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1 Zusammenfassung 
 

Zusammenfassung 
Pluripotenz bezeichnet die Fähigkeit einer Stammzelle, jede Zelle des Körpers zu bilden. Zu den pluripotenten 

Stammzellen gehören embryonale Stammzellen (ESZ), aber auch so genannte induzierte pluripotente 

Stammzellen (IPS Zellen), die durch Rückprogrammierung ausdifferenzierter Körperzellen in einen 

pluripotenten Status gewonnen werden. Außerdem wurde gezeigt, dass adulte Spermatogonien (SG) in Maus und 

Mensch pluripotent sind. Pluripotente Stammzellen sind von großer Wichtigkeit für Forschung und regenerative 

Medizin. Für letztere bieten diese Zellen aufgrund ihrer Fähigkeit, jede Körperzellen zu bilden, eine 

vielversprechende Möglichkeit, zerstörte Gewebe oder Organe zu ersetzen. In der Forschung stellen sie ein 

nützliches System dar, um Entwicklungs- und Differenzierungsprozesse zu untersuchen, die in der 

physiologischen Situation z.B. der Embryonalentwicklung – schwer zugänglich sind. Eine wichtige Grundlage 

für diese Anwendungen sind jedoch Methoden, die die effiziente und gerichtete Differenzierung von 

Stammzellen in einen bestimmten Zelltyp erlauben. 

In dieser Arbeit wird zunächst das Differenzierungspotential von SG der Fischspezies Medaka (Oryzias latipes) 

untersucht, um festzustellen, ob Pluripotenz von SG, die bisher nur in Maus und Mensch gezeigt wurde, auch in 

anderen Wirbeltieren außerhalb der Säuger erhalten ist. Meine Ergebnisse zeigen, dass Medaka-SG fähig sind 

verschiedene somatische Zelltypen zu bilden, und zwar Fettzellen, Pigmentzellen, Knochenzellen und 

Nervenzellen und daher ein breites Differenzierungspotential besitzen. 

Das zweite Ziel dieser Studie ist die Entwicklung einer Differenzierungsmethode, die nur auf der Expression 

einzelner so genannter Masterregulatoren (MR) beruht – Gene, die als essentiell für die Entwicklung bestimmter 

Zelltypen bekannt sind. Meine Ergebnisse zeigen, dass der Pigmentzell-spezifische Transkriptionsfaktor Mitf-M, 

von dem gezeigt wurde, dass er die Differenzierung von Medaka-ESZ in Pigmentzellen induzieren kann, die 

Bildung desselben Zelltyps in Medaka-SG induziert. Dieser Ansatz ermöglichte auch die Bildung anderer 

somatischer Zelltypen. So führte Überexpression der MR cbfa1 und mash1 in Medaka SG zur Differenzierung in 

Osteoblasten bzw. Neuronen. Interessanterweise wurde bei diesen Differenzierungsprozessen die Aktivierung 

von Genen beobachtet, die während der Embryonalentwicklung vor dem Differenzierung-auslösenden MR 

aktiviert werden. 

Weiterhin zeigen meine Ergebnisse, dass der Ansatz einer gerichteten Differenzierung, ausgelöst durch einzelne 

MR, auch auf Säuger-Stammzellen übertragen werden kann. So wurde durch Überexpression des neuronalen 

Genes ngn2 in murinen ESZ die effiziente und schnelle Bildung von Nervenzellen induziert, wobei auch hier die 

Aktivierung von Genen beobachtet wurde, deren Expression in der Embryogenese der von ngn2 vorangeht. Die 
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Herstellung einer transgenen Zelllinie, in der die Überexpression von ngn2 aktiviert werden kann, erlaubte die 

Entstehung einer Kultur mit einem großen Anteil funktionaler Neuronen. Der durch ngn2 ausgelöste 

Differenzierungsprozess war unabhängig von zusätzlichen Faktoren und lief sogar unter Bedingungen ab, die 

normalerweise den pluripotenten Zustand unterstützen. Außerdem führte Überexpression von ngn2 auch in IPS 

Zellen zur Bildung von Zellen mit neuronalem Phenotyp. Weiterhin konnte auch durch Transduktion des Ngn2-

Proteins in murine ESZ neuronale Differenzierung ausgelöst werden, und zwar die Bildung neuronaler 

Vorläuferzellen. Zuletzt wird bewiesen, dass gerichtete Differenzierung von murinen ESZ durch einzelne MR 

Gene neben neuronalen Zelltypen auch die Bildung anderer somatischer Zellen erlaubt: Überexpression der 

Gene myoD oder cebpa induzierte die Differenzierung in Muskelzellen bzw. Makrophagen-ähnliche Zellen. 

Unter Verwendung transgener Zelllinien, die die Aktivierung jeweils eines MRs erlauben, war es möglich, 

gemischte Kulturen zu erhalten, in denen zwei verschiedene Differenzierungsprozesse parallel abliefen. 

Diese Studie zeigt, dass die Überexpression einzelner Gene ausreichend ist, um gerichtete 

Differenzierungsprozesse in einen bestimmten Zelltyp auszulösen. Die erfolgreiche Durchführung dieses 

Ansatzes wird nicht nur mit verschiedenen Genen und somit verschiedenen resultierenden Zelltypen 

nachgewiesen, sondern auch in unterschiedlichen Stammzelltypen aus Fisch und Maus. Dies erlaubt die 

Schlussfolgerung, dass bestimmte Gene in vitro das Schicksal von Stammzellen festlegen können und dass diese 

Fähigkeit eine konservierte Eigenschaft in Wirbeltieren zu sein scheint. Somit präsentiert diese Arbeit neue 

Erkenntnisse über die Rolle von MR bei der Festlegung von Zellidentitäten und in Differenzierungsprozessen. 

Weiterhin wird eine neue Methode zur Induktion gerichteter Differenzierung in Stammzellen aufgezeigt, die 

mehrere Vorteile in Bezug auf Effizienz, Geschwindigkeit und Reproduzierbarkeit hat. Auslösung von 

Differenzierung durch MR Gene bietet somit einen neuen vielversprechenden Ansatz mit potentieller 

Anwendung sowohl in Stammzellforschung als auch in regenerativer Medizin. 
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Summary 
Pluripotency describes the ability of stem cells to form every cell type of the body. Pluripotent stem cells are e.g. 

embryonic stem cells (ESCs), but also the so-called induced pluripotent stem cells (IPS cells), that are generated 

by reprogramming differentiated somatic cells into a pluripotent state. Furthermore, it has been shown that 

spermatogonia (SG) derived from adult testes of mouse or human are pluripotent. Because of their ability to 

differentiate into every somatic cell type, pluripotent stem cells have a unique status in research and regenerative 

medicine. For the latter, they offer a valuable opportunity to replace destroyed tissues or organs. For basic 

research, stem cells represent a useful system to study differentiation or developmental processes that are 

difficult to access in the physiological situation e.g. during embryogenesis. Both applications, however, require 

methods that allow efficient and directed differentiation of stem cells into defined specialized cell types. 

This study first aims to investigate the differentiation potential of SG derived from the teleost fish medaka 

(Oryzias latipes). My results demonstrate that medaka SG are able to form different somatic cell types, namely 

adipocytes, melanocytes, osteoblasts, and neurons. This indicates that medake SG have retained a broad 

differentiation potential suggesting that pluripotency is not restricted to mouse and human SG but might be 

conserved among vertebrates. 

Next, I wanted to establish a differentiation method that is solely based on ectopic expression of genes known to 

be essential for the formation of certain somatic cell types – so called master regulators (MRs). My findings 

show that ectopic expression of the melanocyte-specific transcription factor mitf-m that has previously been 

shown to induce differentiation of medaka ESCs into pigment cells resulted in the formation of the same cell 

type in medaka SG. This approach could be used to generate other somatic cell types. Thus, ectopic expression 

of the MRs cbfa1 and mash1 in MF-SG was sufficient to induce differentiation into osteoblasts and neurons, 

respectively. Interestingly, these differentiation processes included the activation of genes that are expressed 

earlier during embryogenesis than the differentiation-inducing MR. 

Furthermore, my findings show that the approach of MR-induced differentiation can be transferred to 

mammalian stem cell systems. Ectopic expression of the neural transcription factor ngn2 was sufficient to induce 

efficient and rapid differentiation of neurons in mouse ESCs. This differentiation process also included the 

induction of genes that in vivo are activated at earlier stages than ngn2. By generating a transgenic cell line 

allowing induction of ectopic ngn2 expression, it was possible to obtain a culture containing a large fraction of 

functional neurons. Ngn2-induced differentiation did not require any additional signals and occurred even under 

pluripotency promoting conditions. Moreover, ectopic expression of ngn2 did also induce the formation of cells 
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with neuronal morphology in IPS cells indicating that MR-induced differentiation is operative in different stem 

cell types. Furthermore, protein transduction of Ngn2 into mouse ESCs also resulted in a neuronal differentiation 

process up to the appearance of neural precursor cells. Last, my results show that MR-induced differentiation can 

also be used to generate other cell types than neurons from mouse ESCs. Myoblasts and macrophage-like cells 

were generated by ectopic expression of the MRs myoD and cebpa, respectively. Using transgenic cell lines 

enabling induction of MR expression it was possible to obtain mixed cultures with two different differentiation 

processes occurring in parallel. 

Altogether this study shows that ectopic expression of single genes is sufficient to induce directed differentiation 

of stem cells into defined cell types. The feasibility of this approach was demonstrated for different MRs and 

consequently different somatic cell types. Furthermore, MR induced differentiation was operative in various 

stem cell types from fish and mouse. Thus, one can conclude that certain genes are able to define cell fates of 

stem cell in vitro and that this cell fate defining potential appears to be a conserved feature in vertebrates. These 

findings therefore provide new insights in the role of MRs in cell commitment and differentiation processes. 

Furthermore, this study presents a new method to induce directed differentiation of stem cells that offers several 

advantages regarding efficiency, rapidness, and reproducibility. MR-induced differentiation therefore represents 

a promising tool for both stem cell research and regenerative medicine. 
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Introduction 
Pluripotent stem cells are characterized by their ability to form every cell type of the body. The first pluripotent 

stem cells were embryonic carcinoma cells that were isolated from a certain germ line tumor, a so-called 

teratocarcinoma [1]. Shortly thereafter, researchers succeeded in isolating pluripotent stem cells from the inner 

cell mass of normal mouse embryos resulting in so-called embryonic stem cells (ESCs) [2]. These cells have the 

potential for unlimited self-renewal in culture and contribute to embryogenesis when injected in mouse embryos. 

