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

Stammzellen gehtéren embryonale Stammzellen (ESZ), aber auch so genannte induzierte pluripotente
Stammzellen (IPS Zellen), die durch Rickprogrammierung ausdifferenzierter Korperzellen in einen
pluripotenten Status gewonnen werden. AuBerdem wurde gezeigt, dass adulte Spermatogonien (SG) in Maus und
Mensch pluripotent sind. Pluripotente Stammzellen sind von groRBer Wichtigkeit fir Forschung und regenerative
Medizin. Fir letztere bieten diese Zellen aufgrund ihrer Féhigkeit, jede Korperzellen zu bilden, eine
vielversprechende Madglichkeit, zerstorte Gewebe oder Organe zu ersetzen. In der Forschung stellen sie ein
nltzliches System dar, um Entwicklungs- und Differenzierungsprozesse zu untersuchen, die in der
physiologischen Situation z.B. der Embryonalentwicklung — schwer zugéanglich sind. Eine wichtige Grundlage
fur diese Anwendungen sind jedoch Methoden, die die effiziente und gerichtete Differenzierung von
Stammzellen in einen bestimmten Zelltyp erlauben.

In dieser Arbeit wird zunéchst 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 auBerhalb der S&uger erhalten ist. Meine Ergebnisse zeigen, dass Medaka-SG fahig 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 fur 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 ermdglichte auch die Bildung anderer
somatischer Zelltypen. So fiihrte Uberexpression der MR cbfal und mash1 in Medaka SG zur Differenzierung in
Osteoblasten bzw. Neuronen. Interessanterweise wurde bei diesen Differenzierungsprozessen die Aktivierung
von Genen beobachtet, die wéhrend der Embryonalentwicklung vor dem Differenzierung-auslésenden MR
aktiviert werden.

Weiterhin zeigen meine Ergebnisse, dass der Ansatz einer gerichteten Differenzierung, ausgeldst durch einzelne
MR, auch auf Sauger-Stammzellen iibertragen werden kann. So wurde durch Uberexpression 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 Uberexpression von ngn2 aktiviert werden kann, erlaubte die
Entstehung einer Kultur mit einem groen Anteil funktionaler Neuronen. Der durch ngn2 ausgeldste
Differenzierungsprozess war unabhangig von zusatzlichen Faktoren und lief sogar unter Bedingungen ab, die
normalerweise den pluripotenten Zustand unterstiitzen. AuRerdem fiihrte Uberexpression 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 ausgelost werden, und zwar die Bildung neuronaler
Vorlduferzellen. Zuletzt wird bewiesen, dass gerichtete Differenzierung von murinen ESZ durch einzelne MR
Gene neben neuronalen Zelltypen auch die Bildung anderer somatischer Zellen erlaubt: Uberexpression der
Gene myoD oder cebpa induzierte die Differenzierung in Muskelzellen bzw. Makrophagen-&hnliche Zellen.
Unter Verwendung transgener Zelllinien, die die Aktivierung jeweils eines MRs erlauben, war es mdglich,
gemischte Kulturen zu erhalten, in denen zwei verschiedene Differenzierungsprozesse parallel abliefen.

Diese Studie zeigt, dass die Uberexpression einzelner Gene ausreichend ist, um gerichtete
Differenzierungsprozesse in einen bestimmten Zelltyp auszul6sen. Die erfolgreiche Durchfuhrung 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 kdnnen und dass diese
Fahigkeit eine konservierte Eigenschaft in Wirbeltieren zu sein scheint. Somit présentiert diese Arbeit neue
Erkenntnisse iber die Rolle von MR bei der Festlegung von Zellidentitdten 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. Auslésung 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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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, | 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 cbfal and mashl 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
(1ds) 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
hnf3R [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, | 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. | 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 | 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, | 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 dmrtlbY [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 | 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 10uM, the formation of adipocytes was
observed. Adipocytes were also detected at RA concentration of 1uM 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, | 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.

Cbfal-induced differentiation of MF-SG into osteoblasts

Mitf-M was already known to be sufficient to induce differentiation of stem cells. Next, | 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 cbfal[38-40], mash1[41,42], runx1 [43], scl [44],
sox10 [45]. Ectopic expression of runxl, scl, and sox10 did not result in any morphological changes that
suggested the formation of a specific cell type. Thus, for further analyses, | focused on chfal and mashl 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 (cbfal, 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 cbfal 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 dIx5 upon cbfal transfection. DIX5 is known to regulate cbfal
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expression, while its own expression was thus far not shown to be directly controlled by cbfal [46]. Thus, cbfal-
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 cbfal-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 cbfal-transfected MF-SG cultures. Neither mock-transfected MF-SG nor cbfal-transfected
fibroblasts showed positive calcein staining. Together with the results of the gene expression analyses these data
indicate that Cbfal 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 cbfal during in vivo development where this
gene is expressed in the developing skeleton and is essential for bone formation. Cbfal null mutant mice die
immediately after birth due to the lack of mature osteoblasts [39,40]. The medaka homolog of cbfal displays
high similarity with the mammalian cbfal regarding amino acid sequence and embryonic expression pattern [47]

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

In vitro, ectopic expression of cbfal 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 cbfal 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 cbfal is strong enough to allow differentiation across germ layer borders, one
cannot conclusively assume that cbfal can induce osteoblast formation in every cell type. Although previous
studies show that ectopic expression of cbfal induces the expression of principle osteoblast markers in
nonosteoblastic fibroblasts [38], my findings reveal that cbfal-transfected fibroblasts do not adopt functional
features of osteoblasts. Thus, one can assume that the potential of cbfal 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 cbfal as effective MRs to induce in vitro differentiation | next wanted to
investigate if single gene-induced differentiation is also feasible for the generation of neuronal cell types. Thus,

mashl (mammalian achaete-scute homolog 1) was chosen as potential MR for neuronal differentiation. Mashl
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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 mashl 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 mashl-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, mashl-transfected MF-SG activated numerous neuron-specific genes supporting the
assumption of neuronal differentiation. Interestingly, the neuronal markers activated during mashl1-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 mashl
[52]. Thus, mashl induced differentiation of MF-SG included the activation of genes activated before mashl
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 mashl-transfected cells were able to respond
to KCI 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 Mashl is able to induce differentiation of MF-SG into neuron-like
cells, which was confirmed by morphology, gene expression pattern, and functional features. Moreover, mashl
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 cbfal,
the findings showing the cell fate defining potential of mash1l in vitro are in agreement with the data describing
the role of this gene during physiological neurogenesis. Here, mashl 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 mashl can enhance survival of neural precursor cells [54]. Another

study reports that ectopic expression of a shorter version of mashl in mESCs results in the formation of neurons
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[55]. In addition to these findings my results demonstrate that mashl 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 mashl 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, | 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, cbfal, and mashl, 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, | next wanted to analyze the effects of ectopic expression of dmrtla and dmrtlbY which are involved in
sex differentiation and determination. In medaka, dmrtla is the ancestral, autosomal version of the dmrtl gene
whereas dmrt1bY represents the duplicated copy of this gene located on the Y chromosome. Dmrtl (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 dmrtlbY has adopted the function of master
regulator of male development in medaka [29,30]. A loss-of-function mutation in dmrtlbY results in XY male to
female sex reversal [30]. Furthermore, XX sex reversal to a male phenotype can be achieved by ectopic
expression of dmrtlbY in medaka embryos [57]. These data demonstrate that dmrtlbY 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 dmrtlbY gene (see manuscript 2). This transposable element contains a Dmrtl
binding site suggesting that dmrtlbY expression is regulated by Dmrtl proteins. To verify that this
transcriptional regulation is active we analysed the effects of Dmrtla and DmrtlbY on dmrtlbY promoter
activity in MF-ESCs and MF-SG. In both cell lines, neither expression of dmrtlbY nor of dmrtla can be detected

(data not shown). Cells were cotransfected with a luciferase reporter construct containing the part of the dmrtlbY
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promoter harbouring the Dmrtl binding site and different amounts of plasmids encoding dmrtlbY or dmrtla.
The results show that dmrtlbY promoter activity is remarkably reduced in the presence of both Dmrtla and
DmrtlbY (see manuscript 2). This effect is not detectable when a mutant promoter with a modified Dmrtl
binding site is used. Thus, one can conclude the regulating effect of Dmrt1 proteins on dmrtlbY promoter is the
results of an interaction with the putative Dmrtl binding site. Furthermore, these findings demonstrate the
machinery regulating dmrtlbY 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 dmrtla in MF-SG
Next, | wanted to investigate the effects of ectopic expression of dmrtlbY and dmrtla in MF-SG. As mentioned

previously, MF-SG do not express dmrt1lbY nor dmrtla according to RT-PCR. This is in agreement with in vivo
expression analyses demonstrating that in testes of adult medaka both dmrtl genes are exclusively expressed in
Sertoli cells [29,30] with dmrtla expression being 50 fold higher than that of dmrtlbY [58]. However, in
mammals, dmrtl is expressed both in Sertoli cells and germ cells [59] and is required in both cell types for
correct testis differentiation [60]. Furthermore, dmrtl 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
dmrtl in MF-SG. Moreover, the effects mediated by dmrtl 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 dmrtl genes in MF-SG could give insights in the physiological mechanism activated by MR genes.

MF-SG were transiently transfected with dmrtlbY and dmrtla 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 Dmrtl 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 dmrtlbY compared to untreated MF-SG. Upregulated genes included
spata?7, aromatase, follistatin, and dmrtla, whereas Rspol was downregulated. Analyses of the expression levels
of the same genes upon transient transfection with dmrtla (Figure 1B) revealed a similar regulation of follistatin,
aromatase, and Rspol. Spata7 expression levels were largely unchanged and expression of dmrt1bY, which was
analyzed instead of dmrtla, was downregulated. The latter is in agreement with previous results demonstrating
that dmrtlbY expression is repressed by Dmrtla (see manuscript 2). One has to keep in mind that dmrtlbY
expression was not detected in MF-SG by RT-PCR. Using quantitative RT-PCR, however, a downregulation of

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

expression is further repressed by Dmrtla.

Furthermore, ectopic expression of dmrtla 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 dmrtla induced a kind of feminization process in MF-SG. This is
interesting as vertebrate dmrtl is generally considered as an effector of male sex determination and has been
shown to repress aromatase transcription [65]. Furthermore, dmrtla, the autosomal version of dmrtl in medaka,
is specifically expressed in testes of adult males. However, in female medaka, low levels of dmrtla expression
were also detected in the ovary [58]. Similarly, in zebrafish, dmrtl transcripts were detected in developing germ
cells of both testes and ovary indicating that - additionally to its role in male development - dmrt1l might also be
involved in ovary differentiation in fish [66]. Although this hypothesis explains the upregulation of follistatin
and aromatase in dmrtla-transfected MF-SG, it is not in agreement with the downregulation of Rspol (R-
spondin). Rspol 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 Rspol in
dmrtla-transfected MF-SG is contradictory to the assumption of a feminization process. One can hypothesize
that either Dmrtla is not sufficient to induce complete conversion of MF-SG to an ovarian cell type or that
overexpressed dmrtla 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 Dmrtla but additional co-factors that are not present in MF-SG.
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Figure 1: Regulation of potential target genes upon transient transfection of MF-SG with dmrtlbY (A) or dmrtla (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.

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

aromatase, and Rspol. Furthermore, dmrtla was remarkably upregulated. Possibly, dmrtlbY-mediated
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activation of dmrtla led to similar process observed upon direct overexpression of dmrtla. Interestingly, no
Dmrtl binding site was found in the dmrtla promoter region (see manuscript 2) indicating that activation of
dmrtla by dmrtbY requires unknown additional factors. Another possible explanation for the induction of ovary
marker genes upon dmrtlbY transfection can be found in the results of studies analysing dmrtlbY 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 dmrtlbY might support

ovarian development, possibly redundant to dmrtla.

DmrtlbY-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 dmrtlbY might be able to
induce meiosis in MF-SG which is in contrast to previous findings demonstrating that in mouse dmrtl prevents
meiosis [70]. Additionally, it is not clear why ectopic expression of the dominant male determining gene
dmrtlbY 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 DmrtlbY 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 dmrtlbY 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 Dmrtla
and DmrtlbY in detail, it is necessary to establish transgenic cell lines with stably integrated dmrtl genes

allowing homogenous induction of dmrtla/dmrtlbY expression in all cells.

Nevertheless, these results show that both Dmrtla and DmrtlbY 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 dmrtla/dmrtlbY-
transfected cells would result in preferential choice towards only one cell type. However, until now, it cannot be

conclusively determined if medaka dmrtl 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 cbfal for osteoblast and mashl for neuronal differentiation. However,
ectopic expression of dmrtla and dmrtlbY did apparently not induce the formation of one defined cell type.
Although it has not been tested if dmrtl 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 cbfal - 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, | 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, | 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 Il tubulin (Tujl) and microtubule associated protein
2ab (Map2ab) indicating the formation of neurons upon ngn2 transfection. Quantification of Tujl 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 mashl. 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, | 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, | 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
mMESCs 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 Tujl 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 Tujl 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 | 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 40HT (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, | 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, Tujl 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 Tujl 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, | 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 eflal 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, | 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 Synapsinl 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, | 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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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
3 ] depicted in pseudocolours (rainbow
RGB) ranging from black (lowest)
to white (strongest). All scale bars
represent 20pum.

phase contrast

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, | 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, | 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).
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A Figure 3: Purification of HTNngn2F protein.
(A) Scheme of HTNngn2F construct
containing His-tag, protein transduction

HIS domain TAT, nuclear localization signal

(NLS), and Flag-tag. (B) Western blot
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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.

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 10pm.

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
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differentiated into mature neurons as | 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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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
20um (B-D) and 50um (E, F), respectively.

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, |

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 | 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 myaoblastic 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].
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Figure 6: Scheme of CreP2A-
MR constructs allowing induction
of MR expression by 40OHT
treatment.
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As a first step | 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
40HT-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).

. N . 2 - . o 2
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 20pum.

Analyses of E14-CreP2AmyoD cells revealed that nine days post recombination cells showed an elongated cell
shape characteristic for myablastic 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.
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Figure 8: Directed differentiation of E14-CreP2A-myoD cell line into myoblasts. (A-C) Mock treated cells. (D-F)
40HT-treated cells. (A, B, D, E) Dayl 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 20pum.

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

myosin

myosin myosin+

Having now verified that the CreP2A-MR constructs allow induction of MR expression and subsequent directed
differentiation with different MR genes | 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).



28 | Results and discussion

myosin

Figure 10: Parallel differentiation into myoblasts and neurons using mixed culture of E14-CreP2Angn2 and E14-
CreP2AmyoD cells. 10 days post recombination myosin and Tujl positive cells can be detected. Scale bars
represent 20pum.

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 nurrl, a transcription factor expressed in the

substantia nigra, in mESCs promotes the formation of dopaminergic neurons in a conventional neuronal
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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, R-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 cbfal 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 cbfal 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).
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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
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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 dmrtla/dmrtlbY
transfections, MF-SG were transfected with 2 ug of dmrtla/dmrtlbY 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% CO, on
gelatin-coated wells in DMEM supplemented with 10% FCS, glutamine (4mM), non-essential amino acids
(0.1mM), penicillin (ImM), streptomycin (1mM), -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 2ug 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 (200pg/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% CO, in DMEM supplemented with 10%
FCS, glutamine (4mM), penicillin (1mM), and streptomycin (1mM). For inactivation, cells were treated with
10pg/ml mitomycin C (Roche) for 3hours at 37°C and 5% CO2, washed three times with PBS, trypsinized and
seeded on gelatin-coated wells.

HEK?293T cells were grown at 37°C and 5% CO, in DMEM supplemented with 10% FCS, glutamine (4mM),
penicillin (ImM), and streptomycin (1mM). For small scale protein expression analyses, cells were transfected
with 10ug HTNngn2F plasmid using Polyethylenimine (PEI; Roth). PEI was diluted 1:100 in 150mM NaCl and
subsequently mixed with plasmid DNA at a ratio of 3ul PEI per 1ug 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 3-mercaptoethanol, and LIF
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supplemented with 1uM 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 mMRNA expression analyses, growth medium
without LIF was added so that final concentrations of antibiotics, NEAA, and R-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 B-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

Dmrtla and dmrtlbY expression plasmids were generated by J. Klughammer and contain the coding sequences
of dmrtla and dmrtlbY 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 Xbal
restriction enzymes resulting pMTE-mCherryZeo2 Angn2.

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-KIf4 vector (kind gift from
F. Edenhofer) using EcoRl and Xhol 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 Nhel and Xhol 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 HCI, pH
7.4, 150mM NaCl) supplemented with 1ImM EDTA and 1% Triton X-100. After incubation of 20min, protease
inhibitor mix (Sigma, 10ul/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 100ug/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 DNAsel (Fermentas) to exclude gDNA contamination followed by cDNA synthesis (Fermentas).
Quantitative RT-PCR of dmrtla/dmrtlbY-transfected MF-SG were run from 50ug cDNA using a Biorad-

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

AAGGGGGCTCGGTGGAGTCCAT-3" spata7 5-TAGCCCTGAAGTGAGAGGTCAG-3’, 5’-
CGTCCATCTTTCCTCTGCTGC-3’; Rspol 5-CAATGAGACCATGGAGTGTGTCG-3’, 5’-
CTCTCCGATTGTGAAGTGCAGG-3’; aromatase 5’-TACCACTGTAGGACTCCCATCC-3’, 5’-

TCCACACTCGAACAATGTCTCC-3’, follistatin 5’-GAAGGAACGGGAGATGTCAGGTC-3’, 5’-
TGATGTTGGAGCAGTCTGGAGC-3’; dmrtla 5’-TCCGGCTCCACAGCGGTC-3’, 5’-

TCCGCAATCAGCTTGCATTTGG-3’; dmrtlbY 5’-CTGGAAAGACTGCCAGTGCTT-3’, 5’-
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GACTCTCTGGCGGACCATG-3". Results are average values of three PCR reactions from each RT reaction.
Eflal primers were used for template normalization. Relative expression levels were calculated according to the
equation 27T

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

primer sequences of eflal, 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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Ectopic Expression of Single Transcription Factors Directs
Differentiation of a Medaka Spermatogonial Cell Line

Eva C. Thoma” Toni U. Wagner " Isabell P. Waber! Amaury Herpin
Andreas Fischer ® and Manfred Schartl?

