure 4.7. Dazl-Tat recombinant protein purification and functional test. (A) The representation of 

pET41a-Dazl-Tat construct, HIV-Tat polypeptide (blue) was tagged on to C terminus of mouse Dazl open 

reading frame. (B) Recombinant protein elution fraction Nr.1 and Nr.2 were analyzed on SDS-PAGE gel and 

staining with commassie blue. (C) The identity of recombinant protein elution fraction Nr.1 and Nr.2 were 

assessed by Western blot with Dazl antibody. (D) Dazl_Tat recombinant protein can penetrate the cell 

membrane and showed cytoplasmic locolization.  

 

  We then applied Dazl-Tat recombinant protein to ESCs in germ cell differentiation 

medium (Yu et al., 2009). However, we were unable to identify any sperm-like or oocyte-

like cells in our system. This could be due to the Dazl-Tat protein concentration levels 

which might not have been sufficient to trigger the germ cell differentiation. In contrast, 

the study by Yu et al (2009) employed lentiviral expression system, which gives the 

expression several orders of magnitudes than our protein delivery system. 

A. B.

D. 

C.
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  During the course of this study, we identified a novel splice variant of mouse Dazl 

(Dazl_8), which lacks exon 8 of Dazl. We then characterized the expression and 

localization pattern of this novel Dazl splice variant in pluripotent stem cells as well as in 

germ cells (Xu et al., 2012, manuscript under review). By comparison of protein domain 

structures, we found that a part of proline-rich (PR) region was lacking in the Dazl_8 

isoform. It is known that PR regions mediate protein-protein interactions (Williamson, 

1994). Therefore, it might be possible that Dazl_8 isoform is not able to interact with 

proteins such as Poly (A) binding family proteins and might lead to interaction with other 

unknown proteins thereby to regulate different targets. In contrast to the known function of 

translation stimulation in germ cells, we observed rather a translation repression function 

of Dazl in ESCs. In sub-cellular localization studies, we detected cytoplasmic localization 

of both isoforms, as it was reported for Dazl_FL protein (Lee et al., 2006; Kim et al., 2012). 

Interestingly, many cells showed stress granule (SG)-like as well as diffused cytoplasmic 

pattern for both Dazl isoforms. These results are in agreement with a recent report, which 

showed the Dazl-mediated SG formation and translation repression during induced stress 

conditions (Kim et al., 2012). In support of Dazl role in translation repression, through Co-

immunoprecipitation (Co-IP) followed by mass spectrometry analysis, we could identify a 

heat shock protein 70 (HSP70), which is known to regulate the formation of TIA1-

mediated translational repression (Gilks et al., 2004), as a putative interaction partner of 

Dazl. These observations led us to suggest that under stress circumstances, formation of 

SGs is induced probably by HSP and Dazl complex to repress the translational event and to 

protect and store mRNAs. However, further studies are necessary to test this hypothesis 

and to show the mechanisms of translational repression function of Dazl in ESCs. 
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4.5. Future endeavors and perspectives 

  In the present study, we elucidated the function of selected GC marker gene (Dppa3) 

and PrM marker gene (Dazl) in pluripotent stem cells. To gain deeper insights into the 

function of GC/PrM marker genes during reprogramming, it might also be necessary to 

establish iPS cell lines from GC/PrM overexpressed or knockedout fibroblasts to examine 

the gain or loss of pluripotency in comparison to wild type cells. The observation of GC 

marker genes expression in human fibroblast cells led us to hypothesize that mesenchymal-

to-epithelial transition (MET) will be activated early during reprogramming, as MET and 

GC marker genes are the responsive targets of the BMP signaling pathway. Therefore, 

there might be a crosstalk between the networks of MET genes and GC marker genes. 

Future studies aimed at investigation of MET in human fibroblast reprogramming might 

help to address the expression of GC marker genes in human fibroblast cells.  

  We observed an early activation of Dppa3 during somatic cell reprogramming and 

our further results implied its role in maintenance of the Dlk1-Dio3 imprinting. Although, 

the DNA binding ability of Dppa3 has been documented, its global genomic targets are 

still largely unknown. Therefore, the genome-wide screening for direct target based on 

ChIP followed by next generation sequencing techniques (ChIP-Seq) might help us to 

better understand Dppa3 role in epigenetic regulation of imprinting and gene expression. 