The next break-through in stem cell research was marked by the establishment of embryonic stem cell lines from 

primates [3] and humans [4]. 

On the molecular level, the state of pluripotency of ESCs is regulated by a complex network of interacting 

factors. Especially the transcription factors nanog, oct4, and sox2 have been identified as key regulators of 

pluripotency in both human and mouse ESCs [5,6]. Maintaining the state of pluripotency requires the activation 

of defined signalling pathways. Initially, propagation of undifferentiated ESCs was found to depend on the 

presence of serum and mitotically inactivated feeder cells. Later, bone morphogenic protein (BMP) and leukemia 

inhibitory factor (LIF) were identified as important mediators to maintain pluripotency in murine ESCs 

(mESCs). The BMP signalling pathway includes the activation of so-called inhibitor of differentiation genes 

(Ids) and BMP treatment can substitute serum in mESC culture [7]. Similarly, LIF was shown to replace the 

requirement for feeder cells and to support the maintenance of pluripotency [8,9] by activation of the STAT3 

signalling pathway [10]. Interestingly, neither human [11,12] nor medakafish ESCs [13] depend on STAT3 

activation to retain pluripotency indicating that LIF signalling might not be an essential regulator of 

pluripotency. This is also supported by recent findings demonstrating that mESCs can be propagated in an 

undifferentiated state by small molecule-mediated inhibition of two protein kinases [14]. These results suggest 

that pluripotency of ESCs is mediated by an intrinsic program that does not depend on extrinsic stimuli. 

Despite some difference on the molecular level, all ESCs share the capability to differentiate in numerous 

somatic cell types in vitro. This feature gives them a unique status in regenerative medicine as they offer a 

potential approach to replace destroyed tissues or organs. Furthermore, stem cells provide a valuable system to 

gain insights in differentiation processes as the corresponding in vivo situation is often difficult to access thus 

impeding detailed analyses. However, there are two important prerequisites that have to be met for application of 

stem cells both in research and in clinical medicine. First, it is necessary to find valuable sources to obtain 

pluripotent and patient-specific stem cells in an easy and ethically unproblematic way. Secondly, successful use 
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of stem cells as clinical therapy or differentiation model requires the establishment of methods that allow 

homogenous and directed formation of defined cell types. 

Regarding the problem of stem cell sources, tremendous progress has been made during the last decade as 

several recent studies describe methods for derivation of pluripotent stem cells without involving the use of early 

embryonic stages. One such approach is the directed reprogramming of fibroblasts into pluripotent stem cells 

(IPS) through introduction of pluripotency-associated transcription factors [15-17]. An alternative source for 

cells with a broad differentiation potential are spermatogonial cells derived from adult testes of mice and also 

humans [18,19]. Both, the reprogramming and the spermatogonial stem cell approaches offer the possibility to 

circumvent ethical as well as immunological limitations linked with ESCs. However, differentiatable 

spermatogonia (SG) are thus far restricted to the mouse and human system, while cultures were also successfully 

established from rat [20] and medakafish (Oryzias latipes) [21]. Furthermore, recent data challenge pluripotency 

of human SG as these cells appear to resemble fibroblasts rather than ESCs regarding certain molecular features 

[22]. Thus, it is not clear if pluripotency of SG is restricted to certain species or a more conserved feature among 

vertebrates. 

The second challenge of stem cell applications is the establishment of differentiation methods allowing the 

formation of defined cell types from stem cells. Although there are a large number of differentiation protocols 

available, major problems remain. A large part of commonly proposed differentiation strategies are based on 

induction of random differentiation e.g. by formation of cellular aggregates (embryoid bodies). Subsequently, 

differentiation is directed towards a specific lineage by successive changes of culture conditions e.g. addition of 

growth factors or co-culture with other cell lines [23]. Some of these changes mimic the in vivo situation during 

embryogenesis, but in general they have to be determined empirically in a time-consuming process. 

Furthermore, as most of these protocols depend on several defined parameters, they are rather susceptible to 

variability as each parameter may have different side-effects. For example, it has been shown that various 

growth factors promote several differentiation pathways in parallel [24]. This plasticity often leads to slow and 

inefficient differentiation processes; and therefore only a small proportion of stem cells actually form the desired 

cell type. However, the efficient generation of pure cultures of defined cell types is one of the most important 

requirements for potential application of stem cells for tissue regeneration. To enrich for the desired cell type, 

strategies often include selection mechanisms, e.g. targeted insertion of a fluorescent protein into a lineage-

specific locus thus allowing subsequent cell sorting [25]. These approaches, however, include the stable 

integration of transgenes that may have undesirable effects in later applications. 
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An alternative approach to enhance fate determination of stem cells towards a defined cell lineage is to mimic 

the corresponding in vivo development by ectopic expression of genes specific for this lineage. For example, it 

has been reported that forced expression of the neural transcription factors sox1 or sox2 in ESCs promotes the 

differentiation towards the neuroectodermal lineage upon induction of differentiation [26]. Similarly, the 

formation of hepatocyte-like cells out of ESCs is enhanced by ectopic expression of the hepatocyte-specific gene 

hnf3ß [27]. These findings indicate that the expression of lineage-specific genes can influence the fate 

determination of stem cells, albeit in these studies differentiation itself still had to be induced and promoted 

through external signals like e.g. embryoid body formation. In contrast, Bejar et al. demonstrate that ectopic 

expression of the melanocyte-specific transcription factor mitf-M alone is sufficient to induce differentiation of 

medakafish ESCs (MF-ESCs) into pigment cells [28]. These data indicate the certain key developmental genes – 

so called master regulators (MRs) - have the potential to induce differentiation of stem cells without the need for 

any additional signals. 

Based on this hypothesis, I wanted to establish a differentiation method that is solely based on ectopic expression 

of single MRs without the need for additional differentiation-inducing or lineage-promoting signals. I show that 

certain genes are sufficient to induce directed differentiation of stem cells into defined cell types. The feasibility 

of this approach is demonstrated in fish and mouse cells indicating that the cell fate defining feature of such MRs 

might be conserved in different vertebrate species. 

Furthermore, this study aims to get more information about the differentiation potential of adult spermatogonia. 

Thus, I investigated the ability of spermatogonial cell line from the small teleost fish medaka (Oryzias latipes) as 

a representative of non-mammalian vertebrates. My results show that medaka spermatogonia (MF-SG) have the 

potential to form cells from different somatic germ layers thus indicating that a wide differentiation potential of 

male germ cells is not restricted to human and mouse. 
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Results and discussion 

Differentiation of adult stem cells: medakafish spermatogonia (MF-SG) 

Characterization of medakafish spermatogonia 
To analyze the differentiation potential of male germ cells in lower vertebrates I used a medaka spermatogonial 

cell line (MF-SG) that has been derived from testes of adult medakafish and is stable in culture without 

immortalization [21]. Furthermore, MF-SG have been shown to express spermatogonial marker genes and to be 

able to undergo spermatogenesis in vitro indicating that they have retained their spermatogonial character. To 

verify that this is still the case after long term culture, I performed a detailed analysis of MF-SG regarding 

spermatogonial markers (see manuscript 1). Furthermore, MF-SG were analysed with respect to stem cell 

characteristics and compared to MF-ESCs. Both MF-SG and MF-ESCs show alkaline phosphatase activity 

which is a characteristic for self-renewing cells. Moreover, my results show that MF-SG still exhibit several 

typical spermatogonial features like e.g. activation of germ cell-specific promoters which are inactive in MF-

ESCs. These results confirm that MF-SG have retained their spermatogonial identity after long term culture. 

Furthermore, they allow discrimination between MF-SG and MF-ESCs in later experiments. Moreover, gene 

expression analyses showed no expression of the Sertoli marker dmrt1bY [29,30] thus excluding MF-SG cultures 

being contaminated with Sertoli cells. 

Altogether, these findings demonstrate that MF-SG have retained numerous spermatogonial characteristics even 

after long-term culture allowing a clear discrimination between MF-SG and MF-ESC cultures. Furthermore, MF-

SG cultures are devoid of Sertoli cell contamination and show features of self-renewing stem cells, like high 

alkaline phosphatase activity and continuous proliferation in culture without the need for any immortalization 

procedures. 

Retinoic acid induced differentiation of MF-SG 
Having verified the spermatogonial and stem cell characteristics of MF-SG I next wanted to analyse if these cells 

are able to respond to differentiation inducing signals by the formation of other cell types than sperm. First, 

retinoic acid (RA) was used as signal to induce differentiation (see manuscript 1). RA is known to play a crucial 

role during physiological development and has been shown to induce differentiation of mESCs into various cell 

types [31], among others into adipocytes [32]. MF-SG were treated with various RA concentrations and analysed 

with respect to morphological changes. At RA concentration of 10µM, the formation of adipocytes was 

observed. Adipocytes were also detected at RA concentration of 1µM albeit with lower efficiency indicating a 

dose-dependency of RA effects. Adipocytic identity was confirmed by morphology using light and electron-
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microscopy, gene expression, and biochemical analyses. Furthermore, by transient transfection with 

spermatogonia-specific promoters and subsequent RA treatment it was possible to verify that adipocytes arose 

from cells with former spermatogonial identity. Last, it was tested if RA treatment results in the same effects in 

MF-SG and MF-ESCs. Thus, same RA concentrations were tested on MF-ESCs. None of these concentrations 

resulted in the formation of adipocytes. Thus, one can assume that effects of RA treatment depend on the 

original cell line. 

In summary, these findings demonstrate that MF-SG can develop into adipocytes upon RA treatment. Thus, one 

can conclude that they have a certain differentiation potential as they are able to form at least one cell type from 

a somatic germ layer. Furthermore, these results show that effects of RA treatment on MF-SG are dose-

dependent which is in agreement with numerous other studies reporting RA-induced differentiation of mESCs. 

Dependent on concentration and time point, RA treatment results in the formation of various cell types, e.g. 

neuronal cells, cardiomyocytes, smooth muscle cells, and also adipocytes [31]. This underlines that RA 

represents a highly effective cytokine that induces numerous differentiation pathways dependent on the 

environmental context. This context also seems to include the stem cell line used for RA-induced differentiation 

as it has been demonstrated that different mESC lines exposed to the same RA treatment display considerable 

differences in morphology and number of differentiated cells [33]. This is again in agreement with my results 

that demonstrate different effects of RA in different cell lines, namely MF-SG and MF-ESCs. Although both cell 

lines show stem cell characteristics and obviously have a certain differentiation potential, similar treatment 

resulted in different outcomes. 