The capability to form all cell types of the body is a unique feature of stem cells. However, many questions
remain concerning the mechanisms regulating differentiation potential. The derivation of spermatogonial cell
lines (SGs) from mouse and human, which can differentiate across germ-layer borders, suggested male germ
cells as a potential stem cell source in addition to embryonic stem cells. Here, we present a differentiation system
using an SG of the vertebrate model organism Oryzias latipes (medaka). We report differentiation of this cell line
into 4 different ectodermal and mesodermal somatic cell types. In addition to differentiation into adipocytes by
retinoic acid treatment, we demonstrate for the first time that directed differentiation of an SG can be induced by
ectopic expression of single transcription factors, completely independent of culture conditions. Transient
transfection with mitf-m, a transcription factor that has been shown to induce differentiation into melanocytes in
medaka embryonic stem cells, resulted in the formation of the same cell type in spermatogonia. Similarly, the
formation of neuron-like cells and matrix-depositing osteoblasts was induced by ectopic expression of nuashl and
chfal, respectively. Interestingly, we found that the expression of all mentioned fate-inducing transcription
factors leads to recapitulation of the temporal pattern of marker gene expression known from in vive studies.

Introduction derived from testes of adult medaka fish and was previously
shown to be able to undergp meiosis and form motile sperm
EVERAL RECENT sTUDIES describing methods for derivation  [8]. However, attempts toward transdifferentiation of the cells
of pluripotent stem cells without involving the use of early  into derivatives of different germ layers have thus far not been
embryonic stages have attracted much attention. One such  reported. We demonstrate that ME-SGs are able to form 4
approach is the directed reprogranuming of fibroblasts into  different cell types from different germ layers, thus suggesting
germe-line competent embryonic stem cell (ESC)-like (iPS)  that they have a certain in vitro differentiation potential.
cells through virus-mediated introduction of pluripotency- Differentiable cells have a unique status in developmental
associated transcription factors [1-4]. and cell biology as well as in potential clinical therapies as
An alternative source for cells with a wide ability for dif-  they represent an excellent system o study developmental
ferentiation appears to be spermatogonial cells derived from  processes, but also offer a promising tool for tissue regen-
testes of adult mice and also humans [5,6]. Both the repro-  eration. However, applications in both research and clinical
gramming and the spermatogonial stem cell approaches offer  therapy face one major problem, that is, the establishment of
the possibility to circumvent ethical as well as immunological — protocols allowing directed and homogeneous formation of
problems associated with ESC-based therapies. However, dif-  one defined cell type. Most conventional differentiation
ferentiable spermatogonia are thus far restricted to the mouse  protocols use a combination of embryoid body formation
and human systems, and cultures were also successfully  and cytokine addition [10-12]. But these changes to culture
established from rat [7] and medaka fish (Oryzies lafipes) [8].  conditions often have to be determined in an empirical and
Further, recent data challenge pluripotency of human sper-  time-consuming fashion. An alternative approach is to en
matogonia as these cells appear to resemble fibroblasts rather  hance lineage-specific differentiation by ectopic expression of
than ESCs regarding certain molecular features [9]. Thus, itis  transcription factors [13-16].
not clear if pluripotency of spermatogonia is restricted to cer- In this study, we demonstrate for the first time that sper-
tain species or a more conserved feature among vertebrates, matogonia can be directly differentiated into various cell
Here, we investigated the differentiation potential of a me-  types belonging to different germ layers by expression of
daka fish spermatogonial cell line (MF-5G). This cell line was  single genes and without the need for additional signals.
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Materials and Methods
Cell culture

ME-5Gs were cultured as previously described (4). Cells
were grown at 28°C on gelatincoated wells in ESM4 me-
dium consisting of Dulbecco’s modified Eagle’s medium
(DMEM) high glucose (4.5 g/L) with HEPES (20 mM, pH 7.8)
supplemented with 15% fetal calf serum, glutamine {4 mM),
nonessential amino acids (0.1 mM), antibiotics, sodium py-
ruvate (1mM), sodium selenite (2nM), 2-mercaptoethanol
(100 pM), basic fibroblast growth factor (10ng/mL}, medaka
embryo extract (1 embryo/mL}), and 1% trout serum. Culture
conditions were similar for medaka ESCs. The cells and
protocols for culture were a kind gift of Y. Hong. The cells
were cultured for up to 30 passages.

Medaka fibroblast cell line (OLF} was grown at 28°C and
5% COy in DMEM high glucose (4.5 g/L) supplemented with
15% fetal calf serum, glutamine (4 mM), and antibiotics.

For characterization of 5Gs and MF-ESCs, cells were
transfected with 0.75 pg pStra8:EGFP and vasanGFP, re-
spectively, and 0.25 pg pH2B-Cherry. Transfections were
performed using the Fugene HD ransfection reagent (Roche).
The expression vector pStra8:EGFP was a kind gift of W,
Engel and encodes EGFP under the control of the murine
Stras promoter [6]. The vasa:GFP construct was a kind gift
from Minuro Tanaka and encodes EGFF under the control of
the medaka tese promoter and followed by the 3'UTR of the
medaka vasa gene [17]. pH2B-Cherry encodes a fusion pro-
tein of Histone2B and the fluorescent protein mCherry.

For adipocyte differentiation, the cells were incubated in
medium containing 10 pM retinoic acid (RA). The medium
was changed every 45h.

All transfections were performed using the Fugene HD
transfection reagent (Roche). The following expression vec-
tors were used: Xmitf-M/ Tre2Hyg, the Xiphophorus maculatus
variant cloned by J. Bejar; Mashl-IRES-NLSGFP-pCAGGS,
which contains the full coding sequence of murine Mashl
(a kind gift of F. Guillemot [18]); and MEFCbfal A18/pCS2p+
(the gene was identified by screening the Medaka Ensembl
Genome Database} [19]. Polymerase chain reaction (PCR)
primers for amplification of ME-chfal from embryonic cDNA
were  ME-CBEAL-01  (COAATTCCTCTCAAGGGTCACC
GAAAY and MECBFAl-r  (CCOCTCGAGGCCTTTC
CATCCTCTCTCCACCC). Cloning was done using FeoRT
and Xhol restriction sites. As a transfection control, cells were
cotransfected with pmOrange(Cl)-Zeo, a vector coding for a
fusion protein of the fluorescent protein mOrange and the
Zeocin resistance. Ratios were L5pg expression vec-
tor = (15 pg pmOrange(C1)}-Zeo. Cells were selected with
Zeocin (200 pg/mL) and according to the ratio of transfected
and nontransfected cells. The mashl transfected cells were in
addition selected with G418 (200 pg/mL). During the differ-
entiation process, cells were cultured in ESM4 medium. The
medium was changed every 48 h.

Preparation of ANA and PCR

Total RNAs were isolated from cell cultures using the
Total ENA Isolation Reagent (AB Gene). Prior to cDNA
synthesis, DNA digestion was performed using DNAsel
(Fermentas) to exclude gDNA contamination. cDNA was
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synthesized from 1, 2, or 3pg of total ENA using the Re-
vertaid Kit (Fermentas} and random hexamer primers. For
PCR, ¢cDNAs were diluted according to the amount of total
RNA used. PCRs were run for 33 cycles.

Quantitative real-time PCR was performed with a Biorad-
iCycler; MFeflal (medaka fish elongation factor lal)
expression was used as reference. Each PCR was performed
at least 3 times. Data from 3 independent experiments were
evaluated using Student’s t-test. Primers were designed us-
ing the primer3 program and medaka sequence from the
Ensembl database. Primer sequences and annealing tem-
peratures are shown in Supplementary Table 51 (Supple-
mentary Data are available online at www lichertonline
com/sed).

Electron microscopy

Cells were washed with phosphate-buffered saline (PBS)
and fixed [25% glutaraldehyde, 50 mM cacodylat (pH 7.2},
50mM KCl, and 25mM MgCly] on ice for 1h. Thereafter,
cells were washed 5 times with 50mM cacodyl buffer (pH
7.2) and subsequently postfixed with 2% OsOy in S0mM
cacodylat (pH 7.2} buffer. After 5 washing steps with H;0,
the cells were stained with 2% uranylacetate overnight and
then washed again with H,O. After gradual dehydration
with ethanol, cells were transferred to propylenoxid and
subsequently embedded in Epon 812 (Serva). The sections
were analyzed using an EM10 from Zeiss.

Thin-fayer chromatography

The cells were lysed with (.1xtrypsin ethylenediamine-
tetraacetic acid for 1h at room temperature. Then, lipids
were isolated by addition of 1.3 volume methanol and 2.6
volume of initial volume of cell lysate and subsequent cen-
trifugation at 1000 rpm for 5min. The lower phase containing
the lipids was transferred to a new glass vial. After evapo-
ration under nitrogen, lipids were resolved in chloroform/
methanol (2:1). Thin-layver chromatography was performed
on a silica gel 60 in a running buffer of hexane, diethylether,
and glacial acetic acid (90v/10v/1v). Subsequently, lipids
were visualized by staining with (L4% anisaldehyde and 2%
concentrated sulfuric acid in glacial acetic acid under heat-
ing. The analysis was performed using Image]. The regions
of interest were all of the same size and measured relative to
an equally large area directly adjacent, thereby giving the y-
axis description “integrated density /background.”

Calcein staining

For staining of matrix-complexed caleium, a saturated
aqueous stock solution of calcein (Sigma) was diluted 1:100
in DMEM-HEPES. Cells were washed twice with PBS, kept
in the staining solution at room temperature for Smin,
washed twice with PBS, and covered with fresh medium for
imaging. As a control, staining was also performed with
mock and chfal-transfected OLFs.

For imaging, a LEICA DMI&000 microscope was used.
Images were analyzed using the Image] software. For exact
quantification, the experiment was repeated and all pictures
were taken using the same camera settings including expo-
sure time and gain. Fluorescence intensities were quantified
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by 3-dimensional histograms, which display signal intensity
by both color-coding and height of bars.

von Kossa staining

At 14 days posttransfection (dpt), cbfel-transfected MEF-
5Gs were washed with PBS and fixed with 10% formalin in
PBS for 1h at room temperature. After the fixing process, the
cells were treated with 5% AgNO; for 30 min at room tem-
perature under ultraviolet light. Subsequently, unreacted
AgNOs was removed with 2% Naz5:0; for 10 min. The cells
were washed twice with distilled water and analyzed using a
LEICA DMI6000.

Alkaline phosphatase staining

ME-5G, ME-ESCs, and OLFs were washed with PBS and
fixed in 4% PFA in PBS for 1 min at room temperature. After
the fixing process, the cells were rinsed in ALF buffer (L1 M
Tris-HCl, 0.01 N NaOH, 0.05M MgCly) and subsequently
stained with the staining solution NBT/BCIP {Roche), 1:50
diluted in ALP buffer. Staining was performed at room
temperature in the dark for 15min. Then, the cells were
washed with ALP buffer, covered with PBS, and imaged.
Calcium imaging

For calcium imaging, mashl-transfected ME-55Cs were
washed with PBS, covered with a fresh medium containing
2uM fura2 (Invitrogen}, and incubated at room temperature
for 50min. Afterward, cells were washed 3 times with PBS
and covered with fresh medium. Imaging was performed
using an Olympus imaging system with an upright epi-
fluorescent microscope equipped with an LD 20 water-
immersion lens. MashI-transfected cells were visualized by
expression of cotransfected mOrange. Series of double
frames were recorded with an air-cooled CCD camera
(Hamamatsu Photonics) at a sampling rate of 41z, with a
total amount of 120 images/experiment. Stimulus was given
at £ =105 by addition of KCI in PBS to a final concentration
of 70mM. Images were analyzed using ratioplus Image]
plugin (http: [ rsbweb.nih gov /ij/plugins/ ratio-plus. html} to
calculate the ratios between calcium-bound and unbound
fura2 (340/380nm). F(0} values were set as the average of

4 images taken immediately before stimulus.

Quantification of vasa::GFP expression upon
master regulator transfection

Cells were transfected with mOrangeZeo, vasa:zGFP, and
either an empty vector (control) or the expression constructs
for mitf, mashl, and chfal. Eight days posttransfection, wide-
field scans were taken and GFP- and mOrange-positive cells
were determined in a total area of 0.6mm’. Data from 9
independent experiments were evaluated using Student’s
i-test.

Double-transgenic fish line

For get of the double-tr fish, vasa::GFl
stable transgenic fish were crossed with a dmrtlbY(9kb):
mCherry stable transgenic line. The vasa:GFP stable trans-
genic line is composed of an enhanced GFP open reading

3

frame {eGFP; Clontech) flanked by the 5' region (5.1 kb}
including exons 1 and 2 and the 3 region (.64 kb) of medaka
vasa gene [17]. For generation of the dmrtlbY (9kb):mCherry
stable transgenic line, a 9.107-kb fragment upstream of
the DmrtlbY ORF was isolated by restriction enzyme diges-
tion (Xhol/EcoRI} from Medaka BAC clone Mn0113N21 and
cloned into pBSIL-IScel plasmid (pBSIU-IScel:9Kb DmrtlbY
prom). Subsequently, the mCherry gene was inserted be-
tween EcoRI and Notl sites of pBSI-ISce:9Kb DmrtlbY prom
plasmid (pBSI-1Scel:9Kb DmrtlbY  prommCherry). For
generation of stable transgenic lines, the meganuclease pro-
tocol was used [20].

Adult double-transgenic fish were sacrificed and testes
were isolated and mounted in PBS. Confocal microscopy was
performed using a Zeiss LSM 710 confocal microscope.
Images were analyzed using the image reconstruction soft-
ware Volocity.

Results

To investigate the differentiation potential of medaka
spermatogonia, we used a cell line (MF-5G) derived from
testes of adult medaka fish. As the spermatogonial identity
of this cell line has already been confirmed [8], we now
compared these cells with a medaka ESC-like cell line
(ME-ESCs) [21,22] with respect to basic molecular markers,
These tests were performed to enable discrimination between
the 2 cell lines in later experiments. Further, this character-
ization allowed us to exclude cross-contamination of the cell
lines. First, cells were tested for alkaline phosphatase (AP}
activity as this feature is known to be a typical marker for
self-renewing cells. MF-ESCs were already known to be AP
positive [21]. Both cell types, ME-5G and MF-ESC, reacted
positively (Fig. 1A-D), whereas OLF, a medaka fibroblast
cell line, did not show any AP activity (Supplementary Fig.
51). The fact that ME-5G and MF-ESCs show AP activity was
not usable for discrimination of cell types. However, it sug-
gested that differentiation of MF-5G was possible. RT-PCR
revealed expression of the spermatogonia-specific gene dazl
[23] in wild-type ME-SG, whereas no expression of this gonad-
specific gene was detectable in MF-ESCs (Fig. 1E). Both MF-
5G and MF-ESC cultures tested negative for the Sertoli cell
marker dimrt1bY [24] (Fig. 1E), suggesting that the cell cultures
are devoid of Sertoli cell contamination. Additionally, we
identified 2 genes exclusively transcribed in MF-ESCs (Sup-
plementary Fig. S2): c3orf54, an uncharacterized medaka gene,
and atf5, which is known to be downregulated during several
differentiation processes [25-27]. Although the function of
these 2 genes in MF-ESCs is still unknown, the fact that their
transcripts were detectable in MF-ESCs, but not in MESG,
indicates that these cell lines are different and that no cross
contamination has occurred.

Additionally, a murine Stra8:GFP reporter plasmid [28]
was used in cotransfection assays together with a plasmid
encoding for a fusion protein, Histone2B-mCherry. Straf is a
spermatogonia-specific gene described for mammals [29],
and the promoter has been used to derive murine sper-
matogonial cell cultures [6]. After cotransfection of both MF-
ESCs and MF-5G, mCherry-positive nuclei were found in
both cultures, whereas only ME-SCG expressed GFP driven by
the Stra8 promoter (Fig. 1F-M). This observation strongly
suggests that MF-5G have retained their spermatogonial
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iden However, as a medaka homolog of Strad has not
been identified, we wanted {o strengthen this resull using a
medaka spermatogonia-speafic promoter. Therefore, we
performed a similar experiment using a w@se reporfer con
struct, which had been previously proven to specifically label
germ cells in madaka [17]. ME-ESCs exhibited only weak
expression of the construct shortly after transfection and

barely above background, whereas MF-5G refained sirong
reporter gene expression even after 7 days (Fig. IN-U). To
be able to correlate the expresson of used markers with
the in vive situation, we used double-transgenic medaka
fish  lines harboring the constructs vasacGFP  and
dmrtlbY(9kb)mCherry [20]. Canfocal imaging of testes of
adult transgenics confirmed the exclusive achivation of both

- ALIS



51 | Original Publications

SCD-2010-0290-ver?-Thama_1P.30)

1327710

DIRECTED DIFFERENTIATION OF SPERMATOGONIA

F:dipm Page &

5

SF3 P reporters (Supplementary Fig. 53) in genm cells and sur-  gene of RA signaling [31]. After 7 days of RA treatment, MF-
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SE4 P

rounding Sertali cells, respectively. These results confirm
that MI-SG retained their spermatogonial identity even after
long-term culture of >30 passages and are dearly distin-
guishable from MFESCs.