Dppa3 is a well-known maternally inherited epigenetic regulator and preferentially protects 

the maternal allele during zygotic DNA demethylation event. The study of Dppa3 binding 

to the Dlk1-Dio3  locus during reprogramming of fibroblasts isolated from F1 hybrid 

offspring of Mus musculus domesticus (C57BL6/J) and Mus musculus castaneus 

(CAST/EiJ) crosses might unravel the allele specific binding of Dppa3.   

  Although Dazl has been regarded as a post-transcriptional regulator, the repressive 

role of Dazl is still controversial and needs to be further studied. It might be necessary to 

perform electrophoretic mobility shift assays (EMSA) for studying the binding specificity 

of Dazl to its target RNA sequences. It was reported that the regulatory role of RNA-

binding protein mainly accounts for interaction proteins. Therefore, identification of other 

interaction proteins of Dazl in ESCs might be useful to dissect the translational repression 

role of Dazl. 
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6. Abbreviations 

°C degree Celsius  

x g gravity  

μ-  micro 

8 Exon 8 deletion 

Ac Acetylation  

Al Allantois 

AP Alkaline Phosphatase 

AVE Anterior visceral endoderm 

Blimp1 B- lymphocyte- induced maturation protein-1 

BMP Bone morphogenetic protein 

bp  base pair  

c-  centi  

cDNA   complementary DNA 

ChIP  Chromatin Immunoprecipitation  

ChIP-Seq ChIP- Sequencing 

Co-IP Co-Imuunoprecipitation 

DAPI  4',6 -diamidino-2-phenylindole  

Dazl Deleted in azoospermia-like 

Dazl-FL Dazl Full length 

DE Distal endoderm 

Dio3 type III iodothyronine deiodinase 

Dlk1 delta-like 1 homolog 

DN Down regulation  

DNA  Deoxyribonucleic acid  

Dox Doxycycline 

dpc  days post coitum  

dpp days post partum 

Dppa3 Developmental pluripotency-associated protein 3 

DVE Distal visceral endoderm 

ECCs  Embryonic carcinoma cells  

EGCs  Embryonic germ cells  

EGFP Enhanced green fluorescent protein  
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EM Embryonic mesoderm 

EMSA Electrophoretic mobility shift assay 

Epi Epiblast 

EpiSCs  Epiblast stem cells  

ESCs  Embryonic stem cells  

ExE Extra-embryonic ectoderm 

ExM Extra-embryonic mesoderm 

FACS  Fluorescence activated cell sorting  

FB Fibroblast 

FCS  Fetal calf serum 

FITC Fluorescein Isothiocyanate 

GC germ cell 

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  

HA hemagglutinin 

hiPSCs human iPSCs 

HRP  Horseradish peroxidase  

HSP70 Heat shock protein 70 

ICC  Immunocytochemistry   

ICM  Inner cell mass  

ICRs Imprinting control regions 

ICSI Intracytoplasmic sperm injection 

Ifitm3 Interferon-induced transmembrane protein 3 

IG-DMR Intergenic-differentially methylated region 

iPSCs  induced pluripotent stem cells  

k-  kilo  

kDa  kilo Dalton  

KO Knock-out 
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l  liter  

LIF  Leukemia inhibitory factor  

m  meter  

M  Molar  

m-  milli  

maGSCs  multipotent adult germline stem cells  

MEFs  Mouse embryonic fibroblasts  

MET Mesenchymal-to-epithelial transition  

mGSCs  multipotent germline stem cells  

min  minute  

miRNA  micro-RNA 

mRNA  messenger RNA  

Mvh Mouse vasa homologue 

OE Overexpression 

ORF Open reading frame  

OSKM Oct4, Sox2, Klf4 and c-Myc 

PBS  Phosphate buffered saline  

PCR  Polymerase chain reaction  

PGC primordial germ cell 

pH  preponderance of hydrogen ions  

PR proline-rich 

PrM pre- meiotic 

qRT-PCR  quantitative RealTime-PCR  

RA  Retinoic acid  

RNA  Ribonucleic acid  

RRM RNA recognition motif 

RT-PCR  Reverse transcriptase-PCR  

SCs  Stem cells  

SDS  Sodium dodecylsulfate  

SDS-PAGE  SDS-polyacrylamide gel electrophoresis  

SG Stress granule 

siRNA  small interfering RNA  

SSCs  Spermatogonial stem cells  

VE Visceral endoderm 
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