Interestingly, none of the RA concentrations tested on MF-SG led to the formation of sperm although RA is 

known play an important role in mammalian spermatogenesis [34]. Thus, one can hypothesize that the stem cell 

features of MF-SG predominate over their germ cell characteristics as they response to RA by differentiation into 

somatic cells. Alternatively, the induction of spermatogenesis by RA requires different conditions of the RA 

treatment or sperm were produced at a number below the detection level. Another possibility is that 

spermatogenesis in medaka does not require RA at all which is supported by the results of a study demonstrating 

that spermatogenesis in the closely related zebrafish does not depend on RA [35]. 

Mitf-M-induced differentiation of MF-SG into melanocytes 
Hitherto, my results reveal that MF-SG are able to form other cell types than sperm. Next, I aimed to establish a 

method to induce differentiation of MF-SG in a more controllable way by introduction of so called master 

regulators (MRs). MRs are key developmental genes that play an essential role during in vivo formation of 
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defined cell types. It has previously been shown that Microphtalmia-Associated-Transcription-Factor (Mitf-M) is 

sufficient to induce terminal differentiation of MF-ESCs into melanocytes suggesting that such genes have the 

potential to induce in vitro differentiation [28]. 

Thus, to test if Mitf-M is also sufficient to induce melanocyte formation of MF-SG, MF-SG were transiently 

transfected with mitf-M. Eight days post transfection, pigmented cells were detected in mitf-M-transfected 

cultures. Melanocyte identity was confirmed by morphology, gene expression pattern, and functional features 

like the absorbtion of a broad spectrum of light. Beside the expression of melanoyte-specific marker genes, the 

gene expression pattern revealed an interesting phenomenon, namely the upregulation of the neural crest markers 

snail2 [36] and sox10. In vivo, both genes are expressed earlier than mitf-M and sox10 has been shown to 

regulate mitf-M in vivo [37]. These findings might indicate that mitf-M-transfected cells recapitulate typical 

stages of melanocyte differentiation, including neural-crest-like stages. The molecular mechanism enabling Mitf-

M, a downstream transcription factor in the genetic cascade of the neural crest lineage, to initiate early steps of 

differentiation remains elusive. 

These results show that Mitf-M is sufficient to induce terminal differentiation of MF-SG into melanocytes. This 

again indicates that MF-SG have a wide differentiation potential as they are able to form other cell types than 

sperm. Furthermore, one can conclude that the cell fate defining potential of mitf-M is operative not only in MF-

ESCs but also in other cell lineages that have a certain differentiation ability. 

Cbfa1-induced differentiation of MF-SG into osteoblasts 
Mitf-M was already known to be sufficient to induce differentiation of stem cells. Next, I wanted to investigate if 

also other key developmental factors have the potential to determine cell fate of spermatogonial cells. Thus, 

several other potential MRs were tested in MF-SG, namely cbfa1[38-40], mash1[41,42], runx1 [43], scl [44], 

sox10 [45]. Ectopic expression of runx1, scl, and sox10 did not result in any morphological changes that 

suggested the formation of a specific cell type. Thus, for further analyses, I focused on cbfa1 and mash1 as 

ectopic expression of these genes led to more promising phenotypic changes indicating the induction of a 

directed differentiation process. 

Core-binding factor alpha 1 subunit (cbfa1, often referred to as runx2) was chosen to induce differentiation into 

osteoblasts as this factor was previously shown to be essential for osteoblastogenesis [38-40]. Transient 

transfection of MF-SG with cbfa1 resulted in the formation of cells expressing numerous marker genes for 

terminally differentiated osteoblasts indicating that cells differentiated into osteoblasts. Interestingly, gene 

expression analyses also revealed upregulation of dlx5 upon cbfa1 transfection. Dlx5 is known to regulate cbfa1 
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expression, while its own expression was thus far not shown to be directly controlled by cbfa1 [46]. Thus, cbfa1-

mediated differentiation into osteoblasts included a similar phenomenon like mitf-M-induced differentiation 

namely the activation of a gene located upstream of the transfected factor in the corresponding genetic cascade in 

vivo. 

To check whether cbfa1-transfected MF-SG also adopted functional features of osteoblasts, Van Kossa staining 

and calcein staining were performed to visualize calcified matrix depositions. Calcium depositions could only be 

detected in cbfa1-transfected MF-SG cultures. Neither mock-transfected MF-SG nor cbfa1-transfected 

fibroblasts showed positive calcein staining. Together with the results of the gene expression analyses these data 

indicate that Cbfa1 is sufficient to induce and promote differentiation of MF-SG into functional osteoblasts. This 

strong cell fate defining potential in vitro is in line with the role of cbfa1 during in vivo development where this 

gene is expressed in the developing skeleton and is essential for bone formation. Cbfa1 null mutant mice die 

immediately after birth due to the lack of mature osteoblasts [39,40]. The medaka homolog of cbfa1 displays 

high similarity with the mammalian cbfa1 regarding amino acid sequence and embryonic expression pattern [47] 

thus suggesting a conserved important role of Cbfa1 during physiological osteoblast development. 

In vitro, ectopic expression of cbfa1 promotes differentiation of primary bone marrow stromal cells [48] and 

adipose tissue derived stem cells [49] into mineral depositing osteoblasts. While the cell lines used in these 

studies are already committed to the mesodermal lineage, my results additionally show that cbfa1 is also able to 

induce and promote osteoblastic differentiation of cells with germ line origin. Albeit these findings indicate that 

the cell fate defining potential of cbfa1 is strong enough to allow differentiation across germ layer borders, one 

cannot conclusively assume that cbfa1 can induce osteoblast formation in every cell type. Although previous 

studies show that ectopic expression of cbfa1 induces the expression of principle osteoblast markers in 

nonosteoblastic fibroblasts [38], my findings reveal that cbfa1-transfected fibroblasts do not adopt functional 

features of osteoblasts. Thus, one can assume that the potential of cbfa1 to induce the formation of mature, 

functional osteoblasts is not operative in every cell type but might require commitment to the mesodermal 

lineage and/or a certain differentiation potential. 

Mash1-induced differentiation of MF-SG into neurons 
Having now verified mitf-M and cbfa1 as effective MRs to induce in vitro differentiation I next wanted to 

investigate if single gene-induced differentiation is also feasible for the generation of neuronal cell types. Thus, 

mash1 (mammalian achaete-scute homolog 1) was chosen as potential MR for neuronal differentiation. Mash1 
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belongs to the family of basic-helix-loop-helix transcription factors and plays an essential role during 

neurogenesis [41,42]. 

Transient transfection of MF-SG with mash1 resulted in the appearance of cells displaying typical neuronal 

morphology including long axon-like protrusions. The number of cells with neuronal morphology was 

significantly higher in mash1-transfected MF-SG compared to mock-transfected MF-SG excluding the 

possibility of cells arising due to random differentiation. Furthermore, transfection of MF-ESCs also resulted in 

the formation of neuron-like cells, albeit with slightly lower efficiency. 

On the molecular level, mash1-transfected MF-SG activated numerous neuron-specific genes supporting the 

assumption of neuronal differentiation. Interestingly, the neuronal markers activated during mash1-induced 

differentiation also included foxD3, sox1, and pax6. FoxD3 is an early neural crest marker and is expressed at 

earlier stages than mash1 during embryonic development [50,51]. Sox1 and pax6 are also known to belong to the 

earliest marker genes for neuroectodermal lineage and at least the expression of sox1 precedes that of mash1 

[52]. Thus, mash1 induced differentiation of MF-SG included the activation of genes activated before mash1 

during embryogenesis. These results are in perfect analogy to the observations described for MR induced 

differentiation of spermatogonial stem cells into osteoblasts and melanocytes. 

To test whether the cells formed upon mash1 transfection displayed functional characteristics of neuronal cells, 

calcium imaging was performed. These experiments revealed that mash1-transfected cells were able to respond 

to KCl stimulation by an increase of the intracellular calcium concentration. Although this feature is not 

restricted to neuronal cell types, it strongly supports the expression data and leads to the conclusion that mash1 

transfection induced differentiation into neuron-like cells. 

In conclusion, these findings indicate that Mash1 is able to induce differentiation of MF-SG into neuron-like 

cells, which was confirmed by morphology, gene expression pattern, and functional features. Moreover, mash1 

induced differentiation also appears to occur in MF-ESCs. These data identify mash1 as another suitable MR that 

is sufficient to determine cell fate decisions of cells harbouring a certain differentiation potential. Like for cbfa1, 

the findings showing the cell fate defining potential of mash1 in vitro are in agreement with the data describing 

the role of this gene during physiological neurogenesis. Here, mash1 is expressed in progenitors of the central 

and peripheral nervous system [41,53]. Mash1-/- mice die at birth due to severe defects in several neuronal 

structures, e.g. the olfactory epithelium and sympathetic, parasympathetic, and enteric ganglia [42]. Furthermore, 

it has been shown that ectopic expression of mash1 can enhance survival of neural precursor cells [54]. Another 

study reports that ectopic expression of a shorter version of mash1 in mESCs results in the formation of neurons 
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[55]. In addition to these findings my results demonstrate that mash1 is sufficient to induce and promote 

neuronal differentiation of two different medaka cell lines with a certain differentiation potential. Together with 

existing data, these results reveal that the potential of mash1 to define a neuronal cell fate is operative in 

different stem cell types and might also be conserved among vertebrate species. 

Loss of spermatogonial features during single gene induced differentiation 
Until now, my data reveal that single MRs have the potential to induce the formation of defined somatic cell 

types of MF-SG. Next, I wanted to test whether this MR-induced differentiation process also included the loss of 

spermatogonial features. Therefore, MF-SG were co-transfected with the fluorescent protein mOrange, a reporter 

construct containing GFP under the control of the germ cell-specific olvas promoter, and CMV promoter-driven 

mitf-M, cbfa1, and mash1, respectively. Analyses of GFP fluorescence revealed a significant decrease in olvas 

promoter activity in MR-transfected cultures compared to mock-transfected cultures. This suggests that MR 

transfected MF-SG not only adopted the features of defined somatic cell types but also lost their germ cell 

properties. 