To test the differentiation ability of medaka spermatogo-
mia, MF-5Gs were freated with RA, as RA s known foinduce
differentiation of mouse ESCs into various cell types, for
example, adipocytes [30]. The majority of MI-S(s adopted
clear adipocyte morphology within 12 days of culture (Fig,
24). To test for an RA concenfration dependency, a wide
range of concentrations were lested (Supplementary Fig. S4a)
and the highest rate of differentiation (>237-fold increase ve,
dimethy] sulfoxide treatment; Fig, 2C) was found to result
from RA addition to a concentration of 10pM. Adipocyte
formation, albeit with lower efficiency, was also observed at
an RA concentration of 1uM, whereas a concentration of
100uM led to no detectable adipocyte formation (Supple
mentary Fig. S4a). Therefore, detailed analyses of the ob-
served cell type were performed with cells treated with
10uM RA. First, cells were examined by electron microscopy
at day 13 of RA treatment (Fig. 2B). Mumerous lipid vesicles
were clearly distinguishable, making up most of the cellular
volume, To verify that the differentiation program for adi
pocytes was iniliated, expression of the adipocyte marker
itpoprotein-lipase (LPL) was analyzed by quantitative real-
time PCR. This gene was chosen as it is not a direct target

St showed a S4fald (P =0.012) upregulation of LIL (Fig.
20, strongly suggesting formation of adipocytes. As a bin-
chemical test, thin-layer chromatography [32] was performed
using lysates of untreated, mock (dimethyl sulfexide), trea
ted, and RA-treated MISSGs (Fig. 2E). RA treatment clearly
mduced production of triglycerides as quantified by mea-
surements of integrated density of triglyceride bands relative
to lane background (g, 2F), again suggesting formation of
fully differentiated adipocytes, Then, using time-lapse mi-
croscopy, it was possible to visualize serial fusion of these
vesicles (Fig. 3A-D). Quantification of vesicle fusion in 3
independent positions showed an area increase of lipid
vesicles of >1.&fold within 12h (Fig, 3E). These data dem-
onstrate that cultured ME-5(s are able to differentiate across
germ-layer borders by forming adipocytes. Importantly,
their reaction to RA differentiation stimulation differs from
that found in MF-ESCs, which did not form any adipocyte
(Supplementary Fig, 54b) when exposed to RA in any of the
tested concentrations for MFSG (1-100 pM). This fact also
rules out the possibility that the differentiating cells in MF
Sts eultures are contaminating MI-HSCs

To verify that adipocytes arose from cells with sper-
matogonial identity, RA was added o MFSG transiendy
transfected with Stra8:CFF, the construct completely inac
tive in MILESCs. Some of the differentiating cells (clearly
showing lipid vesicle formation) kept a GFP signal long
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Differentiation of ME-SG into adipaeytes through retineic acid (RA) treatment. (A) Phasecontrast picture of adi-

pocytes at day 12 of RA treatment. Scale bar: 50 um. (B) Transmission electron micrograph of an adipocyte at day 13 of RA
treatment. L, lipid vesicle; N, nucleus, Scale bar 1pum. (C) Efficency of RA-induced differentiation. Control (dimethyl
sulfoxide, DMSO) treatment was set to a value of 1, (D) Quantitative RT-PCR showing significant upregulation of ljpoprofein-
Ifpse at days 5 and 7 of RA treatment. (E) Thin-layer chromatography demonstrating increased tnglyceride content (psterisk)
of RA-treated cells. RA-induced triglycerides ran farther because of their higher polarity than the used standard. FIA, free
fatty aads; TG, tnglycerides; RA, total lipids of MF-SG at day 12 of RA treatment; DMS0, total hipids of control MF-SG cells
treated with DMSO; WT, total lipids of wild-type ME-5G; CH, cholesterol. (F) Quantification of thin-layer chromatography.
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Stra8::GFP CMV::H2B-mCherry Phase Contrast Overlay

CMV::H2B-mCherry

FIG. 3. Differentiation of MESSG into adipocytes through RA freatment. (A-D) Time-lapse micrascopy analysis revealing
fusion of lipid vesicles, Scale bars: 50 um, (E) Relative increase of lipid veacle size over time of 3 different adipocytes ar
average increase (bluck line). (F-I) Adipogenic differentiation of a Stra8:GFP-driving 5G upen RA treatment. (F) Remaining
GFP fluorescence confirms spermatogonial origin of developing adipacyte. (G) Expression of H2BmCherry as cotransfection
control. Scale bars: 20 pm. (J-M) Adipogenic differentiation of a vasasGFP-driving 506 upon RA treatment. (J) [(mnainin&(;l P
fluprescence confirms spermatogomal ongin of developing adipocyte. (K) Expression of H2ZBmCherry as cotransfection
conirol, Scale bars: 20 um. Color mmages available online at www.liebertonline.com /sed.

enough (probably due fo the long halflife of GFF), (o de  genes—factors that are suificient for initiation of differenti
finitively identify them as formerly StraS:GHl-expressing  ation of stem cells inta a single, definad cell type. The fea-
cells (Fig. 3F-T). However, Stra8 expression is RA responsive  sibility of this approach was demenstrated earlier through
in mammals [29,33]. Although Stra8 might be absent from  successful use of microphthalmia-associated transcription
teleost genomes, and additionally in zebrafish, spermato-  factor (Mith-M) for terminal differentiation aof ME-ESCs into
genesis does not depend on RA [34], it might be possible that  melanocytes, Fibroblasts transtently transfected with mitfom,
continued activation of Stra8 prometer is an effect of KA however, were nol able to form melanocytes [13], suggesting
treatment. To unambiguously show thal adipocytes arose  that this process requires a certain differentiation potential
from cells with spermatogomnial identity, the same experi-  Thus, this assay should allow a dear discrimination between
ment was performed using the vess reporter construct  differentiable and nondifferentiable cell types.
Therefore, MILS(s transfected with the medaka vasa:GIP Hight days posttransfection of MESG with miffm, mela-
reporter construct were treated with RA. Here, we also ob-  nin-producing cells appeared in the culture (Fig. 4A-C). We <4
served GFP-expressing adipocytes, confirming their sper-  found 13 times more melanocytes in miffm-transfected wells
matogonial origin (Fig. 3]-M}). Thus, GFP expression clearly  compared with mock transfections (P= 0.006; Fig. 4F). On
proves spermatogonial origin of differentiating cells and s the molecular level, induction of cell lineage marker genes
not a side-effect of A treatment. def, tyr a /b, frplb, and soxI0 was readily detectable at 3 dpt
Next, we wanted (o establish a better defined and cone  (Fig. 4G). Many of these differentiation genes showed a
trollable differentiation assay. One possibility for fight wavelike expression pattern, disappearing upon terminal
control is the mtroduction of so-called masterregulator  differentiation (7 dpt). Interestingly, we found expression of
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FIG. 4. Directed differentiation of MFSC by eclopic expression of miffm. (A-C) Developing melanocytes al 8 dpt. (A)
Bright-field view. (B) Dark-field view showing expression of cotransfected mOrange. (C) Overlay. Scale bars: 50 um. (D)
Developing melanocytes at 13 dpt with mitfm. (E) Histogram of average flucrescence mtensity values in the box in D, Arrows
indicate melanin-mediated quenching of cotransfected mOrange fluorescence in pigmented cells. (F) Efficiency of Mitf
induced differentiation. When transfected with miff-m, melanocytes appear »13 times as often as in mock-transfected MF-SG
at 14 dpt. (G) ET-PCR of miff m-transfected MF-5G showing induction of melanocyte-specific genes. wi, wildtype; dpt, days

post-transt

the neural crest markers smafl2 [35] and sex?f-—a gene for
upstream upregulation of milf [36). These findings suggest
that the inherent differentiation program is utiated by Mitf,
Mitf transfected MF-SGs seem (o progress through typical
stages of melanocyte differentiation, inchiding neural crest-
hke stages. In agreement with this concept, we observed
upregulation of both vanants of endogenous mitf. The mo-
lecular mechanism enabling Mitf, a downstream franscrip

tiom factor in the genatic carcade of the neural crest lineage,
fo initiate early steps of differentiation remains elusive. On
the functonal level, miffm-transfected cells were able o
absorb a broad wavelength spectrum of light (Fig. 40, 1), a
vital function of terminally differentiated melanocytes. These

fection. Color mmages available online at www hiebertonline.com fscd.

findings again demenstrate that MF-5Gs are able to form cell
types from other germ layers. Further, it is reported for the
first time that therr differentiation was induable by ectopic
expression of a single transcription factor.

As Mitf was the anly thus far described factor able to
speafically drive directed differentiation of MFE-ESCs on its
own, we tested the following other candidates m MF-SG:
chfal [37), mashl [38,39), runxd [40], scl [41], and soxi( [42].
For further analyses, we focused on the factors that dis-
played the most promising phenotypic changes, namely
chfel and mashl.

Ta attempt differentiation into osteoblasts, we chose aore-
binding factor alpha 1 subunit (chful, often referred to as rumx2)
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as this gene was previously shown to be essential for os
tenblastogenesis [37]. MILSGs were thus transfected with an
MPchfal expression vector and expression of osteoblast
marker genes was assayed (Fig. 5C). Entry into osteoblast
differenfiation was accompanied by expression of distalless
homeohox 5 (MP-dle5) expression, a transcription factor shown
to regulate cbful expression, but 1ts own expression was thus
far not shown to be directly controlled by cbiful [42] RT-PCRs
for asteocaletn (MP-ocaicin and osteoprotegerin (MP-opg), late
markers for ostecblastogenesis [44] and direct tanget genes of
Chbial [45], were positive as well We also observed activation
of osteoblast marker genes gpnmb/ostaoactivin [46], periostin
(postn) [47,48], and nephronectin (mpnf) [49,50]. Hence, gene
expression changes indicate both enfry into and progression
through the ostecblast differentiation program. Similar to
differentiation mediated by mitf, upregulation of endogenous
cfil was observed, indicating that differentiation—albert m-
duced by ectopic chfel—includes activation of the endogenous

Fipm Page B
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pathway speafic for the formation of the corresponding cell
e,

A functional feature, and thus terminal differentiation of
ostechlasts, can be determined by the cells’ ability to form
calcified matrix nodules. We therefore performed ven Kossa
staining to funcHenally test chfal-transfected MISG. Four-
teem days posttransfection, ME-SG cultures stained postive
for calcfied matrix deposiion, whereas mock-transfected
controls showed weak or no staining (Fig. 54, B

As quantifiable and independent functional in vitro assay
for matrix deposition by osteoblasts, the fuorescent Ca®
indicator caleein was used as a live stain. Again, cbfal as well
as maock-transfected MILSG cells were stained. Small patches
of calafied matrix deposited adjacent to cells (Fig. 5D-F)
became visible. Quantification of matrix depositions by
3-dimensional histograms tevealed a significant difference
between chfil and mock-transfected MF-SGs (Fig. 5H, I). Te
test if the ability to deposil caleified matrix is only mediated

FIG. 5. Directed differentiation of MILSG by ect

ic expression of chfel. (A, B) von Kossa staining revealin
depositions (srrowhends) in chfed -transfected ME-5G (B) but not in mock-transfected MF-5G (A). Scale bars 50 pm. (C) RT-PCR
of chfil-transfected MF-SG showing induction of osteoblast-specific genes, (D-G) Caleein stairang, (D) Bright-field view of
osteoblast-like cell at 12 dpt with adjacent calaum deposition {wrrow). (E) Dark-field view showing stained calaum (grrow). (F)

caleitm

Overlay. (G) Overview of calcein staining of cifil-transfected cells at 12 dpt; dark-field view showing numerous small

calaum depostions, Fluorescence intensity 15 indicated by pseudocolours (RGB Rainbow LUT) ranging from black {lowest)
to white (strongest). Scale bars: 50 pm. (H, I) Three-dimensional diagram showing flucrescence intensity of calcein staining of

cbfal- (H) and mock-transfected (I} cells at 12 dpt. Color images available online at www.liebertonline.com/scd.

- ATIG
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by Cbfal and mdependent of the cell type used, we per-
formed caleein staining with chfa? and mock-transfected
medaka fibroblasts (OLFs). Calcium depositions were ob-
served in neither mock nor chfil-transfected fibroblasts

SES B (Supplementary Fig. 55). Together, these results demenstrate

that Chfa? is sufficient to induce and promote differentiation
of ME-8G mto funchional osteoblasts. Further, this process
appears to depend on the cell line used for transfection, as
chfal4ransfected fibroblasts do not gain functional features
of osteoblasts (Supplementary Fig. S5).

Finally, to generate newronal cell types, menimalian achaele
scule homolog T (mashi) was chosen. Mashl is a basic helix
Inop-helix transeription factar that plays a critical role dur-

Sdipm  Page 9

9

ng murnne embryonic neurcgenesis [38,39] and was shown
to be able to drive differentiation of murine BS cells into
neuronal lineages [16]. Six days posttransfection of MILSG
with mashi, cells with a neuron-like morphology became
apparent (Fig. 6A, B). These cells were cearly identiffable by
long, single protrusions and growth cone-like structures.
Thirteen days postiransfection, these neurondike cells were
still detectable (Fig. 60, E). It is important to note that the
culture parameters were not altered to enhance neuronal
cell differentiation or survival RT-PCR analysis further
revealed activation of several newronal marker genes in
nushi-ransfected cells, ramely afomal howmolog 3 (ath3) [51]
iim only protein 3 (Imo3) [52], newronal cell adhesion molecule

S0 H  wt sdpt Sdpt 7dpt brain
ath3
MF-ashi
Imod
ncam2| B

Elﬂ C g 0 F 10 |
Aty pe0f181 5 o &' ot
% - i ; E : seomse
2 2" pe0,038 B ]
i l i ‘
24 g4 é 4
i . | - : ‘ \
5 . [o— § . 1 |

"::;-SG Iﬂml.ﬂl;::n I::-Esc |I‘IIIIM||:::1 Days post Transfection

FIG. 6. Dhrected differentiation of MF-5G by ectopic expression of mushil, (A, B, D, E) Examples of cells showing neuronal
marphology at 6 dpt (A, B) and 13 dpt (D, E). Dark-field view (B, E) showing expression of cotransfected mOrange.
Fluorescence infensity 1s indicated by pseudocolours (RGB Ranbow LUT) ranging from black (lowest) to white (strongest).
Seale bars: 50um. (C, F) Effidency of mashl-induced differentiation of MF-SG (C) and ESCs (F). Mock-transfected cells were
set to a value of 1. (G) Calaum imaging of ruashi- (left parnels) and mock (right pansls)-ransfected MF-SG at 7 dpt. In each case,
changes of flucrescence of fural to fluorescence F(t = 0) are shown for 3 representative cells after stimulation with KCl at ¢ = 0
{upper panels). Lower panels show changes of fluorescence of fural to fluorescence Fi{f=U) for the same cells after mock
stimulation. (H) RT-PCR showing induction of neuronal markers. (I) Quantitative RT-PCR analysis demenstrating significant
upregulation of the neuronal marker foxD3 at 5 and 7 dpt. Color images available online at www.liebertonline.com/sed.
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(rrcam) [53,54], pax6 [55,56), and soxI [57,58]. Further, ex-
pression of the late neuronal markers newrofilament-n (MF-
nfin} and newral cell adhesion molecule 2 (neam2) was detected
(Fig. 6H). Quantitative real-time PCR revealed significant
upregulation (5.43fold, P=0.0058) of the early neural-crest
marker forkhead box protein D3 (foxD3) [59] 5 and 7 dpt in
mashl compared with mock-transfected cells (Fig. 6l). None
of the assayed genes have been reported to be directly reg-
ulated by Mashl on the transcriptional level. FoxD3 is even
expressed at earlier stages during embryonic neurogenesis
than mashl [59,60]. Paxé and sex] are also known to belong
to the earliest markers of neuroectoderm formation and at
least the expression of sox] precedes that of mashl in vivo
[58]. The upregulation of these genes therefore suggests ini-
Hation of a differentiation program running through devel-
opmental stages not directly controlled by Mashl in vivo.
These results were analogous to the findings described for
the formation of melanocytes and osteoblasts. For endoge-
nous ME-ashl, a very weak upregulation was detected at 3
and 5 dpt, indicating that differentiation is mediated only by
the transfected murine version of ashl (mashl). However, it
has to be mentionad that until now there are no data about
function and expression of medaka ashl, leaving open the
possibility that cell fate conversion is mediated by an un-
known endogenous factor.

The number of neuron-like cells found in mashl versus
mock-transfected MF-SG  increased >63-fold (P=0.0161;
Fig. 6C). The same experimental procedure also led to the
formation of neuron-like cells from ME-ESCs, but with a
slightly lower efficiency (=>3.7-fold increase wvs. mock,
P=0.039; Fig. 6F).

As a functional test, calcium imaging was performed. After
stimulation with KCl, no changes in intracellular calcium
levels were observed in mock-transfected cells. Several mashl-
transfected cells, however, showed an increase of intracellular
Ca™ (Fig. 6G), indicating the presence of voltage-dependent
Ca™ channels. Although this feature is not restricted to neu-
ronal cells, this finding together with the resulls of gene ex-
pression pattern analyses and the clear neuronal morphology
strongly suggest the formation of neuron-like cells upon
muashl transfection.

Next, we wanted to test whether MF-5Gs not only adopt
the properties of other cell types but also lose their sper-
matogonial features upon transfection with differentiation-
inducing master regulators. Thus, MF-5Gs were cotransfected
with mOrangeZeo, the vasa:GFP reporter construct [17], and
either mitf, mashl, or chfal, respectively. Eight days post-
transfection, a significant decrease in vase promoter activity
wasdetected in master regulator-transfected cultures (Fig, 71).
The possibility that this was an effect of dilution of the
vasazGFP construct upon cell divisions can be excluded as
vasa promoter activity was still high in mock-transf cells.
Further, only GFP-negative transfected MFE-5G  cultures
clearly showed morphological changes, indicating formation
of the corresponding cell types (Fig. 7A-H).

Discussion

Spermatogonia are to this point the only adult cell type
capable of differentiating into cell types of all germ layers
[5,61]. Isolation and culture of spermatogonial cells have
been described for human [5], mouse [62], rat [7], and me-
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daka [8], whereas pluripotency has only been demonstrated
for mouse spermatogonia [6]. The derivation of differentiable
spermatogonia from human testes has also been reported [5],
but recent data indicate that these cells differ from truly
pluripotent stem cells [9]. In this report, we show that an 5G
derived from adult medaka fish can diffe iate across germ
layer borders into at least 4 different cell types from 2 dif-
ferent somatic germ layer origins, These findings indicate
that also in lower vertebrates spermatogonia have retained a
certain differentiation potential, albeit pluripotency of MEF-
SG cannot be conclusively assumed. Further, the effects of
long-term culture on the differentiation potential of the MF-
SG cell line remain elusive. [t cannot be excluded that their
differentiation ability decreased during in vitro culture and
that therefore primary spermatogonia are more differentia-
ble. Similarly, it could be hypothesized that MF-5G dedif-
ferentiate during long-term culture to a more differentiable
state. However, our results demonstrate that the ME-SC still
shows several features of germ cells such as high activity of
spermatogonia-specific promoters and the expression of
germ cell markers. It can thus be concluded that the cell line
has largely retained its spermatogonial identity and clearly
differs from medaka ESCs. Hence, medaka male germ cells
obviously have a broad differentiation potential. Together
with the data from mouse and human, this finding suggests
that a certain differentiation ability of male germ cells that is
not lost during long-term culture might be a conserved fea-
ture among vertebrates, albeit the grade of differentiation
potential may differ from species to species,

In this study, we present 2 different approaches to induce
differentiation of MF-5G, namely mediated by RA or by ec-
topic expression of key developmental genes. The effects of
RA treatment were different in MESG and ESCs, whereas
ectopic expression of the master regulator genes miffm and
mashl resulted in the formation of the same cell type in MF-
SG and ESCs.

Various recent studies show that defined genes can dra-
malically influence cell fate determination. For example, it
has been shown that a set of 3 neuron-specific genes can
convert fibroblast to neurons [63]. Similarly, B-cells were
generated from exocrine pancreatic cells using a combination
of 3 pancreatic genes [64]. However, these studies report
conversion of one somatic cell type into another using a
combination of genes. Our study shows that a cell line with a
certain differentiation potential can be induced to form one
defined cell type solely by ectopic expression of a single gene
and without the need for any other signal. Using this ap-
proach, we were able to obtain melanocytes, osteoblasts, and
neuron-like cells. This path for directed differentiation has
not been previously demonstrated for either mouse or hu-
man spermatogonia. As the efficiencies of terminal differ
entiation are thus far suboptimal, there i a lot of room for
technical improvement. Importantly, it needs to be taken into
consideration that nontransfected MF-SGs contimied to
proliferate and so the differentiating cells quickly exit the cell
cycle and are thus overgrown. As differentiation was as-
sessed after 7 or more dpt, nontransfected cells will have
divided at least 5 times during this period. At the same time,
harsh selection with antibiotics was found to have negative
effects on differentiation. Finally, the transfected ME-SCs
were kept in their standard growth medium throughout all
differentiation assays to ensure comparability. This strategy
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15 likely to ha

but also demonstrates the mductive strength of the trans-

fected genes: they enabled the cells to overcome external

signals and the endoagenous self-renewal program and also

allowed them to become at least partially mdependent of

external stimuli usually needed for erminal differentiation
rvival.