Transcriptional changes of MF-SG induced by dmrt1 genes 

Dmrt1bY function and transcriptional regulation 
Having now demonstrated that MRs specific for certain somatic cell types are able to induce differentiation of 

MF-SG, I next wanted to analyze the effects of ectopic expression of dmrt1a and dmrt1bY which are involved in 

sex differentiation and determination. In medaka, dmrt1a is the ancestral, autosomal version of the dmrt1 gene 

whereas dmrt1bY represents the duplicated copy of this gene located on the Y chromosome. Dmrt1 (Doublesex 

and mab-3 related transcription factor 1) is conserved among various vertebrates and is involved in sex 

determination and Sertoli cell function [56]. Its duplicated copy dmrt1bY has adopted the function of master 

regulator of male development in medaka [29,30]. A loss-of-function mutation in dmrt1bY results in XY male to 

female sex reversal [30]. Furthermore, XX sex reversal to a male phenotype can be achieved by ectopic 

expression of dmrt1bY in medaka embryos [57]. These data demonstrate that dmrt1bY acts as dominant male 

determiner in medaka and has thus adopted a position at the top of the sex determining cascade. In our 

laboratory, it could be shown that this new hierarchy has developed by the insertion of a transposable element in 

the regulatory region of the dmrt1bY gene (see manuscript 2). This transposable element contains a Dmrt1 

binding site suggesting that dmrt1bY expression is regulated by Dmrt1 proteins. To verify that this 

transcriptional regulation is active we analysed the effects of Dmrt1a and Dmrt1bY on dmrt1bY promoter 

activity in MF-ESCs and MF-SG. In both cell lines, neither expression of dmrt1bY nor of dmrt1a can be detected 

(data not shown). Cells were cotransfected with a luciferase reporter construct containing the part of the dmrt1bY 
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promoter harbouring the Dmrt1 binding site and different amounts of plasmids encoding dmrt1bY or dmrt1a. 

The results show that dmrt1bY promoter activity is remarkably reduced in the presence of both Dmrt1a and 

Dmrt1bY (see manuscript 2). This effect is not detectable when a mutant promoter with a modified Dmrt1 

binding site is used. Thus, one can conclude the regulating effect of Dmrt1 proteins on dmrt1bY promoter is the 

results of an interaction with the putative Dmrt1 binding site. Furthermore, these findings demonstrate the 

machinery regulating dmrt1bY expression can be activated in two different medaka cell lines with stem cell 

characteristics, namely MF-ESCs and MF-SG. 

Ectopic expression of dmrt1bY and dmrt1a in MF-SG 
Next, I wanted to investigate the effects of ectopic expression of dmrt1bY and dmrt1a in MF-SG. As mentioned 

previously, MF-SG do not express dmrt1bY nor dmrt1a according to RT-PCR. This is in agreement with in vivo 

expression analyses demonstrating that in testes of adult medaka both dmrt1 genes are exclusively expressed in 

Sertoli cells [29,30] with dmrt1a expression being 50 fold higher than that of dmrt1bY [58]. However, in 

mammals, dmrt1 is expressed both in Sertoli cells and germ cells [59] and is required in both cell types for 

correct testis differentiation [60]. Furthermore, dmrt1 has been shown to regulate proliferation and pluripotency 

in fetal germ cells [61]. Thus, in mammals, dmrt1 obviously fulfils several important functions in differentiation 

and maintenance of germ cells. Therefore, it is interesting to investigate the effects of the medaka orthologues of 

dmrt1 in MF-SG. Moreover, the effects mediated by dmrt1 in SG represent a physiological situation where MR 

genes influence the fate of cells with a wide differentiation potential. Thus, the analyses of effects of ectopic 

expression of dmrt1 genes in MF-SG could give insights in the physiological mechanism activated by MR genes. 

MF-SG were transiently transfected with dmrt1bY and dmrt1a expression constructs and expression levels of 

potential target genes were analysed using quantitative RT-PCR. Potential target genes were chosen according to 

the results of a binding site search for theoretical Dmrt1 binding sites and according to the literature regarding 

sex determination. Figure 1A shows the expression levels of genes displaying a remarkable up- or 

downregulation upon ectopic expression of dmrt1bY compared to untreated MF-SG. Upregulated genes included 

spata7, aromatase, follistatin, and dmrt1a, whereas Rspo1 was downregulated. Analyses of the expression levels 

of the same genes upon transient transfection with dmrt1a (Figure 1B) revealed a similar regulation of follistatin, 

aromatase, and Rspo1. Spata7 expression levels were largely unchanged and expression of dmrt1bY, which was 

analyzed instead of dmrt1a, was downregulated. The latter is in agreement with previous results demonstrating 

that dmrt1bY expression is repressed by Dmrt1a (see manuscript 2). One has to keep in mind that dmrt1bY 

expression was not detected in MF-SG by RT-PCR. Using quantitative RT-PCR, however, a downregulation of 

dmrt1bY was observed in dmrt1a-transfected MF-SG compared to untreated MF-SG. Thus, one can assume that 
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dmrt1bY is transcribed in MF-SG, but at levels below the detection level of RT-PCR. Obviously, this basal 

expression is further repressed by Dmrt1a. 

Furthermore, ectopic expression of dmrt1a resulted in remarkable increase in aromatase and follistatin 

expression. Both genes have been shown to be expressed in the developing and mature female gonad [62-64] 

suggesting that ectopic expression of dmrt1a induced a kind of feminization process in MF-SG. This is 

interesting as vertebrate dmrt1 is generally considered as an effector of male sex determination and has been 

shown to repress aromatase transcription [65]. Furthermore, dmrt1a, the autosomal version of dmrt1 in medaka, 

is specifically expressed in testes of adult males. However, in female medaka, low levels of dmrt1a expression 

were also detected in the ovary [58]. Similarly, in zebrafish, dmrt1 transcripts were detected in developing germ 

cells of both testes and ovary indicating that - additionally to its role in male development - dmrt1 might also be 

involved in ovary differentiation in fish [66]. Although this hypothesis explains the upregulation of follistatin 

and aromatase in dmrt1a-transfected MF-SG, it is not in agreement with the downregulation of Rspo1 (R-

spondin). Rspo1 expression has been shown to be specifically upregulated during ovary development in different 

vertebrates [67] and to regulate differentiation of the mammalian ovary [68]. Thus, downregulation of Rspo1 in 

dmrt1a-transfected MF-SG is contradictory to the assumption of a feminization process. One can hypothesize 

that either Dmrt1a is not sufficient to induce complete conversion of MF-SG to an ovarian cell type or that 

overexpressed dmrt1a exerted a dual function in MF-SG resulting in both the activation and repression of 

different ovary-specific genes. Another possibility is that conversion of MF-SG to an ovarian cell type requires 

not only Dmrt1a but additional co-factors that are not present in MF-SG. 

 

 

Ectopic expression of dmrt1bY in MF-SG resulted in similar changes in expression levels of follistatin, 

aromatase, and Rspo1. Furthermore, dmrt1a was remarkably upregulated. Possibly, dmrt1bY-mediated 

Figure 1: Regulation of potential target genes upon transient transfection of MF-SG with dmrt1bY (A) or dmrt1a (B) 24, 
36, and 48 hours post transfection. Expression levels of untreated MF-SG were set as 1. qRT-PCR were experiments were 
performed by Maria Hinzmann. 
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activation of dmrt1a led to similar process observed upon direct overexpression of dmrt1a. Interestingly, no 

Dmrt1 binding site was found in the dmrt1a promoter region (see manuscript 2) indicating that activation of 

dmrt1a by dmrtbY requires unknown additional factors. Another possible explanation for the induction of ovary 

marker genes upon dmrt1bY transfection can be found in the results of studies analysing dmrt1bY expression in 

estrogen-treated XY reversed female medaka. These studies show that in XY females, dmrt1bY is expressed in 

the ovary at levels even higher than in testes of normal males [58] suggesting that dmrt1bY might support 

ovarian development, possibly redundant to dmrt1a. 

Dmrt1bY-transfected cells also displayed upregulation of spata7 (spermatogenesis-associated 7), a gene that, in 

rats, is exclusively expressed in meiotic male germ cells [69]. This indicates that dmrt1bY might be able to 

induce meiosis in MF-SG which is in contrast to previous findings demonstrating that in mouse dmrt1 prevents 

meiosis [70]. Additionally, it is not clear why ectopic expression of the dominant male determining gene 

dmrt1bY induces the activation of both ovary-specific and testes-specific genes. A possible explanation can be 

found in the experimental setup. Transfection efficiencies were only between 15 and 30 percent and thus 

transient transfection resulted in a mixed culture of non-transfected cells and cells containing different copy 

numbers of the transgene. Thus, activation of different genes might depend on the level of Dmrt1bY and 

furthermore it cannot be excluded that transfected cells influenced non-transfected cells by secreted factors etc 

[71]. As quantitative RT-PCR does not allow gene expression level analysis on cellular resolution, it cannot be 

determined whether dmrt1bY transfection of MF-SG resulted in the formation of cells expressing male and 

female marker genes or in a mixed population of “male” and “female” cells. To analyze the effects of Dmrt1a 

and Dmrt1bY in detail, it is necessary to establish transgenic cell lines with stably integrated dmrt1 genes 

allowing homogenous induction of dmrt1a/dmrt1bY expression in all cells. 

Nevertheless, these results show that both Dmrt1a and Dmrt1bY can induce remarkable changes in the gene 

expression pattern of MF-SG. However, these changes indicated that ectopic expression of both genes did not 

induce the formation of a distinct cell type but led to the appearance of a dual phenotype showing features of 

both male and female gonad cells. It has to be investigated whether prolonged culture of dmrt1a/dmrt1bY-

transfected cells would result in preferential choice towards only one cell type. However, until now, it cannot be 

conclusively determined if medaka dmrt1 genes are suitable for MR-induced differentiation. 

Conclusion: Differentiation potential and directed differentiation of MF-SG 
In summary, my results reveal that adult MF-SG still are able to differentiate across germ-layer boarders into 

four different somatic cell types of mesodermal and ectodermal origin. Although these findings do not allow a 
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definite conclusion whether MF-SG are pluripotent one can assume that also in lower vertebrate like medakafish 

spermatogonia have retained at least a broad differentiation potential. Together with the data describing 

pluripotency of mouse and human spermatogonia, these results strongly indicate that a wide differentiation 

potential might be conserved among vertebrates albeit the degree of differentiation potential might be different in 

different species. 

Moreover, these experiments show that MRs are able to induce and promote differentiation into defined cell 

types. It has already been known that Mitf-m is sufficient to induce differentiation of medaka ESCs into 

melanocytes. My results demonstrate the feasibility of this approach for MF-SG and furthermore expand the 

number of in vitro effective MRs with cbfa1 for osteoblast and mash1 for neuronal differentiation. However, 

ectopic expression of dmrt1a and dmrt1bY did apparently not induce the formation of one defined cell type. 

Although it has not been tested if dmrt1 genes can induce differentiation into only one cell type under different 

culture conditions, these data indicate that not every key developmental gene can act as differentiation inducing 

MR in vitro. Nevertheless, my findings suggest that - if the correct MRs can be identified - single gene induced 

differentiation can be used to generate different somatic lineages. Furthermore, this approach is operative in MF-

SG and MF-ESCs but not in fibroblasts – at least for mitf-m and cbfa1 - suggesting that a certain differentiation 

potential is a prerequisite for MR-induced differentiation. 

Interestingly, the process of differentiation of MF-SG included the activation of marker genes that in vivo are 

expressed earlier than the transfected MR. This phenomenon was observed in all three cases of MR induced 

differentiation and also described for mitf-m-induced differentiation of MF ESCs. Hence, this early marker 

activation seems to be part of MR induced differentiation and not an experimental side-effect. 

Differentiation of embryonic stem cells: Master regulator-induced 
differentiation of mouse embryonic stem cells (mESCs) 
Hitherto, my results demonstrate that key developmental genes are sufficient to determine the cell fate of medaka 

stem cells. This raises the question if this approach can be transferred to a mammalian system. Thus, I wanted to 

test whether MRs can induce directed differentiation of murine pluripotent stem cells without the need for 

additional signals. I focused on the formation of neuronal cell types as this differentiation pathway is of great 

importance for many applications. Neuronal differentiation offers a valuable system for in vitro studies of 

neurogenesis or drug testing as the corresponding in vivo situation is often difficult to access. Moreover, the 

generation of neuronal cell types out of stem cells represents a promising therapeutic approach to replace 

destroyed or injured neuronal tissues. 
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In order to establish a neuronal differentiation method that is based on only one factor, I attempted to investigate 

whether ectopic expression of a neuronal transcription factor in mESCs can induce formation of mature neurons 

without any other differentiation-inducing or promoting signals. As potential master regulator neurogenin2 

(ngn2) was chosen which is known to play a crucial role during in vivo neurogenesis [72,73] (see manuscript 3). 

Neuronal differentiation of mESCs induced by neurogenin2 (ngn2) 
To test if ngn2 is sufficient to direct neuronal differentiation of mouse stem cells, mESCs were transiently 

transfected with ngn2. Subsequently, LIF, which is a potent factor to keep ESCs pluripotent, was withdrawn 

from the medium. Five days post transfection (dpt), ngn2-transfected cells displayed clear neuronal morphology 

and stained positive for neuronal marker genes like beta III tubulin (Tuj1) and microtubule associated protein 

2ab (Map2ab) indicating the formation of neurons upon ngn2 transfection. Quantification of Tuj1 positive cells 

in ngn2 and mock-transfected cultures resulted in a significant higher number of neuronal cells in ngn2-

transfected cells. This excludes the possibility of neurons arising by random differentiation due to LIF 

withdrawal. 

On the molecular level, ngn2-transfected cells expressed numerous neuronal marker genes that either are not 

expressed or only at background levels in mock-transfected cells. This again confirms that Ngn2 induced 

directed neuronal differentiation of mESCs. Interestingly, activated marker genes included olig2, sox1, and pax6. 

Sox1 and pax6 were also detected in MF-SG transfected with mash1. As mentioned before, they belong to the 

earliest markers for the neuroectodermal lineage and pax6 has been shown to regulate ngn2 expression in vivo 

[74,75]. Similarly, olig2 regulates ngn2 expression during in vivo neurogenesis in defined neuronal cell types 

[76]. Thus, ngn2-induced differentiation includes the activation of markers located upstream of ngn2 in the 

corresponding genetic cascade in vivo. This phenomenon was also observed in different MR-induced 

differentiation processes in MF-SG strongly supporting the hypothesis that it might represent a part of in vitro 

differentiation. 

Next, I wanted to test if ectopic expression of ngn2 does not only lead to the appearance of neuronal features but 

also induces the loss of stem cell markers. Thus, ngn2 and mock-transfected cells were stained for the stem cell 

marker Nanog 3dpt. The results clearly demonstrate that ngn2 transfection results in the loss of Nanog 

expression. 

Ngn2-induced differentiation in the presence of pluripotency-promoting factors 
As a next step, I wanted to investigate the strength of the signal mediated by ngn2. Therefore, mESCs were 

transfected with ngn2 and propagated in complete stem cell growth medium containing LIF. Medium was 
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changed every day to foreclose the effects of factors potentially secreted by the cells. Furthermore, 

immunofluorescence staining for STAT3, a downstream effector of LIF signalling [10], was performed in 

mESCs treated with conditioned medium from ngn2-transfected cells. The results reveal clear activation of 

STAT3 thus confirming the presence of active LIF in the medium. 

Surprisingly, in the presence of LIF, ngn2-transfected cells displayed similar phenotypical changes like in the 

absence of LIF within five days. Cells showed neuronal morphology and expressed Tuj1 and Map2ab indicating 

the formation of neurons. Gene expression analyses revealed expression of neuronal marker genes. Compared to 

gene expression pattern of ngn2-transfected cells cultured without LIF the only detectable difference was a slight 

retardation of activation of some marker genes. However, numbers of Tuj1 positive cells were comparable to 

those observed in the absence of LIF. These data indicate that Ngn2 is sufficient to induce neuronal 

differentiation of mESCs even in the presence of LIF with only a slight retardation on maker gene mRNA levels 

compared to ngn2-induced differentiation under LIF-free conditions. Furthermore, immunofluorescence staining 

revealed that ngn2 transfection resulted in the loss of Nanog protein expression even in the presence of LIF. 

Ngn2 inducible system 
To avoid the disadvantages linked to transient transfection systems I generated two clonal cell lines containing 

inducible versions of ngn2. The cell line E14-P2Angn2 allows induction of ngn2 by addition of Cre recombinase 

as transducible protein [77]. The cell line E14-CreP2Angn2 is transgenic for a similar induction construct that 

additionally contains a tamoxifen inducible version of the Cre recombinase [78]. Thus, induction of ngn2 

expression is achieved solely by addition of 4OHT (4-hydroxytestosterone) and resulting activation of Cre. Both 

cell lines allow selection of ngn2-expressing cells with puromycin. 

Having verified that induction of a transgenic version of ngn2 also results in neuronal differentiation in a similar 

time course like in transient transfection experiments, I next wanted to evaluate the efficiency of ngn2-mediated 

differentiation. As the inducible cell lines allow efficient selection of ngn2-expressing cells, it is possible to 

determine the percentage of cells forming neurons upon ngn2 expression. Quantification of Tuj1 positive cells in 

E14-CreP2Angn2 cells 7 days after induction of ngn2 revealed that in the absence of LIF about 40 percent of 

ngn2 expressing cells differentiated into neurons. In the presence of LIF, Tuj1 positive cells were about 16 

percent. The lower percentage observed in the presence of LIF resulted from a higher total cell number whereas 

the number of Tuj1 positive cells showed no remarkable difference from that detected in the absence of LIF. 

Possibly, LIF did not influence the number of cells undergoing neuronal differentiation upon ngn2 expression 

but did promote continued proliferation of the cells that did not respond to the signal mediated by ngn2. 
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Next, I wanted to analyze the effects of ngn2 expression in mESCs with regard to stem cell features. Thus, 

immunofluorescence staining for the stem cell marker Nanog was performed. Similar to the results observed in 

transient transfection experiments, induction of ngn2 in E14-CreP2Angn2 cells led to a significant decrease in 

Nanog positive cells both in the presence and absence of LIF. 

The gene expression pattern of E14-CreP2Angn2 cells upon ngn2 induction was also comparable to the pattern 

described for transient transfection experiments. Early and late neuronal marker genes were upregulated, among 

others pax6 and olig2. As mentioned before, these genes are expressed at earlier stages than ngn2 during 

embryogenesis. Thus, neuronal differentiation upon ngn2 induction in E14-CreP2Angn2 cell line showed high 

similarities to the process induced by transient transfection with ngn2 including the activation of upstream 

marker genes. Interestingly, quantitative real time PCR revealed that expression levels of ectopic ngn2 were 

similar in transient transfection assays and in E14-CreP2Angn2 cell line at day 3 of neuronal differentiation. At 

day 7, however, ectopic ngn2 levels were largely unchanged in transgenic cell line, but had decreased 

remarkably in transient transfection experiments. This decrease is possible due to stem cell characteristic 

silencing of the CMV promoter in the ngn2 expression construct that was used for transient transfection [79]. In 

contrast, the ngn2 induction construct CreP2Angn2 contains the promoter of the housekeeping gene ef1a1 that 

remains active in pluripotent stem cells [80]. Obviously, the differences of ngn2 expression levels did not 

influence the neuronal differentiation process at least with regard to the aspects analysed in this study. 

Next, I wanted to analyse if ngn2-derived cells form a specific neuronal subtype. RT-PCR revealed activation of 

the vesicular glutamate transporters vGLUT 1 and 2. These genes are known to be expressed in glutamatergic 

neurons [81,82] thus indicating the formation of glutamatergic neurons in ngn2-expressing mESCs. To confirm 

this hypothesis, protein expression of vGLUT1 and the glutamate receptor NMDA receptor 1 (NR1) [83] was 

analysed by immunofluorescence staining. The results show a clear expression of vGLUT1 and NR1 protein in 

E14-CreP2Angn2 cultures supporting the conclusion that ngn2-induced differentiation led to the formation of 

glutamatergic neurons. 

Next, functional analyses of ngn2-induced neurons were performed. Patch clamp analyses of neurons at day 10 

after ngn2 induction showed currents typical for terminally differentiated neurons. Furthermore, cells were able 

to respond to depolarisation by generation of action potentials. Next, ngn2-derived neurons were co-cultured 

with primary hippocampal embryonic neurons and subsequently stained for synaptic markers. Analyses of co-

cultures show that E14-CreP2Angn2 cells express the presynaptic marker Synapsin1 and form tight contacts 
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with hippocampal neurons thus demonstrating that these cells are able to integrate into pre-existing neuronal 

networks. 

In summary, these findings show that Ngn2 is sufficient to induce directed differentiation of mESCs into mature 

neurons without the need for additional factors and even in the presence of pluripotency-promoting signals. 