However, the capaaty of the transfected genes to induce
the formation of a defined cell type obviously depends on the
cell type used. As shown prev iously, fibroblasts are not able
cytes upon 1 transfection [13]. Our re-
sulls demonstrate that cbfed transfecton of fibroblasts also
does not lead to the formation of ostechlasts as observed
for MF-5Gs. Thus, it can be assumed that a single- -geme-
mediated differentiation—at least with the factors tested in
i does require a certain differentiation potential of
the cell line

It will be interesting to see if other genes than Lhc here
reported miff, cbfal, and mashl also have the pot
induce directed erentiation of uncommitted cells without
the need for additional signals. If so, this approach could be

ve negatively affected differentiation efficiency,

o

sed.
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used to gemerate many more cell types provided that the
correct master regulators can be identified. Remarkably, all 3
analyzed master regulators apparenily initiated a sequence
of gene expression that resembled the cascades reported for
the respective differentiation m vive. In all cases, some
marker genes were induced even though in vivo their ex
pfa:sif\ precedes tl'\at of the Hanqtpr{-a‘i mas ster regulators.

ion of 59.'(1.), a gene responsible for the
fin vive [36). Hence, this early marker ac
v was observed in 2 different cell line d 3 inde-
pendent differentiation processes. Therefore, it is likely that
carcade reinitiation is not just an irrelevan -affect, but a
part of master regulator-mediated differentiation processes.
Mitf-m was reported to be not able to mduce differentiation
of fibreblasts [13]. Hence, the cascade initiation mechanism
might enly be active in cells with broader differentiation
capacily. > fact that this recapitulation of the physiclogical
program is induced by all differentiation i ing master
reguilatons used here raises the question if an in vive correlate
of this phenomenen exsts. Hypothetically, m vivo master

tivati




SCD-2010-0290-ver3-Thoma, 1P.3D

58 | Original Publications

12/27/10  3:43pm

12

regulators irreversibly commit cells to a definitive lineage
through their ability to reinitiate the respective genetic dif-
ferentiation cascade, It has to be determined if the recapitu-
lation of early differentiation stages always occurs during in
vitro differentiation processes independent of the cell type
formed and if it is an essential step fo obtain terminally
differentiated cells. The idea that the transfected master
regulators initiate an endogenous gene expression cascade is
also supported by the fact that at later stages of induced
differentiation the genes were found to be expressed, which
are not under direct control of the transfected factors.

Taken together, genetically induced terminal differentia-
tion can be considered a powerful approach with high levels
of conirol over the definitive cell type generated. This control
is a very important prerequisite for obtaining fully differen-
tiated cells, which are needed not only for medical purposes,
but also for detailed biological analyses.

In summary, we first showed that a medaka 5G is able to
differentiate into somatic cell types from different germ
layers, thus proving that spermatogonia of lower vertebrate
have a broad differentiation potential in vitro, Second, we
demonstrated that single genes can induce directed differ-
entiation of spermatogonia. This approach represents a use-
ful differentiation s 1 with potential application in stem
cell research as well as in regenerative medicine.
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Supplementary Data

SUPPLEMENTARY FIG. 51, Alkaline phosphatase stain-
ing of medaka fibroblasts (OLFg). No alkaline phosphatase
activity is detected. Slightly blue shape of cells is due to the
contrast method usad for image acquisition. Scale bar: 20 im.

AUZP SUPPLEMENTARY FIG. 52, RT-polymerase chain reac-

ton documenting expression of aif5 and c3er54 only in
medaka fish embryoeme stem cells (MF-ESCs), but not in MF
spermategoral cell Iine (MF-SG).+, Poative control (eDNA
from mixed medaka embryonic stages),

SUPPLEMENTARY FIC. S3. Confocal reconstruction of a

sectioned testis of an adult medaka fish stably fransgenic for
vasa:GFP and dmribY(9kb):mCherry promoter reporter con-
structs. Clearly visible is the clustering of GFP-positive germ
cells and the surrounding mCherry signal from Serloli cells.
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SUPPLEMENTARY FIG. 54, Effects of retinoic acid (RA) on medaka 56 and BSCe. (a) MILSGs form adipocytes with
different efficiencies upon RA treatment. Upen addition of RA to their growth medium, MILSGs form cells with clear
adipocyte morphelogy (hpid vesidle formation). The effect i3 most pronounced at a final concentration of 10 M (D-F),
whereas only a small number of adipocytes form at 1M (A-C) and no adipocytes were found at 100 uM (G-T). Dinethyl
sulfmade (DMSO)-treated contral cells (J-L) only show background levels of differeniation into various cell types, meluding
isalated adipocyte-like cells, Scale bars: 100 um. (b) Different reaction of MISSGe (A-D) and MEESCs (B-H) to RA freatment.
All images were taken at day 12 of RA treatment. MF-SGs form adipocytes at RA concentrations of 1 pM (B} and 10 .M (C),
whereas MF-ESCs treated i the same way (F, G) form no adipocytes. RA concentration of 100uM induces nonadipocyte
phenotypic changes in MF-5Gs (D), but is lethal to MF-ESCs (H), Scale bars: 20 um.
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SUPPLEMENTARY FIG. 55.

Chfad-transfected fibroblasts are not able to deposit caleium-containing matrix. Quantification

of caleein staining of chfal-transfected (A) and mock-transfected (B) OLEs at 12 dpt. Fluorescence intensity is indicated by
peeudoacalours (RGE Rainbow LUT) ranging from black (lowest) to white (strongest).

SurrLeMENTARY TasLe S1.

<407

Gene TC Forward primer Reverse primer

eflal 56 FGOCCOTGGACACAGAGACTTCATC A S-AAGGGLGOTOGGTGLAGTOCAT-3
dazl 56 S-CTTTTTGTTGGAGGGATCGAC-3" 5-CATCTGTGGAATCACTATCCC-3
dmrilbY 60 S“CTGACATGAGCAAGGAGAAGCAGY 5'-CTGGTACTGCTGGTAGTTGTG-3
ATES 54 S CACCGUTACCACCACAACAAS SCAGGCAGGGCTOGTOCTTTAG-Y
CIorfs4 54 FGAGUGGATTGATCTGTGATGI SCAGUTTTTCCGCAGTTGOTT-3

Lpl 54 S-TTCATCATTCCTGGCCAACC-Y 5-CTGAGCCAAGCTGAGCCAGT-2
Det 5% 5-GACCAAACGGGACAGATCCAS 5'-CGTTCCAGGCTCAGAAGGTG-3'
mitf-a 54 5-GTGCAGGCATAAGAAGCTGG- 5'-GCTGGTATATCTCTGGTGGG3
mitf-b 56 FGOGOCCCCAACAGCCCTATGS S CGTTGATGTTGAACCTTOGTC-Y
trplb 54 S-GTTCAGAGAGCAGCCCCATC3 5-CGCTGACAAACATTITCCGC-2

fyra 54 5-ATATCGATTTTGCCCACGAG- 5" TGCAGACTTCACAGGACTGG-3
tyrb 5% S-GGTTGGGTAGCAGTTCTCGTC-3 5'-GAACAAATCCACCTCTCCAGC-3
snaild 57 5 TCACACGTTGCCTTGTGTTT-2' 5 TTGGAGCAGTTCTTGCATTG-3

eox 10 54 FOCAAGGUTCAGATCAAA AGC-S STGGTGOTCTOCGTAGTCAAA-Y
foxD3 60 5-ATGCAGAAGCCCAAGAGCAG-Y 5-CTCCCGGGGGATTTTTATGA-
ashl 57 5-GCTGCAAACGCAGGCTAAAT-3 5'-CAGCGTCTCCACTITGCTCA-3
ath3 54 5“CCGAAAGGAACTTCACATCTCACT-3 5'-TCCAAACAGCATGAATGCAAAC-3
datl 54 S“CTGCAACCGGAAGATCAAGGY 5'-TGCCCTCATGACCATCTCAA-3
neam 64 S-CAGCTCCCCTTCACCAACAGS 5-GGLGCGAACGTITACAATGA-Y
nfm 60 5-AAGAAAGTTCAGTCGCTGCAGGACGA-Y 5'-CCTGGAGCCTGGCCAGTTCGCTA-S
nream 54 5-ACAGAATGGCGCTCCACAAT-3 5-ATCAGGTTCTTGGGGGCACT-3
paxé 54 S TCTTTGCGTGGGAGATTCGT-3 5'-TCCCCCAAGTTCCTGTCTGA-2
soxl 54 S AGTTCATCTGGGGTCGGACA-3 5 CTGTACTGCAGGGCCGTCAT &
chfal 57 5-GGETCAGGGGTTTGTGTTTGAGS' 5-GAAGAAGTTCTGCTGACATGG-3
dixs 55 S“CTGOGTCGCTGGGACTTACT-3 5-GGUTTTGTGGCTGAAGGTTG-
gprumb 54 5“CTCCCTGCCAGAAGGAGGAT-3 5-GTGCCTCCAGTCGTTGCTCT-3'
npnt 60 5-ACCAAAAAGCGAGGGGATGT-3 5'-GCGGLGETCGAGAGGAAGAACT-3'
ocalein 58 S-TTGTGGAACCCGAGGTTATT-3 5-GTCCACAAGTGGATGCATGA-3
opg 55 5 TGTGGCGGGAGCAAAATAAGY 5'-CTGCAGGATGTGCTGTCTGG-3'

posin

S TTCTGTCAAAGTCCCAGAAGY

5'-TCAACATATCTTGTCCTAAA-Z
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Transcriptional Rewiring of the Sex Determining dmrt7
Gene Duplicate by Transposable Elements

Amaury Herpin'®*, Ingo Braasch'®, Michael Kraeussling’, Cornelia Schmidt’, Eva C. Thoma', Shuhei
Nakamura?, Minoru Tanaka?, Manfred Schartl™?

1 University of Wilrzburg, Physiclogical Chemistry |, Bi 5 g, Germany, 2 Laboratory of Molecular Geretics for Reproduction, National Institute for Bade
Bialagy 5-1, Higashiyama, Okazaki, Japan, 3 University of Wirzburg, Rudolf-Virchow Cernter for Experimental Biomedicine (DFG research Center), Wirzburg, Germany

Abstract

Control and coordination of eukaryotic gene expression rely on transcriptional and posttranscriptional regulatory networks.
Evolutionary innovations and adaptations often require rapid changes of such networks. It has long been hypothesized that
transposable elements (TE) might contribute to the rewiring of regulatory interactions. More recently it emerged that TEs
might bring in ready-to-use transcription factor binding sites to create alterations to the promoters by which they were
captured. A process where the gene regulatory architecture is of remarkable plasticity is sex determination. While the more
downstream components of the sex determination cascades are evolutionary conserved, the master regulators can switch
between groups of organisms even on the interspecies level or between populations. In the medaka fish (Oryzias latipes) a
duplicated copy of dmrt1, designated dmrt7bY or DMY, on the ¥ chromosome was shown to be the master regulator of male
development, similar to Sry in mammals. We found that the dmrt1bY gene has acquired a new feedback downregulation of
its expression. Additionally, the autosomal dmrtia gene is also able to regulate transcription of its duplicated paralog by
binding to a unigue target Dmirt1 site nested within the dmrt1bY proximal promoter region. We could trace back this novel
regulatory element to a highly conserved sequence within a new type of TE that inserted into the upstream region of
dmrt1bY shortly after the duplication event. Qur data provide functional evidence for a role of TEs in transcriptional network
rewiring for sub- and/or neo-functionalization of duplicated genes. In the particular case of dmrtibY, this contributed to
create new hierarchies of sex-determining genes.

Citation: Herpin A, Braasch |, Kraeussling M, Schridt € Thoma EC, et al. {2010) Transcriptional Rewiring of the Sex Determining dmit! Gene Duplicate by
Transposable Elements. PLoS Genet 8(2): e1000844. doi10.1371Joumal pgen. 1000844

Editor: Dmitri A, Petrov, Stanford University, United States of America
Received September 3, 2000 Accepted January 12, 2010; Published February 12, 2010

Copyright: & 2010 Herpin et al. This is an oper-access aricde distributed under the terms of the Creative Commons Attribution License, which permits
unresiricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by a grant of the Rudolf Virchow Zertrum for Experimental Medicine (DFG anrhmqvpmmm] o MS and DFG
Graduierenkolleg 1048 {Molecular Basis of Organ Development in Vertebrates) through a PhD fellowship to MK and PhD ship from Boehringe

Foundation to ET. We also would like to acknowdedge the National BioResource Praject of Japan for providing Dmit1a BAC clone. Tr'e funders had no ralei nn study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: amaury.berpir uni-wuerzburg.de

& These authors contributed equally to this work,

Introduction been illustrated through which TEs can directly influence the

regulation of nearby gene expression, both at the transcriptional

Control and coordination of eukaryotic gene expression rely on
transcriptional and posttranscriptional regulatory networks. From
an evolutionary point of view innovations and changes in given
ional linkages of regulatory networks have to occur at the
DMNA level by alteration of the ds-regulatory sequ defi
transcription factor binding sites. While such alterations may oc
in any co-regulatory module, they will have fundamentally
different effects depending on where in the structure of the
network they occur (see [1] for review). After the discovery of the
ubiquitousness of repeated sequences, a long standing hvpothes’s
proposed that repeated sequences were likely to be active in the 5
regions of genes controlling transcription [2] and that they could
move and supply evolutionary variations [3].

From an evolutionary perspective, transposable elements (TEs)
have recently been attributed an important role in shaping the
gene regulation landscape [4,5,6]. In spite of and, to some extent,
because of their selfish and parasitic nature, the movement and

accurnulation of TEs have exerted a strong influence on the
evolutionary trajectory of their host genome [7]. Many ways have

. PLoS Genetics | www.plosgenetics.org

and post-transcriptional levels (for review see [3]). Genome-scale
bicinformatic analyses have shown that many promoters and
polyadenylation signals of human and mouse genes are derived
from primate and rodent specific TEs respectively [8,9]. Hence, it
is postulated that insertion of TEs harbouring “ready-to-use™ cs-
regulatory sequences probably contributed to the establishment of
lineage-specific patterns of gene expression [10]. In addition to
donating cis-elements and creating new regulatory networks, the
movement and accumulation of TEs have recently been proposed
to participate in the rewiring of pre-established regulatory
networks (see [5] for review).

Such rewiring is especially important when rapid adaptation of
existing regulatory networks or new networks become necessary.
One system where fast changes obviously regularly occurred
during evolution is the genetic control of sexual development
[11,12]). It is well documented that different groups of organisms
and sometimes even closely related species of different populations
of the same species have fundamentally different modes ol sex
determination. Comparative evolutionary studies of the genetic

February 2010 | Volume 6 | lssue 2 | e1000844
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Author Summary

Evolutionary innovations and adaptations often require
rapid changes in gene regulation. Transposable elements
constitute the most dynamic part of eukaryotic genomes.
Insertions of transposable elements can influence the
expression of surrounding genes by donating new
regulatory elements. A longstanding hypothesis postulates
that the dispersal of transposable elements may rewire
regulatory links between genes, thereby changing regula-
tory networks and shuffling regulatory cascades. A
regulatory hierarchy of remarkable plasticity is the sex
determination cascade. In the course of animal evolution,
new master regulators frequently replace the sex deter-
mination gene on top of the hierarchy. In the medaka fish,
a duplicate of the dmrt] transcription factor gene,
dmrt1bY, has become the sex master regulator. Its ancestor
dmrtia, in contrast, has a downstream position in the sex
determination cascade. We show that after the duplication
of the dmrt gene, the new hierarchy has been established
by the insertion of a transposable element into the
regulatory region of the dmrtibY gene on the sex
chromasome. This transposable element, harboring a
Dmrt1 binding site, enables the self- and cross-regulation
of dmrtibY expression by Dmrtl proteins. Our study
therefare provides strong evidence for the important role
of transposable elements in the rewiring of gene
regulatory networks.

cascades controlling sex determination in different species revealed
that the master genes at the top of the regulatory hierarchy can
change dramatically as new species evolve, while the downstream
genes at the bottom of the hierarchy remain the same, exerting
essentially identical functions from one species to the next (see
[12,13] for review),

The most conserved downstream component characterized to
date, a gene with homology to both the Drosophils doublesex and C.
elegans mab-3 sex regulatory genes, is the Dwrt/ (Doublesex and
Mah-3 Related Transcription factor 1) gene of vertebrates [14].
All three genes encode proteins sharing a common DNA-binding
domain and belong to the DM domain gene family, which has
been shown to be involved in sex determination and differentiation
in organisms as phylogenetically divergent as corals, worms, flies
and all vertebrate groups ranging from fish to mammals. Of note,
in humans, haploinsufficiency of the genomic region that includes
DMRTT and its paralogs DMRT? and DMRTY leads to XY male
to female sex reversal [15]. In chicken and other avian species
Dmrt! is located on the Z chromosome, but absent from W,
making it an excellent candidate for the male sex-determining
gene of birds [16,17].

In the medaka fish (Orzias lafipes), which has XY-XX sex
determination, a duplicated copy of dmrtf, designated dmntlbY or
DAY, on the Y-chromosome was shown to be the master regulator
of male development [18,19], similar to Sp in mammals.
Interestingly, also in Xemapus leeves a Wespecilic duplicate of dinrtf
was shown to participate in primary gonad development [20].
Because medaka dmnt?b} acts, like Srp, as a dominant male
determiner [21], it is believed that it is functionally equivalent to
the mammalian gene and might share many molecular features
[22,23]. Although many of the early cellular and morphological
events downstream of Sy have been characterized, as well as a
number of genes involved in these processes (for review see
[24 26]), little is known about the mode of action and the
biological targets of Sy [27]. Interestingly, dmrtf, the ancestor of
dmrt{ &Y, 15 one of these downstream effectors of Sry. Contrary to

. PLoS Genetics | www.plosgenetics.org
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the situation with 5r, it is totally unknown how in medaka dmrf/61
expression is regulated. As a prerequisite to elucidate the function
of dmrtlb), information on its expression regulation at the
transcriptional level is required. Here, we found a feed back
down-regulation of the dmrifd) promoter. Also dmrifa, the
autosomal ancestor of dmnrtlbY, is able to down-regulate transcrip-
tion of its paralog. Interestingly we found clear evidence that the
major cieregulatory element, pre-existing within a new medaka-
specific TE at the time of its insertion, was co-opted in order to
confer to DmrtlbY its specific expression pattern after gene
duplication. This is the first experimental evidence supporting a
role of TEs for transcriptional network rewiring in sub- and/or
neo-functionalization of duplicated genes. Additionally, in the
particular case of dmrtfbd] this contributed to create new
hierarchies of sex determining genes,

Results

Sequence evolution of the dort1bY promoter

To obtain insights into the sequence evolution of the ds-
regulatory region of the dmrtb) gene on the Y-chromosome, we
first compared its genomic region and that of its autosomal
progenitor, the dmrtfa gene from linkage group 9 (LG9), with those
of the available dmrt! orthologs from other teleosts (stickleback,
Tetraodon, Fugu, zebrafish), chicken and human, This phyloge-
netic footprinting approach should point to the conservation of
regulatory elements being putatively essential for vertebrate Dl
gene expression (Figure S1). Furthermore, it could possibly
indicate cimregulatory subfunctionalization between the medaka
dmrt! paralogs as observed for other pairs of duplicated genes with
spatio-temporal  expression  divergence [28,29]. However, our
VISTA plots (Figure 51} did not reveal sequence conservation in
the promoter regions of neither dwrtidY nor dmrila with other
vertebrates except for stretches corresponding to the teleost MACL
gene, which are psendogenes in both medaka dmri] 5 regions
[30]. Conserved non-coding elements were also not found between
the other vertebrate sequences suggesting that the regulatory
regions of vertebrate Dirtd orthologs diverged strongly despite
their conserved position in the sex determination cascade. High
turn-over of cs-regulatory regions in the face of conserved
expression s commonly found for vertebrate genes [31].

However, longer stretches of conservation between promoter
regions of dmrt 761 and dmrtia in medaka were evident (Figure 51),
Thus, we compared in more detail the promoter regions of the
medaka dmt] paralogs upstream of the transcriptional start site to
the last exons of their upstream gene, KLAAD0I72, which s a
psendogene on the Y chromosome but functional on the autosomal
LGY [30] (Figure 1A}, This region spans around 9 Kb on the ¥
chromaoszome but only around 6 Kb on autosomal LG9,

In the upstream sequence of dmrfl paralogs, five regions
contribute 1o length  divergence between autosome and Y
chromosome (Tahle 1, Figure 1A, Figure S1 and Figure 52)
Region 1 located 69 bp upstream of the transcriptional start site of
dmrtibY is over 2 Kb in length and absent from dmrffa. Similarly,
regions I IV further upstream are only found on the Y
chromosome but not on the autosome.

Region V, in contrast, is missing from the Y chromosome but
present on the autosome. This region contains two exons of the
KIAA0172 gene and obviously has been lost during the
pseudogenization of the Y chromosomal AAAMNT72 copy alier
the duplication of the dmrtl region [30].

Region III is directly adjacent to the MHCL pseudogenes
[30,32] present in both dmrt! promoters and a steetch of sequence
similarity with other teleost MHCL orthologs s found within

February 2010 | Volume 6 | lssue 2 | e1000844
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Figure 1. Comparative analysis of the dmrt7b¥ p! and its transcription factor binding sites. {A) The analyzed promoter region of
dmirtibY in comparison to its dmrtia paralog. Length differences between the promaoters are based on regions I-IV, of which three {, Il, V) have been
added to the dmetibY promoter after duplication, while two others have been lost from the drnt?BY promater (KIAAD172 region V) or fram the
dmirtia promoter (MHCLp region |II}, respectively, Bold dashed lines indicate cutting sites for transcriptional regulation analyses. Region | contains a
putative lzanagi DNA transposons {repeat 1), into which a Rex7 element {repeat 2) was inserted secondarily. The upstream part of split repeat 1
{repeat 1b) in the dmrt1bY promoter contains multiple Sox5 and Pax2 binding sites as well as a Dmrt1 binding site. Dark green indicates coding
sequence of genes and pseudogenes, light green indicates their untranslated regions. {B) Alignment of the ¥ chromosomal repeat 1b with 17
exemplary repeat copies in the medaka genome. Dots indicate conserved sites. The Dmit1 binding site is perfectly conserved suggesting that it is an

integral part of repeat 1 elements. All 28 copies of repeat 1b in medaka with the Dmrt binding sites are listed in Table 51.

doi:10.1371/journal pgen.] 000R44.9001

region 111 on the Y chromosome (Figure S1}. Furthermore, region
III is present only once in the medaka genome and does not
constitute a repetitive element according to RepeatMasker
analysis. Thus, region Il seems to have been lost from the
autosomal dmrtla region after duplication, but has been kept on
the ¥ chromosome.

Next, we further characterized the additional regions I, 11 and
IV for the presence of repetitive sequences. As each of these three
regions is present in multiple copies in the medaka genome
(Table 1), they constitute repetitive sequences that were rather
added to the ¥ chromosomal region than lost from the autosome.

. PLoS Genetics | www.plosgenetics.org

Each repeat element is only present once in the analyzed section of
the dwrtl5Y region and s often found in poorly assembled regions
of the medaka genome emphasizing their repetitive character.
BLAST searches in other teleost genomes failed to find the repeat
elements identified here in other species suggesting that they are
specitic to the medaka lineage.

Particularly, region I is subdivided into three parts with a non-
LTR retrotransposable Rexi element of the LINE family (class |
transposable elements) as middle segment (“repeat 2} (Table 1).

The surrounding parts (“repeat la”, “repeat 1b") also represent
repetitive sequences with multiple copies in the medaka genome.

February 2010 | Volume 6 | lssue 2 | e1000844
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These two repeat regions are found side by side in other regions of
the genome. Thus, they together build a larger repeat element
(“repeat 1) into which repeat 2 was inserted (see below). Repeat |
has a length of 1316 bp and is characterized by 27 bp terminal
inverted repeats (TIRs) (3-CAATGAGTTATATCACTAGAG-
GAGACA-3") assigning it to DNA transposons (class 11 transpos-
able elements). However, it does not contain a transposase gene or
any other open reading frame and thus constitutes a non-
autonomous class 11 element. Only few diagnostic motis are
available to classify such elements [33]. Repeat | in the dmntld)
promoter has a 8§ bp target site duplication (3- GTGTGGCT-3")
and other copies of this element in the medaka genome have target
site duplications of the same length. Repeat | is found in multiple
copies in the medaka genome (Table | and Table S1), which
generally have target site duplications. This points to an active
state of repeat | in the medaka genome.

From the consensus sequence of the multiple repeat | elements
in the medaka genome, a THAP protein domain composed of
three putative exons was deduced (Figure 52 and Figure 53). In
the repeat | element in the dmrt75) promoter, the second putative
exon of the THAP domain has been disrupted by the insertion of
the repeat element {(Figure 52 and Figure 53). The THAFP domain
15 a DNA-binding zinc finger motif present in the P element
transposases from Drosefifiila [34]. Furthermore, the terminal motif
of repeat | is similar to the consensus sequence for the P element
superfamily of DNA transposons (3'-YARNG-3") [7]. Thus, we
conclude that we have identified a new, medaka-specilic non-
autonomous Felement element that we ter
an ancient Japanese deity, “the male who o
Text S1).

Vertebrate mobile DNA transposons of the F element family
have been only found so far in zebrafish [35,36]. However, the
THAP domain has been recurrently recruited from domesticated
P elements during chordate evolution [37]. In the {zanag family,
the THAP domain is degenerated and, in the case of repeat 1, has
been additionally disrupted by the repeat 2 insertion.

Begion II (“repeat 3"} and region IV (“repeat 4”) also have
multiple copies in the medaka genome (Table 1). They do not
contain open reading frames and, like repeat |, they also lack
similarity to known transposable elements. Furthermore, target
site duplication or other diagnostic features could not be
recognized preventing further classification as putative tran-
sposable elements.

zanags (named after
3 for etymology see
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Table 1. Characterization of regions contributing to length differences between dmrt? upstream sequences.
Region Absent from Repeat/Gene Length {(bp) TF binding sites Genamic copies®
region | dmitia 2,348

repeat 1 (fanag)™ 1316 13

repeat 1a 440 Paxz, HMG-A

repeat b 876 505 (7, Pax2 (2x), Dmrt1

repeat 2 (Rexf)” 1,024 Sou5, Pax2, Est Rec, Soxd (), Prog 14

Fee, And Rec

region Il dmetio repeat 3 315 49
region Il dmrtia MHCLp 598 Soud, HMG-P1, WT1 1
region IV dmrila repeat 4 495 And Rec {2x), 5F1, Pax? 68
region dmetlbY KiAA0172 728 HGM-A, HGM-P1 1
Abbreviations: TF: transcription factor.
“Repeat 2 insertion splits repeat 1 into repeat 1a and repeat 1hb,
"Copy rumbers in the medaka genome assembly (version HdrR, Oct 2005) estimated by BLASTN searches with =85% sequence identity over =85% of query length.
doi 10,1371 Journalpgen, 1 (00844.1001

Identification of putative transcription factor binding
sites within dmrt1bY promoter and transcriptional
activity in different cell lines

The sequence of the medaka dmrti6) promoter region
(9.107 Kb) was next analyzed for the presence of putative
transcription factor binding sites using the Matlnspector program
(Figure 1A and Figure 34 and Table 1), Most interestingly, the
lzanagt element 15 characterized by an overrepresentation of
putative binding sites for Sox5 (Figure | and Figure 54). In this
region seven Sox5 binding sites are present while random
prediction would expect 15 times less (only 0,46 sites; MatInspec-
tor). This, together with the fact that Sox5 expression has been
correlated with direct dmrt] promoter down-regulation in zebrafish
[38] suggests that region to be of primary interest for medaka
Dt 1bY transeriptional regulation, but remains to be investigat-
ed for the proposed functional role of Sox3.

Additionally, the 9 Kb dwrt/6) promoter region contains
several other putative transcription factor binding sites such as
Pax?, HMG-box protein 1, HMG-A, Sox9, WT | and 3F] binding
sites that are reasonable candidates for gonadal-specific transerip-
tional regulation (Figure 1A and Figure 54 and Table 1}, Several
of them are conserved with the dmrtla promoter (Figure 54) and
might be essentially required for dmrtf expression.

To evaluate the mechanisms regulating deirt? b1 transcription, a
portion of the medaka gene from +117 bp to —8990 bp of the
transcriptional start site was cloned upstream of the Gawssia
luciferase gene (pBSII-IScel::9 Kb DmrtlbY prom::GLuc) and the
activity of the promoter was measured in a variety of cell types
using transient transfection analysis. Sequential deletions of the
9 Kb promoter were generated from pBSII-1Scel:9 Kb DmrtlbY
prom:=GLoc, In all three cell types basal promoter activity was
detectable when using the 3 Kb proximal region (Figure 85). In
fibroblast cell lines (Aiphophoris A2 and medaka HNZ), but not in
Sertoli TM4 cells, a dramatic drop in promoter activity was
observed when the region from bp —2985 to —6207 was added
(Figure 55). Similarly, the same decrease of promoter activity was
apparent in Sertoli TM4 cells when the bp —6207 to —8996
region was additionally inserted (Figure S5). This indicates the
possible presence of Sertoli cell specific transcriptional repressing
sequence(s) within the most distal part of the dmrt76) promoter,

The maost proximal part of the promaoter always accounted for the
basal activity in all the cell lines tested. Interestingly, two adjacent
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binding sites for Steroidogenic factor 1 (Sfl) are located at
positions —5933 and —5524 (Figure S54). Being specifically
expressed in Sertoli -and Leydig- cells, it is tempting to assume
that the presence of these two distinet 3F-1 binding sites nested in
this =3 to —6 Kb fragment i accounting for this difference. A
similar situation has been shown for the porcine Sov promoter for
SF-1 transactivation occurs at two SF1 binding sites [39].

which

A unique Dmrt1 binding site is present in medaka
dmret1bY but not in dmrt? promoter

Using the vertebrate Dmrt! binding site matrix [40], different
drut] promoters -including medaka dmrtfa and dmrtI6¥= (up to
9 KB upstream the ORF) were scanned for such target site
sequences. A unique and robust Dmrtl binding site of high
prediction probability was found only in the medaka dmrt/8Y
promoter (CTGCAACAATGCATT, weight: 8.5, pValue: 1.0 e-
05, InPval:— 11.492) (Figure 1A and Figures 32, 33, 54 but not in
the dwrila promoter (lower threshold set to 0). Interestingly, this
predicted Dmrt] binding site is nested within the above newly
described Orpzias latipes Izanagt element in the proximal active part
of dmrti#)" promoter (Figure 1A and Figure 55). The medaka
putative Dimrt! binding site is present at position —2132 within
repeat Lb in close proximity to the Soxb binding site-rich region
(Figure 1A and Figure 54}, We first asked about the origin of this
Dioet! binding site. It might have either evolved de nove from
sequence provided by repeat |b or been an integral part of such
repeats and then was inserted into the dmrfb) promoter after
duplication. We therefore blasted the region approximately
300 bp up-and downstream of the Dmrt]l binding site to the
medaka genome and aligned the obtained repeat sequences
(Figure 1B). In total, we identified 28 elements that are highly
similar to repeat |b and that contain the same Dmrt] binding site
found in the dmrt/$Y promoter (Table S1). Furthermore, the
predicted Dimrt]l binding site is present in the derived fzanagi
consensus sequence. Hence, this putative Dimrt] binding site is a
regular and conserved part of the fzanag transposon family.

Timing of the lzanagi element insertion into the dmrt1bY
promoter

Given that the Dmrt]l binding site donated to the dmntld)
promoter by the fzamagt element has been important for the
evolution of dmrt76Y function within the sex determining cascade,
we asked about the tming of the [Lanagi insertion in relation to the
duplication of the medaka dmrtf genes. The dmrt/ gene duplication
occurred in a common ancestor of medaka (0. lafipes), O ittt

Transcriptional Rewiring of Duplicated Genes

repeat 2 into repeat 1, in contrast, revealed that this insertion is
quite young and must have occurred in Orezias labifes.

We conclude that our sequence divergence estimates are
consistent with an insertion of repeat | and thereby of the Dimrt]
binding site shortly after the dnnt] duplication, supporting its
importance for the evolution the DmrtlbY sex determinator
function.

Transcription of dmrt1bY is requlated by its own gene
product and by that of its paralcg

1-DmrtlbY that d tivity of ils own
promoter.  Co-transiection analyses were used to examine the
predicted interaction between medaka DinrtlbY and its own
promoter {(Figure 2A). For this purpose, the proximal 2868 bp
dmatIh) promoter region containing the putative Dmrt] binding
site at position —2132 (see Figure | and Figure 2) fused 1o
luciferase was used and co-transfected with different amounts of a
plasmid expressing dmntfbY (Figure 2A). In presence of dmrtib)
expressing plasmids dmrfb) promoter activity was considerably
reduced, up to 74%, in all cell types tested (Mus musculus Sertoli
T4, Niphophorus xa,b}m‘um fibroblast A2 and Orzias lafiper
spermatogonial  (Sg3) and embryonic stem (MESIL) cells)
(Figure 2A). To confirm the possible direct interaction with the
putative Dimrt] target binding site, a dmrt/1 mutant promoter
with a modified Dmrt] target site was created (Figure 2B and
Materials and Methods). When co-transtected with the dmrf/61)
expressing plasmid, the activity of the mutant promoter was clearly
increased (up to almost 5 fold) in comparison to the wild-type
promoter (Figure 2B} whereas the mutant promoter did not reveal
any significant regulation by DmetlbY (Figure 57}

2-.Dmrtla, the antosomal ancestor of DmrilbY, regulates
the transcriptional activity of the dm»tIbY promoter. We
next addressed the question of a possible cross-regulation of the
Dmrtla protein towards the dwrtlé) promoter. The above-
described experiments employing DmrtlbY were repeated, this
time using the autosomal Dmrtla. When the proximal 2868 bp
dmrtfbY promoter region containing the putative Dmrt] binding
site fused to luciferase was co-transtected with a plasmid expressing
Dinrtla, dmrdl 5 promoter activity was considerably reduced  up
to 92%- (Figure 3A and 3B). This reduction s higher than
observed for dmntlb) (ranging from —55% to 74%). Using the
mutant &t} promoter revealed that removing the Dmrt] target
site wag able to restore transcriptional a ty (Figure 3C and 31
in medaka MES! and Sg3 cell lines.

3-DmrtlbY and Dmrila boih bind to the putative Dmrtl

and (1 bizonensis around 10 million years ago [41].

First, we estimated the sequence divergence between repeat |
from the dmrt1dY promoter and the Fzanagi element consensus and
mapped it onto a linearized neighbour joining (N]) tree of duirtd
genes from the genus Onpzias, which was based on neutral sites only
(third codon positions). This analysis showed that the repeat |
insertion occurred after the split from O, mefongensis but betore the
divergence of medaka, O, curvinofus and O. uzonensis (Figure S6A).
This is exactly the branch on which the dwmrt! duplication
occurred. We also estimated the dmrt] duplication by the same
method. There has to be a note of caution with dating the age of
the dmrt! duplication due to the enhanced rate of molecular
evolution of dinrtibY after duplication [41]. Nevertheless, based on
sequence divergence data the insertion of repeat | is certainly
estimated to be younger than the dmnt] duplication {(Figure S6A).
Using a different nuclear marker to date the divergence of the
Orpzias species, the frostnase @ gene, a similar result was obtained
(Figure 36A). The analogous analysis for the secondary insertion of

. PLoS Genetics | www.plosgenetics.org

1 within dmnIbY promoter. Electropho-
ret:c mobility shift assays (EMSAs) were performed to show the
direct interaction of Dmrtla and DmrtlbY proteins within the
target site in the dmrt/6Y promoter (Figure 4). DNA binding assays
using the dmrt!dY Dmrtl-target sequence and o wde translated
Drnetla or DmetIbY demonstrated that both proteins are indeed
able to bind to the Dmrt] target sequence (position —2132 bp)
(Figure 4). Binding specificity was confirmed using a mutated
Dimrt] binding site as competitor (Figure 4).

Analysis of dmrt1bY expression in vivo

Thus far we could show feed back down-regulation of dinrt76¥
and regulation by its paralog Dimrtla in wtre. We next addressed
whether this regulation indeed exists in zizo.

In wvive quantification of the 9KbdmriIbYpromoter
activity in transgenic fish indicates a strong Dmrtla
eross-regulation. To get a first information of the i wwe
dmrtfBY transcriptional regulation, a transgenic line where the
dmrt {6} promoter drives dmret IbY::GFP fusion protein expression
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Figure 2. Transi sfection is. (A) T sfection analysis of proximal dmitTbY promaoter activity co-transfected in different
ratios of a dmrtibY expressing p!asmld ThE 3 Kb proximal dmrtibY promoter construct was co-transfected with different amounts of dmrtibY-
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activity compared to the "wild-type” construct containing the Dmm1 target site. The data are | d as the firefly/Gaussia luciferase activity.