These results prove that the approach of MR-induced differentiation can be transferred from fish to mouse stem 

cells and furthermore identify ngn2 as additional suitable MR. This conclusion is supported by other studies 

reporting that ngn2 can greatly influence cell fate choice. Thus, ngn2 has been shown to enhance the survival 

and differentiation of neural precursor cells [54] and to induce the formation of neurons in embryonic carcinoma 

cells [84]. However, in these studies, the cell fate defining potential of ngn2 was either demonstrated in cells 

already committed to a neural cell fate [54] or in the presence of a specific dimerization factor of ngn2 [84]. The 

results presented in my study expand previous findings by revealing that ectopic expression of ngn2 is sufficient 

to determine a neuronal cell fate in pluripotent stem cells independent of any additional signals. 

Ngn2-mediated differentiation in induced pluripotent stem cells 
Hitherto, my findings point out a new method to induce directed differentiation of ESCs. However, the question 

arises whether this approach is feasible for other stem cells types as the use of ESCs is linked to several 

problems. Especially, their application in regenerative medicine is hampered by ethical and immunological 

constraints. Induced pluripotent stem cells (IPS cells) appear to offer a possible solution to this problem as they 

represent patient-specific stem cells that can be derived without the use of embryonic stages. Thus, I wanted to 

test if ectopic expression of ngn2 in IPS cells leads to a similar effect like in ESCs. Mouse IPS cells were 

transiently transfected with a construct encoding for ngn2 and mCherryZeo, a fusion protein of the mCherry 

fluorescent protein and the zeocin resistance gene allowing both selection and visualization of transfected cells. 

To promote differentiation, LIF was withdrawn from the medium. Beside zeocin selection and LIF removal no 

other changes to culture conditions were made. Seven days post transfection, ngn2-transfected cells could still be 

visualized by mCherry fluorescence (Figure 2B, D). Several ngn2-transfected cells displayed clear neuronal 

morphology like long axon-like protrusions (Figure 2A, C). This indicates the induction of neuronal 

differentiation upon ngn2 transfection. 
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These findings reveal that ectopic expression of ngn2 in IPS cells leads to the formation of cells with clear 

neuronal characteristics suggesting the induction of neuronal differentiation. Although further experiments are 

necessary to confirm this conclusion, these results strongly indicate that the cell fate defining potential of ngn2 is 

also operative in IPS cells. Thus, it is possible that the approach of MR-induced differentiation is feasible for 

various stem cell lines. 

Ngn2-induced differentiation using protein transduction 
Differentiation protocols including genetic manipulation of stem cells have the disadvantage that unexpected or 

late effects of integrated transgenes can impede applications of the generated cell types. Especially, potential use 

of stem cells in regenerative medicine requires differentiation methods that do not include genetic alterations of 

the original cells. To address this requirement, I wanted to improve the approach of ngn2-induced differentiation 

by replacing the introduction of ngn2 coding DNA by introduction of a transducible version of Ngn2 protein. 

Recombinant, transducible versions of proteins have been successfully generated by fusing the proteins to so-

called protein transductions domains. Here, I used the HIV protein transduction domain TAT [85] together with 

a His-Tag and a nuclear localisation signal linked to the N-terminus of the ngn2 coding sequence. Additionally, a 

Flag-Tag was linked to the C-terminal end of ngn2 resulting in the recombinant protein HTNngn2F (Figure 3A). 

HTNngn2F expression construct was transfected into HEK293 cells. Cells were harvested and HTNngn2F 

protein was isolated using Flag-Antibody gel matrix. Expression of HTNngn2F in HEK293 cells as well as 

effective purification was confirmed using western blot analysis (Figure 3B). 

Figure 2: Neuronal differentiation 
of IPS cells induced by ectopic 
expression of ngn2. Examples of 
ngn2-2A-CherryZeo transfected 
IPS cells displaying neuronal 
morphology 7 days post 
transfection. (A, C) Phase contrast 
images. (B, D) Cherry fluorescence 
verifying expression of transfected 
construct. Fluorescence intensity is 
depicted in pseudocolours (rainbow 
RGB) ranging from black (lowest) 
to white (strongest). All scale bars 
represent 20µm. 
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Next, protein was transduced in mESCs. Four hours after protein transduction cells were stained using antiFlag 

antibody to verify successful introduction of HTNngn2F into the cells. HTNngn2F-treated cells displayed a 

positive staining signal located in or near the nucleus (Figure 4). This suggests that HTNngn2F protein was 

successfully taken up by the cells and subsequently translocated into the nucleus. 

 

Having verified that HTNngn2F protein can be transduced into mESCs, the next step was to analyze whether the 

transduced protein HTNngn2F is able to induce a differentiation process like ngn2 coding DNA. Thus, cells 

were treated with HTNngn2F protein for 7 days and subsequently analysed for expression of neuronal marker 

genes. The neuronal marker genes dcx, math3, olig2, pax6, and NeuroD were activated in HTNngn2F-treated 

cells compared to mock-treated cells albeit expression levels of dcx, math3, and olig2 were very low (Figure 

5A). Pax6 is known to be a marker gene for neuronal progenitor cells [86]. Thus, immunofluorescence staining 

of nestin at day 14 of HTNngn2F treatment was performed as expression of Nestin is also known to be a 

characteristic feature of neural progenitor cells [87]. Nestin expression was detected in almost all HTNngn2F-

treated cells while mock-treated cells showed only background staining (Figure 5B-F). Thus, one can conclude 

that transduction of HTNngn2F protein is able to induce neuronal differentiation of mESCs albeit obviously only 

until the appearance of neural progenitors. It cannot be excluded that a minor part of HTNngn2F-treated cells 

Figure 4: Immunofluorescence staining of HTNngn2F-treated mESCs. (A) Nucleus visualized by Hoechst staining. 
(B) HTNngn2F protein visualized using anti-Flag antibody. (C) Overlay showing nuclear localization of HTNngn2F 
protein. All scale bars represent 10µm. 

Figure 3: Purification of HTNngn2F protein. 
(A) Scheme of HTNngn2F construct 
containing His-tag, protein transduction 
domain TAT, nuclear localization signal 
(NLS), and Flag-tag. (B) Western blot 
analysis showing HTNngn2F expression in 
HEK293 cells (lane 1+2) and lysate, wash1, 
and eluate fraction of HTNngn2F purification. 
Band intensities are depicted in 
pseudocolours. 
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differentiated into mature neurons as I observed low activation of dcx expression that is transiently expressed in 

early postmitotic neurons [88,89]. However, expression of neuN that is considered a marker for terminally 

differentiated neurons could not be detected (data not shown) [90]. Possibly, HTNngn2F-treated cultures 

contained a fraction of postmitotic, but not fully differentiated neurons or the fraction of neuN-expressing cells 

was below the detection level of the RT-PCR method. To conclusively determine if HTNngn2F protein 

treatment also led to the appearance of mature neurons it is necessary to perform immunofluorescence staining 

for terminal neuronal marker. 

Nevertheless, one can conclude that differentiation induced by HTNngn2F treatment mostly resulted in the 

formation of neural progenitors. However, protein transduction protocols include numerous unpredictable 

parameters like efficiency of transduction or half-life time and activity of the recombinant protein. These factors 

make it difficult to compare the effects of protein transduction to observations made after introduction of DNA 

encoding for the same protein. For example, it is possible that levels of active HTNngn2F protein were too low 

or varying too much to promote neuronal differentiation until the appearance of mature neurons. Nevertheless, 

these results show that the idea of inducing directed differentiation by MRs can be in principle be realised 

without the introduction of DNA into the original stem cells. As there is a lot of room for technical improvement, 

this approach potentially represents a new useful method to obtain defined cell types of stem cells without the 

need for genetic modification. 
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Master regulator-induced differentiation of mESCs into other lineages 
My previous results demonstrate that it is possible to induce and promote neuronal differentiation of mouse 

pluripotent stem cells solely by ectopic expression of a neural specific transcription factor without any additional 

signals. Now, the question arises whether this approach can be transferred to generate other cell types. Thus, I 

replaced the coding sequence of ngn2 in the CreP2Angn2 construct by other potential MRs and generated mESC 

lines transgenic for these inducible constructs (Figure 6). As MR candidates I chose myoD and cebpa resulting in 

the transgenic cell lines E14-CreP2AmyoD and E14-CreP2Acebpa, respectively. MyoD is expressed in 

developing skeletal muscle during embryogenesis [91] and has already been shown to be able to induce the 

appearance of myoblastic features when overexpressed in various cell types [92-94]. Cebpa (CCAAT/enhancer 

binding protein alpha) is a transcription factor involved in the development specific hematopoetic lineages [95] 

and ectopic expression of cebpa has been shown to convert B-cells and T-cells into macrophages [96,97]. 

 

Figure 5: Neuronal differentiation of mESCs 
induced by treatment with HTNngn2F 
protein. (A) Gene expression analyses 
revealing upregulation of neural markers in 
protein-treated cells compared to mock-
treated cells. (B-F) Immunofluorescence 
staining showing Nestin expression in 
HTNngn2F-treated cells (B-D), but not in 
mock-treated cells (E, F). Scale bars represent 
20µm (B-D) and 50µm (E, F), respectively. 

Figure 6: Scheme of CreP2A-
MR constructs allowing induction 
of MR expression by 4OHT 
treatment. 
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As a first step I tested the functionality of the induction construct in the cell lines E14-CreP2AmyoD and E14-

CreP2Angn2. After treatment with 4OHT GFP fluorescence was analysed. In both cell lines, a large part of 

4OHT-treated cells showed a loss of GFP signal indicating successful recombination (Figure 7A, B, D, E and 

Figure 8A, B, D, E). 

Ten days post recombination, E14-CreP2Acebpa cells displayed morphological alterations very similar to a 

macrophage phenotype. Macrophage-like cells could be detected at high frequency in 4OHT-treated cells and 

only occasionally in mock-treated cells thus suggesting induction of directed differentiation into macrophages by 

ectopic expression of cebpa (Figure 7C, F). 

 

Analyses of E14-CreP2AmyoD cells revealed that nine days post recombination cells showed an elongated cell 

shape characteristic for myoblastic cells (Figure 8F). Cells stained positive for the myoblast marker myosin and, 

moreover, several multinuclear cells could be detected (Figure 9). Hence, one can conclude that ectopic 

expression of myoD in mESCs induced directed differentiation into myoblastic cells.  