Transfections were done three times; error bars represent the standard errors of the means.
doi10.1371/journal.pgen CO0844.9002

. PLoS Genetics | www.plosgenetics.org & February 2010 | Volume 6 | lssue 2 | e1000844




71

Original Publications

Oryzias latipes embryonic stem cells (MEST)

25
fd
£
=z 2
=
-
2 1 s
..';" 15 i
E =
= L}
-l 1
£
= 0.5
: | - -
0 —
A Dmrt1bY 3Kb Prom DmrtlbY SKh From DmrtlbY 3K Pram
+ +
Diprtla (113} Dmrtla (1/1)
Oryzias latipes spermatogonial cells (Sg3)
0.45
g
Z 035
11
- 0.3 -
&
é 025 | s
3 o0z 5
3
- 0,15
2 o4
ki ,
£ o005
0
DmrtibY 3Kb Prom Dmrlll.»YE'Kh Prom DertlbY SKb From
+
B Dmrila (173) Drtla (111}

Transcriptional Rewiring of Duplicated Genes

hryzias latipes embryonic stem cells (MES1)

]
oy
2 7
z
E 6
2
P @
g i
£ X
]
3 3
-
2 2
=
U 1
-
C Dmrt1bY 3Kb Prom Dimrt1hY 3Kb Prom
* MUT
Diartla {111} +
Dhrtla (1/1)
Oryzias latipes spermatogonial cells (Sg3)
18
£ 18
Z
s 14
Z =
2 12 w;
£ a
g ! +
B 08
=]
08
4
5 04
2 0z
0
D mmnysm Prom ”W"WJ"‘ From
Il'lrlh (L]

Ihuri'la (LG

Figure 3. Transient-transfection analysis of dmrt7bY promoter activity when co-transfected with different ratios of a Dmrt1a
expressing plasmid. {A.B) The 3 Kb proximal dmrt 1Y promoter construct was co-transfected with different amounts of dmitfa-expressing plasmid
{13 and 1:1 ratios). {C,D) The 3 Kb mutant proximal dnut?bY promoter construct was co-transfected with different amounts of drutig-expressing
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the standard errars of the means.
doi:10.137 1/journal.pgen.] 000844.9003

was established with the goal of quantifying gonadal dmrtfbY
promoter activity in either Dmrtla expressing or non-expressing
tissues (Figure 5}, These transgenic fish showed a strong
correlation of higher gonadal dwrtfb} promoter activity (5.5
times more in average) in absence of dmrtfa expression (ovary)
compared to the dmrila expressing (testes) background (Figure 5).

In vive DmrtlbY binding to the Iranagi Dmrtl target
site. To assess i wviw DmrtlbY interaction with its own
promoter, two additional stable transgenic lines expressing either
the full DmrtlbY protein or a truncated form lacking the DNA
binding domain, both fused to GFP, were created. The two lines
were used for i vie Tissue Chromatin ImmunoPrecipitation
(Tissue-ChIP) on  testis tissue using GFP  antibody for
immunoprecipitation. An up to 7-fold enrichment compared to
the control confirmed the capacity of Dmret1bY to bind not only to
the Dimrt]l promoter-nested fzanagi-target site but also to the
Tzanagi Droet]bY-target site in general (Figure 6}

Exptessmn domains of the two dmrt] paralogs indicating
Cross. during male gonad development in
vivo. Stable transgenic lines expressing fluorescent reporter
protein (GFP and/or mCherry) were established to monitor the
expression dynamics of Dimrtla or Dmet 1BY i vise. Analysis of eardy

'@ PLaS Genetics | www.plosgenetics.org

(10 to 30 35 dph) gonadal expression (Figure 7A) in two differ-
ent (AKbDmrtlbYprom:GFP or 9KbDmrtlbYprom:mCherry)
transgenic lines revealed identical fluorescent reporter protein
expression in Sertoli cells (Figure 7C and 7D) as well as in
interstitial tbule cells (Figure 7B}, This exactly matches the
protein expression pattern reported earlier from studies using a
DmrtlbY-specific antibody [42]. Later on, fluorescence declined
in Sertoli cell (Figure TE 7G to be compared to Figure TH 7]},
Noteworthy, corroborating the i vitro data, in double transgenic
fish (9KbDmrtlbYprom:mCherry and BACdmrtla:GFP) the
decline of dmrtl b1 promoter driven fluorescence was paralleled by
a rise of dwrtla promoter expression in Sertoli cells (Figure 7E
7G to be compared to Figure 71 and 7). In fully mature testes
(over 45 50 dph), dmrtf b} promoter expression remained only in
few Sertoli cells scattered around the germ cells (Figure 7H) while
the dmrtla promoter was now predominantly expressed (Figure 71
and 7J).

Discussion

Sex determination invelves a complex hierarchy of genes.
Expression screen analyses have resulted in hundreds of candidate

February 2010 | Volume 6 | lssue 2 | e1000844
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Figure 4. Electrophoretic Mobility Shift Analysis (EMSA) of /n vitro translated Dmrt1bY protein interaction with the Dmrt1 binding
target derived from its own promoter. Gel mobility shift using increasing amounts of either in vitro translated Dmrt1bY or Dmrt1a proteins to
shift a constant amount of radiolabelled dmrt7 probe. Binding reactions were resolved on a 5% polyacrylamide gel. {A) In vitro translated Dmrt1bY
protein was incubated with radiolabelled Dmit1bY target sequence as a probe, and non-radiolabelled probe was used as a competitor. (B) Inr vitro
translated Dmrt1a protein was incubated with radiolabelled Dmrt1bY target sequence as a probe, and non-radiolabelled cantrol {non-specific) probe
was used as a competitor.

doi:10.1371/journal. pgen.1 000844.g004
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Transgenic (9Kb Dmrt1hYprom::Dmrt bY:GFP:DmrtIbY3UTR) expression
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Figure 5. /n vive quantification of the 9KbDmrt1bYpromoter activity in transgenic fish. Realtime PCR quantification of the
IKbDmrt1bYprometer activity in two different gonadal backgrounds either expressing dmrtla (testes, #1-4) or not {ovaries, 1-4) reveals higher
activity (+557.5% expression) in absence of dmitia expression. Dmrt10Y expression is relative to elongation factor 1 alpha {ef1 alpha) and normalised

to brain background expression (set to 1).
doi 10,1371 journal.pgen. G00844.g005

genes that show sex-specific expression pattern. However it has
been difficult to place these genes into a network of gene
regulation and function. Nevertheless, several genes encoding for
transcription factors, with specific temporal and spatial expression
patterns during early gonad induction, have been suggested to
participate in this process, Among them, from € elgans to
mammals, genetic evidence has suggested that the dmrt] gene is an
important regulator of male development at a downstream
position of the regulatory network. In medaka, a duplicated copy
of dmrt! has acquired the upstream position of the sex-determining
cascade. The analysis presented here provides evidences that this
evolutionary novelty, which is predicted to require a rewiring of
the regulatory network s brought about by co-option of “ready-to
-use” pre-existing cs-regulatory elements carried by transposing
elements. We could show that the master sex determining gene of
medaka, dmrtfbY, is able to bind to one of these elements in its own
promoter. This binding leads to a significant repression of its own
transcription.

During early stages when the primordial gonad is formed,
dmrt]hY s exclusively expressed and exerts its sex dete
function [18]. The dmtla gene, with its proposed specification
and maintenance function for the Sertoli cells, s expressed only
when the testes are in the process of differentiation. Notably, the
master sex determinator gene dmrtl5Y, continues to be expressed.
In adult testes, where both paralogs have been shown to be
expressed, the predominant expression of dwrffa compared to
dmrtf6Y (50 fold higher; [43]) argues for a downregulation of
dmrt 161 Although additional post-transcriptional mechanisms
accounting for dmrfb) expression regulation, involving the 3'
UTR [44], have been shown to be essential for spatial expression
pattern in the embryo and restricted expression to the gonad in
adult fish, the data presented here indicate that a feed back auto-
regulation of dmrt] ) promoter activity and trans-regulation by its
paralog Dmrtla is a key mechanism of dmrt/5} transcriptional
tuning (Figure 8).

With respect to the evolutionary history of the two dimrfl genes
in medaka, it is of note that the newly generated paralog dmrt /b1,
independently of any functional considerations, is kept back under
tight transcriptional regulation of the ancestral dmrfa gene.
Consequently  this aveids any kind of expression pattern
redundancy in testes after their development is initiated and could

. PLoS Genetics | www.plosgenetics.org

then be a reasonable way of preserving both genes from any
purification/degeneration processes after duplication, thus favour-
ing a subsequent sub-neo-functionalization,

5o far no putative Dmret] binding site could be observed within
the more than 10 Kb upstream medaka dmrdfe sequence
inspected. Similarly such Dmrt] target sites are absent from the
zebrafish, fugu, stickleback, mouse or human 10 kB upstream
dmrt! promoter regions. This together with the apparent loss of
Dinrt] canonical cos-regulatory sequences (such as Gatad) indicates
a particular transcriptional context acquired by dmrt /b1 during its
evolution towards becoming a novel master sex determination
gene.,

It was previously reported that multiple TEs inserted into the
Y-specific region on medaka LG [30]. Interestingly, our study
revealed that the ci=regulatory element containing the Dmrt!
binding site, pre-existing within the fzanagd element at the time
of its insertion, was co-opted in order to confer dmrtlbl its
specific expression pattern after gene duplication around 10
million years ago [19,41]. This fact has interesting evolutionary
implications, since TEs are probably the most dynamic part of
the genome. Dimrt]l possibly also regulates other genes in
the proximity of fzanag elements via the Dhmrtl binding site
(Table $1).

In the context of gene duplication and its correlated process of
sub-/nec- functionalization (see [45 47] for review), the contri-
bution of TEs to the remodelling of the sex determination cascade
(see [12.48] for review) is of prime interest. The case reported here
for the medaka-specific fzanagi element bringing in a novel
regulatory element into the dwmrf/bY promoter is  at least to our
knowledge- the first example showing that TEs not only change/
rewire the expression of existing genes but surely lead to the
creation of new regulatory hierarchies within recently duplicated
genes. The present case is even more interesting since this new
TE-derived TFBS confers transcriptional control from  the
ancestral gene against the duplicate and allows the dinrtl b gene
to take an upstream position in the sex determination cascade
without excluding its dmrt! ancestor from a role in sexual
development.

This supports a role of TEs for transcriptional network rewiring
in sub- and/or neo- functionalization of duplicated genes in
creating new hierarchies of sex determining genes.
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Figure 6. Tissue Chr tin i dpitation (Tissue-ChIP) of Drmrt1bY binding to the [zanagi -nested Dmrt1 target site. Chromatin

immunoprecipitation using both Dmt1bY:GFP and deltaDmt1bY:GFP transgenic lines respectively expressing either Dmm1bY or a control truncated
Dmrt1kY {delta DM form lacking the DNA binding domain) fused to GFP revealed specific in vivo Dmit1BY protein affinity to the izanagi-nested dmit?
target site, including the one described within dmet16Y promoter. (A} Transgenic lines established for i vive tissue-ChIP. (B) Dmuti1bY promoter primer
sets map. {C} Specific enrichment of izanagi-nested Dmrt1 binding sites subsequent to in vive Dmrt1bY immunoprecipitation.
doi1¢.1371journal.pgen.] C00841.g00G
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Figure 7. /n vive visualization of expi ion of the two medaka Dmit1 paralogs. (A} Testisspecific GFP expression in 9KbDmrt BY promaGFP
transgenic fish. {B) From testis formation (1¢ dph) up to adulthood, in 9KbDmt1bYpromzGFP transgenic fish, rokust testicular GFP expression is persistently
noticeable in the epithelial cells of the intratesticular efferent duct. (C0) Concomitantly, in agreement with the endogenous dmrt1bY expression, from 10 dph
up to 30-35 dph strong specific GFF fluorescence is ako detected in Sertoli cells. {E-G,LJ) By 35 dph, Sertoli cell-specific decline in fluorescence {mCherry) could
be observed (E|H). In double transgenic fish {SKbDmmt1 bYpromemCherry and BACdm1 azGFF) this 9KbDmt1 bYprom-driven mCherry decline in expression is
balanced by the rise of dowtla expression in Sertali and genm cells {GFP in F,G1. (H-J) In fully mature testes {after 45-50 dph), 9KbDmm bY prom-driven
mChemy expression remains in scattered Sertoli cells around the germ cells {GFP in N) while Dmmtla i now predominantly expressed in Sertoli cells {J).
doi10.1371 jourmal pgen] 000844 9007
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DmrtlbY

DmrtlbY,
DmrtlbY Dr a

(1:0)

Early Gonadal Induction
(hatching to 10 dph)

Figure 8. Model for feedback and cross-regulation of the dal

Dmrtla

(1:50)

Testis Maintenance

(adult)

dmrt1 paralogs. During sex determination stages only dmrtlbY is

expressed and dmrtla is off. Hence, the sex determining function of dmrt 1Y is exerted. In adult testes, both paralogs are expressed notably in Sertoli
cells, but the autorepression of the dmit1bY promoter by its own gene product and the cross-regulation by Dmrt1a lead to a predominant expression

of dmrtia compared to dmrt kY (appox. 50 fold).
doi 10,1371 journal.pgen. C00844.9008

Materials and Methods

Bioinformatic analyses

Comparative analysis of vertebrate Dimrtl genomic regions were
performed with mVISTA at http://genome.lbl. gov/vista [449]
wsing the Shuflle-LAGAN alignment program [50]. Medaka
drutla (LGY) and dmntIdY (LG 1) region sequences were obtained
from [30], all other regions from the Ensembl Genome Browser
(http:/ /www.ensemblorg/; release 49, March 2008): stickleback
groupXIll, scaf57, Fugu scafd; Tetraodon chrl2, scafl4966;
zebrafish chrd, scaf463; chicken chr, supercontigl 94, human
chr9, supercontig NT 008413,

Screens for repetitive elements were performed with Repeat-
Masker (http://www.repeatmasker.org/). Additional copies of
repeat elements and their genomic environment in the medaka
genome {version HdrR, Oct 2005, were identified with
BLASTN with >85% sequence identity over >85% of query
length (Table 1), Alignments of repeat elements were obtained
with CLUSTALW as implemented in BioEdit [51] followed by
manual improvement. 50% threshold frequency was used for
inclusion in repeat consensus sequences. The putative THAP
domain found in the Jfzanagt consensus was identified by
comparison to the PEAM database (http:// pfam_sanger.ac.uk/).

Transcription factor binding sites were determined using
Matlnspector of the Genomatix portal (http://www. genomatix.
de/). Binding sites for Dmrt] in different genomes were identified
using the matrix provided by [40] together with the Regulatory
Sequence Analysis Tools portal; RSat (http://rsat.ulb.ac.be/rsat/).
MEGA4 [52] was used to estimate sequence divergence between
repeat 1 and the fzanag element consensus (0,034 +— 0.005}
as well as between repeat 2 and the Rex/ element consensus
(0.010 4= 0.003) using the Kimura-2-parameter model. Linear-
ized neighbor-joining trees of dmrt] and frosimase a gene were
obtained as described in refl [41], with the only exception that
they were based on third codon positions only. Other models of
sequence evolution gave similar results. Accession numbers are
given in Figure 36,

'® PLaS Genetics | www.plosgenetics.org

Cloning of the 9.107 Kb 5' flanking sequence of medaka
Dmrt1bY and plasmid constructs

For promoter analysis, a 9107 bp fragment upstream of the
DimrtIbY open reading frame (ORF) was isolated by restriction
enzyme digestion (Ahef/EeoR]) from BAC clone Mn01 13N2] [30],
was cloned into pBSII-IScel plasmid (pBSII-IScel::9 Kb DmrtlbY
prom. plasmid). Subsequently, Crawssie luciferase gene from
pGLuc-basic (New England Biolabs) plasmid was inserted between
EcoRf and Notf sites of pBSII-IScel::9 Kb DmrtlbY prom (pBSII-
I5cel::9 Kb DmrtlbY prom:GLuc plasmid). pBSI[-IScel::3 Kb
Dt 1bY prom:GLuc and pBSIH-IScel::6 Kb Dmret|bY prom::-
GLuc plasmids were constructed the same way removing 5
fragments of the 9107 bp DmrtlbY promoter region using
Ecod7HT and HindiIT restriction enzyme digestion respectively
and re-ligation.

Mutation of the DmrtlbY binding site was performed by PCR
in the context of pBSI-IScel:3 Kb DmetlbY  prom:GLoc
plasmid {native form: AATGCATTGTTGCAG; mutated form:
GCCGGCTTCCCACCA). All PCR-obtained fragments were
sequenced.

To generate plasmids for in wifro transcription, full-length cDNAs
encoding medaka dmrt/a or dmrtlb) were subcloned into EceRT/
Mol digested pRN3 plasmid [53].

For establishment of transgenic lines, either GFF or mCherry
open reading rames were inserted between Feoltf and Notf sites of
pBSI-IScel::9 Kb Dmrt1bY prom (pBSI-IScel:9 Kb DmrtlbY
prom:GFP or mCherry plasmids respectively). GFP fusion protein
vector ([dmrtlbY::GFP and deltadmrt!|bY::GFP) were constructed
as described in [43].

Cell lines, cell transfection, and Luciferase assay

Mouse TM4 Sertoli cells, Xyphophorus embryonic epithelial A2
cells, and medaka spermatogonial (5g3) and Gbroblast like (HN2)
cells were cultured as described [54,55,56,57]. Cells were grown to
80% confluency in G-well plates and transfected with 5 pg
expression  vector using FulGene (Rochel or Lipofectamine
(lnvitrogen) reagents as described by the manufacturers.
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Craussia luciferase activity was quantified using the Luciferase
Reporter Assay System from Promega and normalized against co-
tranfected firefly luciferase expressing plasmid (ptkLUCH; [58]).
When DNA amounts transfected are expressed as a ratio, the total
amount of expression vector remained constant (5 pg) by filling in
the reaction with empty vector. Experiments for which error bars
are shown result from at least three replicates and error bars
represent the standard error of the mean.

Electrophoretic Mobility Shift Assays (EMSA)

(DmrtlbY-Trgt) 5 -AGCTTAATGCATTGTTGCAGAGCT-
3", {Competitor) 5"-AGCTGACGGCCGCGAAGCAAGCT and
respective complements were annealed by heating to 90°C for five
minutes in 1X T4 PolyNucleotide Kinase (PNK) buffer (70 mM
Tris-HCI (pH 7.6), 10 mM MgCl,, 5 mM dithiothreitol); slow-
cooled to 50°C; held at that temperature for 5 minutes and then
cooled to room temperature, For radivactive labelling 50 pmol of
the duplex 5 termini were used together with 50 pmol of gamma-
[**P]-ATP and 20 units of T4 PNK in 1X adjusted T4 PNK buffer
and incubated for 20 minutes at 37°C. Unincorporated nucleo-
tides were removed through a Sephadex G-50 spin column.

For producing Dmrtla and Dmrt]bY proteins, pRN3:Dimrtla
or pRN3:Dmrt1bY plasmids were linearized using Apnf and then
i wtre transeribed using mMessage mMachine kit (Ambion).
Finally, Dinrtla or DmrtlbY proteins were in wifro translated using
Ambion’s Retic Lysate Kit from the previously in w0 transcribed
capped Dmrtla or Durtib) RINAs,

DNA binding reaction contained 10 mMTris-HCL (pH 7.9),
100 mM KCL, 10% glycerol, 5 mM MgCL,. | pg torula rRNA,
0.075% Triton X-100, 1| mM DTT, 1 pg BSA, 0.5 ng radiola-
beled duplex probe and 2 or 4 WL @ wifre translation mix in a total
volume of 20 uL. 1/10 volume heparin (50 mg/mL) was added
just before loading the binding reaction. For control reticulocyte
lysate alone together with radiolabeled duplex probe was used and
did not result in any shift (data not shown). Binding reactions were
perdormed on ice for ten minutes and complexes were resolved on
a 5% native acrylamide (37.5:1) gel in 0.5 X TEE and then
directly subjected to autoradiography.

Expression analyses

Total RNA was extracted from 9KbDmet]bYprom: Dmrt]-
bY:GFP:Dmet 1bY3 UTR transgenic fish (Carbio genetic back-
ground) using the TRIZOL reagent (Invitrogen) according to the
supplier’s recommendation. After DNase treatment, reverse
transcription was done with 2 micrograms total RNA using
RevertAid First Strand Synthesis kit (Fermentas) and random
primers. Real-time quantitative PCR was carried out with SYBR
Green reagents and amplifications were detected with an i-Cycler
(Biorad). All results are averages of at least two independent R'T
reactions and 2 5 PCR reactions from each RT reaction using
each time three set of primer combination (DMTYk: 5'-0C0-
TTCTTCCCCAGCAGCCT-3"/eGFPY: 5 -AGTOCGTGCTGO-
TTCATGTGGTC-3", DMTYa2: 5 -COACTCOATGAGCAG-
TGAAA-3 /eGFPE: 5-AGTCGTGCTGCTTCATGTGGTC-
3 DMTYa2: 5-CCACTCCATGAGCAGTCAAMN-3'/eGIPS:
5-CAACTTCAGGGTCAGCTTCGC-3". Error bars represent
the standard deviation of the mean. Relative expression levels
(according to the equation 2 DeltaCT) were calculated after
correction of expression of elongation factor | alpha (elf7 alpha) and
brain expression was set to | as a reference,

In vivo Chromatin Immunoprecipitation

For in vizo chromatin immunoprecipitation, the EpiCQuik Tissue
Chromatin Immunoprecipitation kit (Epigentek} was utilized

. PLoS Genetics | www.plosgenetics.org
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according to the manufacturers instructions, using testis tissue
samples either from dmrtlbY::GFP or deltadmrtlbY::GFP
transgenic fish (20 testes for each) and GFP antibody (Upstate)
for immunoprecipitation.  After immunoprecipitation  [({zanag
element DinetlbYspeF003) 5'-TCCGGTCTCTCCGGOGTGT-
GG-3'/Fzanagi element DmntlbYifeROT), 5 -TTGTAAGAGGA-
COTGCAACAATG-3'; (fzanag: element FO1) 5"-CTATCTTG-
GTGAGGTCGACGATGCC-3'/(Izanag element ROT) 5'-AAT-
TTAAATTACATGTCAAAGAGGTC-3"; (Dmrt IbY Gl 04) 5'-
GTTCTCACTTTCAGCGTCTCACCTG-3/(Dmrt1bYCerRO4)
H-GOTTOTGGTCCAAATCTGTCAGAAG-3']  primer  sets
were used for enrichment quantification by real-time PCE,

Transgenic fish lines

For the generation of stable transgenic lines the meganuclease
protocol [59] was wsed. Briefly, approximately 15 20 pg of total
vector DNA in a volume of 500 pl injection solution containing I-
Seel meganuclease was injected into the cytoplasm of one cell stage
medaka embryos (Carbio strain). Adult FO fish were mated to each
other and the offspring was tested for the presence of the transgene
by PCR from pooled hatchlings. Siblings from positive F1 fish
were raised to adulthood and tested by PCR from dorsal fin clips
as described [60].

Identically to the transgenic line expressing the DmrtlbY
protein fused to GFP [61] a second line lacking the DmrtlbY
DNA binding domain (DM-domain between aminoacids 10 and
78} was established. These two lines were used for o e
Chromatin Immunoprecipitation. Similarly, for o wise DmetlbY
promoter activity quantification another transgenic line expressing
a 9KbdmrtlbYprom driven dmrtlbY::GFP fusion protein was
created. Dmrtla prom:GFP transgenic medaka was generated
following the BAC transgenic method [62]. The BAC clone
including dmrtla genomic region, olal-171C06 (NCBI accession
numbers; DEQO71574 and DEO71575) was obtained from NBRP,
The followings were the primers to amplify EGFF fragments for
homologous recombination into the BAC clone; Forward: 5° -
tetgacatgagcaaggagaagraggecaggrcggttceggagggcccgec TCAACC-
GGTCGCCACCATGG-3  Reverse:5'-ticageggagacacgaagecg-
tggticeggeagegggageacttgggeatc GTOCGACCAGTTGGTGATTT-
TG-3

Supporting Information

Figure 81 mVISTA plots of vertebrate Diirtd upstream regions,
Medaka Y chromosomal dmrd?bY region (upper part] and
autosomal dmrtfa region (LG9, lower part) are used as references,
Regions I 1V contribute to length differences between the medaka
dmrtf upstream regions. Dark blue and green indicate exons of
genes and pseudogenes, respectively, light blue and green
untranslated regions. Red indicates conserved non-coding se-
quences. Conservation of medaka dmnt] promoters with other
vertebrates is restricted to the MACL pseudogene regions.

Found at: doi:10.1371/journal pgen. 1 000844.5001 {3.97 MB PDF)

Figure 82  Annotation of the dmrt]6Y promoter, AIAA0I72p and
MHCLbf regions are green shaded, regions IV III and repeat 2
are grey shaded. The fzanagi element (repeat 1} s red shaded, its
terminal inverted repeats are black shaded and the & bp target site
duplication is underlined. The three identified putative THAF
domain-encoding exons are pink shaded. The dmrtlbY exon 0 is
blue shaded. Red lines mark border segments for the transcrip-
tional regulation analysis (73 Kb”, "6 Kb”, “9 Kb" promoter).
See also Figure | and Figure 54.

Found at: doi: 10,1371 /journal.pgen. | 000844.5002 (0.02 ME PDF)
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Figure 83 Putative THAFP domain in the fzenag element. (A)
Structure of the Jzanagt element, Pink boxes indicate the three
putative exons constituting the THAP domain are. The insertion of
repeat 2 in the dwirt] 4} promoter splitting repeat | into repeat 1b is
indicated by the arrow. Note that the fzanag! element is shown here
in reverse complement compared to the dwrtf5) promoter. (B)
Alignment of the putative THAF protein domain from the fzanagi
element consensus sequence with the THAP domain from the
PFAM database. Identical essential residues are yellow shaded;
other identical residues are blue shaded. + indicates similar residues.
Found at: doi: 10.1371/journal pgen. 1 000844.5003 (1.01 MB PDF)

Figure 84 Repeat elements and transcription factor binding sites
in the dnrt!dY promoter. The three segments correspond to the
regions used for transeriptional regulation analysis, Transcription
factor binding sites conserved with the dwtia promoter are boxed.
Of particular importance for transcriptional regulation of dmntl bl
might be the repeat |b area (beige box) with multiple Sox5 and
Pax? binding sites, as well as a Dmrt! binding site {red). Further
upstream, two SF1 binding sites are located (red). For further
characterization see Figure 1A and Table 1. Prog Rec: progesterone
receptor; Est Rec: estrogen receptor; And Rec: androgen receptor
binding sites.

Found at: doi: 10,1371/ journal pgen. 1 000844.5004 (2.37 MBE PIF)

Figure 85 Activity of dwintlb) promoter deletion constructs in
different cell lines. (A C) Varions 5'-deletions mutants {3 Kb and
6 Kb} from pBSI-1Scel::9 Kb dmrt!#} prom:GLuc plasmid were
transfected either into Mouse TM4 Sertoli, Xiphophorus embryonic
epithelial A2 or medaka HN2 fibroblast Lke cells, Transfections
were repeated three times; ervor bars represent the standard errors
of the means.

Found at: doi: 10.1371/journal pgen. | 000844.5005 (0.62 MB PDF)
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Abstract

Recent work showed that combinations of transcription-factors (TFs) can reprogram somatic cells to a
pluripotent state or convert them to other cells. This raises the question if single TFs can determine cell fate of
stem cells. We show that the neural TF meurogenin2 (ngn2) is sufficient to induce rapid neuronal differentiation
of embryonic stem cells without the need for any additional signals and even in the presence of pluripotency-
promoting signals. Differentiated cells displayed neuron-specific gene and protein expression, and functional
features. These findings show that a single TF is able to determine the cell fate of totally uncommitted stem cells.

Keywords: Pluripotent Stem Cells, Cell Differentiation, Neurogenesis
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Introduction

During embryogenesis, all cells of the body arise from a few stem cells by differentiation. Transcription factors
(TFs) play an important role during this process by regulating the gene expression program of the various
differentiation stages or by triggering the transition to the next step. It has been shown that the ability of such key
developmental genes to influence cell fates can also be operative outside of normal physiological development
and alter the identity of already committed cells: Somatic cells are reprogrammed to a pluripotent state
(Takahashi and Yamanaka, 2006) or converted into another cell type by specific combinations of defined TFs
(Vierbuchen et al., 2010; Zhou et al., 2008).

In these studies, cell conversion or reprogramming was performed with differentiated cells and required
combinations of genes to alter a cell’s identity. Moreover, protocols included the use of specific culture media
components to allow and enhance formation and survival of the desired cell types. Similarly, in reports
describing directed differentiation of pluripotent stem cells by single TFs, differentiation itself was induced and
promoted by external parameters like embryoid body formation and the addition of specific differentiation media
(Chung et al., 2002; Reyes et al., 2008).

Thus, until now, cell fate determination by key developmental TFs always included additional factors, making it
difficult to evaluate the direct effects and the cell fate defining potential of such genes.

We wanted to test if a single TF can define the cell fate of pluripotent stem cells without the need for any other
differentiation-inducing or lineage-promoting signals. We focused on the formation of neuronal cells as this
differentiation pathway is of great interest for both potential stem cell therapy and research. We show that
ectopic expression of the neural TF neurogenin? (ngn2) is sufficient to induce and promote neuronal

differentiation of mouse embryonic stem cells (mESCs) towards the appearance of mature, functional neurons.
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Results

Murine ESCs were transiently co-transfected with a ngrn2 expression construct and GFPzeo. Leukemia inhibitory
factor (LIF) which prevents differentiation of mESCs was withdrawn from the medum. Five days post
transfection (dpt), ngn2-transfected cells displayed neuron-like morphology and expressed pan-neuronal proteins
Tujl and Map2ab (Suppl. Fig. 1A-D).

On the molecular level, early (math3, olig2, pax6, and sox! (Pevny et al, 1998, Takebayashi et al., 1997,
Walther and Gruss, 1991; Zhou et al., 2000)) and late (dex (Francis et al., 1999; Gleeson et al., 1999), NeuN
(Mullen et al., 1992)) neural marker genes as well as endogenous ngn2 were upregulated in ngr2-transfected
cells 5 and 7dpt (Suppl. Fig. 1K). This confirms induction and progression of neural differentiation upon ngn2
transfection. We found a significantly higher number of Tujl positive cells in ngn2-transfected versus mock-
transfected cells (Suppl. Fig. 11) excluding the possibility of neurons arising due to LIF withdrawal.

A typical step during differentiation of stem cells is the loss of stem cell markers like Nanog (Chambers et al.,
2003). Immunofluorescence staining revealed a loss of Nanog expression specifically in ngn2-transfected cells
3dpt (Suppl. Fig. 1E-J) indicating that the ngn2-induced differentiation process included the loss of stem cell
markers.

Next, to determine the inductive strength of ngn2, mESCs were transfected with ngn2 and, for the full duration
of the following experiments, were kept in adherent culture in complete ESC medium containing LIF.
Surprisingly, even under these pluripotency-supporting conditions, ngn2-transfected cells adopted neuronal
morphology within 5dpt and expressed Tujl and Map2ab (Fig. 1A-F) while mock-transfected cells did not show
any Tujl-specific staining (Fig. 1B,N). Analyses of the gene expression pattern of ngn2-transfected cells in LIF-
containing medium led to similar results compared to cells differentiated in the absence of LIF: Early and late
neural marker genes were upregulated 7dpt (Fig. 1M). Furthermore, even in the presence of LIF, loss of Nanog
expression was detected specifically in ngn2-transfected cells (Fig. 1G-L).

To confirm active LIF signaling, ESCs treated with conditioned medium from ngn2-transfected cells were
stained for STAT3, a known effector of LIF signaling (Niwa et al., 1998). The staining showed clear activation
of STAT3 visualized by its location in the cells’ nuclei (Suppl. Fig, 2).

Thus, one can conclude that the differentiation process induced by ngn2 is not influenced by pluripotency-
promoting sighals regarding time-course, gene expression, and loss of stem cell markers.

To avoid the problems linked with transient transfection systems, we generated two ES cell lines (E14-P2Angn2
and E14-CreP2Angn?2) transgenic for constructs that allow induction of ngn2 and subsequent selection of ngn2-

expressing cells. Expression of sgn2 and the puromycin resistance gene is switched on after deletion of a
4
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GFPzeo open reading frame by Cre recombinase. Cre recombinase was added as purified protein or transgenic
CreERT was activated by tamoxifen treatment (Fig. 24, Suppl. Fig. 3A). Successful recombination (Fig. 2B-E,
Suppl. Fig. 3B-D) and subsequent ngn2-induced differentiation (Suppl. Fig. 3E, Fig. 2F,G) were confirmed for
both cell lines. For further experiments, E14-CreP2Angn?2 line was used.

As ngn2-expressing cells can be selected with puromycin, it was possible to determine the percentage of ngn2-
expressing cells differentiating into neurons. 7dpr, Tujl positive cells were about 40 percent in the absence of
LIF and about 16 percent in the presence of LIF (Fig. 2H). The lower percentage observed in the presence of LIF
resulted from a higher number of total cells - likely due to a higher proliferation rate of cells that did not respond
to ngn2 expression by neuronal differentiation. This idea is also supported by the fact that in the presence of LIF
differentiating cultures still contained stem cell like colonies (Fig. 2F). However, quantification of Nanog
positive cells showed that induction of ngn2 led to significant decrease of Nanog-expressing cells both in the
absence and in the presence of LIF (Fig. 21, Suppl. Fig. 4).

Gene expression pattern of E14-CreP2Angn2 derived neurons was highly similar to that observed in transient
transfection experiments with upregulation of early and late neuronal marker genes (Fig. 3A). Interestingly,
expression levels of transgenic mngn2 were similar in transient transfection experiments and E14-CreP2Angn2
cell line at day 3 of differentiation. At day 7, however, ngn2 levels had dramatically decreased in transient
transfection assays, possibly due to dilution of transfected plasmid or silencing of the CMV promoter (Fig. 3B).
This decrease however, did obviously not affect the ngr2-induced differentiation process in respect to time
course, gene and protein expression, and loss of Nanog expression.

Ngn2-derived neurons expressed vesicular glutamate receptors vGLUT! and vGLUT2 on mRNA level. On
protein level, cells were positive for vGLUT1 and NMDA receptor 1 (NR1) (Fig. 3C-J) indicating the formation
of glutamatergic neurons. Both, vGLUT1 and NR1 protein were also expressed in ngn2-derived neurons grown
in the presence of LIF (Suppl. Fig. 5).

Functionally, ngn2-derived neurons showed voltage-gated currents typical for terminally differentiated neurons
in the voltage-clamp mode of whole-cell patch-clamp recordings. Depolarizing pulses from a holding potential
of -70 mV elicited fast-activating transient inward currents typical for voltage-activated Na'-currents (Na,
channels) followed by a delayed outward current indicative of voltage-activated potassium currents (K,
channels). In the current-clamp mode injection of depolarizing current elicited an action potential with a duration
of 5 ms and an amplitude of 105 mV (Fig. 4A,B).

In co-culture with primary mouse hippocampal neurons, the E14-CreP2Angn2 cells expressed the presynaptic

marker synapsin-1 and formed morphologically tight contacts with the hippocampal neurons (Fig. 4C-H).
5
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Discussion

Exact cell fate determination is of crucial importance for correct embryogenesis. Although numerous studies
indicate that certain genes are essential for this process, it is still not clear if such genes can determine cell fate
on their own, or if their cell fate defining potential depends on the presence of a specific environment or
auxiliary factors.

Here, we demonstrate that the TF ngn2 alone is sufficient to induce rapid formation of functional neurons from
pluripotent stem cells. These results indicate that certain genes have the potential to determine the cell fate
choice of totally uncommitted stem cells outside the normal process of development. In contrast to earlier
studies, our findings also prove that this cell fate defining potential is totally independent of additional external
or internal signals like media components, embryoid body formation, or ectopic expression of other genes.

The formation of neurons was confirmed by morphology, gene and protein expression, and electrophysiological
activity. Furthermore, ngn2-derived neurons formed contacts with hippocampal neurons in co-culture signifying
their ability to interconnect with physiological neuronal networks.

Interestingly, math3 and olig2 were upregulated during ngn2-differentiation process. It has been shown that in
vivo ngn2 expression precedes that of math3 (Fode et al., 1998) and that Math3 augments Ngn?2 activity (Mattar
et al., 2008). Similarly, ngn2 and olig2 have combinatorial roles in the generation of motor neurons (Mizuguchi
et al.,, 2001; Novitch et al., 2001). Thus, in our in-vitro assay Ngn2 did not induce unspecific neuronal
differentiation, but apparently activated the corresponding physiological genetic cascade including induction of
its interaction partners.