Figure 7: Directed differentiation of E14-CreP2A-cebpa cell line into macrophage –like cells. (A-C) Mock 
treatedcells. (D-F) 4OHT-treated cells. (A, B, D, E) Day1 post recombination. Loss of GFP signal in 4OHT-treated 
cells (D, E) indicates Cre-mediated recombination and induction of cebpa expression. Mock-treated cells (A, B) 
show clear GFP signal. (C, F) Day 10 post recombination.4OHT-treated cells (F) showed clear macrophage 
morphology not detectable in mock-treated cells (C). All scale bars represent 20µm. 
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Having now verified that the CreP2A-MR constructs allow induction of MR expression and subsequent directed 

differentiation with different MR genes I wanted to investigate whether this system allows the generation of two 

different cell types in parallel. Thus, a mixed culture of E14-CreP2Angn2 and E14-CreP2AmyoD cells was 

treated with 4OHT. Nine days post recombination, immunofluorescence staining revealed that cells had 

developed into a mixed culture of myosin positive myoblasts and Tuj1 positive neurons (Figure 10). 

Figure 9: Immunofluorescence staining of 
E14-CreP2A-myoD cells 10 days post 
recombination showing myosin expression 
and multinuclear cells (D). Scale bars 
represent 50µm (A, B) and 20µm (C, D), 
respectively. 

Figure 8: Directed differentiation of E14-CreP2A-myoD cell line into myoblasts. (A-C) Mock treated cells. (D-F) 
4OHT-treated cells. (A, B, D, E) Day1 post recombination. Loss of GFP signal in 4OHT-treated cells (D, E) 
indicates Cre-mediated recombination and induction of myoD expression. Mock-treated-cells (A, B) show clear 
GFP signal. (C, F) Day 9 post recombination. Myoblasts detectable in 4OHT-treated cells (F) but not in mock-
treatedcells (C). All scale bars represent 20µm. 
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Altogether, these data reveal that ectopic expression of both cebpa and myoD in mESCs results in directed 

differentiation into defined cell types proving that MR-induced differentiation of mESCs can in principle be used 

to generate different cell lineages. As myoblasts and macrophages are mesodermal representatives whereas 

neurons are of ectodermal origin, one can assume that this approach is not restricted to the generation of 

derivatives of one germ layer. Furthermore, MR-induced differentiation apparently allows the simultaneous 

formation of two unrelated cell types –myoblasts and neurons – in one culture thus representing a useful tool to 

obtain mixed cultures of defined cell types. 

Conclusion: Cell fate defining potential of master regulator genes 
During embryogenesis, various stem cell types have to pass through numerous steps of lineage commitment. Key 

developmental genes often play a crucial role in these processes of cell fate determination by regulating the 

specific gene expression program of the various stages or triggering the transition to the next stage. The results 

presented in this study demonstrate that such master regulator genes are also able to influence cell identity in a 

non-physiological context. Ectopic expression of MR genes is obviously sufficient to induce direct 

differentiation into defined cell types. My findings prove that this process does not require any additional 

differentiation-inducing or promoting signals and is operative in different stem cell types from fish and mouse. 

This underlines the strength of the cell fate defining potential of MRs and suggests that this function of MR 

genes is conserved among vertebrates. 

So far, the cell fate defining potential of MRs has not been addressed extensively. Only few other studies exist 

that demonstrate the capability of certain genes to alter a cell’s identity. It has been shown that ectopic 

expression of stem cell specific genes can reprogram somatic cells into a pluripotent state [15-17]. While this 

represents cell conversion from a differentiated to an unspecialized cell state, there are also several studies 

indicating that this approach can be inverted in the physiological direction, namely the differentiation of stem 

cells into specialized cells. For example, ectopic expression of nurr1, a transcription factor expressed in the 

substantia nigra, in mESCs promotes the formation of dopaminergic neurons in a conventional neuronal 

Figure 10: Parallel differentiation into myoblasts and neurons using mixed culture of E14-CreP2Angn2 and E14-
CreP2AmyoD cells. 10 days post recombination myosin and Tuj1 positive cells can be detected. Scale bars 
represent 20µm. 
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differentiation protocol [98]. Similarly, the myoblast-specific gene myoD enhances myoblast formation of 

differentiating ESCs under certain environmental conditions [99]. These findings indicate that MR genes are able 

to influence cell fate decisions of pluripotent stem cells. However, as in all these studies ectopic expression of 

MRs was always accompanied by changes of culture conditions - like the addition of a specific differentiation 

medium or embryoid body formation - it is difficult to evaluate the cell fate defining potential of MRs in these 

experiments. In contrast, my study shows that the ability of certain MRs to induce differentiation of stem cells 

does not require additional environmental signals. 

Reprogramming and differentiation induced by ectopic gene expression both represent processes from 

differentiated cells into stem cells or from stem cells into differentiated cells. Here, ectopic expression of single 

genes induces a change in the status of pluripotency. However, there are also reports of approaches using the cell 

fate defining potential of key developmental genes to directly convert one somatic cell type into another. For 

example, ectopic expression of a combination of neuron-specific genes induces the formation of neurons from 

fibroblasts [100]. Similarly, ß-cells were generated from exocrine pancreatic cells using three pancreas-specific 

transcription factors [101]. These studies also underline the ability of certain genes to change a cell’s identity. 

However, cell conversion required a set of genes and was either performed in neural differentiation medium 

[100] or in vivo [101], where it is difficult to evaluate the influence of environmental signals. Thus, it cannot be 

determined whether the cell fate defining potential of MRs is only operative in a defined environmental context. 

Interestingly, already 20 years ago, it has been shown that myoD can convert various somatic cell types to 

myoblastic cells without any medium changes [94]. Thus, cell conversion of somatic cells can be induced solely 

by ectopic expression of one MR. However, there are also several data that are contradictory to this assumption. 

For example ectopic expression of mitf-M in mouse fibroblasts resulted in the appearance of some features of 

melanocytes, but was not sufficient to induce melanin production [102]. Similarly, Mitf-M was able to induce 

formation of melanocytes in medaka ESCs and SG, but not in medaka fibroblasts [28]. Likewise, my results 

show that the osteoblast MR cbfa1 can induce the formation of functional osteoblasts in MF-SG, but not in 

fibroblasts. 

In an attempt to put all these data in context one can hypothesize that MR genes have the potential to define a 

cell’s identity, but this cell fate defining potential varies for different MRs. While myoD obviously is able to alter 

the cell fate of pluripotent stem cells as well as differentiated cells, mitf-M or cbfa1 can only define the fate of 

cells harboring a certain differentiation potential like ESCs or SG and only induce an incomplete cell conversion 

in terminally differentiated cells like fibroblasts. However, one has to keep in mind that studies investigating the 

effects of MRs various cell types in vitro might differ in several issues like medium composition, cell line origin 
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etc. that might influence experimental results. Thus, to exactly compare the cell fate defining potential of MR 

genes it is necessary to investigate their effects under exactly similar conditions. 

Interestingly, in my study and in a previous study using medaka ESCs [28], MR-induced differentiation 

processes included the activation of genes expressed before the differentiation-inducing MR during embryonic 

development. One possible explanation for this observation would be that a minor part of cells underwent 

spontaneous differentiation into progenitor cells expressing these genes. However, medaka cells were constantly 

kept in pluripotency-promoting medium that should prevent random differentiation processes. For several 

experiments using mouse ESCs, LIF was withdrawn from the medium which could indeed lead to spontaneous 

differentiation processes. However, the activation of upstream markers was not detected in control treated cells 

strongly indicating that this phenomenon is a result of ectopic MR expression. This conclusion is also supported 

by the fact that this phenomenon was observed both in medaka and mouse cells and using different MR genes. 

This strongly indicates that it is not an experimental artifact but might be part of MR induced differentiation. 

One could hypothesize that cells differentiating in vitro into a defined cell type recapitulate the stages occurring 

during the formation of this cell type during embryogenesis. This would include the recapitulation of early 

developmental stages although the differentiation-inducing MR is not expressed in these progenitors (Figure 11). 

 

It is not clear whether this upstream marker activation always occurs during MR-induced cell fate changes. 

Studies reporting cell conversion of differentiated cells by ectopic expression of MR genes describe either no 

dedifferentiation step at all [101] or the appearance of an intermediate stage of the converting cells [96]. 

However, it has to be mentioned that in the major part of studies describing induction of cell fate changes by 

MRs analyses were focused on the identification of the resulting cell type. Thus, it cannot be excluded that 

recapitulation of early markers might have occurred during MR-induced cell fate determination but below the 

detection level. A possible approach to address this question would be to compare different MR-induced 

differentiation processes into various cell types regarding the expression of upstream genes. For this purpose, the 

cell lines that were created in my study offer a useful tool as they allow the generation of various cell types by 

homogenous induction of different MR genes. Furthermore, it is an interesting question if the activation of 

Figure 11: Schematic illustration of early 
gene activation occurring during MR-induced 
differentiation 
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upstream genes is essential for the formation of mature differentiated cells induced by MR expression. Stem cells 

with loss-of-function mutations of such early progenitor markers would represent a valuable system to test this 

hypothesis. 

Another interesting aspect of MR-induced differentiation is that obviously single genes are sufficient to break the 

complex network maintaining pluripotency. Although the mechanisms regulating the status of pluripotency are 

not fully understood, several recent studies have helped to identify important factors involved in this process. For 

example, it has been shown that differentiation includes the upregulation of certain microRNAs that are required 

to shut down the self renewal program [103]. Another important step during differentiation is the remodeling of 

the epigenetic landscape. The chromatin of differentiated cells is characterized by repressive marks highly 

organized in foci. In contrast, stem cells display a more dynamic, open chromatin structure that allows rapid 

activation of differentiation programs [104]. It is not clear if these procedures also occur during MR-induced 

differentiation. However, as loss of pluripotency is a common step during all differentiation processes it is 

probable that the mechanisms regulating this step are similar independent of the differentiation protocol used. If 

this is the case, it would be interesting to analyse how single transcription factors are able to activate this 

machinery. Analyses of the direct binding sites of MR genes would be a possible approach to address this 

question. Furthermore, such experiments would reveal if the open chromatin status of pluripotent cells allows the 

binding of MR genes to additional targets that are not accessible for MRs in the physiological situation. 

Altogether, one can conclude that key developmental genes are able to define cell fates outside of their 

physiological function. Thus, ectopic expression MR genes can be used to generate various cell types from either 

different stem cell types by induction of differentiation, but also from differentiated cells by induction of cell 

conversion processes. These approaches represent a promising tool to investigate the mechanisms inducing and 

regulating the determination of cell identity. Furthermore, MR-induced differentiation or cell conversion offers a 

valuable opportunity to generate certain somatic cell types for potential use in regenerative medicine. 
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Materials and Methods (for unpublished experiments from this 
dissertation) 
 

Cell culture 

Culture of MF-SG and MF-ESCs was performed as described in manuscript 1. For dmrt1a/dmrt1bY 

transfections, MF-SG were transfected with 2 ug of dmrt1a/dmrt1bY coding plasmids using Fugene HD 

transfection reagent (Roche) according to the manufacturer’s instructions. 

Murine IPS cells derived from peritoneal fibroblasts [105] were a kind gift from K. Hochedlinger (Harvard 

University). IPS cells were grown on mitomycin C-inactivated SNHL feeder cells at 37°C and 5% CO2 on 

gelatin-coated wells in DMEM supplemented with 10% FCS, glutamine (4mM), non-essential amino acids 

(0.1mM), penicillin (1mM), streptomycin (1mM), ß-mercaptoethanol (0.1mM), and LIF (1000U/ml). For 

transfection experiments, feeder cells were removed by preplating cell suspension of feeder and IPS cells for 30 

minutes on gelatin-coated wells. IPS cells were transfected with 2µg pMTE-mCherryZeo2Angn2 plasmid using 

Fugene HD transfection reagent (Roche) according to the manufacturer’s instructions. During differentiation, 

transfected cells were cultured in complete growth medium without LIF. Selection with zeocin (200µg/ml) was 

started at day 2 post transfection. Medium was changed every day. 

SNHL feeder cells (SNL feeder cells [106] with additional hygromycin resistance) were a kind gift from M. 

Gessler (University of Wuerzburg). Cells were grown at 37°C and 5% CO2 in DMEM supplemented with 10% 

FCS, glutamine (4mM), penicillin (1mM), and streptomycin (1mM). For inactivation, cells were treated with 

10µg/ml mitomycin C (Roche) for 3hours at 37°C and 5% CO2, washed three times with PBS, trypsinized and 

seeded on gelatin-coated wells. 

HEK293T cells were grown at 37°C and 5% CO2 in DMEM supplemented with 10% FCS, glutamine (4mM), 

penicillin (1mM), and streptomycin (1mM). For small scale protein expression analyses, cells were transfected 

with 10µg HTNngn2F plasmid using Polyethylenimine (PEI; Roth). PEI was diluted 1:100 in 150mM NaCl and 

subsequently mixed with plasmid DNA at a ratio of 3µl PEI per 1µg DNA. After incubation of 15min at room 

temperature, transfection mix was transferred to cells in complete growth medium. 30 hours post transfection, 

cells were harvested for western blot analysis. 

Mouse ESCs were cultured as described in manuscript 3. Generation and culture of cell lines E14-CreP2A-cebpa 

and E14-CreP2A-myoD was performed as described for E14-CreP2A-ngn2 cell line (manuscript 3). 

For transduction of HTNngn2F protein mESCs were seeded at single cell suspension. After attachment of cells, 

cells were treated with stem cell medium without serum, antibiotics, NEAA, and ß-mercaptoethanol, and LIF 
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supplemented with 1µM HTNngnF protein or same volume of 50% glycerin/PBS buffer (mock). Cells were 

incubated at 37°C and 5% CO2 for 4 hours. Subsequently, for mRNA expression analyses, growth medium 

without LIF was added so that final concentrations of antibiotics, NEAA, and ß-mercaptoethanol, and serum 

were 0.75x of concentrations in complete stem cell medium. Protein transduction was performed at day 1-3. 

Subsequently, cells were grown in complete stem cell growth medium without LIF for 4 days and then harvested 

for RNA isolation. For immunofluorescence staining, protein transduction was performed as described above, 

however, with modification that after 4 hours incubation medium was supplemented to final concentrations of 1x 

antibiotics, NEAA, and ß-mercaptoethanol and 0,5x serum. Protein transduction was performed at days 1, 2, 3, 

4, and 6 and cells were cultured in Neurobasal medium (Invitrogen) supplemented with 1% 

penicillin/streptomycin and 2% B27 from day 5 to day 14. 

 

Plasmids 

Dmrt1a and dmrt1bY expression plasmids were generated by J. Klughammer and contain the coding sequences 

of dmrt1a and dmrt1bY respectively with a C-terminal FTH-tag under control of the CMV promoter (J. 

Klughammer, Bachelorthesis, University of Wuerzburg, 2010). 

For ngn2-induced differentiation of IPS cells, a construct encoding for ngn2 and a fusion protein (mCherryZeo) 

of the fluorescent protein mCherry and the zeocin resistance was generated. Coding sequence of mCherryZeo 

together with a 2A sequence were amplified by PCR using primers 5’-

AGTGGATCCATGGTGAGCAAGGGCG-3’ and 5’- 

GACTCTAGAAGGGCCGGGATTCTCCTCCACGTCACCGCATGTTAGAAGACTTCCTCTGCCCTCGTCC

TGCTCCTCGGCCA-3’. PCR product was cloned into pMTE-EGFP-Zeo-P2Angn2 using BamHI and XbaI 

restriction enzymes resulting pMTE-mCherryZeo2Angn2. 

For generation of the construct encoding for HTNngn2F protein ngn2 coding sequence was amplified by PCR 

using primers 5’-GCATGAATTCTAAGAAGAAGAGGAAGGTGATGTTCGTCAAATCTG-3’ and 5’-

TGACCTCGAGCTAGATACAGTCCCTG-3‘. PCR product was cloned into HTN-Klf4 vector (kind gift from 

F. Edenhofer) using EcoRI and XhoI restriction enzymes resulting in HTNngn2 vector. Subsequently, C-

terminal region of ngn2 was amplified by PCR with reverse primer containing the Flag-Tag sequence. Primers 

were 5’- TCGCCCGCTAGCCCCGGGTC-3’ and 5’- 

TACGCTCGAGCTACTTATCGTCGTCATCCTTGTAATCGATACAGTCCCTGGC-3’. PCR product was 

cloned into HTNngn2 using NheI and XhoI restriction enzymes resulting in HTNngn2F. 
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The MR inducible constructs CreP2A-myoD and CreP2A-cebpa were generated like CreP2A-ngn2 (see 

manuscript 3). 

 

HTNngn2F protein production and purification 

Large scale production of HTNngn2F protein in HEK293 cells in suspension culture was performed by Mattia 

Matasci (Ecole polytechnique fédérale de Lausanne). HTNngn2F-transfected cells were collected by 

centrifugation 3 days post transfection. For cell lysis, cell pellet was resuspended in TBS (50mM Tris HCl, pH 

7.4, 150mM NaCl) supplemented with 1mM EDTA and 1% Triton X-100. After incubation of 20min, protease 

inhibitor mix (Sigma, 10µl/ml) was added and cell suspension was incubated for additional 10min. Then, cell 

debris was removed by centrifugation. Purification of HTNngn2F protein from cell lysate was performed by 

column chromatography using ANTI-FLAG M2 affinity gel (Sigma). Column was prepared according to 

manufacturer’s instructions. Cell lysate was loaded onto the column and unbound proteins were removed by 

washing the column with 10 column volumes TBS. Subsequently, HTNngn2F protein was eluated by three 

column volumes TBS containing 100µg/ml FLAG peptide (Sigma). Purified HTNngnF fractions were 

transferred to storage buffer (50% glycerin, 1M NaCl, 1mM DTT, 1mM EDTA) by dialysis and stored at -20°C. 

 

Western blot 

Western blot analyses were performed as previously described [13] using anti-Flag antibody (1:2000; NatuTec, 

10-146) and anti-ngn2 antibody (1:1000; Santa Cruz, sc-50402). 

 

RT-PCR 

Total RNAs were isolated from cell cultures using the Total RNA Isolation Reagent (AB Gene). Samples were 

digested with DNAseI (Fermentas) to exclude gDNA contamination followed by cDNA synthesis (Fermentas).  

Quantitative RT-PCR of dmrt1a/dmrt1bY-transfected MF-SG were run from 50µg cDNA using a Biorad-

iCycler. Primers were as follows: ef1a1 5'-GCCCCTGGACACAGAGACTTCATCA-3', 5'-

AAGGGGGCTCGGTGGAGTCCAT-3'; spata7 5’-TAGCCCTGAAGTGAGAGGTCAG-3’, 5’-

CGTCCATCTTTCCTCTGCTGC-3’; Rspo1 5’-CAATGAGACCATGGAGTGTGTCG-3’, 5’-

CTCTCCGATTGTGAAGTGCAGG-3’; aromatase 5’-TACCACTGTAGGACTCCCATCC-3’, 5’-

TCCACACTCGAACAATGTCTCC-3’, follistatin 5’-GAAGGAACGGGAGATGTCAGGTC-3’, 5’-

TGATGTTGGAGCAGTCTGGAGC-3’; dmrt1a 5’-TCCGGCTCCACAGCGGTC-3’, 5’-

TCCGCAATCAGCTTGCATTTGG-3’; dmrt1bY 5’-CTGGAAAGACTGCCAGTGCTT-3’, 5’-



35 Materials and Methods (for unpublished experiments from this dissertation) 
 

GACTCTCTGGCGGACCATG-3’. Results are average values of three PCR reactions from each RT reaction. 

Ef1a1 primers were used for template normalization. Relative expression levels were calculated according to the 

equation 2-ΔCT. 

For expression analyses upon Ngn2 protein transduction, PCR were run from 25µg cDNA for 32 cycles. For 

primer sequences of ef1a1, dcx, math3, olig2, and pax6 see manuscript 3. Primers for NeuroD were 5’-

CAACCTGCGCAAGGTGGTA-3’ and 5’-GTCGCTGCAGGGTAGTGCAT-3’. 

 

Immunofluorescence staining 

Immunofluorescence staining of Myosin was performed according to staining protocol described in manuscript 3 

using anti-myosin antibody (kind gift from R. Hock, University of Wuerzburg). For Nestin staining, cells were 

washed with PBS, treated with MSP buffer for 30s at room temperature and subsequently fixed in 100% 

methanol for 3min at -20°C. Then, staining was performed according to the staining protocol described in 

manuscript 3 using anti-nestin antibody (1: 80; Neuromics, CH23001). 

 

Microscopy 

Images were taken at room temperature using a Leica DMI6000B inverted microscope with a Leica DFC350FX 

camera and the Leica Advanced fluorescence software. Objectives were HCX FL PLAN 10.0x0.25 DRY and 

HCX PL FLUOTAR L 20.0x0.40 DRY. Imaging medium was phosphate-buffered saline for 

immunofluorescence staining or standard growth medium for imaging of living cells. All images were analysed 

and formatted using ImageJ software. 
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