Importantly, olig2? also regulates ngn2 expression in motor neurons (Zhou and Anderson, 2002) in-vivo.
Likewise, pax6 was shown to directly regulate ngn2 (Scardigli et al., 2001; Scardigli, 2003) and expression of
sox1 precedes that of ngn2 (Pevny et al., 1998). Nevertheless, these genes, sox!, pax6, and olig2, were activated
during ngn2-induced in vitro differentiation although during physiological differentiation, ngn2 is located
genetically downstream in the cascade. One hypothesis explaining this phenomenon would be that differentiating
cells recapitulate the sequence of steps documented for neurogenesis in-vivo, including stages that precede
activation of ngn2. Further detailed experimental studies will have to be performed to gain insights into the
underlying mechanism.

A similar observation is reported in another study describing cell conversion of medakafish spermatogonia into
various somatic cell types by ectopic expression of lineage-specific TFs(Thoma et al., 2010). In that study, the
activation of genes that are in-vivo located upstream of the inducing factors was also detected for three different

processes of cell fate conversion. This finding supports the idea that the here reported upregulation of soxI,
6
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paxé, and olig2 during ngn2-mediated differentiation might be a conserved part of the in-vitro differentiation
process, as a similar phenomenon was observed in a similar process in another species.

Another important finding of this study is that ngn2 is able to induce and promote differentiation under
conditions normally enhancing pluripotency. Thus, cells were grown in the presence of LIF (Smith et al., 1988,
Williams et al., 1988) and serum that is normally omitted during in vitro neuronal differentiation protocols
(Tropepe et al.,, 2001; Wiles and Johansson, 1999). However, our results prove that even under this conditions
ngn2 expression led to the loss of characteristic pluripotency markers like Nanog suggesting that the network
maintaining pluripotency can be overcome by single defined signals albeit the mechanism of this process
remains elusive.

Altogether, our data prove that ectopic expression ngn2 is sufficient to induce the formation of mature neurons
from stem cells. This is, to our knowledge, the first study reporting that a single TF determines the fate of totally
uncommitted stem cells without the need for additional signals and independent of culture conditions.
TF-induced differentiation therefore suggests a promising differentiation method for stem cell research and the
potential application of stem cells in regenerative medicine. Furthermore, the here presented system provides a
valuable tool for studies of neural development, the loss of pluripotency, and basic mechanisms of
differentiation.

Ultimately, our findings are a proof of concept for the feasibility of single gene mediated differentiation. We

suggest that this approach can be extended to generate other cell types if the appropriate TFs are identified.
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Methods

See Supplementary information for cell culture, plasmids, quantification experiments, and electrophysiology.
PCR

Total RNAs were isolated using the Total RNA Isolation Reagent (AB Gene). Samples were digested with
DNAsel (Fermentas) followed by cDNA synthesis (Fermentas).

Primers are shown in Supplementary Table 1. gqRT-PCR was performed using a Biorad-iCycler. Eflal primers
were used for template normalization. All PCRs were performed in triplicate and data from three independent
experiments were analysed.

Immunafluorescence

Immunofluorescence staining was performed as described (Wagner et al., 2008) using anti-Tujl antibody (Novus
Biologicals), anti MAP2ab antibody (Acris Antibodies GmbH), anti-Nanog-antibody (antikoerper-online), anti-
Stat3 antibody (Santa Cruz), anti-vGlutl antibody (Synapticsystems), anti-tau antibody (Synapticsystems), anti-
NRI antibody (Sigma), anti-Synapsin 1 (SynapticSystems), anti-MAP2 (Chemicon), Hoechst 33258 (Molecular
probes), and DAPI (Sigma). For coculture experiments, 10%NHS instead of 5% BSA was used for blocking.
Microscopy

Light microscopy was performed using a Leica DMI6000B inverted microscope. For confocal microscopy was
performed using either a Nikon C1 confocal microscope or a SPS5 Confocal Microscope (Leica). All images were

analysed using ImageJ software.
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Legends to Figures:

Figure 1: Induction of neuronal differentiation by transient transfection with sgn2 in complete stem cell growth
medium with LIF. (A.B) Wide field scan of Tyl staimng 5 days post transfection (dpt). (A) Ngn2-transfected
cells. (B) mock-transfected cells. Scale bars: 200um. (C-F) Neuronal marker expression Sdpt. (C.I)) Tyjl. (E,F)
Map2ab. Scale bars: 20um. (G-L) Loss of Nanog expression (arrowheads) in ngn2-transfected (G.LK), but not in
mock-transfected cells (H,JL). Transfected cells are visualized by expression of cotransfected GFP (G,H). Scale
bars: 20um. (M) Gene expression pattern of untreated (ut), ngn2-transfected (d5+,d7+). and mock-transfected
(d5-,d7-) mESCs 5 and 7dpt. b: Brain cDNA. (N) Tyl positive cells in ngn2-transfected and mock-transfected

cells 5 and Tdpt. N=3,

Figure 2: Directed neuronal differentiation using E14-CreP2Angn?2 cell line. {A) Induction construct of E14-
CreP2Angn2 cell line and method of induction, (B,C) Loss of GFP signal in 4OHT treated cells 1 day post
recombination (dpr) (D.E) Mock treated cells 1dpr. Scale bars: 20um. (F,G) Tujl staiming 7dpr of cells grown in
the presence (F) or absence () of LIF. Muclei are visualized by Hoechst staining. Scale bars: 50um. (H)
Numbers of total and Tuj1 positive cells 7dpr in the presence and absence of LIF. N=3. (T) Nanog positive cells

in mock and 4OHT treated cells 3dpr in the presence and absence of LIF.

Figure 3: Characterization of differentiation process of E14-CreP2ZAngn2 cell line in the absence of LIF. (A)
Gene expression pattern of untreated (ut), 40HT-treated (d3+,d7+), and mock-treated (d3-,d7-) mESCs 3 and
Tdpr. b: Brain cDNA. (B) Expression levels of ectopic ngn2 after transient transfection and in E14-CreF2ZAngn2
cell line. {C) Expression of neuronal protemn tau. Scale bar: 20um. (D-I) Expression of vGLUT1/2 mENA (G),
vGLUT1 protein (D-F), and NMDA receptor 1 (NR1) (H-J) indicating formation of glutamatergic neurons. Scale

bars: 20um (C-F), 10um (H-T).

Figure 4: Functionality of ngn2-derived neurons. (A, B) Whole-cell patch clamp recordings of neurons 10dpr.
(A) Voltage-clamp recording upon application of depolarizing pulses ranging from -80 mV to +40 mV from a
holding potential of -70 mV. Transient Na® inward current {also: inset at -20 mV) were followed by sustained
K+ outward current (inset: at +40 mV). (B) Current-clamp recording upon injection of a depolarizing pulse
ehicits a fast and high-amplitude action potential. {C-H) Contacts of sgnZ-induced neurons with primary
hippocampal neurons. (C) CellTracker™ Green CMFDA (CT) labeled ngn2-mESC derived neurons (magenta).
(I Nucler visualized by DAPT staimung (blue). (E) MAP2 staiming (cvan). (F) Synapsin-1 staiming (vellow). (G)
12
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Overlay of CT, DAPI, and synapsin-1 staining. (H) Overlay of C, D, E, F. Arrowheads mark the position of CT

labeled ngn2-mESC derived neurons. Scale bars: 20pum.

Supplementary Figure 1: Induction of neuronal differentiation by transient transfection with ngn2 in the
absence of LIF. (A-D) 5dpt, ngn2-transfected cells display neuronal morphology and express neuronal marker
proteins like Tujl (A,B) and Map2ab (CD). (B,D) Overlays of immunofluorescence staining and Hoechst
staining. Scale bars: 20um. (E-T) Loss of Nanog expression (arrowheads) in ngr2-transfected (E,G,I), but not in
mock-transfected cells (F,H,T). Transfected cells are visualized by expression of cotransfected GFP (E,F). Scale
bars: 20um. (K) Gene expression pattern of untreated (ut), ngn2-transfected (d5+, d7+), and mock-transfected
(d5-, d7-) mESCs 5 and 7dpt. b: Brain ¢DNA. (L) Tujl positive cells in ngn2-transfected and mock-transfected

cells 5 and 7dpt. N=3.

Supplementary Figure 2: STAT3 immunofluorescence staining proving active LIF signaling. (A) mESC
colony treated with conditioned medium from ngn2-transfected cells. (B) STAT3 staining. (C) Nuclei visualized

by Hoechst staining. (D) Overlay of B and C showing nuclear localization of STAT3. Scale bars: 20um.

Supplementary Figure 3: Directed neuronal differentiation using E14-P2Angn2 cell line and transduction of
TATCre protein. (A) Induction construct of E14-P2Angn2 cell line and method of induction. (B) PCR using
GFP-specific primers confirming successful recombination on gDNA and cDNA level. (C,D) Loss of GFP
expression (arrowheads) verifying successful recombination 2dpr. (C) Dark field view. (D) Overlay. Scale bars:
20um. (E) Developing neurons five days post recombination. Scale bar: 20um. OR: Tujl staining of E14-

P2Angn? cells 7dpr. Scale bar: 200um.

Supplementary Figure 4: Loss of Nanog protein expression upon induction of ngn2 expression by 4OHT
treatment. (A-F) 40HT (D-F) and mock treated cells (A-C) 3dpr in the presence of LIF. (G-L) 4OHT (J-L) and

mock treated cells (G-I) 3dpr in the absence of LIF. Scale bars: 20pum.

Supplementary Figure 5: Neuronal differentiation of E14-CreP2Angn2 cell line in the presence of LIF.
Expression of vGLUT1 (A-C) and NR1 (D-F) indicating the formation of glutamatergic neurons. Scale bars:

10pm.

13



94 | Original Publications

Figure 1

ngn2

transfocted: mock/GFP M
dex
math3 | T—
neuN
olig2
paxé — —
sox1
ef1al » - -
Pd =1 L_fl
50 4
-0
0
5 20 l .
} ¥
ol .|II.
3apt .

14



95

Original Publications

Figure 2
A

e e ! - el —

A e o

Lo b

phase contrast ¥

Figure 3

A ut d3+ d3- d7+ d7- b B
dex — — —— —

math3 S— I— — "

neuh — m——

o —

olig2 | —_— ——

paxt - — — - )

~
AR ——— — f— E H H
days post transfactonirecombination

15



96 | Original Publications

Figure 4
A B

16



97 | Original Publications

Suppl. Figure 1
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Suppl. Figure 2
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Suppl. Figure 4
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Suppl. Figure 5
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Supplementary Information

Methods

Cell culture

E14 mouse ES cells were grown at 37°C, 5% CO, on gelatin coated wells in DMEM with 10% FCS, sodium
pyruvate (ImM), non-essential amino acids (0.1mM), penicillin/streptomycin (ImM), B-mercaptoethanol
(0.1mM), and LIF (1000U/ml). Transfections were performed using the Fugene HD transfection reagent (Roche)
following the manufacturer’s instructions.

During transient transfection experiments, cells were selected with Zeocin (100pg/ml). During all experiments,
medium was changed every day.

For generation of E14-P2Angn2 and E14-CreP2Angn2 cell line, the tol2 transposase system (Kawakami and
Noda, 2004) was used. Cells were transfected with a construct containing the coding sequence of the tol2
transposase under control of the CMV promoter and the P2Angn2 construct or the CreP2Angn2 construct,
respectively, at ratio of 2:1 and subsequently selected with Zeocin (100ug/ml) for 10 days. Single colonies were
picked, expanded, and checked for correct function of the induction constructs. For each cell line, one clone was
chosen for further analysis.

For protein transduction, E14-P2Angn2 cells were seeded as single cell suspension on gelatin coated wells. After
cell adhesion, cells were treated with serum-free stem cell medium containing 2.5pM TATCre recombinase
(Peitz et al., 2007) (kind gift from F. Edenhofer) for 4 hours. Then, cells were kept in LIF-free, serum-containing
medium.

For CreERT induction (Feil et al.,, 1996) of E14-CreP2Angn2 cell line, 4-hydroxytestosterone (4OHT, 1uM) was
added to the medium for 24 hours. Puromycin selection was started 2 days after 4OHT addition at a
concentration of 1pg/ml and was raised to 2pug/ml at day 5.

For both E14-P2Angn?2 and E14-CreP2Angn?2 cell line, Puromycin selection was started 2dpr at a concentration
of Tpg/ml and raised to 2pg/ml Sdpr

For, coculture experiments, E14-CreP2Angn2 cells were seeded on poly-D-lysine coated coverslips and ngn2
expression was induced by addition of 4OHT. Differentiating cells were cultured in stem cell medium without
LIF and selected with Puromycin. Medium was changed every day. 8dpr, cells were labeled with CellT racker™
Green CMFDA (Invitrogen) according to the manufacturer's instructions and cultured together with hippocampal
neurons from C57BV6 mouse fetuses at E18 (breeding pairs from Harlan-Winkelmann, Borchen, Germany) in

MEM with 2% B27, 0.22% sodium bicarbonate, 1mM sodium pyruvate, 2mM L-glutamine, 1%
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Penicillin/Streptomycin, and 0.6% glucose. Cultures were incubated at 37°C under 5% CO2/ 95% air and 90%
humidity for 12 days. Medium was changed every second day.

Plasmids

The ngn2 expression construct was a kind gift from F. Guillemot and contains the coding sequence of ngn2
under control of the CMV promoter. As a transfection control, cells were co-transfected with pEGFP(C1)-Zeo, a
vector coding for a fusion protein of the fluorescent protein EGFP and the Zeocin resistance under control of the
CMV promoter allowing both visualization and selection of transfected cells. Ratios were 1,5ug expression
vector + 0,5ug pEGFP(C1)-Zeo. Control cells were transfected with EBFP-N1 (kind gift of R. Campbell, P.
Daugherty, and M. Davidson) instead of ngn2.

The P2Angn2 construct was generated by amplyfing the EGFP-Zeo coding sequence with primers containing
flanking lox sites. PCR product was inserted in pMTCpA. The pMTCpA vector contains a CMV promoter, tol2
recognition sites, and polyA tail. CMV promoter was replaced by eflal promoter resulting in pMTE-EGFP-Zeo.
Subsequently, the coding sequence of ngn2 was amplified by PCR and inserted in pMTE-EGFP-Zeo resulting in
PMTE-EGFP-Zeo-ngn2. Puromycin resistance gene and 2A sequence were amplified by PCR and cloned into
pMTE-EGFP-Zeo-ngn2.

For generation of the CreP2Angn2 construct the coding sequence of CreERT2 linked to a 2A sequence was
amplified by PCR and cloned into pMTE-EGFP-Zeo-P2Angn2.

Quantification experiments

To determine efficiency of neural differentiation after transient transfection, Tujl positive cells were counted in
an area of 15.04 mm”. Data from three independent experiments were evaluated using Student’s t-test.

To determine efficiency of neural differentiation in E14-CreP2Angn2 cells, total cells and Tujl positive cells
were counted in an area of 3 mm®. Data from three independent experiments were evaluated using Student’s t-
test.

For quantification of Nanog expression 3dpr, total cells and Nanog positive cells were counted in six to eight
representative stem cell colonies for mock and 40HT treated cells. Data from three independent experiments
were evaluated using Student’s t-test.

Electrophysiology

Whole-cell recordings (Hamill et al., 1981) were performed at RT in a bath solution consisting of 125mM NaCl,
2.5mM KCI, 2mM CaCl,, 1mM MgCl,, 10mM HEPES, pH 7.4. Patch pipettes were pulled from borosilicate
glass capillaries (Kimble Products, England), and heat-polished to give nput resistances of 3-7 MQ (whole-cell).

The pipette recording solution contained 140mM KCI, 2mM MgCl;, 0.0lmM CaCl, mM ethylene-
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bis(oxyethylenenitrilo) tetraacetate (EGTA), ImM Na, ATP, 0.1mM cyclic AMP, 0.1mM ATP and 5mM HEPES
(pH 7.3). Currents were recorded with an EPC9 (Heka) patch clamp amplifier and low pass-filtered at 1-2 kHz.
Stimulation and data acquisition were controlled by the PULSE/PULSEFIT software package (Heka) on a

Macintosh computer, and data analysis was performed with IGOR software (WaveMetrics, Lake Oswego, USA).

Feil, R., Brocard, J., Mascrez, B., LeMeur, M., Metzger, D., Chambon, P. (1996). Ligand-activated site-
specific recombination in mice. Proceedings of the National Academy of Sciences of the United States of America
93, 10887-90.

Hamill, O. P., Marty, A., Neher, E., Sakmann, B., Sigworth, F. J. (1981). Improved patch-clamp techniques
for high-resolution current recording from cells and cell-free membrane patches. Pfliigers Archiv : European
Journal of physiology 391, 85-100.

Kawakami, K., Noda, T. (2004). Transposition of the Tol2 element, an Ac-like element from the Japanese
medaka fish Oryzias latipes, in mouse embryonic stem cells. Genetics 166, 895-9.

Peitz, M., Jiger, R., Patsch, C., Jiger, A., Egert, A., Schorle, H., Edenhofer, F. (2007). Enhanced

purification of cell-permeant Cre and germline transmission after transduction into mouse embryonic stem
cells.Genesis (New York, N.Y. : 2000) 45, 508-17.

Supplementary Table 1

Gene Primer forward Primer reverse
eflal 5-GGTGACAACATGCTGGAGCCAAGTG-3” | 57-CCCACAGGGACAGTGCCAATGC-3”
dex Y-CCATTGACGGATCCAGGAAG-3° S-TCTGGCTTGAGCACTGTTGC-3’
math3 5’-GCCCAGAGACTGTGGTACTGA-3’ 5 -AGAGCCCGGTCTTCTCTCTT-3"
neulN 5’-AGGACTACTCCGGCCAGACC-3” 5 -TAGTCGTTTGGGCTGCTGCT-3
endongn?2 5-GACATTCCCGGACACACACC-3 5 -CTCCTCGTCCTCCTCCTCGT-3
olig2 5-ACAGACCGAGCCAACACCAG-3” 5 -CGGGCAGAAAAAGATCATCG-3
pax6 5 -GAAGCGGAAGCTGCAAAGAA-3 5 -GGAGTGTTGCTGGCCTGTCT-3"
sox1 5-GCTGCAGTACAGCCCCATCT-3” 5 -GGCTCCGACTTGACCAGAGA-3’
vGLUT1 5-CGCTTGTTTCTGCCTGTGTG-3 5 -TGGTTAGGCGAGCCTTGAAA-3”
vGLUT2 5-CAATTTAAATCTGGTAAGGCTGG 5- CCTTCTTCTCAGGCACCTC-3’
GFP 5-ACGTAAACGGCCACAAGTTC-3” 5 -GAACTCCAGCAGGACCATGT-3°
transient ngn2 | 5’-TCGCCCGCTAGCCCCGGGTC-3 5 -CAAGCGGCTTCGGCCAGTAACGTTA-3
inducible ngn2 | 5-GTGCATGACCCGCAAGCCCG-3’ S -CTCCTCGTCCTCCTCCTCGT-3
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